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Abstract

Human immune system acts as a pivotal role in the tissue homeostasis and disease progression.
Immunomodulatory biomaterials that can manipulate innate immunity and adaptive immunity
hold great promise for a broad range of prophylactic and therapeutic purposes. This review
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is focused on the design strategies and principles of immunomodulatory biomaterials from the
standpoint of materials science to regulate macrophage fate, such as activation, polarization,
adhesion, migration, proliferation, and secretion. It offers a comprehensive survey and discussion
on the tunability of material designs regarding physical, chemical, biological, and dynamic cues
for modulating macrophage immune response. The range of such tailorable cues encompasses
surface properties, surface topography, materials mechanics, materials composition, and materials
dynamics. The representative immunoengineering applications selected herein demonstrate how
macrophage-immunomodulating biomaterials are being exploited for cancer immunotherapy,
infection immunotherapy, tissue regeneration, inflammation resolution, and vaccination. A
perspective on the future research directions of immunoregulatory biomaterials is also provided.

Keywords

immunoengineering; immunomodulatory biomaterials; immunotherapy; macrophages; targeted
drug delivery

1. Introduction

Over one century ago, the concept of immunology was made birth officially by the Nobel
Prize in Physiology or Medicine 1908; macrophages are the first phagocytes discovered
and function as immune effector cells through the pivotal host defense mechanism of
phagocytosis.[1:2] Cancer immunotherapy represents a new paradigm for cancer cure and
care that can attack and eliminate tumor cells by activating the inherent capacity of

the human immune system.[3-3] As its fundamental feature, the human immune system
possesses discrimination between self and nonself, so as to attack and clear the invading
viruses, bacteria, fungi, parasites, cellular debris, damaged, diseased, or senescent cells,
and other foreign matter.[8.71 The immune response can be orchestrated by a sequence of
complicated interactions amongst diversified immunocytes. The innate immunity stands at
the first line of defense against pathogen exposure, which is implemented by phagocytes
including macrophages, dendritic cells (DCs), natural killer (NK) cells and granulocytes
(basophils, eosinophils, neutrophils, mast cells). As a pivotal component of innate immune
system, macrophages can recruit other immunocytes to infection site, phagocytose and
obliterate foreign pathogens, and activate complement system and adaptive immunity.
[8-10] The following adaptive immunity encompasses antigen presentation by macrophages
and DCs (antigen-presenting cells, APCs) and antigen stimulation on T lymphocytes, B
lymphocytes, and macrophages.[11.12]

Among immune cells engaging in defense and homeostasis, macrophages act as a

crucial mediator in development, disease (including cancer, infection, and inflammation),
and tissue regeneration and remodeling.[13] Macrophages can circulate in bloodstream
for immune surveillance and migrate into tissues in response to various dangers; they
can also reside in tissues in a steady-state (tissue-resident macrophages).[1415] The
tissue-resident macrophages exist in various organs encompassing skin (Langerhans
cells), brain (microglia), eye (intraoccular macrophages), lung (alveolar macrophages),
heart (cardiac macrophages), liver (Kupffer cells), spleen (splenic macrophages), kidney
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(kidney macrophages), small intestine (intestinal macrophages), peritoneum (peritoneal
macrophages), bone (bone marrow macrophages) and lymph node (subcapsular sinusoidal
macrophages and medullary macrophages).[16:171 Macrophages are derived from the
differentiation of the circulating monocytes in peripheral blood,[18] which originate from the
hematopoietic stem cells in bone marrow. Monocytes can migrate into diverse tissues from
the peripheral blood to supplement and maintain longevous tissue-resident macrophages. In
addition, these tissue-resident macrophages can also replenish and renew their populations
through rapid local proliferation.[19:20]

Due to the changing states macrophages are in for their varying specific roles, it is of great
significance to understand the diversity of macrophage lineage, identity, and regulation,
thus to enable macrophages functioning as crucial therapeutic targets for numerous human
diseases.[17] Macrophages can migrate into the inflamed tissues and be activated there

to represent a full spectrum of polarization phenotypes in a phase-dependent manner
correlating with their variational functions. On its one end is the proinflammatory M1
macrophages, and on the other end is the antiinflammatory M2 macrophages.[15] For general
detailed information on the macrophage plasticity and polarization, we refer readers to
several excellent reviews.[21-2%] The M1 macrophages (classically activated macrophages)
are produced by the stimulation of proinflammatory signals such as interferon-y (IFN- ),
tumor necrosis factor-a (TNF-a), and lipopolysaccharide (LPS), leading to the specific
population of macrophage phenotype that can amplify the antimicrobial or antitumoral
ability and augment the secretion of proinflammatory cytokines or mediators and the
production of reactive oxygen or nitrogen species.[26-28] NK cells can produce IFN-yin a
transient manner while T helper 1 (Th1) cells can produce IFN-y in a sustained way, thereby
maintaining the population of M1 phenotype and affording steady host defense against
intracellular microbes (adaptive immunity). Meanwhile, M1 macrophages can efficiently
present antigens and promote Thl lymphocyte differentiation to secrete proinflammatory
cytokines (IFN-y, IL-2, etc.).l23] For example, considering the unique macrophage effector
function and capability of penetrating tumor tissues, Gill and co-workers recently genetically
engineered the human primary macrophages with chimeric antigen receptor (CAR) to guide
their phagocytosis activity against tumor cells.[29] The chimeric adenoviral vector could
overcome their intrinsic resistance to genetic manipulation and afford the macrophages
with a long-lasting proinflammatory M1 phenotype. The human CAR macrophages were
able to express the proinflammatory cytokines and chemokines, transform the bystander
macrophages from M2 phenotype to M1 phenotype, upregulate the antigen-presenting
machinery, recruit and present antigens to the T cells and resist the impact of the
immunosuppressive cytokines, thereby reducing the tumor burden and prolonging overall
survival, evidenced with the xenograft mouse solid tumor models. Moreover, the CAR
macrophages could also trigger the proinflammatory tumor microenvironment and facilitate
the antitumoral T cell activity in the humanized mouse models. Nevertheless, M1
macrophages can also cause damage to surrounding cells or tissues due to their excessive
production of proinflammatory cytokines and reactive nitrogen intermediates or reactive
oxygen intermediates (RNI/ROI).[30:31] Upon implantation of biomaterials, the presence

of M1 macrophages at early phase can create essential inflammatory response whereas
their prolonged or unrestrained population will cause excessive inflammation and severe
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foreign body reaction and fibrotic scar formation around biomaterial implants, which is in

particular harmful to biomaterial-mediated tissue repair, replacement, and regeneration and
may ultimately cause failure of implants, highlighting the necessity of timely switching of
M1 macrophages to M2 macrophages.[32:33]

The M2 macrophages (alternatively activated macrophages) are mediated by the Th2
cytokines such as IL-4 and I1L-13 (expressed by eosinophils, basophils, neutrophils,

mast cells, and T lymphocytest34-36]) which is distinct from the IFN- induced Th1-

type M1 activation.[2%] The M2 phenotype encompasses wound-healing macrophages and
regulatory macrophages with M2a, M2b, and M2c subtypes.[15:23:37] The M2a and M2b
macrophages implement immunomodulatory functions by driving antiinflammatory Th2
immune responses, while the M2c macrophages play an important role in inflammation
inhibition and tissue remodeling. Table 1 gives a summary on the characteristics of
different macrophage phenotypes including subtypes.[23:30] Consequently, macrophage
lineage comprises a noticeable diversity of subset cells that have specialized identity of
polarization states and functions by the complicated interactions between microenvironment
heterogeneity and transcriptional/chromatin profile.[38-401 Biologic scaffolds from the
decellularized tissue extracellular matrix (ECM) can boost a proregenerative (wound-
healing) immune phenotype for clinical treatment of tissue loss caused by trauma or

tumor resection. Recently, Elisseeff and co-workers investigated how such wound-healing
immune responses created by biomaterial microenvironment could influence the tumor
formation, development and sensitivity to the immune checkpoint blockade, by implanting
the urinary bladder matrix (UBM) scaffold with syngeneic cancer cells in mouse model.

[41] The implanted scaffold material could lead to a favorable immune microenvironment
that suppressed the tumor formation of B16-F10 melanoma in CD4* T cell-dependent

and macrophage-dependent manners. Further study indicated the activated type 2-like
immune response different from classical tumor microenvironment, which included scaffold-
associated activated type 2 T helper T cells (Th2 phenotype) and unique macrophage
phenotype (with complex M1/M2 polarization and wound-healing phenotype distinct

from classical tumor-associated macrophages (TAMSs)), as well as eosinophil infiltration,
complement and angiogenic factors. Such type 2 wound-healing scaffold immune
microenvironment was also capable of potentiating the inhibition effect on tumor growth

by the programmed death-1 (PD-1) or programmed deathligand 1 (PD-L1) checkpoint
blockade to enhance the immunotherapy potency. Previously, the researchers have validated
that, to develop a proregenerative biomaterial scaffold immune microenvironment, T helper
2 cells were required to promote the tissue regeneration of traumatic muscle wounds.[42]
The scaffold could induce the proregenerative response featured by mTOR/Rictor-dependent
Th2 pathway capable of directing the 1L-4-dependent macrophage polarization for fulfilling
functional muscle recovery. The same group also defined a specific scaffold-associated
CD11b* macrophages (M2-like) with a high antigen presentation ability.[431 CD3* T

cells were observed surrounding the scaffold implant and colocalized with the CD11b*
macrophages in the cellular aggregates in the scaffold at skin interface, suggesting the
communication between the M2 phenotype macrophages and the Th2 T cells in the scaffold
immune microenvironment.
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Biomaterials can facilitate the replacement, repair, and/or regeneration of the damaged/
diseased human tissues/organs, thereby realizing the rehabilitation or reinforcement of

their physiological functions.[44-46] Innate immunocytes are the first to arrive in response

to an implanted biomaterial. Proteins, such as fibrinogen, fibronectin, vitronectin, and
complement that come from blood or interstitial fluid, can rapidly adsorb to the implant
surface and thus form the transient matrix layer releasing chemoattractants and cytokines,
which can activate the blood coagulation pathway and the complement system to orchestrate
the recruitment of innate immunocytes to the site of injury.[32] The properties of the
implanted biomaterials can play a determinant regulatory role in the initiation, severity

and outcome of resultant acute or chronic inflammatory reactions. In case of unrestrained/
prolonged inflammation or the lack of bioactive cues, the foreign body reaction/response
(FBR) can cause the fibrous encapsulation of implants, a cascade involving monocyte
recruitment and differentiation, macrophage activation, polarization and fusion into foreign
body giant cells (FBGCs), to separate them from surroundings and prevent their direct
interactions.[4748] Nevertheless, there are multiple strategies to manipulate and modulate the
host immune response to biomaterials by virtue of the modification and functionalization

of their surface or bulk properties.[44] The tailorable/suitable material characteristics,
mechanical properties, physical cues, chemical functionalities and biological effects play

a critical role in offering regulatory microenvironment cues to direct the fate of immunocytes
particularly macrophages in response to biomaterials.

In this review, we will describe the physiological changes of macrophages in response to
multiple biomaterial-mediated microenvironment cues, and discuss how the manipulation
and modulation of macrophage activation and polarization can be exploited for specific
therapeutic functions. We aim to afford a comprehensive overview of biomaterial-mediated
immunomodulation of macrophage fate, which can be exploited as a versatile toolbox

for researchers in different fields. We anticipate this review will help understand recent
research progress of material-mediated modulation of macrophage immune response,
guide rational development of advanced immunomodulatory biomaterials specifically for
regulating macrophage response, and propel macrophage-associated applications in the
immunoengineering field.

In recent years, researchers have made great efforts to this diverse field of
immunomodulatory materials and several reviews have been published and served as
valuable resources on related particular topics.[32:47:49-55] |n this review, we will first
summarize and highlight in detail the state-of-the-art design tactics of macrophage-
immunomodulating materials from the perspective of materials science and engineering,
with the aim at elucidating the tunability of multiple physical, mechanical, chemical, and
biological cues for directing macrophage fate (Figure 1). Thereafter, we will introduce
and discuss the representative immunoengineering applications relevant to macrophage-
modulating biomaterials, encompassing cancer immunotherapy, infection immunotherapy;,
tissue regeneration immunotherapy, inflammation resolution, and vaccine immunotherapy.
In the end, an outlook on future directions of research in this field is also discussed.
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2. Material-Modulated Macrophage Fate

2.1. Surface Properties

Monocytes/macrophages are one of the first-come immune cells that interact with
biomaterials after implantation and they act as a key mediator of host foreign body response
to the implants.[48] The biomaterial surface triggers sequential foreign body reaction initially
including nonspecific protein adsorption, monocyte adhesion, and differentiation into
adhering macrophages. Activated macrophages then secrete cytokines and chemokines for
recruitment of leukocytes and other related cells to further reconcile inflammation reaction
and wound healing on site of biomaterial. In case of unresolved inflammation within 14 to
28 days, fibrotic scar tissues are formed around the implant through macrophage fusion into
larger multinucleated foreign body giant cells. The polarization of macrophages in foreign
body response is crucial following biomaterial implantation since M2 phenotype/population
can be an indicator of constructive tissue remodeling.[5¢] Therefore, the surface properties
of biomaterials particularly surface charge, chirality, and wettability are able to primarily
determine the biological response of macrophages when they are approaching to and/or
contacting with the biomaterials. Understanding the interactions of macrophages and their
microenvironment is of great significance to enable promising strategies for the design and
development of immunomodulatory biomaterials and biointerfaces to direct macrophage fate
in a precise and selective manner.

