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SUMMARY

Infection by SARS-CoV-2 virus often induces the dysregulation of im-
mune responses, tissue damage, and blood clotting. Engineered
biomaterials from the nano- to the macroscale can provide targeted
drug delivery, controlled drug release, local immunomodulation,
enhanced immunity, and other desirable functions to coordinate
appropriate immune responses and to repair tissues. Based on the
understanding of COVID-19 disease progression and immune re-
sponses to SARS-CoV-2, we discuss possible immunotherapeutic
strategies and highlight biomaterial approaches from the perspec-
tives of preventive immunization, therapeutic immunomodulation,
and tissue healing and regeneration. Successful development of
biomaterial platforms for immunization and immunomodulation
will not only benefit COVID-19 patients, but also have broad appli-
cations for a variety of infectious diseases.

INTRODUCTION

In 2020, coronavirus disease 2019 (COVID-19) rapidly evolved into a global public
health emergency. Coronavirus SARS-CoV-2 was identified as the causative virus
of the COVID-19 pandemic, with a much higher infection rate than SARS-CoV of
2003. With over 80 million people infected and 1.7 million deaths globally as of
December 2020, there is an urgent need for preventive measures and therapeutic
treatments. Currently there is no effective therapy for COVID-19, and for those
who recover from the disease, the repair of damaged tissues and organs is chal-
lenging. On the preventive side, although significant progress has been made in
vaccine development, it is not clear whether a long-term immunity can be achieved.

SARS-CoV-2 gets into cells via the binding of its spike protein to the angiotensin-
converting enzyme 2 (ACE2) receptor, which is upregulated in lung epithelial cells
with age.” The infection of lung tissue may cause overactive inflammatory responses,
tissue damage, and the development of acute respiratory disease syndrome (ARDS).
Innate immune cells, such as neutrophils and macrophages, are recruited directly to
the infection site and release cytokines to stimulate the adaptive immune responses,
mediated by T and/or B cells.” In healthy people, this process is efficient enough to
resolve the infection in a timely manner. However, a dysfunctional and dysregulated
immune response to SARS-CoV-2 infection, characterized by monocyte hyperactiva-
tion and extensive macrophage/neutrophil infiltration, causes severe lung damage
and systemic effects across the body, such as prominent lymphopenia.” Compared
with patients with mild symptoms, patients in severe and critical conditions exhibit
symptoms of hyper-inflammatory cytokine storm. Elevated level of pro-inflammatory
cytokines, namely interferon (IFN), tumor necrosis factor (TNF), interleukin-6 (IL-6),

1528 Matter 4, 1528-1554, May 5, 2021 © 2021 Elsevier Inc.

Progress and potential

The COVID-19 pandemic has
significantly affected the global
population. The rapid
development of preventative
vaccines and patient treatment
protocols is critical for saving lives.
Engineered biomaterials can be
used to induce specific immune
system responses and improve
effectiveness. In this review, we
discuss the role of biomaterials in
vaccine enhancement, infection
treatments, and post-infection
tissue regeneration. We identify
biomaterial-based examples that
help to create more effective and
long-term immunization, extend
drug release profiles, target
specific organs to prevent side
effects, control an overactive
immune system during infection,
and prevent and treat tissue
damage. Overall, we recognize an
important role for biomaterials in
treatments for COVID-19 and the
potential to address the
challenges of infectious diseases
in the future.

Gheck for
Updates


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matt.2021.02.025&domain=pdf

Matter

and IL-1B, impaired type | IFN responses, and a reduced production of IFN-B and
IFN-o. were identified in more severe patient groups.” Increased levels of hyper-in-
flammatory cytokines may also trigger septic shock-associated multiorgan failure,
which has been predominantly observed in elderly populations.” Moreover, anti-
body responses in COVID-19 patients often seem to be weak and short-lived, which
is probably caused by dysregulated humoral immune induction and defective forma-
tion of germinal centers, where pathogen-specific antibodies are generated and
long-lasting memory B cells are derived.”

In addition, the SARS-CoV-2 infection and consequent systemic inflammation can
cause endothelial dysregulation and coagulation disorder, leading to the disruption
of vascular integrity, hypercoagulation, and both arterial and venous thrombosis.
Whether the virus can directly attack endothelial cells® or whether it infects only peri-
cytes, which are the predominant cell type expressing ACE2 at least in the central
nervous system (CNS) and in the heart,” is not clear at this point. The most common
thrombotic manifestations of COVID-19 are pulmonary embolism, acute limb
ischemia, ischemic stroke, and myocardial infarction.® COVID-19-related coagulo-
pathies are associated with elevated levels of several coagulation markers, including
p-dimer (a fibrin degradation product)” and elevated von Willebrand factor antigen

(a marker of endothelial cell dysfunction).'®

Moreover, increased activation of complement, a part of innate immune system, has
been suggested to amplify the prothrombotic state.'' The complement system con-
sists of more than 30 proteins that circulate in the blood as inactive precursors. It
uses pattern recognition molecules to directly or indirectly recognize pathogens
or injured host cells. It can generate pro-inflammatory mediators, increase the
antibody-mediated immunity, or directly attack and destroy the pathogens. The
crosstalk between the complement and coagulation system is mediated by
mannan-binding lectin serine proteases (MASPs), which are able to convert pro-
thrombin to thrombin (MASP-2)"? and fibrinogen to fibrin (MASP-1)."° Recently, it
was reported that the N protein of SARS-CoV-2 can bind to MASP-2 and enhance
its enzymatic activity.'* Therefore, it is possible that the thrombotic complications
of COVID-19 are mediated, at least in part, by complement hyperactivation.

This ongoing pandemic highlights the critical need and challenges associated with a
prompt response to infectious diseases. In this review, we discuss applications of
biomaterials on enhancing COVID-19 immunotherapeutics as (1) preventive vac-
cines, (2) treatments for infection, and (3) healing and regeneration of damaged tis-
sues following the resolution of infection (Figure 1). First, the rapid development of
effective, long-term vaccines is critical to control the further spread of emerging and
re-emerging infectious diseases. Vaccines as a preventive treatment function by
educating the immune system on potential foreign antigens and generating protec-
tive neutralizing antibodies as well as memory immune cells. While the development
of vaccines has achieved significant progress, the role of biomaterials to elicit
adequate immune reaction should not be neglected, especially for the maintenance
of long-term immunity and the enhancement of immune responses in aging popula-
tions. Biomaterials can support and boost effective immune responses through
stabilizing the antigen, organizing antigen presentation patterns, recruiting anti-
gen-presenting cells (APCs), triggering pattern recognition receptors, and/or deliv-
ering antigens to the lymph nodes."”

Secondly, if individuals have already been infected, treatments can be categorized
into either antiviral or immunomodulatory therapies based on targeting the viruses
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Figure 1. Inmunomodaulation to fight COVID-19 at different stages
Biomaterials can be engineered to enhance vaccines, delivery drugs to treat infections, modulate
immune responses, and promote the recovery and/or healing of damaged tissues.

or the host immune system. According to the stage of disease progression and pa-
tient’s immune response patterns, each strategy has its advantages.'® Viruses typi-
cally induce delayed, ineffective, or dysregulated host immune system reactions.
Boosting host antiviral responses with IFN treatments and/or reducing viral load
by antivirals represent potential treatments for the early stage of infection."” As
the infection progresses and host cells actively respond to the virus, the buildup
of a highly inflammatory environment can subsequently trigger a cytokine storm.
To mitigate an overwhelming immune response, immunomodulators can be used
to minimize pathological damage and guide desirable cellular immunity to attack
infected cells. Some examples of therapeutic approaches that may support proper
immune responses are anti-inflammatory agents (i.e., IL-6 blocker tocilizumab),
immunosuppressive drugs (i.e., glucocorticoids), checkpoint inhibitors (i.e., PD-1 in-
hibitor), and adaptive cell therapies.

Administration of small-molecule antivirals or macromolecule biologics is usually
systemic, however, and this global modulation of the immune system may be
less specific and have side effects. Therefore, biomaterials can have an impactful
role in both directing drug transport and realizing targeted or local
immunomodulation.

Finally, concerns related to the long-term side effects of COVID-19 infection on the
large population of surviving patients have been raised. Following the clearance of a
SARS-CoV-2 infection, the modulation of the immune environment in a tissue-spe-
cific manner with biomaterials can be used to support healing and regeneration of
damaged tissues to prevent future complications.

In this review, we focus on biomaterial-based immunoengineering approaches to
tackle a variety of pathological problems during different stages of COVID-19 and
infectious diseases. Figure 1 depicts the three major stages (vaccine prevention,
drug delivery for therapies, and tissue healing and regeneration) where immunomo-
dulation can have significantimpact, and outlines the overall strategies at each stage
of disease progression.
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Biomaterials-enhanced vaccine delivery to boost immunity

Technological platform of vaccines

Effective vaccines induce long-term antigen-specific responses by developing long-
lived memory T and B cells in addition to plasma cells, which produce antibodies. Var-
iables, such as the type of vaccine and the nature of the targeted pathogen, define the
extent of contribution for each of these immune cells. Vaccine development normally
takes 10to 15 years, where the optimal antigen is selected, the vaccine composition is
optimized based on the preclinical animal studies, and three phases of clinical studies
are performed to evaluate the safety and efficacy of the candidate vaccine. Acceler-
ating COVID-19 vaccine development to condense 15 years into 15 months is very
challenging, not only because it is not known which immunogen and which vaccine
type will be the most effective in establishing robust long-term immunoprotection,
but also due to concerns about the adverse effects that the vaccine might potentially
have on vulnerable individuals. One of the safety concerns about vaccines is con-
nected to a phenomenon termed antibody-dependent enhancement (ADE)."®
Instead of inducing neutralizing antibodies that appropriately block a viral entry to
the cells, a vaccine might induce the production of non-neutralizing antibodies that
facilitate viral interactions with host cells to enhance inflammation and immunopa-
thology. Previous studies on SARS-CoV or MERS-CoV showed that ADE was mainly
associated with Th2-biased responses. Therefore, adjuvants promoting Th1immune
responses were preferred when designing COVID-19 vaccines. Other than safety,
vaccines in clinical trials must also be effective. The levels of neutralizing antibodies
as well as T cell responses, which play an important role in the immune protection
against SARS-CoV-2, are evaluated to indicate vaccination efficacy.

Currently, there are more than 60 vaccines against COVID-19 in clinical trials and over
100 vaccines in preclinical phases.'” Vaccine formulations range from weakened and
replicating viruses to inactivated viruses, viral protein subunits, peptides, as well as
genetic materials (i.e., DNA and RNA) (Figure 2). Weakened virus-based vaccines
are still live viruses, so they can trigger the strong immune responses but require chal-
lenging development and optimization to eliminate potential risks. Some COVID-19
vaccine frontrunners are based on inactivated viruses, which are produced through
established chemical or heat treatment.”” Inactivated virus vaccines from Sinopharm
and Sinovac Biotech were already approved for emergency use in China.

Protein-based vaccines can be manufactured using a variety of platforms, such as the
forced expression of viral proteins in mammalian, bacterial, or yeast cells in bioreac-
tors. These techniques are well developed in pharmaceutical industries but are
limited by high costs associated with low yield and essential multistage purification
of possible (human) pathogen contamination. Therefore, cost and ease of
manufacturing and scale-up should be considered for the global-scale production
of potential vaccines. Thus, an alternative method of cell-free production of pep-
tides might be more appropriate; peptide-based vaccines are easier to design, opti-
mize, manufacture, and scale-up to meet the required worldwide mandate. Last
but not least, recent clinical data show a great promise on a relatively new class of
vaccination by delivering genetic materials, such as DNA and RNA, that induce a
host production of immunogenic proteins in situ. For example, the two vaccines
from Pfizer-BioNTech and Moderna have been approved by the Food and Drug
Administration (FDA) for emergency use, and both of them use messenger
RNA (mRNA) for viral protein expression.”’ Several other leading COVID-19 vac-
cines (i.e., Oxford-AstraZeneca, Johnson & Johnson, CanSino) are made from
segments of viral DNA, which is packaged inside the adenovirus for delivery into
host cells. Recently, a similar adenovirus-based vaccine has been approved for
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Figure 2. Approaches to develop and deliver SARS-CoV-2 vaccines
Various virus components can be used as potential vaccines, and biomaterials can be used to
facilitate and enhance vaccine delivery.

Ebola. RNA- and DNA-based vaccines can tackle the common issues with scalability,
flexibility, and speed of vaccine production against any new pathogens. A major
advantage of mRNA vaccines is that mRNA does not need to get into a nucleus as
DNA and can be directly translated into proteins within the cytoplasm, which results
in higher expression efficiency.”” Compared with RNA-based vaccines, DNA-based
vaccines have the advantage of being more stable. Thus, due to the fragility of RNA,
a cold chain (—80°C) is usually required for vaccine delivery and storage.

Vaccine adjuvants and delivery

Subunit vaccines containing purified antigens derived from pathogens are often
weakly immunogenic. Without an adjuvant delivery system, subunit proteins or ge-
netic materials are usually subjected to dissociation and elimination before entering
host cells.”” Adjuvant supplementation can enhance the magnitude and durability of
immune responses and permit significant dose sparing. Adjuvants are mainly sup-
posed to increase the immune cell recruitment and the production of inflammatory
cytokines, enhance antigen uptake and presentation, and also facilitate antigen
transport to the draining lymph node to promote the expansion and differentiation
of the appropriate T and B cells (Figure 3).

The most commonly used molecular adjuvants are ligands for pattern recognition re-

ceptors, such as Toll-like receptors (TLRs), nucleotide binding oligomerization-like
receptors, retinoic acid inducible gene 1-like receptors, and C-type lectin-like
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Figure 3. Boosting the vaccination via adjuvant design

Adjuvant design and their interactions with immune cells. Adjuvants work as immunostimulatory
compounds to improve vaccine efficacy by boosting innate and adaptive immunity to support
prolonged humoral and cellular response. The central circle is showing classes of molecular
adjuvants such as pathogen-associated molecular patterns (PAMPs) and heat shock proteins with
bound antigenic peptides (HSPs). Upper left part of the image is depicting Toll-like receptors
(TLRs) specific for different PAMPs.

receptors, which are expressed on the cell surface or in endosomal compartments of
innate immune cells. These receptors recognize conserved pathogen-associated
molecular patterns (PAMPs), such as double-stranded RNA (TLR3), lipopolysaccha-
ride (TLR4), single-stranded RNA (TLR7/8), or unmethylated CpG motifs present in
bacterial DNA (TLR9).?* PAMP recognition by innate immune cells leads to the acti-
vation of differentimmune pathways, including inflammasome, complement, and/or
the nuclear factor kB pathway, which can stimulate the adaptive immune system but
may also cause excessive inflammation and toxicity. Therefore, it is critical to care-
fully select the adjuvant to induce the appropriate type of immune responses to
achieve effective vaccination.

Besides pathogen-derived molecules, immunostimulatory adjuvants can be derived
from plants. Saponins are steroidal or triterpene glycosides, which can bind to spe-
cific carbohydrate receptors on the surface of APCs and promote their activation and
production of pro-inflammatory cytokines. Saponins might also interact with choles-
terol and facilitate endosomal escape and cross-presentation of antigens and thus
activation of CD8 T cells.?* Saponins containing aldehyde and ketone groups also
form imines or Schiff bases with amino groups of receptors on the surface of
T cells and serve as co-stimulatory signals for T cell activation.”* The COVID-19
candidate from Novavax uses Matrix-M, which is nanoparticle adjuvant composed
of saponin together with cholesterol and phospholipid, for their protein-based vac-
cine and achieved high level of antibody production in early clinical trials.?*?

Moreover, heat shock proteins with bound antigenic peptides can be utilized as ad-
juvants to stimulate immune responses.”’ These molecular chaperones enhance
both humoral and cellular immune responses by promoting the inflammatory cyto-
kine secretion and facilitating antigen cross-presentation by dendritic cells (DCs)
leading to the increased activation of CD8+ T cells.?®
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Immunostimulatory cytokines, such as IL-2, IFN-y, IL-12, and granulocyte-macro-
phage colony-stimulating factor (GM-CSF) are also studied for their adjuvant func-
tion.”” GM-CSF,*° for example, promotes the recruitment, maturation, and antigen
presentation by DCs and elicits potent immune responses. Soluble, encapsulated,
or conjugated administration of these reagents have been tested so far.

Lately, lipophilic statin drugs and small molecules called bisphosphonates have been
discovered to have potent adjuvant activities. Bisphosphonates have been extensively
used for the treatment of bone resorption diseases, such as osteoporosis. It is shown
that they can also inhibit the mevalonate pathway in APCs,?" which results in reduced
lipidation of small GTPases, prolonged antigen presentation, increased T and B cell
expansion, and antibody production.* In one study, the incorporation of bisphospho-
nates in nanoparticles was used to increase the targeting of bone metastatic breast tu-
mors in mice™”; however, its impact on modulating the therapeutic effects upon its inter-
action with immune cells has not been explored before.

However, molecular adjuvants can diffuse easily to the blood, which absorbs ten
times more fluid than the lymph, to cause systemic inflammation or toxicity. There-
fore, these adjuvants are often combined with other (bio)materials, namely nanopar-
ticles or liposomes, to improve localization, safety, and efficacy. The size of the
particulate adjuvant is an important factor, which can shape the extent of immune
response and the protective efficacy of a vaccine. Small molecules drain to the
blood, while particles of approximately 9-100 nm preferentially enter the lymphatics
and can get directly to the lymph node for antigen presentation. On the other hand,
larger particles (0.5-2 um) need to be transported to the lymph node by other cells,
such as macrophages.”® These size limits, however, can be altered by the mechanical
properties of the particles. It has been shown that the optimal size for the efficient
lymph node uptake is around 50 nm for rigid nanoparticles, while for liposomes it
is 150-200 nm.** Moreover, the size of immunomodulatory compounds can affect
receptor crosslinking on the surface of immune cells or alter the uptake and intracel-
lular processing of the antigen.

Besides the size, the particle charge can affect the immune cell responses. Positively
charged particles are more internalized by APCs compared with neutral or negatively
charged particles, and are able to induce higher innate and adaptive immune reac-
tions.>® Moreover, positively charged particles increase the antigen escape from endo-
somes and consequently cross-presentation of the antigen by APCs to CD8 T cells.”’

For a long time, alum (aluminum hydroxide and aluminum phosphate) was the only
approved adjuvant in the USA. These nanosized crystals can adsorb antigens and
aggregate into larger gel clusters upon hydration.?® The binding of the antigen to
alum particles is required for optimal immune responses. This mechanism is based
on the electrostatic interaction of negatively charged antigen to the positively
charged aluminum hydroxide as well as ligand exchange reactions between antigen
phosphate groups and alum hydroxyl groups.®” Moreover, adsorption of antigen to
alum particles slows the antigen intracellular decay and thus prolongs the presenta-
tion by APCs.*? Alum adjuvant ability is often attributed to the establishment of an
antigen depot; however, the induction of local production of pro-inflammatory fac-
tors, which recruit neutrophils, monocytes, DCs, and macrophages, seems to be the
main mechanism of action.*’'

Oil-in-water nano-emulsions, such as MF59, which is composed of small squalene oil
droplets (around 160 nm in diameter) stabilized by two non-ionic surfactants Span 85
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and Tween 80, can elicit even stronger immune responses than alum. The MF59 im-
mune stimulatory capacity relies on the fully formulated emulsion to recruit and
activate APCs, as any of the individual components alone were not able to induce
comparable immune responses.“? Liposomes are another common type of particu-
late adjuvant, which can enhance immune responses even more robustly than the oil-
in-water formulations. For example, the adjuvant system ASO1, which can induce
strong humoral and cellular immunity, is composed of liposomes of 50-100 nm in
diameter from dioleoylphosphatidylcholine, cholesterol with TLR4 agonist mono-
phosphoryl lipid A (MPLA) (a detoxified derivative of lipopolysaccharide), and a
saponin QS21. Cholesterol is included in the formulation mainly to reduce the cyto-
toxic activity of QS21, which would otherwise make holes in cell membranes.**

Chitosan produced by partial deacetylation of the natural polysaccharide chitin, can
also be utilized as an adjuvant, vaccine stabilizer, or delivery system.** This positively
charged polymer has strong mucoadhesive properties and exhibits a range of immu-
nological effects from the stimulation of inflammasome to enhanced antibody pro-
duction and T cell responses. It acts through the binding to cell surface receptors,
including macrophage mannose receptor and TLR-2. Internalized chitosan induces
mitochondrial stress, the production of reactive oxygen species, and subsequent
release of the mitochondrial DNA to the cytosol. This process activates the STING
pathway, which responds to the presence of DNA in the cytosol, to induce innate
and adaptive immune responses.”

Microparticles composed of plant-derived polysaccharide delta inulin with alginate
trigger complement activation and, when co-administered with antigen, help mount
a robust antigen-specific adaptive immune response consisting of both antibody-
and cell-mediated immunity.**

Short synthetic peptides, which can self-assemble into long nanofibers, can also be
used as adjuvants when coupled to antigenic peptides. The density of T and B cell
epitopes displayed on the fibrils can be adjusted to raise optimal adaptive immune
responses with minimal local inflammation.*” This nanofiber vaccine can be admin-
istered intranasally to promote expansion of tissue-resident immune cells.*®

Route of vaccine administration and targeting

The level of immune responses toward vaccination can also be significantly affected
by the route of administration. While most vaccines are injected intramuscularly,
subcutaneous delivery with microneedle patches and pulmonary delivery with ven-
tilators are promising alternatives (Figure 4). Biodegradable or dissolvable micro-
needles provide minimally invasive transdermal delivery and can be as effective as
the conventional injection for influenza.*” Microneedle-based delivery of hepatitis
B and influenza vaccines, prepared with silicon crystal or gelatin formulations,
respectively, are currently under clinical evaluation.”® There are recent reports on
developing SARS-CoV-2 vaccines that utilize microneedles to deliver spike proteins
in mice.”’ Microneedle platforms can be fabricated using low-cost and scalable
manufacturing techniques and may be suitable for global self-administration. This
would be a convenient way to distribute vaccines for pandemics, such as COVID-
19, if the mass production of a formulation can be achieved. Moreover, pulmonary
administration empowers respiratory mucosal immunization and can be achieved
using a wide range of mucoadhesive nanoparticles. Nasal delivery of inhalable nano-
particulate powders is recently gaining research attention, particularly in vaccine ap-
plications, systemic drug delivery for the treatment of pain, and non-invasive brain
targeting.”” Interestingly, recent work has adapted this technology to deliver
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Figure 4. Biomaterials platforms to boost the immunity

A variety of vaccination techniques can be used to improve patient compliance as well as
immunization efficacy. Nasal, pulmonary, intravascular, and subdermal immunizations can be
performed through the use of nano- and microparticles, hydrogels, and microneedles.
Biomaterials-based engineering strategies can be used to develop more effective vaccines.
Particulate vaccines can be designed to drain efficiently to lymph nodes. Alternatively, the
hydrogel/scaffold vaccine can act as temporary artificial lymph nodes to provide niches forimmune
cell programming.

therapeutic peptides, which demonstrates feasibility for the delivery for antigen
peptides.” The ability to train the immune system at the site of viral entry may be
very promising for acute or chronic respiratory infections. In this scenario, T cells
can better home to both the lung interstitium and airway lumen, whereas intramus-
cularimmunization-activated T cells are not due to entrapment within the pulmonary
vasculature.®* Some studies have also shown the benefits of having local presence of
immune cells at the mucosal layer. For example, pulmonary delivery of tuberculosis
vaccine increases antigen transport to draining lymph nodes and elicits antigen-spe-
cific mucosal memory.>®

Lymphatics targeting. The lymphatics system is where immune cells are trans-
ported and memory cells are generated. Targeting the secondary lymphatic organs,
such as spleen and lymph nodes, can improve the efficacy of a vaccine and provoke
desirable immune responses. To achieve required spatiotemporal delivery and pre-
sentation of antigens and immunomodulatory cues, biomaterials can be designed to
enhance lymphatic targeting and generate desirable populations of immune cells
with minimal off-target side effects (Figure 4). Biomaterials can be engineered
with physical and chemical properties, such as particle size, charge, shape, compo-
sition, and even more complicated stimuli-responsive designs.

Simple targeting to draining lymph nodes depends largely on particle size, while
more sophisticated complexes are required to integrate into endogenous lymph
transport processes.”® One approach is to utilize carrier proteins, such as the endog-
enous and most abundant serum protein albumin for longer circulation, improved
stability, and better immunogenicity. Modifying vaccine adjuvant CpG oligonucleo-
tides with a lipophilic albumin-binding tail can spontaneously form micelles, which
can hitchhike albumin. Combined with the conjugation of an antigen peptide to
an albumin-binding domain, this strategy increases lymph node accumulation and
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shows 30-fold increases in T cell activation.®” Instead of albumin hitchhiking, the
direct fusion of an antigen peptide to albumin reduces systemic circulation and
improved proteolytic stability, as fused proteins traffic to the lymph nodes or are
captured by local APCs.>® With optimized factors, this approach improves vaccine
immunogenicity by up to 90-fold and maximizes the responses to viral antigens.”®
SARS-CoV-2 proteins or peptides can be modified with an albumin-binding domain
or fused to a carrier protein for lymph node targeting. Elicio Therapeutics repur-
posed this type of platform and showed an improvement in SARS-CoV-2-specific

cellular and humoral immune responses in mice.”’

Optimal activation of humoral immune responses also relies on appropriate antigen
presentation to B cells.®” To enhance B cell receptor engagement, lipid-based par-
ticles can be used as the base platform with the addition of MPLA as an immunosti-
mulatory adjuvant. As simple liposomes are relatively fragile, methods have been
developed to extend the lifetime and stability of synthetic vesicles. Polymeric cores
of poly(lactide-co-glycolide) (PLGA) enveloped by PEGylated phospholipid bilayers
provide support for the lipids and trigger strong antigen-specific immunoglobulin
production.®’ Another approach was to engineer interbilayer-crosslinked multila-
mellar vesicles (ICMVs). These vesicles benefit from stabilized lipids due to the cross-
linking of head groups of adjacent lipid bilayers. These ICMVs loaded with antigen
cargos are slow to degrade in serum but are susceptible to lipase within intracellular
compartments, thus inducing potent T cell and antibody responses.® Another cate-
gory of vesicles to achieve organized antigen presentation is self-assembling nano-
particles. An early study using the glycoprotein of vesicular stomatitis virus (VSV-G)
as an antigen has indicated that B cells respond promptly to highly organized VSV-G
but are unresponsive to a poorly organized form of the same antigen.® Recently,
self-assembling melittin-lipid nanoparticles were developed for lymph node target-
ing, which elicited activation of APCs in lymph nodes and led to a 3.6-fold increase in
antigen-specific CD8" T cell responses compared with free melittin.®* Moreover,
inspired by viral self-assembling envelope and capsid proteins, virus-like particles
(VLPs) arrange immunogens in organized arrays on multivalent nanoparticles. Highly
organized display platforms utilize symmetric cage-forming macromolecules, such
as enzyme lumazine synthase, ferrintin, or self-assembling nanoparticles, to form
oligomers.®®> Unlike monomeric antigen, VLPs made of HIV envelope trimer
(9p140 trimer) and glycoprotein 120 (gp120) were shown to increase shuttling to
follicular DCs (FDCs), concentrate at germinal centers, and enhance B cell activa-
tion.®® The glycosylation helps antigen uptake through an innate immunity-medi-
ated recognition pathway.®® In addition, more sophisticated nanostructures, such
as DNA origami nanoparticles, have been recently designed for nanoscale antigen
presentation. Antigen copy number, spacing, affinity, dimensionality, and rigidity
of the scaffold were optimized for HIV gp120 to drive functional B cell responses.®’
Furthermore, another research group has used the receptor-binding domain of Mid-
dle East respiratory syndrome coronavirus (MERS-CoV) fused with RNA interaction
domain and ferritin to construct a self-assembling, protein-folding vehicle.®® Such
VLPs can also be designed with SARS-CoV-2 protein components for the optimal
vaccination.

These approaches will provide tools for rapid clinical translation of potent and tis-
sue-specific platforms for modulating pathogen-specific immunization. Recent pio-
neering work highlights the importance of materials design on nanoparticle-based
antigen-delivery platforms to generate specific T cell responses.®” For instance,
the presentation of the same antigen (ovalbumin; [OVA] peptide) using two nano-
scale delivery platforms can regulate distinct T cell fates in mice. In this case,
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redox-sensitive poly(ethylene glycol)-poly(propylene sulfide) (PEG-PPS) block co-
polymers as components of a nanocarrier platform. Interestingly, the immobilized
presentation of OVA peptide can differentiate naive T cells toward antigen-specific
killer (CD8+) T cells, while the intracellular release of the same peptide via PEG-PPS
nanoparticles can push T cells toward activated helper (CD4+) T cells. Helper T cells
are crucial for cellular immunity as they can provide long-term memory against
target antigens.’” These results demonstrate the importance of material design
and highlight the potential of using nanoscale biomaterials to engineer antigen-de-
livery systems for the induction of desirable T cell responses.

Last but not least, targeting lymph nodes for efficient B cell activation could be
through a multistage delivery process. While there is a size preference for lymph
node drainage, nanoparticles are still too big to access intra-lymph node canals.
Therefore, combinations of nanoparticles and the controlled release of small-mole-
cule cargos via programmed degradable linkers creates a two-step platform to
deliver molecules inside the lymph reticular network.”" Such advanced delivery plat-
forms are able to consider the physiological location of certain immune responses
and indicate a path to precision medicine.

Biomaterials as artificial lymph nodes.  Besides developing particulate platforms to
target secondary lymphoid or immunocompetent tissues, biomaterials can be used
to create temporary lymph node-like depots to induce immunity against viral infec-
tions. Such a platform should be implantable via either injection or surgical place-
ment, while being biocompatible with a controlled biodegradation rate. These
macroscale therapeutic devices can be placed at target sites to precisely manage
the presentation of antigens and adjuvants, lower required dose to reduce cost,
improve therapeutic efficacy, and limit systemic exposure. The main function of
such a construct will be the recruitment of adaptive or innate immune cells and ed-
ucation against target antigens. This platform can provide polyclonal activation and
the expansion of immune cells to enhance immunogenicity or present specific anti-
gens to induce a more specific immune response. With a grasp of the aspects that
affect immune cell function in vitro, researchers have tried to focus more on
designing 3D niches that offer better mimicry of the immunomodulatory signals.
For example, 3D biomaterials have recently been proposed for the in vivo modula-
tion of host immune cells.”? Among various organic- or inorganic-based biomate-
rials, mesoporous silica-based vaccines represent a promising and versatile platform
to present viral antigens, induce immune cell activation, and promote prolonged
antibody production, as exemplified in the elegant work that highlights the develop-
ment of mesoporous silica rod-based pore-forming platforms for in situ modulation
of host immune cells as a vaccine against infectious diseases.”® Soft biomaterials,
including hydrogel scaffolds, can also offer a versatile platform to deliver a wide
variety of therapeutics. High levels of biocompatibility, tunable physicochemical
properties, controlled release, and tunable degradation profiles are among the
promising characteristics of polymer-based hydrogels. In this context, injectable hy-
drogels and hydrogel microparticles may be more promising as they can be admin-
istered (injected) without surgical implantation. Cryogels and in situ pore-forming
hydrogels can be used to provide interconnected micropores for the training of
immune cells against target antigens. Although these materials are under develop-
ment for cancer immunotherapies, a simple manipulation of formulations can repur-
pose these platforms for applications in infectious diseases.

Other than injectability and porous structures, several other criteria, including deliv-
ery mechanisms and release rates for each encapsulated immunological
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biomolecule, should be considered when developing biomaterial-based vaccines to
improve the therapeutic outcomes. Control over the temporal presentation of these
molecules can be achieved by tuning the physical (e.g., charge, mesh size, and tor-
tuosity) or chemical (e.g., degradation and bioconjugations) properties of engi-
neered biomaterials. Considering the charge associated with most of antigens
and adjuvants, charged polymers can be utilized to enhance the retention of immu-
nological biomolecules. Similar approaches may be used to deliver small-molecule
inhibitors but through hydrophobic-hydrophobic interactions. Incorporation of
certain chemokines or cytokines can benefit from enhanced affinity through specific
interactions with engineered peptide sequences’” or polysaccharide like heparin.””
Such an interaction may not only increase the retention, but also increase the biolog-
ical stability of these proteins.

Mechanical properties of biomaterials are also critical as they can dictate the
mobility, activation, and proliferation of recruited immune cells. Under pathological
conditions, tissue stiffness increases during the viral infections, which naturally en-
hances T cell activation and antiviral effects. This process is mediated by changes
in the structure, density, and composition of the extracellular matrix (ECM) in the in-
fected tissues as well as in the draining lymph nodes. Experimental observations
confirm the stiffening of lymph nodes in rodents from 4 to 40 kPa upon viral infection
by lymphocytic choriomeningitis virus (~40 kPa).”® This distinct stiffness can be repli-
cated using synthetic biomaterials to provide optimal and biologically relevant acti-
vation signals for T cells.”” Designing tissue-inspired biomaterials can help to pro-
vide an immune cell-specific microenvironment to ensure prolonged humoral and
cellular immunity. The role of specific materials properties, in addition to the release
profile, are being investigated when developing biomaterial-based vaccines. The
creation of biomaterial-based cell homing sites that can act as a temporary lymph
node with similar biological and biophysical signals can moderate the recruitment,
residence, training, and fate of immune cells. This may promote immune responses
to establish long-term immunity against COVID-19 or other infectious diseases.