2.1.1. Surface Charge—The cellular membranes of macrophages are overall negatively
charged. And biomaterials can tune the negative surface charge of macrophage membranes,
which holds potential to affect the protein adsorption and conformation and the biological
behavior of macrophages. Therefore, the surface charge of a biomaterial can elicit
modulatory effects on the macrophage response. In general, positively charged (cationic)
particles are more likely to trigger inflammatory response than negatively charged (anionic)
and neutral particles.[57] Cationic polymers such as polylysine, polyethylenimine (PEI),
cationic gelatin, and dextran could activate M1 macrophages via toll-like receptor-4 (TLR-4)
pathway and specifically induce IL-12 secretion to strongly stimulate Th1 response, thereby
enabling the reversal of M2-like TAMs toward antitumoral M1 phenotype both in vitro and
in vivo, tested on RAW 264.7 macrophages or TAMs isolated from tumors.[58:59] positively
charged particles are generally able to induce greater cellular internalization by macrophages
than particles having negative surface charge. Using liposomes comprising 1,2-dioleolyl-
sn-glycero-3-phosphatidylcholine (neutral), 1,2-dioleoyl-3-dimethylammonium propanediol
(positively charged) and 1,2-dioleolyl-sn-glycero-3-phosphatidylserine (negatively charged),
researchers studied how the liposome surface charge affected their binding and endocytosis
by J774 macrophages.[6%] The in vitro results showed that J774 macrophages endocytosed
both the positively charged and negatively charged liposomes to a larger degree than
uncharged liposomes. Furthermore, the positively charged liposomes underwent a greater
uptake by macrophages compared with the negatively charged liposomes. The surface
charge of nanofibrillated cellulose films could be tailored with carboxymethylation (anionic)
and hydroxypropyltrimethyl-ammonium groups (cationic).[62] The carboxymethylated films
were able to activate monocytes/macrophages toward the proinflammatory phenotype in
vitro using THP-1, while unmodified films could boost mild activation. By contrast, the
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cationic films were not capable of promoting monocyte/macrophage activation, behaving as
an inert biomaterial for this purpose. In addition, all these films were not able to directly
facilitate the antiinflammatory response.

Modifying the surface charge of poly(ether)urethane biomaterial through introducing the
sulfonate ionic groups onto polymer backbone to give different negative charge, Williams
and co-workers investigated the influence of biomaterial surface charge on inflammatory
response after implantation into a rat model for 2 days to 12 weeks.[521 On day 2, there
were significantly more macrophages surrounding all the materials (stained sections) than
other later time points. For all samples wherein macrophages were found, cells with
staining positive for TNF-a were also seen. These results reveal that the surface charge

is able to affect the early stage acute inflammatory response to the implanted biomaterial.
By controlling the chemical synthesis, the surface charge of hyperbranched polymer
nanoparticles (NPs) were manipulated differently.[83] The cationic NPs showed a more
effective and rapid cellular uptake by RAW 264.7 macrophages and cytotoxicity in vitro
when compared with their neutral or anionic counterparts. Meanwhile, all the differently
charged NPs were able to accumulate within the macrophage cytoplasm; nevertheless, the
cationic NPs could also traffic to and accumulate in the cell nucleus. This is due to the fact
that the positively charged surfaces of synthetic particles tend to be more easily covered
with the opsonin proteins and thereby more visible to the phagocytic cells. Further in

vivo pharmacokinetic study showed that, the neutral NPs had longest retention time (~6

h) in blood, while the cationic NPs had shortest half-life (~1.8 h), with the anionic NPs
cleared at an intermediate rate (2.3 h). The distinct plasma half-lives were suggested to
reflect their different opsonization rates in bloodstream, which in turn modulates the rates of
recognition and clearance by the phagocytes.[64-66] |n addition, Au nanorods modified with
polyethylene oxide (PEO)-NH, revealed the antiinflammatory activity, while PEO—-COOH
modification resulted in the proinflammatory property. Neutrally charged rods only caused
minor inflammation in the human monocyte-derived macrophages in vitro.[67] Collectively,
the manipulation of surface charge can provide a potent strategy to modulate the immune
response of macrophages to an implanted biomaterial for purposes such as immune evasion
from phagocytosis, inflammation regulation, and foreign body reaction.

2.1.2. Surface Chirality—Life is a typical chiral system with the high selectivity

for chiral molecules such as d-sugar, L-amino acid, helical DNA, and L-phospholipid,
which play an important role in maintenance of biological functions of living cells and
organisms.[%8] The incorporation of chirality into biomaterial surface design will lead

to novel strategies to modulate immune cell responses. In 2007, Sun et al. utilized the
enantiomers of Atisobutyryl-L(D)-cysteine (L(D)-NIBC) to modify gold sputtered surfaces
as the chiral model system to investigate their interactions with macrophages in vitro
using the human promyelocytic leukemia cell line HL-60 (Figure 2A).15% In a typical
study, macrophages showed apparent differences on the L-NIBC and D-NIBC surfaces.
The L-NIBC surface resulted in a much higher quantity of adhered macrophages than

the D-NIBC surface. Furthermore, the majority of macrophages on the L-NIBC surface
exhibited deformation, spreading, extruding pseudopods and gathering together, which are
indicative of the activated proinflammatory M1 phenotype; however, those macrophages
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on the D-NIBC surface showed separate distribution and round-shaped morphology, which
belong to the polarized antiinflammatory M2 form. This study revealed that surface chirality
of biomaterials could serve as a promising regulator to affect the macrophage behavioral
responses and provide insights for the design of immunoregulatory biomaterials for intended
use.

Kehr and et al. modified the surface chirality of periodic mesoporous organosilicas (PMOs)
with the D(L)-mannose (D(L)-MAN) through an enantioselective functionalization method,
and then studied how the surface chirality of self-assembled PMO monolayers could have
an impact on the adhesion behavior of human primary macrophages in vitro.[”% The number
of macrophages adhering on the PMO-D-MAN monolayer was approximately four times
larger than on the PMO-L-MAN monolayer or the PMO-NH, monolayer. This study
further demonstrates that upon adhesion, macrophages can not only recognize the surface
functionalities, but also distinguish the surface chirality, which is envisioned to be more
prominent in the presence of bio-macromolecules such as proteins (serum) and nucleic
acids (DNA). In addition, surface chirality also affected the protein adsorption behavior on
polymer surface and their interactions,l’*] and triggered the surface wettability switching of
smart polymers,[72] which could be used to further regulate the macrophage behaviors.

Cyclic azapeptides have revealed the extraordinary binding affinity to the CD36 (cluster of
differentiation 36) receptor and capability to alleviate macrophage-driven inflammation via
regulating the TLR 2/6 (toll-like receptor 2/6) pathway. To this end, Lubell and co-workers
developed a new approach for synthesizing cyclic peptides by A3-macrocyclization to
accomplish the controls of their R- and S-configurations and investigate the activity of

such CD36 modulators on the RAW 264.7 macrophages in vitro.[”3] This study showed

the evidence of correlation between dynamic chirality and macrophage-driven inflammation
regarding the production of NO, cytokines and chemokines. Immunomodulatory chiral
materials are expected to serve as excellent platforms for studying unique chiral phenomena
in the immune systems, which is of great significance not only for the development of

novel immunomodulatory biomaterials, but also for the understanding of the origin of the
marvellous chiral preferences in the nature. One of the future research directions into this
field may need to focus on cell biology or molecular biology studies on the intracellular
and/or intercellular interaction processes and mechanisms upon stimulation with chiral
biomaterials and other external chiral signals.

2.1.3. Surface Wettability—In general, hydrophaobic biomaterials can boost monocyte
adhesion and induce M1 macrophage activation,l74] and hydrophilic or neutral surfaces
tend to inhibit macrophage adhesion and activation, thereby creating an antiinflammatory
microenvironment.[”] In a recent study, Zheng and co-workers showed that the
hydrophilicity of titanium surface oxide layer was able to regulate the immune response

of murine RAW 264.7 macrophages in vitro through polarizing to the antiinflammation
and prohealing M2 phenotype (Figure 2B—D).[7¢] The mechanistic study unveiled that

the surface hydrophilicity can govern the adsorption and conformation of fibronectin and
fibrinogen and activate the PI3K and NF- xB signaling pathways through the selective
expression of integrin B1 or B2, thereby tailoring the macrophage response to create a
beneficial immune microenvironment for osteogenesis and bone formation. Surface wetting
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behavior can undergo reversible switching between hydrophilicity and hydrophobicity in
response to diverse external stimuli such as heat,l””1 UV,[78] and electrical potential.[7°]
Such reversible wettability may enable dynamic modulation of macrophage responses to
a biomaterial surface. Combining anodic oxidation with hydrogenation, superhydrophilic
TiO, nanotube arrays were created on titanium surface due to the introduction of oxygen
vacancies into nanotubes.[8% The hydrogenated surface could lead to the remarkably
lower proliferation of RAW 264.7 macrophages in vitro and upregulated secretion of
antiinflammatory cytokines (IL-10, bone morphogenetic protein-2 (BMP-2), transforming
growth factor-g (TGF-pL1)) regardless of LPS stimulation, meanwhile moderate the
expression of proinflammatory cytokines (TNF-a, interleukin-6 (IL-6), NO, monocyte
chemotactic protein-1 (MCP-1)) triggered by LPS. Furthermore, the superhydrophilic
surface was able to upregulate/downregulate the gene expression of M2/M1 surface
markers, respectively, thereby implying the potential of using surface wettability control
to modulate/direct macrophage immune responses for facilitating inflammation resolution
and accelerating tissue repair. Using the hydrophobic (140° water contact angle) and
hydrophilic (water entirely adsorbed in 5 s) carbon nanofibers, Webster and co-workers
investigated the macrophage response in vitro to wettability upon contact in terms of
cytokine expression by and synaptic antigens on the 1C-21 macrophages.[82] The hydrophilic
carbon nanofibers induced a smallest inflammatory response when compared with their
hydrophobic counterparts and titanium, with less secretion of proinflammatory cytokines
such as TNF-a and IL-6. Besides, the hydrophobic carbon nanofibers might eventually
result in the increased T cell activation compared to the hydrophilic ones.

Tailoring the surface wettability of cellulose microspheres could also influence their
phagocytosis by macrophages.[82] Cellulose microspheres with contact angle of 50°~60°
were more readily phagocytosed by the macrophages. A recent study by Olivares-Navarrete
and co-workers also showed that, how macrophages make response to biomaterial surface
properties could lead to the changes in adaptive immune response through regulating the T
helper cell population and mesenchymal stem cell recruitment both in vitro and in vivo.[83]
It was verified that an increase in the surface wettability and roughness of titanium implants
was capable of polarizing adaptive immune response to the prohealing Th2 phenotype,
thereby leading to more rapid inflammation resolution and improved MSC recruitment
surrounding the implants in the presence of mice primary macrophages. During in vivo
studies, the macrophage ablation could decrease the changes in systemic inflammation and
populations of T helper cells. Meanwhile, the macrophage ablation was able to cut down
the population of stem cells surrounding the implant surface. Taken together, the presence
of macrophages and their immune responses to the hydrophilic biomaterials were capable
of effectively creating a wound healing microenvironment and modulating/guiding the
recruitment of MSCs. Surface wettability control can thus provide an effective approach to
modulate the macrophage behavior responses to implanted biomaterials. To this end, surface
wettability control can also be combined/coupled with altering other surface properties such
as surface roughness and surface topography.
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2.2. Surface Topography

2.2.1. Surface Roughness—A key parameter of biomaterials that can direct the
macrophage fate is the surface topography, such as surface roughness and ordered/
disordered, aligned/unaligned, patterned/unpatterned surface microstructure. For pure
titanium with different surface treatments (polished, machined, grit-blasted), the surface
adhesion of J774A.1 macrophages increased with time in vitro while their spreading

also increased with surface roughness; meanwhile, the adherent macrophages exhibited
evident BMP-2 expression, thus having the potential to favor the bone formation on a
biomaterial surface.[84] Accompanying the activation, the surface roughness increase also
lead to the dramatic secretion of proinflammatory cytokines (interleukin-14 (IL-18), IL-6,
TNF-a) and chemokines (MCP-1, macrophage inflammatory protein-1a (MIP-1a)) from
RAW 264.7 macrophages in vitro in a time-dependent way.[#5] In addition, macrophage
polarization could be jointly modulated by biomaterial surface roughness and hydrophilicity
via Whnt signaling regulation in vitro using mice primary bone marrow-derived macrophages
(BMDM) and in vivo on a mouse model.[88] It was demonstrated that the loss of the
macrophage-derived Wnts could also impair the recruitment of MSCs and T cells toward
the titanium implants in vivo. Increasing the surface roughness of titanium material by
sandblasting and acid etching treatment, a study showed that RAW 264.7 macrophages
cultured on such rough surface in vitro could be activated to the M2-like phenotype,
thereby holding the potential to boost wound repair and bone regeneration.[87] Nevertheless,
another in vitro study on titanium material with surface roughness from 100 to 400 nm
revealed that, the RAW 264.7 macrophages tended to polarize to the M1 phenotype with
increasing the surface roughness.[88] With regard to the mineralized collagen material (with
different roughness from 0.92 to 12 pm), a rougher surface could lead to the polarization

of THP-1-derived macrophages toward M1 phenotype in vitro with high secretion levels

of inflammatory factors (TNF-a, IL-6), while a smoother surface was able to promote

the M2-phenotype polarization.[89] Corporately, when considering the influence of surface
roughness on macrophage immune responses, in addition to the wide range of surface
roughness to be designed, other parameters such as surface chemistry, charge and wettability
may also need to be analyzed together to obtain a comprehensive understanding for suitable
biomaterial surface design.

2.2.2. 2D Topography—Macrophages have an attachment preference to rough substrate
surfaces than smooth ones.[74] A regularly microstructured surface of polyvinylidene
fluoride could significantly lead to the activation status of human primary macrophages
involving both M1 and M2 phenotypes.[9 Leong and co-workers[9] investigated the
micro/nanotopography induced behavior changes in RAW 264.7 macrophages (used for

in vitro study) through parallel gratings of line width 250 nm to 2 um imprinted on
polycaprolactone (PCL), polylactide (PLA) and polydimethylsiloxane (PDMS) (Figure

3). In comparison with flat control, they observed maximal adhesion and elongation of
macrophages on 500 nm grating at 48 h, showing apparently topography-sensitive secretion
of TNF-a and vascular endothelial growth factor (VEGF) in a way that greater size of
gratings could decrease the secretion levels. In vivo study on a rat model showed that,

at day 21, the density of macrophage adhesion and degree of cell fusion on the 2 um
gratings were decreased compared with the planar controls. As a conclusion, surface
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topographical cues, independent of surface chemical cues, can influence the macrophage
behaviors such as morphology change and cytokine secretion during foreign body reaction,
though this modulatory role needs further study in longer time points. When considering
electrospun polyurethane membranes, nanofiber surface only triggered minimal macrophage
inflammatory response and mild foreign body reaction compared with microfiber surface,
[92] holding potential application for the development of immunoisolation devices of cell
transplantation. To understand how the surface topography could change macrophage
morphology and polarization status, Liu and co-workers created titanium surfaces with
micro and nanopatterned grooves via a deep etch method.[®3] By culturing BMDM in

vitro on distinct groove widths, the results showed that micro and nanopatterned grooves
were able to affect the macrophage elongation, peaking on the substrates of 400-500

nm wide grooves. Such surface grooves had no influence on the inflammatory activation
but promoted the polarization of antiinflammatory, prohealing macrophage phenotype.
Macrophages could secrete markedly higher levels of antiinflammatory IL-10 cytokine

on the intermediate groove widths, thus highlighting the possibility of exploiting surface
topography to modulate/guide macrophage functions and manage biomaterial-mediated
wound healing process and tissue repair/regeneration.

Chang and co-workers designed well-organized hierarchical micro/nanostructured surfaces
on hydroxyapatite bioceramics via combining photolithography and hydrothermal treatment
to regulate the macrophage behavior for osteogenesis and angiogenesis, possessing distinct
microcircular patterns (4, 12, 36 um) and nanoscale topographies (nanoneedle, nanosheet,
nanorod).[%4] It was demonstrated that the designed hierarchical micro/nanostructures with
suitable pattern sizes were able to either promote or mitigate RAW 264.7 macrophage
polarization in vitro, thereby influencing the outcomes of osteogenesis and angiogenesis
through macrophage immunomodulation. Similarly, engineered zinc substrates with
microscale surface topography could lead to the reduced inflammatory polarization in vitro
of THP-1-derived macrophages for improved biocompatibility and tissue integration.[9°]

By incorporating gold nanorods into the shape memory PCL film, a dynamic surface
topography was acquired with the capability of topography transformation from the flat

to the microgrooved through near-infrared irradiation, thus triggering the macrophage
elongation and phenotype change in vitro (BMDMSs) and in vivo (a rat model), with
upregulated arginase-1 and IL-10 expressions.[9! In addition, the PCL fibrous topography
could also facilitate the host MSC recruitment by boosting the macrophage phenotype shift
from M1 to M2 in vivo.[%7] Adopting a high throughput screening method, Alexander and
co-workers investigated the relationship between the surface topography of biomaterials and
the adhesion and phenotype of human monocyte-derived macrophages with a diversified
library of 2176 micropatterns created by an algorithm both in vitro and in vivo (mice
model).[%8] The micropillars of 5-10 pm diameter could play a predominant role in driving
the macrophage adhesion and the combination of micropillar size with density was pivotal to
modulate the macrophage phenotype transition from proinflammatory to antiinflammatory
status.

2.2.3. 3D Geometry—2D substrate materials are simplified models to elucidate the
behavior responses of macrophages toward specific stimulus particularly the surface
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topography. Nevertheless, cells tend to behave quite differently in a 3D microenvironment
and 3D geometrical models can better recapitulate the hierarchical, hybrid and complicated
in vivo microenvironments.[9! For example, the expanded electrospun random PCL
nanofiber scaffolds, having significantly larger porosity than common 2D nanofiber
membranes, could promote evident macrophage infiltration of higher M2/M1 ratios in a
subcutaneous rat model within four weeks, together with the formation of new blood vessels
inside, while the unexpanded ones only showed surface macrophage adhesion.[200] The
interlayer distance, layer thickness and scaffold porosity played major roles in determining
macrophage infiltration, neovascularization and host response for in situ tissue regeneration.
Besides, the fiber diameter of electrospun poly-L-lactide (PLLA) scaffolds, rather than
fiber alignment, affected the in vitro RAW 264.7 macrophage activation by showing
minimized inflammation reactions to PLLA nanofiber (*600 nm) scaffolds compared to
the microfiber (~1.5 pm) ones as well as the 2D flat films that had greater number of FBGCs
on surface than 3D scaffolds.[192] By a hydrogel coating strategy to modify the surface
chemistry of 2D flat poly(D,L-lactide-co-glycolide) (PLGA) substrate and electrospun 3D
nanofiber scaffolds,[102] Bartneck et al. showed that the biomaterial surface topography had
much more powerful effects compared with changing surface chemistry on modulating the
human primary macrophage immune response in vitro. That is, 2D flat substrate caused

the release of a large amount of proinflammatory cytokines (TNF-a, IL-1p), whereas 3D
nanofiber scaffolds could dramatically lead to the release of proangiogenesis chemokines
(interleukin-8 (IL-8), chemokine ligand 4 (CCL4)/macrophage inflammatory protein-18
(MIP-10)) and molecules, and meanwhile strongly reduce the proinflammatory cytokine
release. In addition, the 3D topography cues could also modulate the crosstalk between
macrophages and MSCs.[103] Compared with 2D topographical cues, co-culturing human
bone marrow-derived MSCs with THP-1-derived macrophages in vitro on 3D substrate
material could markedly reduce the production of IL-6 and MCP-1 related to inflammation
and chemotaxis, thereby highlighting the significance of 3D topographical cues in factor-
directed communication between macrophages and MSCs. The 3D geometry of 3D-printed
chitosan scaffolds with wider angles and larger pores could induce the higher production

of proinflammatory cytokines (TNF-a, IL-12/23) from human monocytes/macrophages

in vitro.[104] Additionally, performing the plasma electrolytic oxidation treatment on the
3D-printed porous titanium implants could improve the prorepair phenotype polarization

of human primary macrophages in vitro from the strong proinflammatory response

to the nontreated 3D-printed implants.[19%] From the standpoint of extracellular matrix
mimetics, 3D topographies of biomaterials can afford better artificial/synthetic extracellular
microenvironmental cues for directing the fate and functions of macrophages for clinical
applications.

Material Mechanics

2.3.1. Macrophage Mechanobiology—So far, little knowledge is obtained regarding
the macrophage mechanobiology relative to the well-established fibroblast/stem cell
mechanobiology.[196.107] Attentions have been increasingly paid to establish the correlation
between the mechanical cues of macrophage microenvironment and the macrophage
activation and polarization. These efforts are important to deepen the understanding of
how macrophages respond to mechanical stimuli, how macrophages correlate with disease

Adv Mater. Author manuscript; available in PMC 2022 June 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 13

progression, and how biomaterials can be designed to direct macrophage fate for numerous
applications such as tissue regeneration, infection resolution and cancer treatment.

Podosomes are organelles of high dynamics, constitutively generated in monocytic
lineage, including macrophages and osteoclasts.[108] Macrophage podosomes emerge in
a typical dot-like shape with tripartite protein substructures of core (such as F-actin,
cortactin, and gelsolin), ring (such as vinculin and talin) and cap (such as supervillin

and formin), having 0.5-1 um diameter, 0.2-0.4 um height, and ~44 kPa stiffhess
independent of ECM nature.[109.110] These podosomes can function as i) adhesion structures
through integrins or ECM receptors, ii) mechanosensors and mechanotransducers through
mechanical signal conversion into chemical cues, and iii) ECM degradation through
proteases. Revealed by protrusion force microscopy, human macrophage podosomes
could generate an oscillatory protrusion force increasing with substrate stiffness and
requiring combination of actin polymerization and actomyosin contraction, which is
characteristics of podosome mechanosensing activity.[*1] Figure 4A illustrates the
macrophage mechanotransduction pathway. For general information of the molecular
mechanism of macrophage mechanotransduction, we refer the readers to the review.[112]

Macrophages can recognize prey location through chemotaxis navigation and generate
stable physical contact for phagocytosis, with the need for producing mechanical forces.
Revealed by the optical tweezers, macrophage filopodia exert pico to nanonewton retraction
force to pull bound microparticles (Figure 4B).[123] \iogel and co-workers proposed a
“Hookand-Shovel” mechanism for macrophage phagocytosis by lifting off and picking

up surface-bound bacteria (Figure 4C).[114] Following lift-off, bacteria were engulfed

in phagocytic cup, during which the force-activated capture bonds enabled long-term
filopodium—fimbrium interplay. The access to prey tip is needed for the phagocytic cup
formation and phagocytosis by macrophages.[11°]

2.3.2. Substrate Stiffness—Different ECM components, cells, and human tissues have
a broad range of mechanical moduli.[116] The stiffness of biomaterials is an important
parameter to affect cell fate and function when they interplay with each other. Such
mechanical stimulus may provide an efficient way to manipulate the polarization and
functions of macrophages.[117:118] Culturing human monocyte-derived macrophages in

vitro on fibronectin-coated polyacrylamide (PAAm) hydrogels of varied stiffness, larger
macrophage area, and faster proliferation rate were observed on stiffer PAAm (280 kPa—70
GPa) than softer PAAM (1-5 kPa), together with faster migration speed (12.0 pm h™1 for
280 kPa, 5.0 pm h™1 for 3 kPa) and F-actin organization of stress fibers.[119] Stiffer arginine—
glycine-aspartic acid (RGD)-poly(ethylene glycol) (PEG) or PEGDA hydrogels induced
better RAW 264.7 macrophage adhesion and spreading (flattened rather than rounded on
softer) in vitro and in vivo, thereby elevating M1 phenotype and causing more severe
foreign body response.[120.121] The migration capacity of macrophages is prerequisite for
implementing their tasks and functions, and the mechanosensitive podosomes play a critical
role as mechanosensors in macrophage migration and invasion.[109] Besides, macrophages
utilize actin-based phagocytosis for clearing intruders and they preferentially phagocytosed
stiff PAAm microparticles; for soft particles, the phagocytosis by macrophages could be
stimulated by microinjecting the constitutively active Racl (small GTP-binding protein)
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and lysophosphatidic acid (activator of small GTP-binding proteins), implying the Rac1l-
dependent mechanosensing mechanism for macrophage phagocytosis.[122] To understand
the mechanical mechanism for macrophage migration/motility, Hammer and co-workers
generated the traction maps of migrating human primary macrophages via observing the in
vitro macrophage migration on the compliant PAAm hydrogels.[223] The force produced by
the migrating macrophages was concentrated on the cellular leading edge, with a magnitude
depending on the underlying substrate stiffness. It was found that the Rac activation by GEF
Vavl is critical for the force generation of macrophages, which also involved the necessary
signaling via RhoA kinase ROCK, myosin Il and PI13K.

Using THP-1 cultured on the 1%, 4%, and 10% agarose hydrogels as soft substrate

or the plastic plate as stiff substrate in vitro, researchers showed that decreasing the

stiffness of substrate materials could facilitate the activation of M2-like macrophages,

and meanwhile improve the expression of peroxisome proliferator-activated receptor
(PPAR ), demonstrating that the substrate stiffness serves as a key factor in the balance
modulation of proinflammatory M1 and antiinflammatory M2 phenotypes.[124] Altering the
collagen scaffold stiffness with different physical or chemical crosslinking methods, O’Brien
and co-workers reported the dependence of THP-1-derived macrophage polarization in vitro
on both matrix stiffness and crosslinking agents, indicating the coupling effect of scaffold
physical and chemical properties on macrophage behavior.[12%] Recently, the researchers
investigated how the THP-1-derived macrophages adapted their polarization, functions, and
migration modes when cultured in vitro on the collagen-coated PAAm hydrogels with
different substrate stiffness.[126] The results showed that the stiff PAAm hydrogels (323
kPa) could promote the polarization of proinflammatory macrophage phenotype with an
impaired phagocytosis, whereas the soft (11 kPa) or medium-stiffness (88 kPa) hydrogels
was able to boost the antiinflammatory and highly phagocytic macrophage phenotype.
Moreover, the substrate stiffness could also determine the macrophage migration mode.
That is, on the soft or medium-stiffness hydrogels, macrophages exhibited the RhoA kinase
ROCK-dependent and podosome-independent rapid amoeboid migration mode, while on
the stiff hydrogels, macrophages adopted the ROCK-independent and podosome-dependent
slow mesenchymal migration mode. Together, these studies imply that the substrate stiffness
of biomaterials is able to guide the macrophage behaviors and functions, independent of the
applied biochemical cues to them.