Delivery of immunotherapy

Current treatments

The challenge of COVID-19 treatments, among other viral infections, is the balance be-
tween antiviral (preventing viral replication, expediting viral clearance, and boosting
immune responses) and anti-inflammatory therapies (preventing the exacerbation of
a cytokine storm that can lead to systemic complications).”® Repurposed malaria drugs
that interfere with viral entry and propagation, such as hydroxychloroquine, are under
investigation for effectiveness again COVID-19. For immunomodulation, antibodies
againstinflammatory signals (IL-6, IL-1, and IL-2), Janus kinase pathway inhibition, intra-
venous immunoglobulins, and corticosteroids are under investigation.

Prophylactic anticoagulation treatment with low-molecular-weight heparin (LMWH)
is currently recommended to prevent thrombotic complications.”” However, some
COVID-19 patients still developed thrombosis despite prophylaxis with LMWH.*°
Therefore, anti-complement drugs, such as narsoplimab (monoclonal antibody
against MASP-2)®" or eculizumab (monoclonal antibody that blocks complement
protein C5)%? have been tested and showed promising results in reducing endothe-
lial damage and thrombotic risk.

The treatments that are currently under evaluation in clinical trials have been
covered in recent reviews.®* However, these platforms are typically delivered sys-
temically, making the balance between viral clearance and prevention of overactive

¢? CellPress

Matter 4, 1528-1554, May 5, 2021

1539




¢? CellPress

immune responses difficult. Combinations of known and clinically approved thera-
peutics with material- and/or cell-derived components may serve to enhance treat-
ment efficacy through localized delivery and tuned mechanisms. In this way, antiviral
or immunotherapeutic regimens can be based on disease trends, such as accumula-
tion in tissues with high ACE2 expression or tissue-specific disease states.

Targeted drug delivery to lung and cardiovascular system

The direct targeting of sites of high virus titers and immune cell accumulation should
be able to enhance the antiviral effects and immunomodulation of existing thera-
pies. Even though COVID-19 is primarily a respiratory disease, the sites of infection
are not limited to the lungs. The impairment of cardiovascular function and various
coagulation disorders in COVID patients are a result of the wide distribution of ACE2
receptors and expansion of viruses within the endothelium and vascular smooth
muscle cells.®* Here, we focus on the strategies to target drug delivery to the lung
and cardiovascular systems that are typically inflamed as a result of a SARS-CoV-2
infection.

Firstly, biomimetic particles modified with targeting ligands or antibodies against
adhesion molecules expressed on the inflamed tissue can be used for specific
drug targeting. The ability to tailor the activity of the immune system, both activation
and reduction, may prove efficacious in viral clearance and preventing tissue dam-
age. These techniques are not directly related to the delivery of immunotherapies;
however, the modularity of peptide or protein modifications can be easily adapted
for novel therapeutic strategies. To resolve inflammatory signaling of blood vessels,
one approach involves the delivery of antioxidant enzymes. The delivery of these
enzymes alone lacks stability and targeting to achieve functionality at the site of
inflammation. To solve this issue, an antioxidant mimetic (EUK-134) may be loaded
into PEGylated liposomes conjugated to anti-PECAM-1 antibodies to improve drug
stability and specifically target pulmonary ECs; this biomaterial formulation retained
enzyme functionality, enhanced desired lung biodistribution, and protected against
pulmonary vascular edema in a lipopolysaccharide-induced mouse injury model.®
Lungs are highly inflamed during ARDS so the local environment is usually acidic
and populated with adhesion molecules, such as intercellular adhesion molecule-1
(ICAM-1), to attract monocytes and lymphocytes. It has been reported that the
use of anti-ICAM-1 antibody-coated poly(B-amino ester)/PEG nanoparticles
enhances lung targeting and can release anti-inflammatory agents.®® In this formu-
lation, the incorporation of acid-sensitive poly(B-amino ester) domains enables
pH-dependent release of drug cargo within acidic, inflamed lungs, which improves
the efficacy of TPCA-1 treatment in a murine acute lung injury model, compared with
free drug or untargeted drug-loaded nanoparticles. Other strategies to target in-
flamed vasculature include the conjugation of integrin LFA-1L domain, which binds
to ICAM-1, or antibodies against E-selectin to the surface of particles or liposomes
(regardless of drug cargo or material).?” Alternatively, targeting ligands can be re-
placed with peptides, such as VHPKQHR®® for VCAM-1-binding or cyclo(1,12)Pen-
ITDGEATDSGC (cLABL) peptide for high-affinity ICAM-1 binding.®” Similar target-
ing strategies can be utilized to selectively deliver thrombolytic agents to treat
thrombosis and embolism. For example, a modified fibrin-homing peptide (allyl-
GGCR(NMe)EKA) has been used to target microenvironment-sensitive nanogels
to the blood clots.”” The acrylamide nanogels contain thrombin-sensitive cross-
linkers, which enabled high intra-clot release of encapsulated thrombin inhibitor hir-
udin. These nanogels showed increased circulation time and bioavailability
compared with hirudin alone and were able to efficiently prevent and inhibit clot for-
mation in mouse models of pulmonary embolism and thrombosis. Another strategy
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for targeted drug release is based on the increased concentration of hydrogen
peroxide by activated platelets at the site of thrombus formation. H,O,-responsive
boronate particles show site-specific release of an anti-platelet drug and potent
thrombolytic and anti-inflammatory activity without adverse side effects.”’ Further
approaches in biomaterial design for thrombosis can be found in a recent review.”?
The lungs possess a unique characteristic of dense capillary networks, which are
quite narrow and can only pass one red blood cell (RBC) at a time. Attachment of syn-
thetic nanoparticles onto RBC surface creates a cell hitchhiking platform where
nanoparticles are sheared off when squeezing through these narrow capillaries.”
Non-covalent attachment of nanoparticles to RBCs increases lung accumulation
while reducing uptake in other organs, such as liver, spleen, and brain.”” If combined
with anti-ICAM-1 strategies, lung retention of nanoparticles is further improved.”
Interestingly, by tuning the affinity of nanoparticles to RBCs and making them shear
resistant, the target site can be shifted to the spleen where lots of APCs reside. Eryth-
rocyte-driven immune targeting has been developed as a vaccine platform, where
erythrocytes deliver antigens selectively to the lung or spleen tissues.”® This process
mimics the natural capture of pathogen by erythrocytes and may not need additional
adjuvants to elicit a strong immune response.%

Finally, the capacity of SARS-CoV-2 to infect the heart necessitates cardiac tissue tar-
geting for treatments. The use of a cardiac-targeting peptide (CTP)”” and the CRPPR
peptide”® enhance the delivery and retention of an imaging agent or liposomes,
respectively. In addition, a CTP fused to a membrane protein of extracellular vesicles
(EVs) improves cardiomyocyte cellular uptake in vitro and demonstrates enhanced
retention following intramyocardial injection.’ For protein therapeutic delivery, tan-
nic acid modifications induce aggregation and enhance cardiac tissue accumulation
of peptides, viruses, and proteins following intravenous injection; an intravenous
treatment of modified basic fibroblast growth factor (oFGF) promotes cardiac recov-
ery, compared with a direct injection of unmodified bFGF, in an in vivo model of
myocardial ischemia.'® The presence of markers of tissue damage can also be
used as a signal to influence the accumulation of nanoparticles. In one approach,
polynorbornene nanoparticles with incorporated MMP-2 and MMP-9 recognition
peptides, preferentially aggregate based on matrix metalloprotease (MMP) activity.
This interesting approach uses particles <100 nm that can diffuse through leaky
vasculature to sites of myocardial damage but do not typically persist within the tis-
sue for long periods of time. The programmed accumulation enables localization
and retention up to 28 days at the site of tissue injury.'®" Since MMPs are present
during the remodeling phase following acute injury and may be involved in SARS-
CoV-2 infections, they may potentially serve as a target to deliver antiviral or immu-

nomodulatory compounds.'??

Cell-derived drug delivery systems to modulate inflammatory response

Neutrophils, the most abundant white blood cells in the body, reside in high
numbers in the lungs and are the first line of defense against invading pathogens.
Upon encountering danger signals, neutrophils quickly migrate to the targeted tis-
sue and release immunomodulatory molecules, which recruit and activate other im-
mune cells. They also internalize pathogens and destroy them in organelles called
phagosomes. Moreover, neutrophils can eliminate the invaders by releasing reactive
oxygen species and granules containing enzymes and antimicrobial peptides or they
can prevent the spreading of pathogens by ensnaring them in web-like structures of
DNA and proteins named neutrophil extracellular traps. However, the accumulation
and excessive activation of neutrophils, as in case of ARDS in COVID-19 patients, can

lead to exacerbated tissue damage and increased risk of thrombosis.'?'%*
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To mitigate acute inflammation, activated neutrophils can be selectively targeted

®> or denatured proteins,'” which

with nanoparticles containing agglutinated'®
bind to Fey Rl receptors on activated neutrophils.’®” The feasibility of this approach
is demonstrated with nanoparticles made from denatured albumin loaded with an
anti-inflammatory drug, which are preferentially internalized by activated neutro-
phils. In contrast, nanoparticles coated by natural aloumin are ignored by neutro-
phils. This highlights the importance of nanoparticle design on generating specific
immune responses.'°® Particulate therapeutics can also be used to suppress neutro-
phil recruitment and accumulation in inflamed tissues. Intravenously injected micro-
particles can be phagocytosed by circulating neutrophils, which triggers their
apoptosis and elimination by the liver. Alternatively, particles captured in the liver
and internalized by resident macrophages recruit circulating neutrophils.’® In
both cases, the administration of particles during acute inflammation can decrease
the numbers of circulating neutrophils and/or change their homing site, which might

be a useful strategy to mitigate inflammation.

In another strategy, cells can be equipped with “cellular backpacks,” polymeric par-
ticles loaded with therapeutic agents, that can be attached to the cell membrane
with the use of antibodies, cell-adhesive molecules, or by covalent binding to cell
surface proteins.''” The size and shape of polymeric particles can significantly affect
cellular backpack stability, because flat disk-like particles are phagocytosed less
than spherical particles.”'" In this way, immune cells, such as monocytes,''” can
be utilized to deliver cargo into inflamed tissues. Furthermore, particulate drug de-
livery systems can be coated with cell membranes derived from different cell types,
including platelets’"® or neutrophils,'* which help reduce theirimmunogenicity and
improve inflammation-targeting capabilities. RBCs and platelets can be fused to
create hybrid membrane-cloaked nanoparticles, which show increased circulation
half-life and improved homing to inflamed tissues owing to intrinsic RBC and platelet
components, respectively.’'® Although adding such a feature seems interesting as it
can represent the most natural biointerface, the translational and regulatory path-

ways appear unclear.

Besides coating nanoparticles or liposomes with cell membranes, EVs secreted by
different cell types can be used to deliver drugs and vaccines, introduce targeting,
or enhance regeneration. EVs are nanometer-sized phospholipid membrane-en-
closed vesicles that contain bioactive components, such as nucleic acids or proteins
derived from their parental cells. Based on their surface markers, EVs can be prefer-
entially internalized by distinct cell types and tissues comparably with the membrane-
coated biomimetic particles.''® Among the most studied EVs with pro-regenerative
properties are vesicles derived from mesenchymal stem cells (MSCs). These EVs have
powerful immunomodulatory effects, which can be beneficial in the treatment of
various inflammatory diseases, including ARDS.""” Moreover, EV content can be
further engineered to improve the therapeutic effects. This can be done by deco-
rating EVs with antibodies/targeting ligands or loading them with various therapeu-
tics. Passive loading by co-incubation is suitable mainly for hydrophobic drugs, which
can efficiently penetrate the lipid bilayer. On the other hand, active loading tech-
niques, such as electroporation, sonication, co-extrusion, repeated freeze—
thawing, or saponin permeabilization, can be advantageous for intermediate or
hydrophilic drugs."'® EV content can also be modified through the genetic engineer-
ing of EV-secreting parental cells. For example, EV-targeting efficiency can be
increased by fusing targeting peptides or proteins with the C1C2 domain of lactad-
herin, which binds to phosphatidylserine that is strongly enriched in EV mem-
branes."'” The EV circulation half-life can be prolonged by overexpressing CD47,
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presenting a “don’t eat me” signal, which can protect EVs from being
phagocytosed.'?°

In addition to micro- and nanoparticles, artificial cells can be utilized to perform
more complex regenerative or immunomodulatory tasks. For instance, artificial neu-
trophils have been prepared by encapsulating zeolitic imidazolate framework-8 par-
ticles with incorporated glucose oxidase and chloroperoxidase within a neutrophil
membrane. Thanks to the neutrophil membrane composition, artificial neutrophils
are efficiently recruited to the sites of inflammation, where they convert glucose
with the use of glucose oxidase to gluconic acid and H,O,. Chloroperoxidase trans-
forms these products into highly reactive HCIO which can eradicate infections."?’
Another strategy engineers synthetic MSCs to mimic and apply inherent cell proper-
ties. PLGA microparticles are loaded with bioactive factors typically secreted by
MSCs and coated with MSC membranes. These synthetic MSCs demonstrate regen-
erative potential and cryopreservation and lyophilization stability.’? Alternative
biometric designs have implemented super-soft alginate microgels to mimic the
shape, mechanical properties, and surface composition of naive and activated
T cells."”® Such a platform has been developed to offer a synthetic tool to investigate
the effects of inflammatory cytokines on the fate of MSCs in vitro.

Finally, synthetic biology tools can be used to engineer biosensor cells to execute de
novo antiviral actions. This approach has been explored by utilizing modular
chimeric synNotch receptors, which are composed of engineered extracellular re-
ceptors specific to the desired antigen, and an intracellular transcription module,
which can be tailored to generate user-defined cellular responses. These cellular
biosensors can be programmed to secrete IFN-B or neutralizing antibodies as an
output reaction to the binding of the membrane-bound viral antigen to the extracel-
lular region of the synNotch receptor. Through the genetic engineering process,
these cells can mimic, to some extent, the immune cell responses required to sup-

press infections.'**

Immunomodulation for the healing and regeneration of tissues and organs

In the previous sections, we discussed the prevention of SARS-CoV-2 viral infection
with vaccine supplements and the approaches to enhance viral clearance and
mediate inflammatory-related symptoms at a systemic and tissue-specific level
with immunotherapies. However, the long-term pathological effects of SARS-CoV-
2 infection and the potential to exacerbate or induce future complications, even in
mild cases, are just beginning to be explored.'”® A high correlation of symptom
severity and mortality in patients with preexisting conditions sheds light on the po-
tential risks of organ trauma. A buildup of fibrotic scar tissues causes many of the
leading cardiac and pulmonary diseases, and COVID-19-induced tissue damage
may contribute to their exacerbation. The extent, location, and duration of potential
tissue damage, as well as the risk of future complications, resulting from COVID-19
infection must be understood and treated accordingly to prevent future trauma in
this extensive patient group.

To accomplish this, tissue damage resulting from COVID-19 infection and treat-
ments can be retroactively understood through patient characterization and long-
term follow-up; however, this information may not be available in a timely manner.
Interestingly, tissue models may be adapted to predict at-risk organ systems, deter-
mine the mechanism of pathogenesis, and screen potential therapies in a high-
throughput fashion. In this section, we seek to address the long-lasting damage at
a tissue-specific level and identify potential post-COVID treatments, specifically
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immunomodulatory biomaterial compositions that may support healing and prevent
future complications. Several previously developed strategies demonstrate the key
role of biomaterials for the targeted and responsive delivery of therapeutic mole-
cules, co-localization of multiple factors, and the induction of specific immune
response with relevance for COVID-19 therapeutic development.’*® We focus on
the respiratory, cardiovascular, and nervous systems as they represent the primary
and more severe long-term tissue damages in COVID-19 survivors. While our discus-
sion focuses on immunomodulation for tissue healing and regeneration, many other
widely explored tissue engineering approaches utilizing cell transplantation, scaf-
fold engineering, and drug delivery can also be applied and combined with immu-

notherapeutic strategies.'?%"'%’

Respiratory system

Viral infections induce acute and chronic inflammation that significantly impact lung
function, leading to pneumonia and ARDS. Following minor injury, lung epithelium
possesses endogenous repair mechanisms, through activated epithelial cell prolifer-
ation, that serve to regenerate functional tissue structures. However, severe and
extended inflammatory environments (in COVID-19 pneumonia and ARDS) preferen-
tially induce apoptosis in epithelial cells. In these conditions, fibroblasts and inflam-
matory cells are more likely to dominate the remodeling process and replace
damaged tissues with collagen-rich scars that have limited functionality.’*® Pulmo-
nary fibrotic scarring and impacted lung function significantly reduce the quality of
life and are present in up to 85% of ARDS survivors.'””"*° Previous clinical data
from the SARS outbreakindicate thatlung function remains abnormal forup to 3 years
following infection. In a different follow-up study, a small group of patients demon-

strate that SARS-induced lung scarring persists for up to 15 years after infection."”’