2.3.3. Spatial Confinement—Spatial confinement can regulate macrophage activation
and response. As revealed in a recent study by Vogel and co-workers,[127] spatial
confinement could block macrophage spreading through micropatterning, microporous
substrate, and cell crowding, thereby restraining late LPS-activated gene transcription

and epigenetics (Figure 5). The confinement could decrease actin polymerization and
downregulate M1 activation and inflammatory response, therefore reducing secretion of
proinflammatory cytokines and phagocytizing capacity of macrophages. In vitro polarized
macrophages are distinct in cellular morphology.[*28] Upon polarization, macrophages have
significant cell shape change: M2 phenotype shows an elongated cell shape relative to round
M1 phenotype. M2 activation can be promoted by elongation whereas M1 activation is
independent of elongation. The macrophage elongation itself could result in M2 marker
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expression and cut down inflammatory cytokine secretion in the absence of exogenetic
cytokines.[229] Elongation could also potentiate the effect of M2-activating cytokines (IL-4,
IL-13) and protect macrophages from M1-activating stimuli (LPS, IFN-y). Jointly, this in
vitro study confirmed that altering cell shape through ECM architecture can modulate the
phenotype polarization of macrophages (mice BMDMs used here). In addition, the porosity
and pore size of 3D scaffolds also have important roles during the interactions between
scaffolds and macrophages. An increase in pore size of electrospun 3D polydioxanone
scaffolds with irregular pores from 2 to 30 um could boost M2 marker Arginase 1 (Argl)
expression while inhibit M1 marker inducible nitric oxide synthase (iNOS) expression of
mouse BMDMs in vitro, showing higher secretion of angiogenic cytokines VEGF, TGF-41,
and basic fibroblast growth factor (bFGF).[13%] For 3D printed PCL fiber scaffolds with
box-shaped pores, the pore size decrease from 100 to 40 um could facilitate the elongation
of primary human macrophages and their polarization toward M2 type in vitro.[31] In a
study by Ratner and co-workers,[232] cardiac implantation of the acellular hydrogel scaffolds
of 30-40 um pore diameters achieved maximal angiogenesis and minimal fibrotic response,
agreeing with the shift/polarization of macrophages toward the prohealing M2 phenotype.
Besides, for a retrievable implant made of silicone reservoir and porous polymer membrane
from the body after implantation,[133] the membrane of 1 um pore diameter could permit
macrophage migration inside with no loss of encapsulated cells, while the membrane of
<0.8 um pore size could prevent the immunocyte infiltration. Such synthetic polymeric
coatings can be optimized to prevent fibrosis and protect transplanted therapeutic cells

for long-term survival and function, thus minimizing the chance of graft failure. Besides,
creating cone-shaped pores on the surfaces of mesoporous silica rods could regulate the
RAW 264.7 macrophage immune response and mitigate the proinflammatory reaction in
vitro, thus generating a beneficial immune microenvironment for boosting osteogenesis and
new bone regeneration, as evidenced by the improved in vivo bone formation.[134]

2.3.4. Phagocytosis Physics—Immunocytes can process particles in size-dependent
way: particles of size <0.5 um are internalized by macropinocytosis; phagocytosis is

a process by which phagocytes use plasma membrane to engulf or ingest particulate
materials of size >0.5 pm and then digest in phagosome.[57:135.136] The particulate materials
can be microorganisms, cellular debris, tumor cells, small biominerals (such as kidney
stones) or synthetic particles (such as nanocarriers). Phagocytes consist of the professional
phagocytes encompassing diverse types of leukocytes and the nonprofessional phagocytes
including fibroblasts and epithelial cells.[!37] Macrophages, a key subset of the mononuclear
phagocyte system (MPS),[14:38] are able to phagocytose particles as large as 5 um, but
facing larger ones macrophages tend to coalesce to generate multinucleated foreign body
giant cells.[52138] polystyrene particles with 2-3 pm longest dimension revealed highest
recognition and attachment by J774 mouse macrophages in vitro,[13%1 which correlates with
the size range of commonly seen rod-shaped bacteria in nature. An in vitro study by Chan
and co-workers showed that the particle size and surface PEG density could determine the
serum protein adsorption onto Au nanoparticles and the following phagocytosis by J774A.1
macrophages.[140] In general, large particles (>1 pm) could induce Th1 response, while
smaller ones (<500 nm) could trigger Th2 response.[57:141] Nevertheless, it does not always
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follow this rule and particle size can couple with other parameters to determine Th response
and influence Th1/Th2 balance.

Particle shape is also an important physical parameter for designing drug delivery systems
and directing cell response to biomaterials.[142:143] |_ong fibers (>20 pm) such as asbestos
and carbon nanotubes cannot be engulfed by macrophages, hence resulting in frustrated
phagocytosis.[144] In a study by Mitragotri and co-workers,[143] multilayer polymeric discs
(diameter 4—7 pum, thickness <1 um) were designed with a layer of hyaluronic acid on

each disk face to allow tight adhesion to but avoid disk phagocytosis by J774 mouse
macrophages in vitro, therefore capable of serving as cellular backpacks for therapeutic

drug loading and macrophage-mediated targeted delivery to diseased nidus. Polymeric
micelle assemblies (filomicelles) were prepared to research the trafficking and transport
behaviors of flexible filaments in comparison with spherical particles of similar chemical
identity in vitro and in vivo. The filaments could persist up to one week in circulation

post intravenous injection in rat and mouse models, which was around ten times longer

than spheres. Under the condition of fluid flow in vitro, THP-1-derived macrophages could
more easily phagocytose spherical particles and short filaments than longer filomicelles (=3
um), due to the flow-induced extension.[146] Phagocytosis is the main constituent of innate
immunity by which macrophages can internalize targets in actin-dependent way. Researchers
have investigated the phagocytosis of polystyrene particles with varying sizes and shapes by
rat alveolar macrophages in vitro (Figure 6A).[247] Particle shape, rather than particle size,
played a predominant role in the phagocytosis. That is, the local particle shape at the initial
contact point dictated if macrophages could initiate the phagocytosis or merely spread on the
particles without internalization, through determining the complicacy and suitability of actin
structure for the phagocytosis initiation and membrane—particle interaction. In the cases that
particle volume was larger than macrophage volume, the particle size could mainly affect the
implementation of phagocytosis.

Anderson and co-workers investigated the role of spherical material geometry on the

in vivo biocompatibility. They demonstrated that in the animal models of rodents and
nonhuman primates, implanted material spheres (diameter >1.5 mm) ranging from hydrogel,
plastic, ceramic to metal, could significantly abrogate fibrosis and foreign body response

in comparison with their smaller spherical counterparts (Figure 6B).[148] The findings

imply that simply tuning the sphere size of biomedical materials/devices can remarkably
improve their in vivo biocompatibility. In addition to particle size and shape, particle
stiffness is another mechanical parameter that should be considered facing phagocytosis.
The stiffness of target can significantly influence the efficacy of phagocytosis. For instance,
upon exposure to antibody-coated PAAm beads (1-6 pm) with varied stiffness but the

same chemical identity, mice BMDMs strongly preferred to phagocytose rigid opsonized
beads sixfold over soft ones in vitro.[122] Similarly, soft (10 kPa) PEGDA hydrogel NPs
(200 nm) could dramatically decrease the phagocytosis by J774 macrophages in vitro when
compared to rigid (3 MPa) ones, thereby potentially offering an approach to upgrade the

in vivo biological fate of NPs with improved blood circulation, decreased immune uptake,
and enhanced targeting.[249] A conjunct effect of target size and stiffness on the RAW 264.7
macrophage phagocytosis in vitro was also observed using discoidal polymer NPs of varying
shape, size and stiffness.[1%%] Rigid discocytes showed more efficient uptake by THP-1-
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derived macrophages than flexible ones through Myosin-11 hyperactivation. The shape of
rigid erythrocytes could also regulate the “don’t eat me” signal of CD47 and engulfment

of macrophages, that is, rigid stomatocytes could signal self-better than rigid discocytes,
consistent with the in vivo clearance study on the mice model, thus indicating the shape
effect on the CD47 suppression of macrophage phagocytosis.[*51] The phagocytosis physics,
based on the regulation effects and interactions of particle size, shape, and stiffness (3S),
reveal that a synergetic enhancement effect on the phagocytosis efficacy of macrophages
can be achieved through tuning the 3S physical parameters. The capacity that macrophages
recognize particle 3S has important physiological significance considering the fact that
many preys/targets such as pathogens, cellular debris, cancer cells and foreign particles
come in diversified 3S parameters. For example, as antigen-presenting cells together with
DCs, macrophages can phagocytose, process, and present antigens to T cells, thereby aiding
and/or amplifying the adaptive immunity for vaccine immunotherapy against cancer, virus,
and bacterial infections.

2.4. Material Composition

Once implanted into human body, bioactive biomaterials, such as silicate/phosphate-based
bioceramics, bioglasses, bone cements, and ionically crosslinked hydrogels, in the forms of
scaffolds, coatings or films, can undergo natural degradation process in a time-dependent
manner, mediated by corrosion, dissolution, hydrolysis, enzymolysis, and phagocytosis.
[152] Following the material degradation, bioactive ions can be released to modulate local
immune microenvironment. Meanwhile, other strategies to modulate macrophage immune
responses to biomaterials include surface chemical modification and incorporating bioactive
molecules, which involve inorganic ions, functional groups, cytokines, etc.[3252] Besides,
some glycosaminoglycans including heparin, hyaluronan, and their derivatives also have
wide immunomodulatory activities.[133154] Recently, Elisseeff and co-workers used the
single-cell RNA sequencing analysis technique to study the macrophage responses to the
biologic UBM and synthetic PCL biomaterials after implantation.[*55] The results showed
that UBM was capable of boosting the tissue repair via creating a tissue microenvironment
featured with the Th2/IL-4 immune profile, while PCL triggered the standard foreign

body reaction featured by the Th17/IL-17 and fibrosis. From the UBM implantation,
distinct macrophage phenotypes were illustrated and responsible for the chemoattraction,
phagocytosis, and antigen presentation. From the PCL tissue microenvironment, a
CD9M*IL-36 %" macrophage phenotype was identified, expressing the Th17-associated
molecules. Taken together, these different macrophage phenotypes can provide potential
targets for the therapeutic immunomodulation with elaborately designed biomaterials. The
different bioactive ions/molecules incorporated into biomaterial surfaces or matrices are able
to produce a wide range of regulating effects on the immune system.

Although many efforts have been devoted to investigating the interactions between
biomaterial components and macrophage immune responses and elucidating the possible
mechanisms behind, much more work need to be done further to clarify the exact molecular
mechanisms. To this end, some issues can be taken into consideration with regard to the
material composition. First, bioceramics and bioglasses in general contain multiple bioactive
ions. When immersed in cell culture medium or implanted into the body, multiple ion
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species are released from the material matrices,[156] making it difficult to study and clarify
the biological/immunomodulatory effects of a single ion species. Moreover, when releasing
ions from surface or inside, bioceramic/bioglass materials may remarkably change the
local pH microenvironment,[157-1591 which can meanwhile produce important impacts on
macrophage behaviors.[160] |n addition, to fully illustrate the mechanisms of how specific
biomaterial components manipulate macrophage fate, systemic genomics and proteomics
researches are quite essential.[162] Similarly, regarding the decellurized biomaterials derived
from various natural tissues for regulating macrophage immune responses, one concern

for biomaterials scientists and biomedical engineers lies in the complexity and difficulty

in clarifying the multiple components of such materials and thus further understanding
what are the exact compositions responsible for the observed therapy effects,[49.162,163]
highlighting the necessity and importance to make it clear in the future research. Table 2
summarizes the immunoregulation effects of representative material compositions on the
monocyte/macrophage behaviors.

Researchers have much focused on how parameters of synthetic particles can affect particle
binding and internalization by the macrophages in liver and spleen, thereby promoting
particle-mediated systemic therapeutic, diagnostic and/or imaging agent delivery.[199.200]
The surface functionalization of synthetic particles with polymer coating/modification

may modulate the macrophage fate through tailoring the particle surface properties such

as surface charge, wettability, topography and composition.[201-203] Surface chemical
modification can provide a method to devise phagocytosis-resistant particles through
blocking protein adsorption on and complement interactions with particle surface
(opsonization), otherwise the adsorbed serum components can act as molecular handholds
for the binding and internalization by phagocytes.[204] The opsonin proteins in blood
serum can bind to the nonstealth synthetic particles quickly and favor the macrophages

of mononuclear phagocytic system to recognize and clear these particles easily. Anchoring/
grafting a dense PEG or PEG-containing layer on particle surface could sterically resist

the protein interaction with particles to limit opsonization,[54] in a way to generate a
hydrophilic protecting layer around the synthetic particles to repel the opsonin protein
absorption through steric repulsion force, which was thus able to block and/or delay the
first step of opsonization process. Some zwitterionic polymers such as poly(carboxybetaine)
and poly(sulfobetaine) were also able to protect the synthetic particles from opsonization
via surface coating and modification to achieve a high resistance to the nonspecific protein
adsorption.[209]

Surface modification of polystyrene microparticles with the poloxamer polymer coating
could affect the phagocytic uptake by the mouse peritoneal macrophages in vitro.[206] By
altering the chain lengths of PEO and polypropylene oxide (PPO), it showed that poloxamer
polymers with long chains were able to effectively inhibit the particle phagocytosis by
macrophages, which was ascribed to the changed surface features of particles including
steric stabilization effect of the coating layer and decreased surface hydrophobicity by

the coating layer as well as tunable coating layer thickness. The carboxylated or bovine
serum albumin (BSA)-coated polystyrene microparticles with negatively charged surface
were less efficiently phagocytosed by macrophages (derived from human peripheral

blood monocytes) in vitro; however, the poly-L-lysine (PLL)-coated polystyrene particles
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with positively charged surface could trigger the high phagocytosis by macrophages.[207]
In addition, BSA-coated polystyrene microparticles induced the acidified phagosomal
microenvironment with pH 4.6-5.1 after low phagocytosis by the human peripheral blood
monocyte-derived macrophages in vitro.[208] By contrast, the cationic polyamine-coated
polystyrene microparticles were highly phagocytosed by macrophages (mice BMDMs)

in vitro with a diminished acidification in phagosomal microenvironment (pH 6.0-6.8).
The surface modification of synthetic particles could also influence the fate of different
macrophage phenotypes. Using PEG- or CD47-coated polystyrene nanoparticles as model
target, the stimulated macrophages exhibited a higher phagocytic activity than their
nonactivated MO counterpart, and M1 macrophages possessed a stronger phagocytosis
ability than M2 macrophages.[29%] Furthermore, the PEG coating of surface was able to
reduce the clearance of particles by all phenotypes of macrophages and the CD47 coating
could preferentially weaken the phagocytic capability of the M1 macrophages.

Tactics that utilize biogenic cell membrane components to cloak synthetic particles can
render unique cell-like functions and enrich the concept of surface modification and
functionalization of synthetic micro and nanoparticles. Such camouflage strategies can
inherit and integrate the merits of those parent components, and create self-signals or
serve Trojan Horses for a wide range of biomedical purposes such as eluding opsonization,
delaying uptake by phagocytes, prolonging circulation time in blood, targeting inflamed/
diseased sites, targeted drug delivery, specific tumor imaging, targeted cancer therapy, and
offering antigens for cancer vaccination and immunotherapy. The macrophage membrane
camouflage strategy have been widely used for the nanomaterial surface functionalization.
[210-217] Fyrthermore, the combination of macrophage membrane with other types of

cell membrane holds potential to enable hybrid cytomembrane components with multiple
functionalities for more versatile surface camouflage of synthetic NPs.[218-221]

Material Dynamics

2.5.1. Material Degradability—The material degradation process, facilitated by
physicochemical or cell-mediated dissolution, hydrolysis, or enzymolysis,[152] can lead to
the composition dynamics, topography dynamics, and stiffness dynamics of a biomaterial,
therefore producing dynamic physical and/or chemical stimulation on macrophages.
During degradation, S-tricalcium phosphate substitutes could release Ca2* ions into local
microenvironment to switch RAW 264.7 macrophages to M2 phenotype in vitro via
activating the calcium-sensing receptor (CaSR) pathway, and significantly upregulate the
expression of BMP-2 for enhancing osteogenesis.[2221 Another in vitro work showed

that the degradation particles from biphasic calcium phosphate ceramics could initiate

the appropriate inflammatory response of RAW 264.7 macrophages at early phase to
secrete signaling molecules that recruit MSCs and boost their osteogenic differentiation.
[223] Nondegradable biomaterials, such as knitted polypropylene mesh, can frequently
cause chronic foreign body reaction and fibrosis. Uncoated polypropylene mesh triggered
predominant M1 response on the fiber surface in a rodent model, which could be
attenuated by the ECM hydrogel coatings through releasing bioactive ECM fragments
during degradation process. The decreased M1 response was also accompanied by reduced
number of the foreign body giant cells in vivo.[224] Nondegradable, slowly degradable, or
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chemically crosslinked ECM scaffolds with limited degradation induced the dominant M1
macrophage response and chronic inflammation post implantation. On the contrary, rapidly
degradable ECM scaffolds could elicit the M2 response and constructive tissue remodeling
following implantation.[6:225] Harnessing the material degradability via rational design
strategies can contribute to the dynamic immunomodulation function on the macrophage
fate.

2.5.2. Dynamic Loading—Some human tissues, such as bones, joints, teeth, lungs,
and vessels, are in dynamic mechanical loading as the need to fulfill normal functions.
Nevertheless, abnormal mechanical stimuli may cause inflammation or other diseases.
[226,227] ypon squeezing through subtle capillaries, blood-borne monocytes/macrophages as
well as tissue-resident macrophages are quite often under cyclic or constant strain to stretch
and elongate shape. Once put into the body, a biomaterial, associated with implant, device,
or depot, can also undergo dynamic loading because of apparent reasons, such as joint/
tooth motioning, alveoli/airway contracting, vessel pulsing, and muscle constricting, thereby
applying dynamic mechanical forces to neighboring cells to affect their behaviors. Baaijens
and co-workers investigated the strain modulation of macrophage phenotype polarization

of human peripheral blood mononuclear cells ((PBMCs) within electrospun PCL scaffolds
subjected to cyclic strain (0%, 7%, and 12%) for one week.[228] The moderate cyclic

strain of 7% could increase M2/M1 ratio over time and promote macrophage polarizing

to prohealing M2 phenotype in vitro; in contrast, 12% cyclic strain notably decreased

the M2/M1 ratio over time and triggered the dominant polarization of M1 macrophages,
thereby indicating the double-side effect of cyclic strain for modulating macrophage
responses. Human primary alveolar macrophages, monocyte-derived macrophages, and
THP-1 leukemic monocytes could sense cyclic pressure-stretching strain and elevate IL-8
secretion in vitro; applying cyclic strain and LPS stimulus together could result in a
prominent synergistic effect on TNF-a and IL-6 secretion.[229]

Resorbable scaffolds have been emerging as an attractive strategy for the replacement of
diseased blood vessels. Nevertheless, mismatches between the scaffold design and the in
vivo hemodynamic loading (cyclic stretch, shear stress) may cause adverse inflammation
reaction and tissue remodeling that finally result in the premature graft failure. To
understand the underlying mechanisms, an in vitro 3D model was established to mimic
the transient inflammation and biomechanics microenvironments.[230] Adopting resorbable
supramolecular elastomer as scaffold material, the results showed that the cyclic stretch
could initially decrease the production of proinflammatory cytokines using hPBMCs, and
stimulate the secretion of IL-10 and downstream matrix deposition. The shear stress

was able to mitigate the cyclic stretch-triggered matrix growth through amplifying the
collagen remodeling mediated by MMP-1/TIMP-1, thus highlighting the different roles of
hemodynamic loading for designing the resorbable vascular grafts.

2.5.3. Physical Fields—Macrophages implement distinct dynamic functions in vivo,
dependent on their polarization. Applying external physical fields, such as magnetic,
optic, electric, and flow fields, can accordingly exert dynamic stimuli on macrophages
and thus regulate their biological behaviors for the intended purpose. The establishment
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of correlation between macrophage responsiveness and physical field stimulation will

allow the remote control of macrophage fate, such as adhesion, migration, polarization,

and phagocytosis. Bian and co-workers demonstrated in vitro (RAW 264.7 macrophages)
and in vivo (mice subcutaneous model) the remote manipulation of macrophage adhesion
and polarization using RGD-superparamagnetic iron oxide nanoparticles (SPIONSs) grafted
matrix (Figure 7A).[231] The ligand nanooscillation speeds of RGD-bearing SPIONs were
tailored through altering the frequencies of applied oscillating magnetic field. Magnetic field
oscillation at low frequency could boost macrophage attachment and M2 polarization; by
contrast, high frequency oscillation could facilitate M1 polarization but restrain macrophage
adhesion. In another work,[232] the researchers conjugated RGD-bearing Au NPs to substrate
and magnetic nanocages to Au NPs through flexible linkers. The reversible caging and
uncaging of RGD could be fulfilled by regulating nanoscale displacement of magnetic
nanocages in magnetic field. Interestingly, the uncaging of RGD could temporally favor
macrophage adhesion and M2 polarization but suppress M1 polarization in vitro (RAW
264.7 macrophages) and in vivo (mice model). These studies provide a strategy for remote
magnetic control allowing tissue penetration of macrophage behavior response toward the
biomaterial implants/devices. In a recent study from Wosik et al.,[233] exerting uneven
magnetic field caused extreme elongation of mice peritoneal macrophages in vitro. The
magnetic force could realign actin cytoskeleton and modify macrophage marker expression
to change their polarization status. Elongated macrophages in magnetic field showed well
accordant alignment and position with simulated orientation and distribution of magnetic
force lines. The possible interaction mechanisms are depicted in Figure 7B. Nelson and
co-workers utilized microrobotic prey (micromagnets) that mimic bacteria to investigate

the translational and rotational modes of macrophage attacks preceding phagocytosis in
vitro (Figure 7C).[2341 J774A.1 and RAW 264.7 macrophages launched push—pull attack
mode against translational resistive prey that mimic surface-bound bacteria, whereas they
rearranged nonresistive prey mimicking planktonic bacteria with long axis to promote
pickup.

A recent in vitro study demonstrated the remote control over macrophage polarization
through NIR excitation of calcium regulator-loaded upconversion nanoparticles to trigger
the intracellular regulator release, in which the increase or decrease of intracellular

calcium content could facilitate RAW 264.7 macrophage polarization toward M1 or M2,
respectively (Figure 8A).[235] Chen and co-workers reported the photoresponsive RGD
release and conjugation for periodically activating RAW 264.7 macrophage av3 integrin to
boost the M2 polarization in vitro, enabling dynamic modulation of macrophage immune
responses (Figure 8B).[23¢] Biomimetic 3D in vitro models showed that macrophages

(mice BMDMS) could sense and make response to the interstitial fluid flow from tumors

to surrounding stroma, inducing M2 polarization through $1 integrin/Src interceded
STAT3/6 mechanotransduction pathway (Figure 8C).[237] Interstitial fluid could guide faster
macrophage migration against flow, implying its regulatory effect on the polarization

and recruitment of M2 macrophages into tumor tissues in favor of tumor invasion

and progression. Electrical fields are naturally occurring in the sites of injured tissues

to accelerate wound healing. Applying electrical fields (5-300 mV mm~1) guided the
migration of macrophages (human monocyte derived) toward anode in vitro, along with
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phagocytosis enhancement and cytokine production, while monocytes migrated toward
cathode, thus being able to modulate macrophage functions.[238] Besides, radiotherapy can
trigger M1 macrophage polarization with anticancer function.[23] For instance, in the mouse
pancreatic cancer model, low-dose y ray irradiation could reprogram TAMs to iNOS* M1
phenotype in vivo, thus orchestrating potent T lymphocyte immunotherapy.[240]

Currently, understanding is still limited with regard to the exact mechanisms for how

the physicochemical properties of biomaterials interact with the physiological and/or
immune system, thus making it still unclear to optimally design and functionalize the
immunomodulatory biomaterials for the in vivo applications. A lot of in vitro studies

have been carried out to elucidate the interactions between biomaterials and immune

cells in particular macrophages, and how biomaterials create microenvironmental cues

to modulate macrophage fate. For in vitro research, various macrophage cell lines and
primary macrophages derived from mouse, rat, or human have been widely used for

the purpose. Nevertheless, due to the difference in diverse macrophage cell sources,
researchers may receive distinct or even contradictory results and conclusions, which
should be well taken into consideration when compared with previous studies. When
interacting with macrophages, the forms of biomaterials with identical chemistry identity,
such as particles, coatings/films, or scaffolds, may also lead to the difference in the
ultimate outcomes. In addition, when describing how the specific properties of biomaterials
can influence macrophage immune responses, a more quantitative conclusion should be
given, for example, the effect of biomaterial surface roughness at a specific value or

range on macrophage behavior. The in vitro assessment of macrophage immune responses
to biomaterials is crucial to offer insights into the reasonable biomaterial designs, and
several studies have demonstrated the good match between in vitro and in vivo results.[241]
However, the conclusions from in vitro studies cannot be directly translated to the in vivo,
since how the macrophages respond to biomaterials in vitro and in vivo are not always
consistent. Furthermore, after entering into the body, the properties of biomaterials can
change and differ in what macrophages encounter in vivo. Eventually, it is the in vivo
assessment and validation that can approve the feasibility and applicability of biomaterials
for the patients in clinic.[242]

Immunoengineering Applications

Materializing Cancer Immunotherapy

3.1.1. Tumor-Associated Macrophages—Macrophages act as the critical driver

of tumor-promoting inflammation. The TAMSs are dominantly present in tumor
microenvironment and can reinforce tumor progression in different levels to boost
metastasis, increase genetic instability, tame adaptive immunity, and foster cancer stem
cells. Moreover, the TAM phagocytosis activity are thwarted by tumor cells through
expressing the transmembrane protein, CD47, a ligand that can bind to the signal regulatory
protein a (SIRPa) on TAMs to transmit a “don’t eat me” signal to phagocytes.[243]

They can impose a “Yin-Yang” effect on the cytoreductive chemotherapy/radiotherapy;,
either antagonizing these anticancer therapies or potentiating overall antineoplastic outcome.
[244-246] | fact, for the chemotherapy/radiotherapy, antiangiogenic therapy, targeted drug
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delivery, immunotherapy such as immune checkpoint blockade, they all have profound
impact or dependence on TAM function.[246] These TAMs are distinct paradigm of polarized
M2 macrophages that can infiltrate the tumor tissues.[247] Therapies that target TAMSs can
provide promising antitumor strategies to enrich, integrate and synergize the immunotherapy
and chemotherapy.[244] TAM-targeting therapeutic tactics mainly involve i) suppression

of TAM/monocyte recruitment,[248.2491 i) facilitation of tumor cell phagocytosis,[259] iii)
targeted TAM depletion,[251] and iv) TAM reeducation. Among these tactics, promoting
M1-like TAM repolarization has acquired particular interest due to its capacity to improve
the tumoricidal efficacy of other tumor-infiltrating T cells.[22] One promising strategy is to
reverse TAMs toward antitumor M1 phenotype through functional reeducation with micro/
nanoformulations. It is anticipated that the TAMs can confer powerful targets to combine
immunotherapy and cytoreductive therapies in the manner of precision medicine.