The extent of prolonged lung dysfunction for COVID-19 survivors has begun to be
evaluated, and is expected to pose major issues.'*? The presence of lung abnormal-
ities scales with disease severity and persists even after the treatment and the reso-
lution of symptoms.”*? In addition, a study in April 2020 detected the presence of
lung abnormalities via computed tomography scans in asymptomatic COVID-19-
positive patients.** This troubling discovery indicates the possibility that those un-
knowingly exposed to COVID-19 and asymptomatic may develop pulmonary
fibrosis. An accumulation of scar tissue can lead to significant problems as it contrib-
utes to irreversible interstitial lung disease.’** From the growing clinical insight, it is
clear that strategies to address pulmonary scar tissue accumulation and support the
restoration of functional tissue are required. Several tissue model systems have been
developed to recapitulate key aspects of the respiratory system, such as the air-
liquid interfaces and differentiated cell types, and have been characterized for
COVID-19 infection.'**"®’ Integration with in vitro models of fibroblast-mediated
scarring’*® may serve to better understand COVID-19-induced fibrosis and evaluate
potential therapeutic agents to properly heal scar tissues.

The design criteria of potential tissue-regenerative immunomodulation should
reduce chronicfibrotic signaling, reverse scar tissue formation, and restore functional
lung tissue. Components of previously reported biomaterial-mediated pulmonary
fibrotic treatments may serve as ideal candidates. Anti-fibrotic and anti-inflammatory
therapeutics, such as pirfenidone and nintedanib, repurposed from idiopathic pul-
monary fibrosis, are already under evaluation for the prevention of COVID-19-
induced scarring.”*%"*? These treatments target fibroblast proliferation, collagen
deposition, and TNF-a/IL-1B pro-inflammatory signaling. In addition, modulation
of immune mechanisms, specifically blocking fibrotic fibroblast-immune cell
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signaling motifs (CD47 or PD-L1) and cytokines (IL-6 or IL-11), have been implicated
for the prevention and reversal of pulmonary scarring.'®'* Like previously
mentioned approaches, the use of biomaterials as delivery vehicles can enhance
the efficacy, localization, and retention of delivered therapeutic molecules compared
with a systemic delivery. Drug—material formulations can be tailored to achieve novel
delivery mechanisms and desirable release rates, with a reduction of systemic side
effects. In one approach, the encapsulation of pirfenidone within modular interpene-
trating polymeric network microspheres is sufficient to achieve a more therapeuti-
cally desired controlled release profile following oral delivery, compared with the
clinically available Pirfenex.'*" In another example, the internasal delivery of IL-10
via hyaluronan and heparin-based hydrogels further decreases inflammatory and
fibrotic markers in a bleomycin-induced pulmonary fibrosis mouse model, compared
with the delivery of IL-10 alone. This formulation combines the biocompatibility and
biodegradability of hyaluronan with the ability of heparin to bind IL-10 to enhance
stability and extend the release rate. Interestingly, positive results of the hydrogel-
IL-10 treatment as both a preventive and treatment of fibrosis were demonstrated. '
Biomaterials can also be used to deliver and retain cellular therapeutics within the
lungs, with and without active targeting motifs. In a recent example, MSC-laden algi-
nate-based microgels demonstrated enhanced circulation time following intrave-
nous injection and, as seen in most intravenous cellular applications, accumulated
within the lungs.”* MSCs, in particular, have potent immunomodulatory potential
and have already been identified for a potential role in COVID-19 therapeutics.'**4°
Alginate networks allow for the diffusion of soluble inflammatory cues into the micro-
gels to induce intrinsic anti-inflammatory stem cell secretion while also protecting
against rapid immune clearance.'*? As previously mentioned, cell-based backpacks,
based on the homing of specific cell types to fibrotic markers, can also be used to
deliver therapeutic payloads to reverse fibrotic scarring.’*® In this study, drug-loaded
PLGA/PEG nanoparticles were conjugated to monocytes, which demonstrated
MMP-2-induced release and lung injury homing, respectively. This formulation incor-
porates a multistage targeting and release cascade through specific cell or peptide
conjugation to explicitly induce the internalization of astaxanthin/trametinib-loaded
nanoparticles within injured alveolar epithelial cells to reverse fibrosis.

Cardiovascular system

As a result of viral infection, cytokine storm, or antiviral treatments, both cardiac tis-
sue and the vascular system may suffer from lasting damage. In cases of a direct viral
infection of the heart, a chronic immune response is the main contributor to the
degradation of the ECM and induction of fibrosis.'*” Fundamentally, intrinsic heart
healing is limited by the lack of cardiomyocyte proliferation and active remodeling
processes.'*® Recent reviews have covered the specific mechanisms of COVID-19-
induced cardiac damage and risks of long-term damage.'*” The prevalence and
unknown duration of cardiovascular complications associated with COVID-19 repre-
sents an unmet clinical need; elevated levels of troponin, indicating the presence of
acute cardiac injury, were found in 20%-30% of hospitalized COVID-19 patients.'*°
Cardiac swelling, scarring, reduced ejection fraction, and high troponin T levels
remain even after COVID-19 recovery.'”" Initial studies have identified that markers
of cardiac damage and inflammation can last up to at least 10 weeks after initial diag-
nosis.'°? These symptoms are indicative of more severe complications, namely heart
hypoxia, myocarditis, arrhythmias, and eventual heart failure.

Approaches to support the restoration of damaged cardiac tissue following the res-

olution of a COVID-19 infection are required to reduce the risks of developing
chronic conditions. Myocardial infarction treatments that prevent sustained
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inflammation-mediated tissue damage and support functional ECM production can
potentially address the needs of COVID-19 patients. However, the timing of treat-
ment (presence/absence of viral particles) and mechanism of damage (viral or im-
mune mediated) may affect the immunomodulation required. The localized delivery
of anti-inflammatory factors, TIMP-3, IL-10, IL-2, and IL-19, via biomaterial carriers
dictates cellular recruitment and survival to improve the extent of healing and regen-
eration.’”? One example utilizes a poly(ethylene argininylaspartate diglyceride) and
heparin coacervate to locally co-deliver FGF-2 and IL-10 with an extended release
profile. Intramyocardial injection of this formulation enhances regenerative out-
comes following myocardial infarction, compared with free protein or single-protein
coacervate delivery.'>* Macrophage polarization toward an M2 regenerative pheno-
type plays a key role in limiting the extent of tissue damage. In one approach, IL-33
overexpression vectors are delivered intravenously with polyethyleneimine.'>® This
delivery mechanism, which utilizes polyethyleneimine complexed with DNA vectors
to induce exogenous IL-33 expression, induces specific cell-secreted cytokines as an
alternative to cytokine delivery. This treatment enhances the endogenous produc-
tion of IL-4 and subsequent M2 macrophage polarization to improve myocarditis
outcomes in a mouse model. An interesting strategy uses an injectable alginate-
based hydrogel to deliver CSF-1 and IL-4 into the heart and demonstrates the
potential to promote regenerative macrophages.'*® Recently, the role of B cells in
exacerbating inflammation and reducing M2 polarization has been identified;"”’
treatments, such as pirfenidone, to address this mechanism may serve as a potential
therapeutic.’*® In addition, the role of autoimmunity, in which cardiac proteins can
activate and sustain an adaptive immune response, in the context of tissue healing
and regeneration has been highlighted.'®? SARS-CoV-2, like other viruses that
induce myocarditis, triggers cardiac autoimmunity that prolongs tissue damage,
which should be addressed by potential therapies.’®”'®" Along these aims, siRNA
against CSF-1 is loaded in lipid nanoparticles and delivered intravenously in mouse
models of virus- or autoimmune-mediated myocarditis. In both cases, the inhibition
of CSF-1 reduces the infiltration of inflammatory monocytes into the heart and is suf-
ficient to lessen the extent of tissue damage.'®? Interestingly, even with a reduced
inflammatory response, viral clearance is not hindered.

Immune cells can also promote revascularization of affected tissues. Pro-inflamma-
tory M1 macrophages are important at the beginning of angiogenic process,
when they secrete pro-angiogenic factors, such as vascular endothelial growth fac-
163
tor,

blood vessels and promote anastomoses.'®* Thus, immune-instructive biomaterials,

while M2 macrophages dominate at the later time points when they stabilize

which can guide the macrophage phenotype change by sequential release of multi-
ple immunomodulatory factors, might be helpful for vascular regeneration. This
strategy was used to promote angiogenesis and regeneration by initial release of
IFN-y followed by prolonged release of IL-4 from a decellularized scaffold.

Apart from macrophages, revascularization of damaged tissues can be enhanced by
biomaterials concentrating pro-healing T cell subtypes. Animals previously vacci-
nated with an antigen and Th2 immune response-inducing adjuvant show enhanced
vascularization and regeneration of ischemic tissue after receiving the same antigen
released from the biomaterial scaffold, which attracts and concentrates antigen-spe-
cific CD4+ Th2 T cells.'®”

Nervous system

Like the aforementioned organ systems, the cells and structure of the CNS is suscep-
tible to viral infection and immunogenic collateral damage.'®® Human brain
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organoids have been utilized to characterize the invasion potential of SARS-CoV-2
and identify potential treatments, such as Sofosbuvir.'®” The presence of COVID-
19 infection within the CNS induces a wide range of long-term systemic symptoms
and risks. Neurological complications resulting from coronavirus infections leads
to symptoms, such as fatigue, depression, and musculoskeletal pain that affect qual-
ity of life. MERS and SARS follow-up studies identified sustained chronic fatigue
symptoms in patients at 12-36 months following the initial infection.’®®"*” The
risk of direct infection is particularly troubling as viral latency and sustained inflam-
mation is likely. Chronic neural inflammation, namely the overexpression of IL-1,
IL-6, TNF-a, IL-1B, and IFN-v, is associated with demyelination and the progression
of neurodegenerative diseases, such as Parkinson and Alzheimer disease.'’%""" The
persistence of viral load within the CNS, as documented with other coronaviruses,

can trigger or contribute to the development of neurological disorders.’?

Preventative therapeutics must be developed to prevent the chronic degeneration
of the CNS and development of neurological diseases. One possible mechanism
of treatment is through the modulation of inflammation to support remyelination.
Microglia, macrophages, and T regulatory cells intrinsically support the differentia-
tion of oligodendrocytes to regenerate myelin sheaths.”’*>"’% In an interesting
approach that combines targeting moieties with the delivery of immunomodulatory
factors, leukemia inhibitory factor is encapsulated in PLGA nanoparticles with NG2
chondroitin sulfate antibodies. These particles target and stimulate the differentia-
tion of oligodendrocyte precursor cells to mature phenotypes in vitro and improve

the extent of myelination in an in vivo mouse model of CNS degeneration.'’®

CONCLUSIONS AND FUTURE DIRECTIONS

The modulation of immune responses has great potential for the prevention and
treatment of infectious diseases, such as COVID-19. However, conventional pharma-
ceutical interventions lack the spatiotemporal control for robust and precise immune
activities. Biomaterials create applicable platforms for enhanced immune responses
upon vaccination and targeted and controlled drug delivery, local immunomodula-
tion, and minimally invasive methods for drug administration. Biomaterial-based ap-
proaches to guide the immune system to fight viral infections and regenerate
damaged tissue can be developed and adopted from other fields, such as cancer
immunotherapy and stem cell engineering. Because these platforms are not limited
by the type of virus, new combinatorial treatments are valuable in creating more
effective treatments for a variety of infectious diseases in any future epidemic or
pandemic. Tables 1 and 2 highlight examples of each biomaterial-based approach
we discuss in this review for the improvement of preventive immunization, therapeu-
tic treatments, and tissue healing and regeneration. In addition, biomaterials can
have broad applications in many other aspects, such as personal protection equip-

ment, diagnosis devices, and organ-on-chip disease modeling."”

Regarding COVID-19, there are still more problems to be addressed using immuno-
modulatory interventions. As the risk for severe illness increases with age, a critical
need is the modulation of the immune responses in senior populations. The homeo-
static and regenerative capacity of T cells declines with age. Thymic T cell genera-
tion, T cell receptor repertoire diversity, and the self-renewing potential of T cell
populations reduce throughout the adult lifetime.'’® In addition, coronaviruses
often cause reinfections, and it is not clear whether current vaccines are effective
in inducing long-term immunity.'’” Therefore, building T memory cell populations
via vaccines and promoting effective antigen-specific T cell clonal expansion upon
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Table 1. Biomaterials approaches for various issues of COVID-19

Issues Biomaterial approaches Biomaterial examples Refs

ligands for PPRs 2348
plant-derived: saponins

heat shock proteins

immunostimulatory cytokines

bisphosphonates

nanoparticles (alum particles, oil-in-wa-

ter nano-emulsions, liposomes)

self-assembling peptides

Insufficient immune responses vaccine adjuvants

Immune cells are densely packed in the lymphatics targeting 56-71

secondary lymphatic organs artificial lymph nodes
Antigen presentation to immune cells

erythrocyte hitchhiking

albumin hitchhiking or conjugating
lipid-based nanoparticles
self-assembling nanoparticles

virus-like particles

poly(ethylene glycol-poly(propylene sul-
fide) (PEG-PPS)

mesoporous silica rods

hydrogel scaffolds

71-77

Primary infection site at lung with high virus lung targeting o anti-ICAM-1 antibody coated S
titer o erythrocyte hitchhiking

e pulmonary ventilation
Excessive inflammation of cardiac tissue/ cardiovascular targeting e PECAM-1 and VCAM-1 antibody conju- 77-102
vasculature gation

Thrombosis

cardiac-targeting peptides (CTP, CRPPR)
tannic acid-induced aggregation
MMP-2/MMP-9 recognition peptides

infection are potential strategies to address weakened and insufficient immune re-
sponses. Furthermore, due to the complexity of T cell interaction with major histo-
compatibility complexes, immunoinformatic studies using data science and machine
learning approaches can facilitate the identification of potential B and T cell epi-

topes for peptide vaccine development.'’%"7?

Besides the special consideration for the elderly population, the replication of viruses
and increase in viral burden continually stimulate positive-feedback immune re-
sponses. This process may cascade into an overactive immune response that results
in fatal conditions, such as cytokine storms in some COVID-19 patients. Biomaterial
composition or biomaterial-based drug delivery systems can be engineered with bio-
responsive components, which can regulate biological processes and the location,
timing, and release profile of drug cargo.'® Integration of artificial intelligence (Al)
at the development stage of biomaterial-drug formations can be utilized to deter-
mine optimal configurations for ideal release profiles and maximal therapeutic ef-
fects."®” In addition, Al can be used to expedite the development of the next-gener-
ation of immunotherapeutics through better design of biomaterials and predictions
of cell-specific interactions, efficacy, or risk of adverse events.'®"' The appropriate
biomaterial strategy will enable the generation of desired immune responses to pre-
vent or treat cytokine storm. In particular, nanomaterials have been implicated by
others for their role in COVID-19 therapy due to their modular drug-loading capabil-

ities, delivery mechanisms, tissue targeting, and symptom relief.%®

Moreover, the transfer of biomaterial designs from bench to bedside is a practical
issue, especially for infectious diseases. The scale-up feasibility and manufacturing
costs should be taken into consideration while designing biomaterial products.
The complexity and simplicity of a biomaterial solutions should be well balanced
to enable both reliable clinical outcomes and easy mass production. In addition,
the adaptation of biomaterials and/or drug formulations that have already been
used in FDA-approved applications can reduce the regulatory burden and time of
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Table 2. Biomaterials approaches toward tissue and organ healing of COVID-19-related issues

Issues Biomaterial approaches Biomaterial examples Refs

140-145

Damage of lung tissue anti-fibrotic immunomodulatory e microparticles for extended release of

(reduced lung function) therapies anti-inflammatory agents
o hydrogel delivery platforms (hyaluronan)
o cell-laden alginate microparticles for im-
munomodulation and lung targeting
e PLGA/PEG nanoparticles conjugated to
monocytes
Damage of cardiac tissue anti-inflammatory agents for o PEl-mediated gene delivery 193,154,156,162,165
(reduced heart function) macrophage polarization e injectable alginate hydrogels
e lipid nanoparticle siRNA delivery
Damage to nervous system (increased anti-inflammatory e PLGA nanoparticles conjugated with s

risk of neurodegenerative diseases) remyelination anti-NG2 chondroitin sulfate antibodies

approval. Thus, building a history of using biomaterials for various applications will
favor fast clinical approval upon an outbreak.

Finally, just as the use of biomaterials for infectious diseases utilizes strategies from
other disciplines, biomaterial solutions that can modulate and balance inflammatory
and anti-inflammatory responses to COVID-19 will also have translatable applica-
tions for cancer vaccines, chronic infections, and tissue repair.

ACKNOWLEDGMENTS

This work is supported in part by grants from NIH (R56DE029157), the California
Institute for Regenerative Medicine (CIRM, grant no. DISC2COVID19-11838),
UCLA David Geffen School of Medicine — Oversight COVID-19 Research Committee
(OCRC) (award no.: OCRC no. 45), and the Eli and Edythe Broad Center of Regener-
ative Medicine and Stem Cell Research Award Program. The contents of this publi-
cation are solely the responsibility of the authors and do not necessarily represent
the official views of NIH (United States), CIRM, or/and other agency of the State of
California.

AUTHOR CONTRIBUTIONS

All authors made substantial contributions to the content, writing, and editing of the
manuscript. Figures were designed by J.Z.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Ziegler, C.G., Allon, S.J., Nyquist, S.K., Mbano, COVID-19: a key role for monocytes and 7. He, L., Mde, M.A., Muhl, L., Sun, Y., Pietilg, R.,

.M., Miao, V.N., Tzouanas, C.N., Cao, Y., Yousif,
A.S., Bals, J., and Hauser, B.M. (2020). SARS-
CoV-2 receptor ACE2 is an interferon-
stimulated gene in human airway epithelial
cells and is detected in specific cell subsets
across tissues. Cell 181, 1016-1035.e9.

. Tay, M.Z,, Poh, C.M., Rénia, L., MacAry, P.A.,
and Ng, L.F. (2020). The trinity of COVID-19:
immunity, inflammation and intervention.
Nat. Rev. Immunol. 20, 363-374.

. Chen, Z., and Wherry, E.J. (2020). T cell
responses in patients with COVID-19. Nat.
Rev. Immunol. 20, 529-536.

. Merad, M., and Martin, J.C. (2020).
Pathological inflammation in patients with

macrophages. Nat. Rev. Immunol. 20,
355-362.

. Kaneko, N., Kuo, H.-H., Boucau, J., Farmer,

J.R., Allard-Chamard, H., Mahajan, V.S.,
Piechocka-Trocha, A., Lefteri, K., Osborn,
M., and Bals, J. (2020). Loss of Bcl-6-
expressing T follicular helper cells and
germinal centers in COVID-19. Cell 183, 143-
157.e13.

. Varga, Z,, Flammer, AJ., Steiger, P.,

Haberecker, M., Andermatt, R., Zinkernagel,
A.S., Mehra, M.R., Schuepbach, R.A,,
Ruschitzka, F., and Moch, H. (2020).
Endothelial cell infection and endotheliitis in
COVID-19. The Lancet 395, 1417-1418.

Nahar, K., Liébanas, E.V., Fagerlund, M.J.,
Oldner, A., Liu, J., et al. (2020). Pericyte-
specific vascular expression of SARS-CoV-2
receptor ACE2—implications for
microvascular inflammation and
hypercoagulopathy in COVID-19. bioRxiv,
2020.2005.2011.088500.

. Abou-Ismail, M.Y., Diamond, A., Kapoor, S.,

Arafah, Y., and Nayak, L. (2020). The
hypercoagulable state in COVID-19:
incidence, pathophysiology, and
management. Thromb. Res. 194, 101-115.

. Levi, M., Thachil, J., Iba, T., and Levy, J.H.

(2020). Coagulation abnormalities and
thrombosis in patients with COVID-19. Lancet
Haematol. 7, e438-e440.

Matter 4, 1528-1554, May 5, 2021 1549


http://refhub.elsevier.com/S2590-2385(21)00107-7/sref1
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref1
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref1
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref1
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref1
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref1
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref1
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref2
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref2
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref2
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref2
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref3
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref3
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref3
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref4
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref4
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref4
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref4
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref4
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref5
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref5
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref5
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref5
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref5
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref5
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref5
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref6
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref6
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref6
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref6
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref6
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref6
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref7
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref7
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref7
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref7
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref7
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref7
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref7
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref7
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref8
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref8
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref8
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref8
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref8
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref9
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref9
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref9
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref9

¢? CellPress

20.

21.

22.

23.

. Goshua, G., Pine, A.B., Meizlish, M.L., Chang,

C.H., Zhang, H., Bahel, P., Baluha, A., Bar, N.,
Bona, R.D., Burns, A.J., et al. (2020).
Endotheliopathy in COVID-19-associated
coagulopathy: evidence from a single-centre,
cross-sectional study. Lancet Haematol. 7,
e575-e582.

. Polycarpou, A., Howard, M., Farrar, C.A,,

Greenlaw, R., Fanelli, G., Wallis, R., Klavinskis,
L.S., and Sacks, S. (2020). Rationale for
targeting complement in COVID-19. EMBO
Mol. Med. 12, 12642.

. Krarup, A., Wallis, R., Presanis, J.S., Gél, P.,

and Sim, R.B. (2007). Simultaneous activation
of complement and coagulation by MBL-
associated serine protease 2. PLoS One 2,
eb623.

. Dobé, J., Schroeder, V., Jenny, L., Cervenak,

L., Zavodszky, P., and Gal, P. (2014). Multiple
roles of complement MASP-1 at the interface
of innate immune response and coagulation.
Mol. Immunol. 61, 69-78.

. Gao, T., Hu, M., Zhang, X,, Li, H., Zhu, L., Liu,

H., Dong, Q., Zhang, Z.,, Wang, Z., Hu, Y., et al.
(2020). Highly pathogenic coronavirus N
protein aggravates lung injury by MASP-2-
mediated complement over-activation.
medRxiv, 2020.2003.2029.20041962.

. Tang, Z., Kong, N., Zhang, X., Liu, Y., Hu, P.,

Mou, S., Liljestrém, P., Shi, J., Tan, W., and
Kim, J.S. (2020). A materials-science
perspective on tackling COVID-19. Nat. Rev.
Mater. 5, 847-860.

. Subbarao, K., and Mahanty, S. (2020).

Respiratory virus infections: understanding
COVID-19. Immunity 52, 905-909.

. Lin, F.-C., and Young, H.A. (2014). Interferons:

success in anti-viral immunotherapy. Cytokine
Growth Factor Rev. 25, 369-376.

. Cui, L., Chen, S.Y,, Lerbs, T., Lee, J.W.,

Domizi, P., Gordon, S., Kim, Y.H., Nolan, G.,
Betancur, P., and Wernig, G. (2020). Activation
of JUN in fibroblasts promotes pro-fibrotic
programme and modulates protective
immunity. Nat. Commun. 17, 2795.

. Le, T.T., Andreadakis, Z., Kumar, A., Roman,

R.G., Tollefsen, S., Saville, M., and Mayhew, S.
(2020). The COVID-19 vaccine development
landscape. Nat. Rev. Drug Discov. 19,
305-306.

Chung, Y.H., Beiss, V., Fiering, S.N., and
Steinmetz, N.F. (2020). COVID-19 vaccine
frontrunners and their nanotechnology
design. ACS Nano 14, 12522-12537.

Quinn, S.C., Jamison, A.M., and Freimuth, V.
(2020). Communicating Effectively about
Emergency Use Authorization and Vaccines in
the COVID-19 Pandemic (American Public
Health Association).

Wang, Z.-B., and Xu, J. (2020). Better
adjuvants for better vaccines: progress in
adjuvant delivery systems, modifications, and
adjuvant-antigen codelivery. Vaccines 8, 128.

Duthie, M.S., Windish, H.P., Fox, C.B., and
Reed, S.G. (2011). Use of defined TLR ligands
as adjuvants within human vaccines. Immunol.
Rev. 239, 178-196.

1550 Matter 4, 1528-1554, May 5, 2021

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Marciani, D.J. (2018). Elucidating the
mechanisms of action of saponin-derived
adjuvants. Trends Pharmacol. Sci. 39,
573-585.

Keech, C., Albert, G., Cho, I., Robertson, A.,
Reed, P, Neal, S., Plested, J.S., Zhu, M.,
Cloney-Clark, S., and Zhou, H. (2020). Phase
1-2 trial of a SARS-CoV-2 recombinant spike
protein nanoparticle vaccine. N. Engl. J. Med.
383, 2320-2332.

Bengtsson, K.L., Song, H., Stertman, L., Liu, Y.,
Flyer, D.C., Massare, M.J., Xu, R.-H., Zhou, B.,
Lu, H., and Kwilas, S.A. (2016). Matrix-M
adjuvant enhances antibody, cellular and
protective immune responses of a Zaire
Ebola/Makona virus glycoprotein (GP)
nanoparticle vaccine in mice. Vaccine 34,
1927-1935.

Suto, R., and Srivastava, P. (1995). A
mechanism for the specificimmunogenicity of
heat shock protein-chaperoned peptides.
Science 269, 1585-1588.

Osterloh, A., and Breloer, M. (2008). Heat
shock proteins: linking danger and pathogen
recognition. Med. Microbiol. Immunol. 197,
1-8.

Vermaelen, K. (2019). Vaccine strategies to
improve anti-cancer cellular immune
responses. Front. Immunol. 10, 1-17.

Dranoff, G. (2002). GM-CSF-based cancer
vaccines. Immunol. Rev. 188, 147-154.

Xia, Y., Xie, Y., Yu, Z., Xiao, H., Jiang, G., Zhou,
X., Yang, Y., Li, X., Zhao, M., Li, L., et al. (2018).
The mevalonate pathway is a druggable
target for vaccine adjuvant discovery. Cell
175, 1059-1073.

Tonti, E., de Oya, N.J., Galliverti, G.,
Moseman, E.A., Di Lucia, P., Amabile, A,,
Sammicheli, S., De Giovanni, M., Sironi, L.,
and Chevrier, N. (2013). Bisphosphonates
target B cells to enhance humoral immune
responses. Cell Rep. 5, 323-330.

Hasani-Sadrabadi, M.M., Dashtimoghadam,
E., Bahlakeh, G., Majedi, F.S., Keshvari, H.,
Van Dersarl, J.J., Bertsch, A., Panahifar, A.,
Renaud, P., Tayebi, L., et al. (2015). On-chip
synthesis of fine-tuned bone-seeking hybrid
nanoparticles. Nanomedicine 10, 3431-3449.

Irvine, D.J., Hanson, M.C., Rakhra, K., and
Tokatlian, T. (2015). Synthetic nanoparticles
for vaccines and immunotherapy. Chem. Rev.
115, 11109-11146.

Hanson, M.C., Abraham, W., Crespo, M.P.,
Chen, S.H., Liu, H., Szeto, G.L., Kim, M.,
Reinherz, E.L., and Irvine, D.J. (2015).
Liposomal vaccines incorporating molecular
adjuvants and intrastructural T-cell help
promote the immunogenicity of HIV
membrane-proximal external region
peptides. Vaccine 33, 861-868.

Yenkoidiok-Douti, L., and Jewell, C.M. (2020).
Integrating biomaterials and immunology to
improve vaccines against infectious diseases.
ACS Biomater. Sci. Eng. 6, 759-778.

Gu, P., Wusiman, A., Zhang, Y., Liu, Z,, Bo, R.,
Hu, Y., Liu, J., and Wang, D. (2019). Rational
design of PLGA nanoparticle vaccine delivery
systems to improve immune responses. Mol.
Pharm. 16, 5000-5012.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

Matter

Review

HogenEsch, H., O'Hagan, D.T., and Fox, C.B.
(2018). Optimizing the utilization of aluminum
adjuvants in vaccines: you might just get what
you want. NPJ Vaccin. 3, 51.

Jiang, H., Wang, Q,, Li, L, Zeng, Q., Li, H.,
Gong, T., Zhang, Z., and Sun, X. (2018).
Turning the old adjuvant from gel to
nanoparticles to amplify CD8+ T cell
responses. Adv. Sci. 5, 1700426.

Ghimire, T.R., Benson, R.A., Garside, P., and
Brewer, J.M. (2012). Alum increases antigen
uptake, reduces antigen degradation and
sustains antigen presentation by DCs in vitro.
Immunol. Lett. 147, 55-62.

Liang, F., Lindgren, G., Sandgren, K.J.,
Thompson, E.A., Francica, J.R., Seubert, A.,
De Gregorio, E., Barnett, S., O'Hagan, D.T.,
Sullivan, N.J., et al. (2017). Vaccine priming is
restricted to draining lymph nodes and
controlled by adjuvant-mediated antigen
uptake. Sci. Transl. Med. 9, eaal2094.

Calabro, S., Tritto, E., Pezzotti, A., Taccone,
M., Muzzi, A., Bertholet, S., De Gregorio, E.,
O'Hagan, D.T., Baudner, B., and Seubert, A.
(2013). The adjuvant effect of MF59 is due to
the oil-in-water emulsion formulation, none of
the individual components induce a
comparable adjuvant effect. Vaccine 31,
3363-3369.

Didierlaurent, A.M., Laupéze, B., Di Pasquale,
A., Hergli, N., Collignon, C., and Garcon, N.
(2017). Adjuvant system ASO1: helping to
overcome the challenges of modern vaccines.
Expert Rev. Vaccin. 16, 55-63.

Petrovsky, N., and Cooper, P.D. (2011).
Carbohydrate-based immune adjuvants.
Expert Rev. Vaccin. 10, 523-537.

Carroll, E.C., Jin, L., Mori, A., Mufioz-Wolf, N,
Oleszycka, E., Moran, H.B.T., Mansouri, S.,
McEntee, C.P., Lambe, E., Agger, EIM., et al.
(2016). The vaccine adjuvant chitosan
promotes cellular immunity via DNA sensor
cGAS-STING-dependent induction of type |
interferons. Immunity 44, 597-608.

Petrovsky, N., and Cooper, P.D. (2015).
Advax™, a novel microcrystalline
polysaccharide particle engineered from
delta inulin, provides robust adjuvant potency
together with tolerability and safety. Vaccine
33, 5920-5926.

Pompano, R.R., Chen, J., Verbus, E.A., Han,
H., Fridman, A., McNeely, T., Collier, J.H., and
Chong, A.S. (2014). Titrating T-cell epitopes
within self-assembled vaccines optimizes
CD4+ helper T cell and antibody outputs.
Adv. Healthc. Mater. 3, 1898-1908.

Si, Y., Tian, Q., Zhao, F., Kelly, S.H., Shores,
L.S., Camacho, D.F., Sperling, A.l, Andrade,
M.S., Collier, J.H., and Chong, A.S. (2020).
Adjuvant-free nanofiber vaccine induces

in situ lung dendritic cell activation and Ty17
responses. Sci. Adv. 6, eaba0995.

Prausnitz, M.R., Mikszta, J.A., Cormier, M.,
and Andrianov, A.K. (2009). Microneedle-
based vaccines. In Vaccines for Pandemic
Influenza (Springer), pp. 369-393.