3.1.2. Reeducating Macrophages with Nanomaterials—Nanomedicine-based
cancer immunotherapy has been rapidly advancing on the basis of functional nanomaterials.
[253-256] TAMS are immunosuppressive effector cells and thus facilitate tumor survival.[257]
Therefore, reprogramming the TAMs from antiinflammatory M2-like phenotype toward
proinflammatory M1-like phenotype is crucial to elicit tumoricidal immune response.[2%8]
Nanoparticles have been emerging as key tools to target and reeducate M2 TAMs owing

to their tailorable physicochemical and biological properties. Daldrup-Link and co-workers
reported the intrinsic suppression effect of FDA-approved ferumoxytol (iron oxide NPs) on
early breast cancer growth and lung cancer liver/lung metastasis through reversing TAMSs

to M1 phenotype and triggering proinflammatory response (Figure 9A),[25 implying the
capacity of ferumoxytol NPs to amplify macrophage-regulating cancer immunotherapy.

In a recent study by Gu and co-workers,[260] an in situ sprayable immunotherapeutic
bioresponsive hydrogel was used to restrain postsurgery tumor recurrence and distant tumor
development (Figure 9B). The fibrin hydrogel containing CaCO3 NPs loaded with anti-
CD47 antibody (denoted as aCD47@CaCO3) could scavenge H* in site of surgical wound
and induce TAMs repolarization toward M1 phenotype. The released aCD47 could augment
“don’t eat me” signal blockade in tumor cells and thus their phagocytosis by macrophages.
The reeducated macrophages could effectively heighten antigen presentation and activate T
cell immunotherapy. The designed fibrin hydrogel has the immunomodulatory capability to
“awaken” host innate and adaptive immunity to thwart local and/or metastatic tumor growth.
Weissleder and co-workers recently screened and identified R848 (resiquimod) agonist

of TLR-7/TLR-8 as the potent driver to reprogram TAMs toward M1 subtype (Figure
9C).[261] Rg48-laden S-cyclodextrin NPs (denoted as CDNP-R848) could preferentially
localize in TAMs and confer efficacious drug delivery for in vivo M1 repolarization. In
monotherapy of multiple mouse tumor models, CDNP-R848 administration could bottle
tumor growth and secure mice from tumor rechallenge. Combination with T cell directed
checkpoint inhibitor antiprogrammed death 1 blocking antibody (aPD-1) could potentiate
the antitumoral efficacy of CDNP-R848 including in the aPD-1 resistant tumor model.
Therefore, the formulated drug@NPs nanosystem could target and reverse the TAMSs to
amplify cancer immunotherapy.
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Liu and co-workers created the core—shell PLGA-R837@Cat NPs using PLGA, catalase
(Cat) and imiquimod (R837) for triggering robust cancer immunotherapy.[262] The treatment
of PLGA-R837@Cat NPs could lead to the relieved hypoxia in tumor microenvironment,
which further resulted in the significant decrease of M2-polarized TAMs and the
repolarization of TAMs from M2 phenotype to M1 phenotype. This observation agreed
well with their previous studies on PEG-modified hollow MnO, (loaded with chlorin e6
and doxorubicin (DOX)) nanoplatform,[263] human serum albumin-bound paclitaxel NPs
(combined with erlotinib treatment)[264] and liposome NPs (loaded with catalase and H,0,
separately)[25%] for clearance of tumor cells by macrophages. Therefore, these designed
functional NPs were able to reverse immunosuppressive tumor microenvironment and
synergistically amplify cancer treatment outcome. Recently, the same group incorporated
chlorin e6-modified catalase and R837-loaded PLGA NPs (as immune adjuvant) into
PEGDA hydrogel formed by light-induced in situ gelation for robust photodynamic
immunotherapy, with a remarkable reduction of M2-polarized TAMs, thereby boosting the
reversal of M2-like immunosuppressive tumor microenvironment for cancer cell clearance.
[266] Using the system composed of dextran-hyaluronidase NPs and chlorine e6-loaded
liposomes, researchers also acquired similar outcome of tumor treatment with markedly
promoted macrophage infiltration.[267]

Zhang and co-workers designed artificial natural killer cells with perfluorohexane and
glucose oxidase (cloaked by red blood cell membrane) for specific tumor killing.[268]

This artificial system could generate H,O, that recruited immune cells and reeducated
macrophages from M2 to M1 for attacking tumor cells. They also used the hyaluronic acid-
modified superparamagnetic iron oxide NPs to artificially reprogram TAMs from protumoral
M2 to antitumor M1, which achieved analogous tumor killing outcome.[26%] Repolarization
of TAMs from M2 to M1 is an effective strategy to facilitate tumor cell clearance

by macrophages. Such nanosystems reported also included but not limited to cancer

cell membrane camouflaged superparamagnetic iron oxide (loaded with doxorubicin and
indocyanine) NPs,[2701 PEG-PLGA (enveloped with Gdmetallofullerenol and doxorubicin)
NPs[271] and microRNA-125b encapsulated hyaluronic acid-poly(ethylenimine) NPs.[272]
Table 3 gives the summaries of representative nanomaterial-based tactics to reeducate TAMs
into cancer fighters for immunotherapy. For general information of nanomaterial-based
TAM targeting and reprogramming, we refer the readers to the reviews.[273.274]

3.1.3. Reeducated Macrophages as Delivery Systems—MPS and renal clearance
pathway can compete with tumor for NPs when administered systemically. A study

revealed that only the median 0.7% of administered dose of NPs was able to be delivered
into solid tumors.[289] In this context, it is of great significance to develop advanced

delivery systems that can target the sites of tumor tissues for precision medication and
localized cancer treatment of high efficiency. Tumor-tropic monocytes/macrophages have
been pyramidally considered as promising cargo delivery systems to target tumor tissues
and surmount biological barriers such as blood brain barrier (BBB), thereby heightening
local drug payload and therapy efficacy.[289] After reeducating, these engineered monocytes/
macrophages can act as the “Trojan Horses” to deliver anticancer drugs and/or nanomaterials
into tumor nidus to maximize the selective eradication and meanwhile minimize or
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circumvent the toxicity against normal tissues. For the cargo-loaded backpacks carried by
monocytes/macrophages, they should circumvent the internalization by these phagocytes
otherwise cargos can degrade or fail to deliver.[145] Mitragotri and co-workers recently
developed the cellular backpacks for the macrophage immunotherapy (Figure 10).[29] The
backpacks were made from biodegradable polymers via microcontact printing, comprising
one cell-adhesive PLGA layer, one PVA layer and one more PLGA layer. After 1.5 h
incubation, these backpacks could bind to 86.9% of BMDMSs from the BALB/c mice. Such
robustly adhering backpacks were able to elude the phagocytosis for several days. The
IFN-y was incorporated and stabilized in the PVA layer, the interior of backpacks. Through
releasing IFN-y, the backpacks could continuously guide macrophage polarization toward
the durable antitumoral phenotype, even in strongly immunosuppressive microenvironment
in murine breast cancer model, which led to the outcomes of the decreased metastasis
burden and the slowed tumor growth, highlighting a new way to modulate and maintain the
antitumor phenotype of adoptive macrophage immunotherapies.

The tumor hypoxia is located away from the blood vessels, which makes it difficult for
hypoxia-activated prodrugs to accumulate within solid tumors at therapeutically sufficient
concentrations. To overcome this barrier, Mitragotri and co-workers recently developed a
generalized strategy by adopting macrophages as active drug carriers to heighten the prodrug
penetration and accumulation deep into the solid tumors.[2%1] Macrophages were able to
phagocytose and internalize at large amounts the PLGA NPs loading tirapazamine prodrug.
By infiltrating the hypoxic regions in the solid tumors, the tirapazamine prodrug could
contribute to a potent tumoricidal effect. With the help of macrophages as drug carriers
(“Trojan Horse” strategy), light-activated nitric oxide prodrugs (comprising manganese—
nitrosyl complex and Nd3*-doped upconverting NPs loaded into PLGA microparticles)
could be delivered to the targeted tumor tissues, providing necessary temporal, spatial and
dosage control for the treatment of cancer hypoxia.[2%2] Table 4 gives some representative
examples of using reeducated macrophages as tumor-targeting cargo delivery systems.

Materializing Infection Immunotherapy

The raise of multidrug-resistance (MDR) bacteria and the famine of new antibiotics

have been cumulatively demanding for breakthrough tactics that can surpass classical
antibiotics to fight back this oncoming human health calamity.[300.301] |n addition, bacterial
biofilms, the slimy hydrated matrices of polysaccharides, proteins and extracellular DNA,
encasing adherent bacteria on implanted biomaterials or infected tissues, can protect bacteria
from antibiotics and contribute to the antibiotic resistance.[392:303] Fyrthermore, bacteria
can evade host immunity by skewing immune response (immune evasion).[304] Mature
biofilms of dense polymeric matrices are tough to devour by macrophages and cause
frustrated phagocytosis.[305]1 Staphylococcal biofilms skew host immune response from
inflammatory antibacterial status to antiinflammatory profibrotic status.[3%6] The bacterial
biofilms can alter macrophage polarization phenotypes from proinflammatory M1 to
antiinflammatory M2, which is immunosuppressive and detrimental against antibacterial
immunity (macrophage exhaustion). These macrophages are exhausted and cannot fight
back bacteria, pointing out the necessity to reeducate exhausted macrophages as energetic
warriors to let M1 phenotype survive longer and fight longer.
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Li et al. developed cobalt-doped TiO, coating to combat biomaterial-associated bacterial
infections.[165] The tailored band structure of TiO, semiconductor by cobalt doping

could cause bacteria starvation and subvert biofilm formation, which facilitated innate
immunocytes (including macrophages and neutrophils) to efficaciously engulf and
exterminate the biofilm-thwarted bacteria in a divide-and-conquer manner. Moreover,

the cobalt ions released from coating could skew macrophage polarization toward

M1 phenotype, thereby creating a local proinflammatory environment and amplifying
methicillin-resistant Staphylococcus aureus (MRSA) phagocytosis and clearance. Such
design concept can also apply to other immunomodulatory antibacterial biomaterials. The
rational selection of semiconductor dopants can simultaneously result in the potentiation of
antibacterial activity and antibacterial immunity.

Zhang and co-workers magnetron-sputtered the copper NPs on the surface of porous
sulfonated polyetheretherketone (SPEEK) to fight MRSA infection.[166] The bactericidal
action involved dual modes of contact killing and trap killing. Released copper ions at

low dosage could trigger activation of M1 macrophages and secretion of inflammatory
cytokines (including IL-6 and TNF-a) and MCP-1 chemokine to generate inflammatory
microenvironment and potentiate phagocytic activity of macrophages for MRSA killing and
resolution. Previously researchers also observed the similar immunoregulatory antibacterial
ability of ZnO NP-modified implant surface.[18%] Nanomaterial-based surface modification
can not only confer direct antibacterial capacity but also create desired immune
microenvironment to intensify indirect antibacterial immunity, without significant toxicity
against normal tissue cells including immunocytes. Clinical observations proposed that
porous Ta implants could attenuate bacterial infection incidence in revision arthroplasty.

To delve into the feasibility and mechanism, Shen and co-workers devised TaO ,-coated
implant surface to mimic the native nanothin oxide layer on Ta materials.[37] Of note,

TaO, layer could not afford direct surface antibacterial capacity. Interestingly, TaO, layer
could augment bacteria phagocytosis by neutrophils and alleviate neutrophil lysis to let them
fight longer. Moreover, TaO layer could also motivate M1 macrophage polarization and
inflammatory cytokine secretion to aid neutrophil migration deeper into biofilms for bacteria
elimination since neutrophils can be activated only in the peripheral regions of bacterial
biofilms but cannot penetrate into biofilms.[308.309]

In a recent study by Dong and co-workers,[31%] researchers demonstrated that the adoptive
transfer of macrophages that contained the antimicrobial peptides linked to the cathepsin
B in lysosomes (denoted as MACs) could be used for the therapy of sepsis caused by
MDR bacteria in immunosuppressive mice (Figure 11). MACs were constructed through
transfection of the vitamin C lipid nanoparticles for delivering the antimicrobial peptides
and cathepsin B (denoted as AMP-CatB) mRNA. Vitamin C lipid nanoparticles could
allow for specific accumulation of the AMP-CatB in the macrophage lysosomes, which
are the pivotal site for bactericidal activity. The adoptive MAC transfer could lead to

the eradication of MDR bacteria and complete recovery of the immunocompromised
septic mice. By incorporating oligomycin, an inhibitor of oxidative phosphorylation, into
poly(ethylene glycol)-&-poly(L-glutamic acid) (PEG-6-PGA) NPs as the drug carriers,
and then intracellularly delivering oligomycin-loaded NPs into monocytes/macrophages,
they could be reprogrammed to the proinflammatory phenotype and exhibit remarkable

Adv Mater. Author manuscript; available in PMC 2022 June 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

3.3.