Rouphael, N.G., Paine, M., Mosley, R., Henry,
S., McAllister, D.V., Kalluri, H., Pewin, W.,

Frew, P.M., Yu, T., and Thornburg, N.J. (2017).
The safety, immunogenicity, and acceptability


http://refhub.elsevier.com/S2590-2385(21)00107-7/sref10
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref10
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref10
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref10
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref10
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref10
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref10
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref11
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref11
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref11
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref11
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref11
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref12
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref12
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref12
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref12
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref12
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref13
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref13
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref13
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref13
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref13
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref14
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref14
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref14
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref14
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref14
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref14
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref15
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref15
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref15
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref15
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref15
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref16
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref16
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref16
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref17
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref17
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref17
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref18
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref18
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref18
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref18
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref18
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref18
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref19
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref19
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref19
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref19
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref19
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref20
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref20
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref20
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref20
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref21
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref21
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref21
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref21
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref21
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref22
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref22
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref22
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref22
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref23
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref23
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref23
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref23
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref24
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref24
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref24
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref24
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref25
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref25
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref25
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref25
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref25
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref25
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref26
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref26
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref26
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref26
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref26
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref26
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref26
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref26
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref27
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref27
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref27
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref27
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref28
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref28
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref28
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref28
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref29
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref29
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref29
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref30
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref30
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref31
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref31
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref31
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref31
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref31
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref32
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref32
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref32
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref32
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref32
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref32
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref33
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref33
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref33
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref33
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref33
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref33
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref34
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref34
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref34
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref34
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref35
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref35
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref35
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref35
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref35
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref35
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref35
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref35
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref36
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref36
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref36
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref36
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref37
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref37
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref37
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref37
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref37
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref38
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref38
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref38
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref38
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref39
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref39
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref39
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref39
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref39
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref40
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref40
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref40
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref40
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref40
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref41
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref41
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref41
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref41
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref41
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref41
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref41
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref42
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref42
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref42
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref42
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref42
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref42
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref42
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref42
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref43
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref43
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref43
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref43
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref43
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref44
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref44
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref44
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref45
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref45
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref45
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref45
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref45
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref45
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref45
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref46
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref46
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref46
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref46
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref46
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref46
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref46
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref47
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref47
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref47
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref47
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref47
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref47
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref48
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref48
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref48
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref48
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref48
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref48
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref48
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref49
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref49
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref49
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref49
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref50
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref50
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref50
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref50

Matter

Review

of inactivated influenza vaccine delivered by
microneedle patch (TIV-MNP 2015): a
randomised, partly blinded, placebo-
controlled, phase 1 trial. Lancet 390, 649-658.

51. Kim, E., Erdos, G., Huang, S., Kenniston, T.W.,
Balmert, S.C., Carey, C.D., Raj, V.S., Epperly,
M.W., Klimstra, W.B., and Haagmans, B.L.
(2020). Microneedle array delivered
recombinant coronavirus vaccines:
immunogenicity and rapid translational
development. EBioMedicine 55, 102743.

52. Muralidharan, P., Malapit, M., Mallory, E.,
Hayes, D., Jr., and Mansour, H.M. (2015).
Inhalable nanoparticulate powders for
respiratory delivery. Nanomedicine 11, 1189-
1199.

53. Miragoli, M., Ceriotti, P., lafisco, M.,
Vacchiano, M., Salvarani, N., Alogna, A.,
Carullo, P., Ramirez-Rodriguez, G.B., Patricio,
T., and Degli Esposti, L. (2018). Inhalation of
peptide-loaded nanoparticles improves heart
failure. Sci. Transl. Med. 10, eaan6205.

54. Lai, R., Afkhami, S., Haddadi, S., Jeyanathan,
M., and Xing, Z. (2015). Mucosal immunity and
novel tuberculosis vaccine strategies: route of
immunisation-determined T-cell homing to
restricted lung mucosal compartments. Eur.
Respir. Rev. 24, 356-360.

55. Li, AV, Moon, J.J., Abraham, W., Suh, H.,
Elkhader, J., Seidman, M.A., Yen, M., Im, E.-J.,
Foley, M.H., and Barouch, D.H. (2013).
Generation of effector memory T cell-based
mucosal and systemic immunity with
pulmonary nanoparticle vaccination. Sci.
Transl. Med. 5, 204ra130.

56. Trevaskis, N.L., Kaminskas, L.M., and Porter,
C.J. (2015). From sewer to saviour—targeting
the lymphatic system to promote drug
exposure and activity. Nat. Rev. Drug Discov.
14, 781-803.

57. Liu, H., Moynihan, K.D., Zheng, Y., Szeto, G.L.,
Li, AV., Huang, B., Van Egeren, D.S., Park, C.,
and Irvine, D.J. (2014). Structure-based
programming of lymph-node targeting in
molecular vaccines. Nature 507, 519-522.

58. Mehta, N.K., Pradhan, R.V., Soleimany, A.P.,
Moynihan, K.D., Rothschilds, A.M., Momin,
N., Rakhra, K., Mata-Fink, J., Bhatia, S.N., and
Wittrup, K.D. (2020). Pharmacokinetic tuning
of protein—antigen fusions enhances the
immunogenicity of T-cell vaccines. Nat.
Biomed. Eng. 4, 636-648.

59. Steinbuck, M.P., Seenappa, L.M., Jakubowski,
A., McNeil, LK., Hagg, C.M., and DeMuth,
P.C. (2021). A lymph node-targeted
amphiphile vaccine induces potent cellular
and humoral immunity to SARS-CoV-2. Sci.
Adv. 7, eabe5819.

60. Irvine, D.J., and Read, B.J. (2020). Shaping
humoral immunity to vaccines through
antigen-displaying nanoparticles. Curr. Opin.
Immunol. 65, 1-6.

61. Bershteyn, A., Hanson, M.C., Crespo, M.P.,
Moon, J.J., Li, AV., Suh, H., and Irvine, D.J.
(2012). Robust I1gG responses to nanograms
of antigen using a biomimetic lipid-coated
particle vaccine. J. Controll. Release 157,
354-365.

62. Moon, J.J., Suh, H., Bershteyn, A., Stephan,
M.T., Liu, H., Huang, B., Sohail, M., Luo, S.,

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Um, S.H., and Khant, H. (2011). Interbilayer-
crosslinked multilamellar vesicles as synthetic
vaccines for potent humoral and cellular
immune responses. Nat. Mater. 10, 243-251.

Bachmann, M.F., Rohrer, U.H., Kundig, T.M.,
Burki, K., Hengartner, H., and Zinkernagel,
R.M. (1993). The influence of antigen
organization on B cell responsiveness.
Science 262, 1448-1451.

Yu, X., Dai, Y., Zhao, Y., Qi, S., Liu, L., Lu, L.,
Luo, Q., and Zhang, Z. (2020). Melittin-lipid
nanoparticles target to lymph nodes and elicit
a systemic anti-tumor immune response. Nat.
Commun. 11, 1-14.

Ladenstein, R., and Morgunova, E. (2020).
Second career of a biosynthetic enzyme:
lumazine synthase as a virus-like nanoparticle
in vaccine development. Biotechnol. Rep. 27,
e00494.

Tokatlian, T., Read, B.J., Jones, C.A., Kulp,
D.W., Menis, S., Chang, J.Y., Steichen, J.M.,
Kumari, S., Allen, J.D., and Dane, E.L. (2019).
Innate immune recognition of glycans targets
HIV nanoparticle immunogens to germinal
centers. Science 363, 649-654.

Veneziano, R., Moyer, T.J., Stone, M.B,,
Wambhoff, E.-C., Read, B.J., Mukherjee, S.,
Shepherd, T.R., Das, J., Schief, W.R., and
Irvine, D.J. (2020). Role of nanoscale antigen
organization on B-cell activation probed
using DNA origami. Nat. Nanotechnol. 15,
716-723.

Kim, Y.-S., Son, A., Kim, J., Kwon, S.B., Kim,
M.H., Kim, P., Kim, J., Byun, Y.H., Sung, J., and
Lee, J. (2018). Chaperna-mediated assembly
of ferritin-based Middle East respiratory
syndrome-coronavirus nanoparticles. Front.
Immunol. 9, 1093.

Swartz, M.A., Hirosue, S., and Hubbell, J.A.
(2012). Engineering approaches to
immunotherapy. Sci. Transl. Med. 4, 148rv149.

Stano, A., Scott, E.A,, Dane, K.Y., Swartz,
M.A., and Hubbell, J.A. (2013). Tunable T cell
immunity towards a protein antigen using
polymersomes vs. solid-core nanoparticles.
Biomaterials 34, 4339-4346.

Schudel, A., Chapman, A.P., Yau, M.-K,,
Higginson, C.J., Francis, D.M., Manspeaker,
M.P., Avecilla, A.R.C., Rohner, N.A., Finn, M.,
and Thomas, S.N. (2020). Programmable
multistage drug delivery to lymph nodes. Nat.
Nanotechnol. 15, 491-499.

Cheung, A.S., Zhang, D.K., Koshy, S.T., and
Mooney, D.J. (2018). Scaffolds that mimic
antigen-presenting cells enable ex vivo
expansion of primary T cells. Nat. Biotechnol.
36, 160.

Dellacherie, M.O., Li, A, Lu, B.Y., Verbeke,
C.S., Gu, L., Stafford, A., Doherty, E.J., and
Mooney, D.J. (2020). Single-shot mesoporous
silica rods scaffold for induction of humoral
responses against small antigens. Adv. Funct.
Mater. 30, 2002448.

Martino, M.M., Briquez, P.S., Giig, E., Tortelli,
F., Kilarski, W.W., Metzger, S., Rice, J.J., Kuhn,
G.A., Mller, R., and Swartz, M.A. (2014).
Growth factors engineered for super-affinity
to the extracellular matrix enhance tissue
healing. Science 343, 885-888.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

¢? CellPress

Majedi, F.S., Hasani-Sadrabadi, M.M., Kidani,
Y., Thauland, T.J., Moshaverinia, A., Butte,
M.J., Bensinger, S.J., and Bouchard, L.S.
(2018). Cytokine secreting microparticles
engineer the fate and the effector functions of
T-cells. Adv. Mater. 30, 1703178.

Meng, K.P., Majedi, F.S., Thauland, T.J., and
Butte, M.J. (2020). Mechanosensing through
YAP controls T cell activation and
metabolism. J. Exp. Med. 217, €20200053.

Majedi, F.S., Hasani-Sadrabadi, M.M.,
Thauland, T.J., Li, S., Bouchard, L.-S., and
Butte, M.J. (2020). T-cell activation is
modulated by the 3D mechanical
microenvironment. Biomaterials 252, 120058.

Alijotas-Reig, J., Esteve-Valverde, E., Belizna,
C., Selva-O'Callaghan, A., Pardos-Gea, J.,
Quintana, A., Mekinian, A., Anunciacion-
Lunell, A., and Miré-Mur, F. (2020).
Immunomodulatory therapy for the
management of severe COVID-19. Beyond
the anti-viral therapy: a comprehensive
review. Autoimmun. Rev. 19, 102569.

Spyropoulos, A.C., Levy, J.H., Ageno, W.,
Connors, J.M., Hunt, B.J., Iba, T., Levi, M.,
Samama, C.M., Thachil, J., Giannis, D., et al.
(2020). Scientific and Standardization
Committee communication: clinical guidance
on the diagnosis, prevention, and treatment
of venous thromboembolism in hospitalized
patients with COVID-19. J. Thromb. Haemost.
18, 1859-1865.

Klok, F.A., Kruip, M., van der Meer, N.J.M.,
Arbous, M.S., Gommers, D., Kant, KM.,
Kaptein, F.H.J., van Paassen, J., Stals, M.AM.,
Huisman, M.V., et al. (2020). Incidence of
thrombotic complications in critically ill ICU
patients with COVID-19. Thromb. Res. 197,
145-147.

Rambaldi, A., Gritti, G., Mico, M.C., Frigeni,
M., Borleri, G., Salvi, A., Landi, F., Pavoni, C.,
Sonzogni, A., Gianatti, A., et al. (2020).
Endothelial injury and thrombotic
microangiopathy in COVID-19: treatment
with the lectin-pathway inhibitor narsoplimab.
Immunobiology 225, 152001.

Annane, D., Heming, N., Grimaldi-Bensouda,
L., Frémeaux-Bacchi, V., Vigan, M., Roux,
A.-L., Marchal, A., Michelon, H., Rottman, M.,
and Moine, P. (2020). Eculizumab as an
emergency treatment for adult patients with
severe COVID-19 in the intensive care unit: a
proof-of-concept study. EClinicalMedicine
28, 100590.

Miao, Y., Fan, L., and Li, J.-Y. (2020). Potential
treatments for COVID-19 related cytokine
storm—beyond corticosteroids. Front.
Immunol. 11, 1445.

Robba, C., Battaglini, D., Pelosi, P., and
Rocco, P.R. (2020). Multiple organ dysfunction
in SARS-CoV-2: MODS-CoV-2. Expert Rev.
Respir. Med. 14, 865-868.

Howard, M.D., Greineder, C.F., Hood, E.D.,
and Muzykantov, V.R. (2014). Endothelial
targeting of liposomes encapsulating SOD/
catalase mimetic EUK-134 alleviates acute
pulmonary inflammation. J. Controll. release
177, 34-41.

Zhang, C.Y., Lin, W., Gao, J., Shi, X.,
Davaritouchaee, M., Nielsen, A.E., Mancini,

Matter 4, 1528-1554, May 5, 2021 1551


http://refhub.elsevier.com/S2590-2385(21)00107-7/sref50
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref50
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref50
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref50
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref51
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref51
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref51
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref51
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref51
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref51
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref51
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref52
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref52
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref52
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref52
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref52
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref53
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref53
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref53
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref53
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref53
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref53
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref54
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref54
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref54
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref54
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref54
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref54
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref55
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref55
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref55
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref55
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref55
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref55
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref55
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref56
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref56
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref56
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref56
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref56
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref57
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref57
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref57
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref57
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref57
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref58
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref58
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref58
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref58
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref58
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref58
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref58
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref59
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref59
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref59
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref59
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref59
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref59
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref60
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref60
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref60
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref60
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref61
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref61
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref61
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref61
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref61
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref61
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref62
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref62
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref62
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref62
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref62
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref62
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref63
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref63
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref63
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref63
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref63
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref64
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref64
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref64
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref64
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref64
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref65
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref65
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref65
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref65
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref65
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref66
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref66
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref66
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref66
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref66
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref66
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref67
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref67
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref67
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref67
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref67
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref67
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref67
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref68
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref68
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref68
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref68
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref68
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref68
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref69
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref69
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref69
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref70
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref70
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref70
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref70
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref70
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref71
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref71
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref71
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref71
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref71
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref71
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref72
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref72
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref72
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref72
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref72
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref73
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref73
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref73
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref73
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref73
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref73
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref74
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref74
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref74
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref74
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref74
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref74
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref75
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref75
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref75
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref75
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref75
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref75
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref75
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref75
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref76
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref76
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref76
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref76
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref77
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref77
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref77
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref77
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref77
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref78
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref78
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref78
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref78
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref78
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref78
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref78
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref78
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref79
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref80
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref80
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref80
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref80
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref80
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref80
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref80
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref81
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref81
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref81
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref81
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref81
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref81
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref81
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref82
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref82
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref82
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref82
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref82
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref82
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref82
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref82
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref83
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref83
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref83
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref83
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref84
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref84
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref84
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref84
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref85
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref85
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref85
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref85
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref85
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref85
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref86
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref86

¢? CellPress

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

R.J., and Wang, Z. (2019). pH-responsive
nanoparticles targeted to lungs for improved
therapy of acute lung inflammation/injury.
ACS Appl. Mater. Interfaces 11, 16380-16390.

Jin, K., Luo, Z., Zhang, B., and Pang, Z. (2018).
Biomimetic nanoparticles for inflammation
targeting. Acta Pharm. Sin. B 8, 23-33.

Nahrendorf, M., Jaffer, F.A., Kelly, KA.,
Sosnovik, D.E., Aikawa, E., Libby, P., and
Weissleder, R. (2006). Noninvasive vascular
cell adhesion molecule-1 imaging identifies
inflammatory activation of cells in
atherosclerosis. Circulation 174, 1504-1511.

Zhang, N., Chittasupho, C., Duangrat, C.,
Siahaan, T.J., and Berkland, C. (2008). PLGA
Nanoparticle-peptide conjugate effectively
targets intercellular cell-adhesion molecule-1.
Bioconjug. Chem. 19, 145-152.