Page 27

clearance activity on Staphylococcus aureus biofilms in vivo when combined with systemic
antibiotics.[31 Collectively, developing the immunomodulatory antibacterial biomaterials
can make contributions to the infection combination therapy that involves direct bacteria/
biofilms allopathy and indirect infection immunotherapy.

Materializing Tissue Regeneration Immunotherapy

The presence of monocytes/macrophages is indispensable to orchestrate efficacious healing
during tissue regeneration process, which comprises the overlapping inflammation, repair
and remodeling phases.[312:313] At inflammation phase, one of major roles of monocytes/
macrophages is to remove damaged tissues and cells. Moreover, they secrete inflammatory
cytokines to orchestrate tissue healing response. Early inflammatory reaction is beneficial
while unrestrained inflammation is detrimental to wound healing and tissue regeneration.
For example, TNF-a and IL-6 are necessary for efficient tissue healing upon restricted

in early days following injuries of murine skins and skeletal muscles,[314:315] though
prolonged/excessive cytokine levels do harm to healing. Bone fractures are common
traumatic injury; innate and adaptive immunity are the component of fracture healing,
which can be amplified by diverse interventions.[316] In repair phase, macrophages switch
phenotypes from proinflammatory state to antiinflammatory state, with increased secretion
of cytokines (such as IL-10) and growth factors (such as TGF-g), to initiate neotissue
growth and maturation. During remodeling phase, the repaired/regenerated new tissues
fulfill maturation. In common experimental models, inflammation phase usually occurs in
the early few days following injury; repair phase starts within days and culminates in one
week following injury; remodeling phase lasts months or longer. A long-lived presence of
the M1 macrophages induces chronic inflammation and hampers tissue healing, while a
long-lasting existence of the M2 macrophages causes excessive fibrosis.[317:318] Therefore,
macrophages are one of the key orchestrators, effectors, and cellular targets to enable

the tissue regeneration immunotherapy through reforming their phenotypes and functions.
[54.319] Figure 12 illustrates the schematic of inflammation, repair and remodeling phases
during bone formation and regeneration with the help of immunomodulatory biomaterials.

Avrticular cartilage lesions possess very limited intrinsic self-repair capability and can
result in sterile inflammation. To understand how the bioceramics can regulate immune
microenvironment and affect cartilage regeneration, Wu and co-workers fabricated the
LioCaySiz043 scaffolds and investigated in vitro whether the scaffolds were capable of
facilitating the cartilage maturation through modulating the macrophage polarization.[320]
The results showed that, the Li,CasSisO13 scaffolds could promote the antiinflammatory
M2-phenotype polarization of RAW 264.7 macrophages, with decreased expression of
inflammatory TNF-a, IL-6, and IL-18 genes and increased expression of antiinflammatory
IL-10 gene. Both indirect culture of chondrocytes with macrophage-conditioned medium
and direct co-culture of chondrocytes with macrophages verified that, the LioCasSizO13
scaffolds had the immunomodulatory function to promote the M2 macrophage polarization
and markedly enhance the chondrocyte maturation, possessing the potential for cartilage
repair and regeneration.
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Compared with the commercial hydroxyapatite microparticles, researchers validated that
the home-made hydroxyapatite nanoparticles could possess effective immunomodulatory
capacity to preferentially boost the M2 macrophage polarization both in vitro (human
blood monocyte-derived macrophages) and in vivo (rat model by incorporating NPs into
ECM scaffolds).[321] The hydroxyapatite nanoparticles were able to specifically elevate the
secretion of antiinflammatory IL-10 cytokine. Moreover, nanoparticle-treated macrophages
were capable of promoting MSC osteogenesis in vitro with a dependence on IL-10, as well
as propelling the proangiogenic response of human macrophages together with HUVECs. A
similar profile was further revealed on the rat femoral defect model, ultimately contributing
to the enhanced tissue vascularization and bone formation due to the immunomodulatory
antiinflammatory potential of the hydroxyapatite nanoparticles.

By incorporating the macrophage recruitment agent, SEW2871, into the gelatin—chitosan
multilayer on microstructured titanium implant, the modified surface could effectively
recruit macrophages upon releasing the SEW2871 slowly both in vitro (RAW 264.7
macrophages) and in vivo (rat model).[322] The tuned surface roughness and wettability
were able to promote the antiinflammatory response of M2 macrophages and mitigate

the M1 proinflammatory response. The favorable immune microenvironment created by
macrophage—implant interactions further boosted the in vitro osteogenic differentiation of
rat mesenchymal stromal cells and the in vivo osteointegration after implantation for 6
weeks. Osteogenic peptide-coated titanium implant demonstrated the potential to attenuate
the inflammation response of M1 macrophages in vitro (RAW 264.7) and in vivo (rat
model).[323] With osteoimmunomodulatory promotion on M2 macrophage polarization, the
bioactive peptide coating could effectively inhibit osteoclastogenesis and ameliorate bone-
implant osseointegration in the presence of a chronic inflammation. Herein, we mainly focus
on the biomaterial-assisted targeted immunomodulation of monocytes/macrophages in tissue
repair and regeneration immunotherapy, and some other representative studies/strategies
reported are also summarized in Table 5.

3.4. Materializing Inflammation Resolution

An active concerted inflammation resolution program starts in the initial few hours
following inflammatory reaction initiation. Granulocytes enter tissues and facilitate
prostaglandin and leukotriene switch to initiate termination sequence. Neutrophil
recruitment thereby stops and apoptosis wages. Macrophages phagocytize and clear
apoptotic neutrophils, and secrete antiinflammatory/reparative cytokines (such as TGF-f1).
This antiinflammatory program comes to an end with macrophage emigration through
lymphatics.[339] Therefore, macrophages play a critical role in the inflammation resolution
and tissue homeostasis restoration.[340] Rheumatoid arthritis (RA) is an inflammatory
arthropathy, featured by long-lasting synovitis and joint destruction/disability.[341:342]
Normal synovium appears relatively acellular, containing scattered macrophages, yet
rheumatoid synovial membrane comprises monocytes/macrophages, dendritic cellsand T
lymphocytes, orchestrating arthritis progression together.[343:3441 The activation of numerous
macrophages in inflamed synovium and pannus notably correlates with RA severity,
having clear marks of overexpression of proinflammatory cytokines and chemokines.

The synovial inflammation can be settled through depletion of proinflammatory M1
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phenotype and induction of antiinflammatory M2 phenotype. For example, Hyeon and
co-workers developed the ceria and manganese ferrite NP-anchored mesoporous silica
nanoparticles (MSNSs) to generate O, and scavenge reactive oxygen species (ROS) in a
synergistic manner, hence resulting in efficient shift of M1 to M2 polarization in vitro

and in vivo to alleviate RA symptoms. Combining with methotrexate-loaded MSNs could
further augment RA therapy effect (Figure 13A).134%] Another work also demonstrated that
fumagillin prodrug-based nanotherapy could restrain macrophage inflammation response
and drive antiinflammatory phenotype for effective RA treatment.[346] Atherosclerosis is

an inflammatory artery wall disease, with accumulation of lipids, ECM and inflammatory
cells dominantly macrophages in intima and formation of atherosclerotic plaque (lesion).
[347,348] ||_-13 administration could decrease monocyte recruitment and plague macro phage
population and induce M2 macrophage polarization to augment lipoprotein clearance,

thus regulating plaque composition and protecting against atherosclerosis.[199 Recently,
Leeper and co-workers engineered a precision nanotherapy to interrupt the CD47-SIRPa
signaling axis in monocytes/macrophages to prevent atherosclerosis.[34%] The developed
Trojan Horse nanosystem, denoted as SWNT-SHP1i, comprised PEG-modified single-
walled carbon nanotubes (SWNTSs) loaded with SHP-1 as CD47-SIRPa signaling inhibitor
and Cy5.5 as fluorescent probe. Prophagocytic SWNT-SHP1i could specifically accumulate
in lesional macrophages to reduce inflammation, reactivate local efferocytosis, and decrease
atherosclerotic plaque burden without endangering safety (Figure 13B).

Macrophages with the cellular backpacks comprising polymer patches of 7-10 um

diameter and submicron thickness could act as targeted drug delivery systems to travel
across blood brain barrier and avoid drug depot phagocytosis.[3%0] The catalase-loaded
backpacks were able to be delivered by autologous macrophages to the inflamed brain

and reduce free radical production, hence providing a new strategy for the treatment

of neuroinflammatory diseases and neurodegenerative disorders. Covalently immobilized
CDA47 on polytetrafluoroethylene (PTFE) surface could alleviate monocyte/macrophage
inflammatory response and thus favor PTFE-based vascular grafts having long-lasting
patency.[351] Besides, inorganic CeO,_, NPs,[352] Ce-doped bioglass NPs,[3%3] and biogenic
lipoaspirate NPs[3%4] can also be used for antiinflammatory purpose. Garcia and co-workers
demonstrated a dynamic, transdermal and noninvasive light activation strategy of cell-
adhesive RGD peptide to favor cell adhesion and vascularization but avoid inflammation
and fibrous encapsulation.[3%5] For example, delaying RGD presentation activation could
decrease fibrous capsule thickness around implanted biomaterial (Figure 13C). To mitigate
the uncontrolled inflammation, Couvreur and co-workers recently developed a formulation
of multidrug nanoparticles through conjugating the natural lipid, squalene, to endogenous
adenosine immunomodulator and subsequently encapsulating the antioxidant, a-tocopherol.
[356] These multidrug NPs could be delivered to the inflammatory cells in vitro (RAW 264.7
macrophages) and the inflamed tissues in vivo (rodent endotoxemia models) in a targeted
way, and effectively promote the resolution of inflammation.

Materializing Vaccination

Synthetic biomaterials are playing cumulatively contributive roles in vaccine development.
[357-359] Engineered micro/nanoparticles with packaged antigens or immunostimulators
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have been increasingly researched as vaccine delivery systems and adjuvants for vaccine
immunotherapy.[360-3671 APCs, DCs, and monocytes/macrophages, function as the prime
particle vaccine targets for initiating/maintaining humoral immunity and cellular immunity.
Studies also showed that monocytes could differentiate into DCs; macrophages and/or DCs
could internalize the particles at the sites of injection and actively transport them to the
draining lymph node (dLN).[368:3691 At day 1 and day 4 post injection, the majority of
APC population were LN-resident macrophages that localized and accumulated the malaria
antigen-laden multilamellar lipid nanoparticle vaccines.[370]

Wang et al. recently showed that hierarchical TiO, microparticles with nanospikes could
activate/amplify immune response for vaccination through imposing mechanical stress on
macrophages or dendritic cells, thereafter leading to inflammasome activation and K* ion
efflux during phagocytosis (Figure 14A). In the existence of monophosphoryl lipid A (MPL,
TLR-4 agonist), these spiky particles could heighten antigen-specific protective humoral
immunity and cellular immunity against EG7 thymoma growth or influenza virus infection.
[371] This work is expected to provide new understanding of how to engineer particle
physical cues to activate innate immunity and augment adjuvanticity/immunogenicity.
Checkpoint inhibition-resistant rodent solid tumors showed low immunogenicity and antigen
presentation by CD11b*F4/80* TAMs, being inactive without antigen-presenting activity,
was a major factor for tumor immune resistance. Cholesteryl pullulan nanogel particles
could efficaciously target and deliver peptide antigen to the TAMSs. In combination with CpG
oligo DNA (TLR-9 agonist), this TAM-targeting antigen delivery strategy could effectively
elicit the antigen presentation by TAMs, consequently sensitizing resistant tumors to the

T cell immunity.[372] Therefore, the status of TAMs plays an important role in the tumor
immune resistance. Manipulating TAM functions can amplify tumor immune sensitivity and
afford a promising tactic to enhance cancer immunotherapy. In a recent study by Wang and
co-workers, researchers developed erythrocyte-derived nanoerythrosome systems for tumor
antigen delivery for personalized cancer vaccination and immunotherapy (Figure 14B).[373]
Since senescent/impaired erythrocytes are the targets of spleen APCs (macrophages, DCs),
the nanoerythrosomes possess intrinsic capability of being captured by the APCs. The
tumor antigen-laden nanoerythrosomes (denoted as nanoAg@erythrosomes) could elicit in
Vivo antigen responses and suppress tumor growth in the 4T1 and B16F10 tumor models
when combined with antiprogrammed death ligand 1 blocking antibody (aPDL1). More
importantly, “personalized nano-Ag@erythrosomes” could be accomplished through fusing
erythrocytes and surgically resected tumors, evidencing the capacity to efficiently decrease
tumor relapse and metastasis post surgery in an established tumor model.