Xu, X., Huang, X, Zhang, Y., Shen, S., Feng, Z.,
Dong, H., Zhang, C., and Mo, R. (2020). Self-
regulated hirudin delivery for anticoagulant
therapy. Sci. Adv. 6, eabc0382.

Kang, C., Gwon, S., Song, C., Kang, P.M.,
Park, S.-C., Jeon, J., Hwang, D.W., and Lee, D.
(2017). Fibrin-targeted and H202-responsive
nanoparticles as a theranostics for
thrombosed vessels. ACS Nano 11, 6194—
6203.

Su, M., Dai, Q., Chen, C., Zeng, Y., Chu, C.,
and Liu, G. (2020). Nano-medicine for
thrombosis: a precise diagnosis and
treatment strategy. Nanomicro Lett. 12, 96.

Zhao, Z., Ukidve, A., Gao, Y., Kim, J., and
Mitragotri, S. (2019). Erythrocyte leveraged
chemotherapy (ELeCt): nanoparticle
assembly on erythrocyte surface to combat
lung metastasis. Sci. Adv. 5, eaax9250.

Brenner, J.S., Pan, D.C., Myerson, J.W.,
Marcos-Contreras, O.A., Villa, C.H., Patel, P.,
Hekierski, H., Chatterjee, S., Tao, J.-Q., and
Parhiz, H. (2018). Red blood cell-hitchhiking
boosts delivery of nanocarriers to chosen
organs by orders of magnitude. Nat.
Commun. 9, 1-14.

Anselmo, A.C., Gupta, V., Zern, B.J., Pan, D.,
Zakrewsky, M., Muzykantov, V., and
Mitragotri, S. (2013). Delivering nanoparticles
to lungs while avoiding liver and spleen
through adsorption on red blood cells. ACS
Nano 7, 11129-11137.

Ukidve, A., Zhao, Z., Fehnel, A., Krishnan, V.,
Pan, D.C., Gao, Y., Mandal, A., Muzykantov,
V., and Mitragotri, S. (2020). Erythrocyte-
driven immunization via biomimicry of their
natural antigen-presenting function. Proc.
Natl. Acad. Sci. U S A 117, 17727-17736.

Zahid, M., Feldman, K.S., Garcia-Borrero, G.,
Feinstein, T.N., Pogodzinski, N., Xu, X., Yurko,
R., Czachowski, M., Wu, Y.L., Mason, N.S.,

et al. (2018). Cardiac targeting peptide, a
novel cardiac vector: studies in bio-
distribution, imaging application, and
mechanism of transduction. Biomolecules 8,
147.

Zhang, H., Li, N., Sirish, P., Mahakian, L.,
Ingham, E., Curry, F.R., Yamada, S.,
Chiamvimonvat, N., and Ferrara, KW. (2012).
The cargo of CRPPR-conjugated liposomes
crosses the intact murine cardiac
endothelium. J. Controll. Release 163, 10-17.

1552 Matter 4, 1528-1554, May 5, 2021

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Mentkowski, K.I., and Lang, J.K. (2019).
Exosomes engineered to express a
cardiomyocyte binding peptide demonstrate
improved cardiac retention in vivo. Sci. Rep. 9,
10041.

Shin, M., Lee, H.A,, Lee, M., Shin, Y., Song,
J.J., Kang, SW., Nam, D.H., Jeon, E.J., Cho,
M., Do, M., et al. (2018). Targeting protein and
peptide therapeutics to the heart via tannic
acid modification. Nat. Biomed. Eng. 2,
304-317.

Nguyen, M.M., Carlini, A.S., Chien, M.P.,
Sonnenberg, S., Luo, C., Braden, R.L., Osborn,
K.G., Li, Y., Gianneschi, N.C., and Christman,
K.L. (2015). Enzyme-responsive nanoparticles
for targeted accumulation and prolonged
retention in heart tissue after myocardial
infarction. Adv. Mater. 27, 5547-5552.

Ueland, T., Holter, J.C., Holten, AR., Muller,
K.E., Lind, A., Bekken, G.K., Dudman, S.,
Aukrust, P., Dyrhol-Riise, A.M., and
Heggelund, L. (2020). Distinct and early
increase in circulating MMP-9 in COVID-19
patients with respiratory failure. J. Infect. 81,
ed1-e43.

Hemmat, N., Derakhshani, A., Bannazadeh
Baghi, H., Silvestris, N., Baradaran, B., and De
Summa, S. (2020). Neutrophils, crucial, or
harmful immune cells involved in coronavirus
infection: a bioinformatics study. Front.
Genet. 11, 641.

Barnes, B.J., Adrover, J.M., Baxter-Stoltzfus,
A., Borczuk, A., Cools-Lartigue, J., Crawford,
J.M., DaBler-Plenker, J., Guerci, P., Huynh, C.,
Knight, J.S., et al. (2020). Targeting potential
drivers of COVID-19: neutrophil extracellular
traps. J. Exp. Med. 217, e20200652.

Myerson, J.W., Patel, P.N., Habibi, N., Walsh,
L.R., Lee, Y.-W., Luther, D.C., Ferguson, L.T.,
Zaleski, M.H., Zamora, M.E., Marcos-
Contreras, O.A,, et al. (2020). Supramolecular
organization predicts protein nanoparticle
delivery to neutrophils for acute lung
inflammation diagnosis and treatment.
bioRxiv, 2020.2004.2015.037564.

Chu, D., Gao, J., and Wang, Z. (2015).
Neutrophil-mediated delivery of therapeutic
nanoparticles across blood vessel barrier for
treatment of inflammation and infection. ACS
Nano 9, 11800-11811.

Wang, Z., Li, J., Cho, J., and Malik, A.B. (2014).
Prevention of vascular inflammation by
nanoparticle targeting of adherent
neutrophils. Nat. Nanotechnol. 9, 204-210.

Tang, Z., Zhang, X., Shu, Y., Guo, M., Zhang,
H., and Tao, W. (2020). Insights from
nanotechnology in COVID-19 treatment.
Nano today 36, 101019.

Fromen, C.A., Kelley, W.J., Fish, M.B., Adili, R.,
Noble, J., Hoenerhoff, M.J., Holinstat, M., and
Eniola-Adefeso, O. (2017). Neutrophil-
particle interactions in blood circulation drive
particle clearance and alter neutrophil
responses in acute inflammation. ACS Nano
11, 10797-10807.

Huang, B., Abraham, W.D., Zheng, Y.,
Bustamante Lépez, S.C., Luo, S.S., and Irvine,
D.J. (2015). Active targeting of chemotherapy
to disseminated tumors using nanoparticle-
carrying T cells. Sci. Transl. Med. 7, 291ra294.

1.

112.

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Matter

Review

Champion, J.A., and Mitragotri, S. (2006). Role
of target geometry in phagocytosis. Proc.
Natl. Acad. Sci. U S A 103, 4930-4934.

Anselmo, A.C., Gilbert, J.B., Kumar, S., Gupta,
V., Cohen, R.E., Rubner, M.F., and Mitragotri,
S. (2015). Monocyte-mediated delivery of
polymeric backpacks to inflamed tissues: a
generalized strategy to deliver drugs to treat
inflammation. J. Controll. Release 199, 29-36.

Hu, C.-M.J,, Fang, R.H., Wang, K.-C., Luk, B.T.,
Thamphiwatana, S., Dehaini, D., Nguyen, P.,
Angsantikul, P., Wen, C.H., Kroll, A.V,, et al.
(2015). Nanoparticle biointerfacing by platelet
membrane cloaking. Nature 526, 118-121.

Kang, T., Zhu, Q., Wei, D., Feng, J., Yao, J.,
Jiang, T., Song, Q., Wei, X., Chen, H., Gao, X.,
et al. (2017). Nanoparticles coated with
neutrophil membranes can effectively treat
cancer metastasis. ACS Nano 11, 1397-1411.

Dehaini, D., Wei, X., Fang, R.H., Masson, S.,
Angsantikul, P., Luk, B.T., Zhang, Y., Ying, M.,
Jiang, Y., Kroll, A.V., et al. (2017). Erythrocyte—
platelet hybrid membrane coating for
enhanced nanoparticle functionalization. Adv.
Mater. 29, 1606209.

Gao, J., Chu, D., and Wang, Z. (2016). Cell
membrane-formed nanovesicles for disease-
targeted delivery. J. Controll. Release 224,
208-216.

Worthington, E.N., and Hagood, J.S. (2020).
Therapeutic use of extracellular vesicles for
acute and chronic lung disease. Int. J. Mol. Sci.
21, 2318.

Fuhrmann, G., Serio, A., Mazo, M., Nair, R.,
and Stevens, M.M. (2015). Active loading into
extracellular vesicles significantly improves
the cellular uptake and photodynamic effect
of porphyrins. J. Controll. Release 205, 35-44.

Delcayre, A., Estelles, A., Sperinde, J., Roulon,
T., Paz, P., Aguilar, B., Villanueva, J., Khine, S.,
and Le Pecq, J.B. (2005). Exosome display
technology: applications to the development
of new diagnostics and therapeutics. Blood
Cell Mol. Dis. 35, 158-168.

Kamerkar, S., LeBleu, V.S., Sugimoto, H.,
Yang, S., Ruivo, C.F., Melo, S.A., Lee, J.J., and
Kalluri, R. (2017). Exosomes facilitate
therapeutic targeting of oncogenic KRAS in
pancreatic cancer. Nature 546, 498-503.

Zhang, C., Zhang, L., Wu, W., Gao, F., Li, R.-Q.,
Song, W., Zhuang, Z.-N., Liu, C.-J., and Zhang,
X.-Z.(2019). Artificial super neutrophils for
inflammation targeting and HCIO generation
against tumors and infections. Adv. Mater. 317,
1901179.

Luo, L., Tang, J., Nishi, K., Yan, C., Dinh, P.-U.,
Cores, J., Kudo, T., Zhang, J., Li, T.-S., and
Cheng, K. (2017). Fabrication of synthetic
mesenchymal stem cells for the treatment of
acute myocardial infarction in mice. Circ. Res.
120, 1768-1775.

Hasani-Sadrabadi, M.M., Majedi, F.S.,
Bensinger, S.J., Wu, B.M., Bouchard, L.S.,
Weiss, P.S., and Moshaverinia, A. (2018).
Mechanobiological mimicry of helper T
lymphocytes to evaluate cell-biomaterials
crosstalk. Adv. Mater. 30, 1706780.

Matsunaga, S., Jeremiah, S.S., Miyakawa, K.,
Kurotaki, D., Shizukuishi, S., Watashi, K.,


http://refhub.elsevier.com/S2590-2385(21)00107-7/sref86
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref86
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref86
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref86
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref87
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref87
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref87
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref88
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref88
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref88
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref88
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref88
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref88
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref89
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref89
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref89
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref89
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref89
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref90
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref90
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref90
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref90
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref91
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref91
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref91
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref91
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref91
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref91
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref92
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref92
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref92
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref92
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref93
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref93
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref93
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref93
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref93
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref94
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref94
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref94
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref94
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref94
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref94
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref94
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref95
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref95
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref95
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref95
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref95
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref95
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref96
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref96
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref96
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref96
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref96
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref96
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref97
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref97
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref97
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref97
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref97
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref97
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref97
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref97
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref98
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref98
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref98
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref98
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref98
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref98
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref99
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref99
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref99
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref99
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref99
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref100
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref100
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref100
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref100
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref100
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref100
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref101
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref101
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref101
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref101
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref101
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref101
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref101
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref102
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref102
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref102
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref102
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref102
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref102
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref102
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref103
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref103
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref103
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref103
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref103
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref103
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref104
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref104
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref104
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref104
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref104
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref104
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref105
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref105
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref105
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref105
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref105
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref105
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref105
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref105
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref106
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref106
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref106
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref106
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref106
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref107
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref107
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref107
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref107
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref108
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref108
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref108
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref108
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref109
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref109
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref109
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref109
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref109
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref109
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref109
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref110
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref110
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref110
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref110
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref110
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref111
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref111
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref111
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref112
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref112
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref112
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref112
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref112
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref112
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref113
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref113
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref113
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref113
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref113
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref114
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref114
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref114
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref114
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref114
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref115
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref115
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref115
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref115
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref115
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref115
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref116
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref116
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref116
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref116
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref117
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref117
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref117
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref117
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref118
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref118
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref118
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref118
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref118
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref119
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref119
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref119
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref119
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref119
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref119
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref120
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref120
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref120
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref120
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref120
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref121
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref121
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref121
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref121
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref121
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref121
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref122
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref122
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref122
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref122
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref122
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref122
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref123
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref123
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref123
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref123
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref123
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref123
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref123
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref124
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref124

Matter

Review

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Nishitsuji, H., Kimura, H., Tamura, T.,
Yamamoto, N., et al. (2020). Engineering
cellular biosensors with customizable antiviral
responses targeting hepatitis B virus. iScience
23,100867.

Carfi, A., Bernabei, R., Landi, F., and Gemelli
Against, C.-P. (2020). Persistent symptoms in
patients after acute COVID-19. JAMA 324,
603-605.

Dellacherie, M.O., Seo, B.R., and Mooney,
D.J. (2019). Macroscale biomaterials
strategies for local immunomodulation. Nat.
Rev. Mater. 4, 379-397.

Hubbell, J.A., Thomas, S.N., and Swartz, M.A.
(2009). Materials engineering for
immunomodulation. Nature 462, 449.

Beers, M.F., and Morrisey, E.E. (2011). The
three R's of lung health and disease: repair,
remodeling, and regeneration. J. Clin. Invest.
121, 2065-2073.

Ngai, J.C., Ko, F.W., Ng, S.S., To, KW., Tong,
M., and Hui, D.S. (2010). The long-term impact
of severe acute respiratory syndrome on
pulmonary function, exercise capacity and
health status. Respirology 15, 543-550.

George, P.M., Wells, A.U., and Jenkins, R.G.

(2020). Pulmonary fibrosis and COVID-19: the
potential role for antifibrotic therapy. Lancet

Respir. Med. 8, 807-815.

Zhang, P., Li, J., Liu, H., Han, N., Ju, J., Kou, Y.,
Chen, L., Jiang, M., Pan, F., Zheng, Y., et al.
(2020). Long-term bone and lung
consequences associated with hospital-
acquired severe acute respiratory syndrome:
a 15-year follow-up from a prospective cohort
study. Bone Res. 8, 8.

Salehi, S., Reddy, S., and Gholamrezanezhad,
A. (2020). Long-term pulmonary
consequences of coronavirus disease 2019
(COVID-19): what we know and what to
expect. J. Thorac. Imaging 35, W87-W89.

Wang, Y., Dong, C., Hu, Y., Li, C., Ren, Q,,
Zhang, X., Shi, H., and Zhou, M. (2020).
Temporal changes of CT findings in 90
patients with COVID-19 pneumonia: a
longitudinal study. Radiology 296, E55-E64.

Meng, H., Xiong, R., He, R,, Lin, W., Hao, B.,
Zhang, L., Lu, Z,, Shen, X, Fan, T., Jiang, W.,
et al. (2020). CT imaging and clinical course of
asymptomatic cases with COVID-19
pneumonia at admission in Wuhan, China.

J. Infect. 81, e33-e39.

Spagnolo, P., Balestro, E., Aliberti, S.,
Cocconcelli, E., Biondini, D., Casa, G.D.,
Sverzellati, N., and Maher, T.M. (2020).
Pulmonary fibrosis secondary to COVID-19: a
call to arms? Lancet Respir. Med. 8, 750-752.

Suzuki, T., Itoh, Y., Sakai, Y., Saito, A., Okuzaki,
D., Motooka, D., Minami, S., Kobayashi, T,
Yamamoto, T., Okamoto, T., et al. (2020).
Generation of human bronchial organoids for
SARS-CoV-2 research. bioRxiv,
2020.2005.2025.115600.

Si, L., Bai, H., Rodas, M., Cao, W., Oh, C.Y.,
Jiang, A., Moller, R., Hoagland, D., Oishi, K.,
Horiuchi, S., et al. (2020). Human organs-on-
chips as tools for repurposing approved
drugs as potential influenza and COVID19

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

therapeutics in viral pandemics. bioRxiv,
2020.2004.2013.039917.