4. Conclusion and Future Outlook

This review gives a summary of recent advances in the rational designs

of immunomodulatory biomaterials for directing macrophage fate for versatile
immunoengineering applications. As reviewed and discussed in detail, tailoring the
physical, chemical, biological, and dynamic properties of biomaterials can actively regulate
the macrophage behavior and immune response, which thus contributes to a variety

of immunoengineering purposes. Such material design tactics and principles are also
anticipated to apply to other types of immune cells for a wide range of immunotherapy
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applications. In addition to the surface modification and functionalization of biomaterials/
implants regarding surface properties (such as topography, composition, charge, and
wettability) to modulate macrophage fate, various scaffold biomaterials/implants with
controlled bulk properties are also working to reeducate the macrophage immune responses.
[49.54] When developing immunomodulatory biomaterials, particular design strategies need
to be exploited specifically according to the targeted applications. For example, to regenerate
bone defects, biomaterials with antiinflammatory property are needed to promote M2
macrophage polarization and create prohealing immune microenvironment. To enhance

the phagocytosis of bacteria or biofilms by macrophages, the biomaterial-mediated M1-
phenotype polarization is required. Similarly, to reprogram the TAMs, biomaterials should
be devised to promote TAM repolarization from the immunosuppressive M2 to the
immunosupportive M1. Furthermore, the rapidly advancing artificial intelligence (Al) and
big data strategies, envisioned to find powerful applications in medicine and healthcare,
[374.375] can be integrated with the futuristic design of immunomodulatory biomaterials since
vast amounts of information can be acquired from conventional trial-and-error biomaterial
design approaches that are continuously contributed by researchers, which can be shared
with each other in the future through establishing a Cloud service platform.[376] Such Al

and big data approaches can also be used to analyze the responses of immune cells, tissues,
organs, and the whole-body reactions to implanted biomaterials. The promising applications
include cancer nanomedicine and immunotherapy.[377:378]

Biomaterial-mediated immunotherapy has been rapidly advancing and can efficiently
synergize traditional therapies. Materials science holds vast promise to break through some
bottlenecks and challenges in the field of immunology and immunotherapy. Leveraging
in-depth the roles that biomaterial-associated parameters play in macrophage activation
and polarization, including material cues, mechanical cues, physical cues, chemical cues,
and biological cues, will largely improve our understanding of material-macrophage
interactions, and thus accelerate the development of new macrophage-based therapeutics
in combination with immunomodulatory biomaterials. Understanding the interplay between
biomaterials and macrophage biology at the molecular, cellular, tissue, organ, immune
system, and even whole-organism level can add value in the rational designs of advanced
immunomodulatory biomaterials to guide macrophage fate and functions for the future

of versatile immunotherapies. Such biomaterial design strategies can also apply to other
types of immunocytes in addition to macrophages, such as monocytes,[14] neutrophils,

(3791 mast cells,[38%] and T cells[38] with different phenotypes. It is expected that these
design strategies can offer universal guidelines for the research of new immunomodulatory
biomaterials to direct immune cell fate and propel the development of novel potent
immunotherapeutic strategies mediated by the functional materials. Besides, the material
design principles can extend to the crosstalk/interaction between macrophages and other
cell types in the material-mediated microenvironment, such as lymphocytes,[382] epithelial
cells,[383] cancer cells,[384] marrow stromal cells,[385] and mesenchymal stem cells.[386]

With regard to the prophylaxis and eradication of infectious pathogens (such as viruses,
bacteria, fungi, and parasites), NP-based vaccines and vaccine adjuvants can augment
the uptake of antigens by APCs, amplify the immune responses of T lymphocytes and
B lymphocytes, and induce long-term high-efficiency adaptive immunity.[387] The fast
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advancement of biohybrid NPs can help expedite the development of patient-specific
vaccines. For example, patient-specific tumor antigens and/or adjuvants can be integrated
with and delivered by nanovectors to boost cancer vaccine efficacy, thereby fulfilling
personalized cancer vaccine immunotherapy. Therefore, the continuous enrichment of
immunomodulatory biomaterial designs will greatly advance the rapid development of
novel prophylactic/therapeutic vaccines against infectious diseases including the ongoing
COVID-19 pandemic[388:389] or HIV pandemic[390:391] or the unknown viruses in the future.

CRISPR-Cas systems[392:393] and synthetic-biology principles394:3%] may provide
powerful tools in combination with intelligent nanocarrier delivery systems to edit, educate
and engineer (3E) the native immunocytes to manufacture designer immune cells for living
therapeutics. For example, genetically engineered macrophages can function as macrophage
factory to secrete proinflammatory or antiinflammatory cytokines, chemokines, proteins and
growth factors to actively regulate immune microenvironment and innate/adaptive immunity
for versatile therapeutic purposes.[396-398] particulate-laden macrophages can selectively
target, localize and deliver drugs/imaging agents to particular sites of tissues or organs in
the body; engineered macro phages as Trojan Horses can be optimized through tailoring

the nanoparticle parameters and responsiveness for multi ple biomedical applications. These
engineered immunomodulatory micro and nanosystems are expected to actively interact with
immune cells and immune system to implement tasks and functions from single-cell level to
whole-organ level.

3D printing enables the versatile scaffold designs of a wide range of material, mechanical,
geometrical, physical, chemical and biological cues in a customized way, 4] thereby
providing the great possibility and convenience to investigate macrophage fate in response
to various material-mediated stimuli. Hydrogels are an ideal material for this purpose due to
their favorable 3D printability, ECM mimics, ease of modification and immunomodulatory
potentials.[>1] Furthermore, the introduction of 3D printing technology may facilitate the
development of novel scaffold vaccines in an individualized manner, which can largely

add values to the formation of local vaccination and immunomodulation by creating
localized controlled immune microenvironment and regulating on-site immune response.
[256,399,400] The customizable scaffold vaccines can further make contributions to precision
medicine and patient-specific healthcare. Additionally, dynamic materials have both inherent
properties and dynamic cues, which are appealing to generate dynamic stimuli to guide
macrophage behavior.
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Material-mediated immunomodulation of macrophage fate for immunoengineering
applications.
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Figure 2.
A) Surface chirality affects macrophage adhesion. a) D-NIBC surface; b) L-NIBC surface.

Reproduced with permission.[69] Copyright 2007, American Chemical Society. Surface
wettability regulates macrophage polarization. B) Fabrication of hydrophilic UV-TiO,
surface (left) and micropatterned hydrophobic/hydrophilic OTS/UV-TiO5 surface (right)
through microcontact printing. C) SEM images of RAW 264.7 macrophages cultured on
distinct surfaces after 24 h. D) Proposed interactions between surface wettability and
macrophage response (adhesion, polarization). B-D) Reproduced with permission.[7¢]
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A) Fabrication of topographical substrate. a) Nanoimprint lithography. b) Hybrid technique.
B) RAW 264.7 macrophage morphology on topographical gratings at 48 h. a) Elongation

in the direction of 2 pm PDMS gratings. b) Natural round shape on planar PDMS. c)
Elongation in the direction of 2 um PLA gratings. d) Macrophage morphology on the border
of 2 um PLA gratings and planar surface. e-g) Macrophage elongation on PCL gratings. h—j)
Native round morphology on planar surfaces. A,B) Reproduced with permission.[9]
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Figure 4.
A) Macrophage mechanotransduction pathway. Podosomes mediate macrophage adhesion

and connect actin to ECM. Reproduced with permission.[112] Copyright 2014, Springer
Basel. B) Filopodial retraction model. Reproduced with permission.[113] Copyright 2007,
The National Academy of Sciences of the USA. C) Mechanomodulation of macrophage
phagocytosis from prey adhesion to phagocytic cup formation. Reproduced under the terms
of the CC-BY 3.0 license.[114]
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Figure5.

Spatial confinement downregulates macrophage M1 activation and inflammatory response.
A) SEM images of cultured bone marrow-derived macrophages (BMDMs) in microwells
of big pores (left) and small pores (right). B) F-actin staining (green) images of control
(MO, homeostatic status), LPS treated (M1, cell size augment) and IL-4/1L-13 treated (M2,
cell shape alteration) BMDMs. C) Schematic of how spatial confinement of macrophages
downsizes their late rather than early M1 activation and proinflammatory response.
Reproduced with permission.[127]
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Particle geometry affects macrophage phagocytosis physics. A) Particle shape and size tune
phagocytosis by macrophages. a—c) SEM images of macrophages (brown) interacting with
particles (purple). d—f) Overlay of fluorescence and bright field images with actin staining
(red). Reproduced with permission.[*47] Copyright 2006, The National Academy of Sciences
of the USA. B) Material size and shape tailor foreign body response. a) Decreased fibrosis
on surface with increasing size of alginate spheres. b) Decreased foreign body reaction with
increasing sphere diameter of diverse materials. Note: cell nuclei (blue, DAPI), macrophages
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(green, CD68) and activated myofibroblasts associated with fibrosis (red, a-SMA). c)
Analysis of marker expression of macrophage phenotypes. Reproduced with permission.[148]
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Magnetic field modulates macrophage fate. A) Remotely manipulated ligand nanooscillation

controls macrophage attachment and polarization. Reproduced with permission.[231]
Copyright 2017, American Chemical Society. B) Magnetic field alters macrophage

polarization. a) Magnetic field and RhoA deletion changes actin and relevant structures

in MO macrophages differently. b) Lorentz force acting on membrane calcium channel. ¢)
Susceptibility buoyance acting on diamagnetic macrophage. Reproduced with permission.
[233] Copyright 2018, Biophysical Society. C) Dynamic control of translational/rotational
resistance of magnetic microprey through magnetic tweezer system (5D-MTS) to investigate
macro phage response before phagocytosis. Reproduced with permission.[234]
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Figure 8.

A) NIR light control over intracellular calcium regulates macrophage polarization.
Reproduced with permission.[235] Copyright 2018, Elsevier Ltd. B) Photoresponsive
dynamic modulation of macrophage polarization. a) Fabrication of photoresponsive
hyaluronan nanocomposite hydrogel. b) Temporal activation of macrophage a v33 integrin
via UV light for phenotype polarization. Reproduced with permission.[238] Copyright
2018, Wiley-VCH. C) Flow field furthers M2 macrophage polarization. a) Microfluidic
system schematic. b) Interaction of macrophages and collagen ECM. c) Flow velocity
given by tracking microbead trajectory (green) in collagen gel with macrophages (red). d)
Upregulation of M2 marker expression of bone marrow derived macrophages with ~3 pm
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s~ flow for 48 h (left, staining images; right, quantification). e) Transwell flow device

for investigating the influence on protein expression of macrophages. f-g) Upregulation of
protein expression of macrophage M2 markers (Western blot analysis). Note: Bars represent
the mean + SEM of the data (fold change relative to the no flow control; n= 3, nis the
number of independent parallel experiments). Reproduced with permission.[237]
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Figure.
Nanomaterial-based TAM reeducation for cancer immunotherapy. A) Macrophage and

ferumoxytol combination suppress tumor growth. a) Sequential injection of ferumoxytol
and KP1-GFP-Luc cells into mice. b) Ferumoxytol-treated livers showed no strong
bioluminescence on day 21 post injection. Reproduced with permission.[25%] Copyright
2016, Springer Nature. B) Schematic of in situ sprayable bioresponsive fibrin hydrogel
having aCD47@CaCO3 NPs within postsurgical tumor bed. The aCD47@CaCO3 NPs
scavenge H* in surgical wound and release aCD47, thereby facilitating TAM repolarization
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to anticancer M1 phenotype and “don’t eat me” signal blockade in tumor cells. Reproduced
with permission.[260] Copyright 2018, Springer Nature. C) Schematic of reprogramming
M2-like TAMs toward tumoricidal M1-like phenotype by drug treatment. Reproduced with
permission.[261]
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Figure 10.
A) Schematic illustrations for i) a backpack and ii) the printing method. B) Confocal images

of macrophages (blue, nucleus; green, cytomembrane) displaying backpacks fabricated from
PLGA discs (red). C) Schematic illustration of the cellular backpacks for maintaining the
proinflammatory phenotype of the adoptive M® therapies. a) M®ds stimulated by IFN-»

ex vivo can quickly switch from proinflammatory to antiinflammatory phenotype following
penetration through a solid tumor. b) M®s carrying backpacks loaded with IFN-y can
maintain their proinflammatory phenotype deep within tumor microenvironment, changing
the phenotype of the endogenous TAMs. A-C) Reproduced with permission.[2%0]
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Figure 11.
Schematic construction of the MACs for the sepsis therapy. AMP-CatB mRNA was

encapsulated in VCLNP and delivered to macrophage, in which mRNA was translated in
cytoplasm and translocated into lysosomes. Within lysosomes, cleavable linker was cleaved
by lysosomal CatB to release AMP-1B367. After the phagosomes carrying the MDR bacteria
fused with lysosomes, ingested MDR bacteria were eradicated by prestored AMP-IB367.
Reproduced with permission.[310]
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Figure 12.
Schematic illustration of the inflammation phase, repair phase and remodeling phase during

bone regeneration in the presence of immunomodulatory biomaterials. Note: The changes of
cytokine production and cell types involved at different phases refer to previous work.[32:313]
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Figure 13.
Inflammation resolution through rational material designs. A) Therapy mechanism of ceria

and manganese ferrite NP co-anchored MSNs (MFC-MSNs) against rheumatoid arthritis.
Reproduced with permission.[345] Copyright 2019, American Chemical Society. B) 18F-FDG
PET/CT imaging validates SWNT-SHP1i could remarkably decrease vascular inflammation.
Reproduced with permission.[349] Copyright 2020, The Authors, published by Springer
Nature. C) Modulation of fibrous encapsulation on implanted biomaterials via in vivo RGD
peptide activation. Reproduced with permission.[3%%]
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Figure 14.
Nanomaterial-based antigen delivery systems and adjuvants for vaccine immunotherapy. A)

Spiky particles physically activate innate immunity. a) Activation of immunocytes by spiky
particles to augment immune response. b) Activation of inflammasomes by spiky particles.
¢) Combination of MPL and spiky particles as potent adjuvant. Reproduced with permission.
[371] Copyright 2018, The Authors, published by Springer Nature. B) Erythrocyte-derived
nanoerythrosome systems deliver tumor antigens to enhance cancer immunotherapy. a)
Fabrication of nano-Ag@erythrosomes through fusing tumor cell membrane-associated
antigens into nanoerythrosomes. b) Fabrication of personalized nano-Ag@erythrosomes for
suppressing tumor relapse and metastasis post surgery. Reproduced with permission.[373]
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