Sundarakrishnan, A., Zukas, H., Coburn, J.,

Bertini, B.T., Liu, Z.Y., Georgakoudi, |., Baugh,
L., Dasgupta, Q., Black, L.D., and Kaplan, D.L.
(2019). Bioengineered in vitro tissue model of
fibroblast activation for modeling pulmonary
fibrosis. Acs Biomater. Sci. Eng. 5, 2417-2429.

Lechowicz, K., Drozdzal, S., Machaj, F., Rosik,
J., Szostak, B., Zegan-Baranska, M.,
Biernawska, J., Dabrowski, W., Rotter, |., and
Kotfis, K. (2020). COVID-19: the potential
treatment of pulmonary fibrosis associated
with SARS-CoV-2 infection. J. Clin. Med. 9,
1917.

Ng, B., Dong, J., D'Agostino, G.,
Viswanathan, S., Widjaja, A.A., Lim, W.W., Ko,
N.S.J., Tan, J., Chothani, S.P., Huang, B., et al.
(2019). Interleukin-11 is a therapeutic target in
idiopathic pulmonary fibrosis. Sci. Transl.
Med. 11, eaaw1237.

Soni, S.R., Bhunia, B.K., Kumari, N., Dan, S.,
Mukherjee, S., Mandal, B.B., and Ghosh, A.
(2018). Therapeutically effective controlled
release formulation of pirfenidone from
nontoxic biocompatible carboxymethyl
pullulan-poly(vinyl alcohol) interpenetrating
polymer networks. ACS Omega 3, 11993-
12009.

Shamskhou, E.A., Kratochvil, M.J., Orcholski,
M.E., Nagy, N., Kaber, G., Steen, E., Balaji, S.,
Yuan, K., Keswani, S., Danielson, B., et al.
(2019). Hydrogel-based delivery of IL-10
improves treatment of bleomycin-induced
lung fibrosis in mice. Biomaterials 203, 52-62.

Mao, A.S., Ozkale, B., Shah, N.J., Vining, K.H.,
Descombes, T., Zhang, L., Tringides, C.M.,,
Wong, S.W., Shin, J.W., Scadden, D.T., et al.
(2019). Programmable microencapsulation for
enhanced mesenchymal stem cell persistence
and immunomodulation. Proc. Natl. Acad.
Sci. US A 116, 15392-15397.

Liu, M., Zeng, X., Wang, J., Fu, Z., Wang, J.,
Liu, M., Ren, D., Yu, B., Zheng, L., Hu, X., et al.
(2016). Immunomodulation by mesenchymal
stem cells in treating human autoimmune
disease-associated lung fibrosis. Stem Cell
Res. Ther. 7, 63.

Golchin, A., Seyedjafari, E., and
Ardeshirylajimi, A. (2020). Mesenchymal stem
cell therapy for COVID-19: present or future.
Stem Cell Rev. Rep. 16, 427-433.

Chang, X, Xing, L., Wang, Y., Yang, C.X,, He,
Y.J., Zhou, T.J., Gao, X.D., Li, L., Hao, H.P., and
Jiang, H.L. (2020). Monocyte-derived
multipotent cell delivered programmed
therapeutics to reverse idiopathic pulmonary
fibrosis. Sci. Adv. 6, eaba3167.

Heymans, S. (2006). Inflammation and Cardiac
Remodeling during Viral Myocarditis (Ernst
Schering Res Found Workshop), pp. 197-218.

Miyawaki, A., Obana, M., Mitsuhara, Y.,
Orimoto, A., Nakayasu, Y., Yamashita, T.,
Fukada, S.I., Maeda, M., Nakayama, H., and
Fujio, Y. (2017). Adult murine cardiomyocytes
exhibit regenerative activity with cell cycle
reentry through STAT3 in the healing process
of myocarditis. Sci. Rep. 7, 1407.

Nishiga, M., Wang, D.W., Han, Y., Lewis, D.B.,
and Wu, J.C. (2020). COVID-19 and

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

¢? CellPress

cardiovascular disease: from basic
mechanisms to clinical perspectives. Nat. Rev.
Cardiol. 17, 543-558.

Mitrani, R.D., Dabas, N., and Goldberger, J.J.
(2020). COVID-19 cardiac injury: implications
for long-term surveillance and outcomes in
survivors. Heart Rhythm 17, 1984-19%0.

Zaim, S., Chong, J.H., Sankaranarayanan, V.,
and Harky, A. (2020). COVID-19 and
multiorgan response. Curr. Probl. Cardiol. 45,
100618.

Puntmann, V.O., Carerj, M.L., Wieters, |.,
Fahim, M., Arendt, C., Hoffmann, J.,
Shchendrygina, A., Escher, F., Vasa-Nicotera,
M., Zeiher, A.M., et al. (2020). Outcomes of
cardiovascular magnetic resonance imaging
in patients recently recovered from
coronavirus disease 2019 (COVID-19). JAMA
Cardiol. 5, 1265-1273.

Ferrini, A., Stevens, M.M., Sattler, S., and
Rosenthal, N. (2019). Toward regeneration of
the heart: bioengineering strategies for
immunomodulation. Front. Cardiovasc. Med.
6, 26.

Chen, W.C,, Lee, B.G., Park, D.W.,, Kim, K.,
Chu, H., Kim, K., Huard, J., and Wang, Y.
(2015). Controlled dual delivery of fibroblast
growth factor-2 and Interleukin-10 by heparin-
based coacervate synergistically enhances
ischemic heart repair. Biomaterials 72,
138-151.

Wang, C., Dong, C., and Xiong, S. (2017). IL-33
enhances macrophage M2 polarization and
protects mice from CVB3-induced viral
myocarditis. J. Mol. Cell Cardiol. 103, 22-30.

Bloise, N., Rountree, |., Polucha, C.,
Montagna, G., Visai, L., Coulombe, K.LK., and
Munarin, F. (2020). Engineering
immunomodulatory biomaterials for
regenerating the infarcted myocardium.
Front. Bioeng. Biotechnol. 8, 292.

Li, Y., Huang, Y., Wu, W., Wei, B., and Qin, L.
(2019). B cells increase myocardial
inflammation by suppressing M2 macrophage
polarization in Coxsackie virus B3-induced
acute myocarditis. Inflammation 42, 953-960.

Adamo, L., Staloch, L.J., Rocha-Resende, C.,
Matkovich, S.J., Jiang, W., Bajpai, G.,
Weinheimer, C.J., Kovacs, A., Schilling, J.D.,
Barger, P.M., et al. (2018). Modulation of
subsets of cardiac B lymphocytes improves
cardiac function after acute injury. JCI Insight
3,e120137.

Sattler, S., Fairchild, P., Watt, F.M., Rosenthal,
N., and Harding, S.E. (2017). The adaptive
immune response to cardiac injury-the true
roadblock to effective regenerative
therapies? NPJ Regen. Med. 2, 19.

Bracamonte-Baran, W., and Cihakova, D.
(2017). Cardiac autoimmunity: myocarditis.
Adv. Exp. Med. Biol. 1003, 187-221.

Siripanthong, B., Nazarian, S., Muser, D., Deo,
R., Santangeli, P., Khanji, M.Y., Cooper, L.T.,
Jr., and Chahal, C.A.A. (2020). Recognizing
COVID-19-related myocarditis: the possible
pathophysiology and proposed guideline for
diagnosis and management. Heart Rhythm
17, 1463-1471.

Matter 4, 1528-1554, May 5, 2021 1553



http://refhub.elsevier.com/S2590-2385(21)00107-7/sref124
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref124
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref124
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref124
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref124
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref125
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref125
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref125
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref125
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref126
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref126
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref126
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref126
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref127
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref127
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref127
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref128
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref128
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref128
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref128
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref129
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref129
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref129
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref129
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref129
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref130
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref130
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref130
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref130
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref131
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref131
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref131
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref131
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref131
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref131
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref131
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref132
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref132
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref132
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref132
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref132
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref133
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref133
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref133
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref133
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref133
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref134
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref134
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref134
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref134
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref134
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref134
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref135
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref135
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref135
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref135
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref135
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref136
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref136
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref136
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref136
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref136
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref136
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref137
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref137
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref137
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref137
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref137
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref137
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref137
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref138
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref138
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref138
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref138
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref138
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref138
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref139
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref139
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref139
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref139
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref139
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref139
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref139
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref140
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref140
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref140
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref140
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref140
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref140
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref141
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref141
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref141
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref141
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref141
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref141
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref141
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref141
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref142
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref142
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref142
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref142
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref142
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref142
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref143
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref143
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref143
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref143
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref143
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref143
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref143
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref144
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref144
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref144
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref144
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref144
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref144
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref145
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref145
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref145
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref145
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref146
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref146
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref146
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref146
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref146
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref146
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref147
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref147
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref147
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref148
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref148
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref148
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref148
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref148
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref148
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref148
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref149
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref149
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref149
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref149
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref149
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref150
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref150
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref150
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref150
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref151
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref151
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref151
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref151
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref152
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref152
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref152
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref152
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref152
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref152
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref152
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref152
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref153
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref153
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref153
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref153
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref153
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref154
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref154
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref154
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref154
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref154
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref154
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref154
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref155
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref155
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref155
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref155
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref156
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref156
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref156
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref156
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref156
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref156
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref157
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref157
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref157
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref157
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref157
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref158
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref158
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref158
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref158
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref158
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref158
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref158
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref159
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref159
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref159
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref159
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref159
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref160
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref160
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref160
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref161
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref161
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref161
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref161
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref161
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref161
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref161

¢? CellPress

162.

163.

164.

165.

166.

167.

168.

Meyer, |.S., Goetzke, C.C., Kespohl, M.,
Sauter, M., Heuser, A., Eckstein, V.,
Vornlocher, H.-P., Anderson, D.G., Haas, J.,
Meder, B., et al. (2018). Silencing the CSF-1
axis using nanoparticle encapsulated siRNA
mitigates viral and autoimmune myocarditis.
Front. Immunol. 9, 2303.

Gurevich, D.B., Severn, C.E., Twomey, C.,
Greenhough, A., Cash, J., Toye, AM., Mellor,
H., and Martin, P. (2018). Live imaging of
wound angiogenesis reveals macrophage
orchestrated vessel sprouting and regression.
EMBO J. 37, €97786.

Spiller, K.L., Anfang, R.R., Spiller, K.J., Ng, J.,
Nakazawa, K.R., Daulton, J.W., and Vunjak-
Novakovic, G. (2014). The role of macrophage
phenotype in vascularization of tissue
engineering scaffolds. Biomaterials 35, 4477~
4488.

Kwee, B.J., Seo, B.R., Najibi, A.J., Li, AW.,
Shih, T.-Y., White, D., and Mooney, D.J.
(2019). Treating ischemia via recruitment of
antigen-specific T cells. Sci. Adv. 5, eaav6313.

Pereira, A. (2020). Long-term neurological
threats of COVID-19: a call to update the
thinking about the outcomes of the
coronavirus pandemic. Front. Neurol. 17, 308.

Mesci, P., Macia, A., Saleh, A., Martin-Sancho,
L., Yin, X., Snethlage, C., Avansini, S., Chanda,
S., and Muotri, A. (2020). Sofosbuvir protects
human brain organoids against SARS-CoV-2.
bioRxiv, 125856.

Lee, S.H., Shin, H.S., Park, H.Y., Kim, J.L., Lee,
J.J., Lee, H., Won, S.D., and Han, W. (2019).
Depression as a mediator of chronic fatigue

1554 Matter 4, 1528-1554, May 5, 2021

169.

170.

171.

172.

173.

174.

and post-traumatic stress symptoms in
Middle East respiratory syndrome survivors.
Psychiatry Investig. 16, 59-64.

Moldofsky, H., and Patcai, J. (2011). Chronic
widespread musculoskeletal pain, fatigue,
depression and disordered sleep in chronic
post-SARS syndrome; a case-controlled
study. BMC Neurol. 11, 37.

Serrano-Castro, P.J., Estivill-Torrus, G.,
Cabezudo-Garcia, P., Reyes-Bueno, J.A.,
Ciano Petersen, N., Aguilar-Castillo, M.J.,
Suarez-Perez, J., Jimenez-Hernandez, M.D.,
Moya-Molina, M.A., Oliver-Martos, B., et al.
(2020). Impact of SARS-CoV-2 infection on
neurodegenerative and neuropsychiatric
diseases: a delayed pandemic? Neurologia
35, 245-251.

Khateb, M., Bosak, N., and Mugary, M. (2020).
Coronaviruses and central nervous system
manifestations. Front. Neurol. 11, 715.

Zhou, L., Zhang, M., Wang, J., and Gao, J.
(2020). SARS-CoV-2: underestimated damage
to nervous system. Trav. Med Infect Dis 34,
101642.

Miron, V.E. (2017). Beyond
immunomodulation: the regenerative role for
regulatory T cells in central nervous system
remyelination. J. Cell Commun. Signal. 17,
191-192.

Miron, V.E., Boyd, A., Zhao, J.-W., Yuen, T.J.,
Ruckh, J.M., Shadrach, J.L., van Wijngaarden,
P., Wagers, A.J., Williams, A., Franklin, R.J.M.,
et al. (2013). M2 microglia and macrophages
drive oligodendrocyte differentiation during

175.

176.

177.

178.

179.

180.

181.

Matter

Review

CNS remyelination. Nat. Neurosci. 16, 1211-
1218.

Rittchen, S., Boyd, A., Burns, A., Park, J.,
Fahmy, T.M., Metcalfe, S., and Williams, A.
(2015). Myelin repair in vivo is increased by
targeting oligodendrocyte precursor cells
with nanoparticles encapsulating leukaemia
inhibitory factor (LIF). Biomaterials 56, 78-85.

Goronzy, J.J., and Weyand, C.M. (2019).
Mechanisms underlying T cell ageing. Nat.
Rev. Immunol. 19, 573-583.

Edridge, AW., Kaczorowska, J., Hoste, A.C.,
Bakker, M., Klein, M., Loens, K., Jebbink, M.F_,
Matser, A., Kinsella, C.M., and Rueda, P.
(2020). Seasonal coronavirus protective
immunity is short-lasting. Nat. Med. 1-3.

Peters, B., Nielsen, M., and Sette, A. (2020). T
cell epitope predictions. Annu. Rev. Immunol.
38, 123-145.

Li, L., Sun, T.,He, Y., Li, W., Fan, Y., and Zhang,
J. (2020). Epitope-based peptide vaccines
predicted against novel coronavirus disease
caused by SARS-CoV-2. Virus Res. 288,
198082.

Hassanzadeh, P., Atyabi, F., and Dinarvand, R.
(2019). The significance of artificial
intelligence in drug delivery system design.
Adv. Drug Deliv. Rev. 151, 169-190.

Feng, R., Yu, F., Xu, J., and Hu, X. (2020).
Knowledge gaps in immune response and
immunotherapy involving nanomaterials:
databases and artificial intelligence for
material design. Biomaterials 266, 120469.


http://refhub.elsevier.com/S2590-2385(21)00107-7/sref162
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref162
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref162
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref162
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref162
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref162
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref162
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref163
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref163
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref163
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref163
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref163
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref163
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref164
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref164
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref164
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref164
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref164
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref164
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref165
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref165
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref165
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref165
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref166
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref166
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref166
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref166
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref167
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref167
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref167
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref167
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref167
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref168
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref168
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref168
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref168
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref168
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref168
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref169
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref169
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref169
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref169
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref169
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref170
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref171
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref171
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref171
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref172
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref172
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref172
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref172
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref173
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref173
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref173
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref173
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref173
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref174
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref174
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref174
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref174
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref174
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref174
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref174
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref175
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref175
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref175
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref175
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref175
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref175
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref176
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref176
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref176
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref177
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref177
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref177
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref177
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref177
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref178
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref178
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref178
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref179
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref179
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref179
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref179
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref179
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref180
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref180
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref180
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref180
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref181
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref181
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref181
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref181
http://refhub.elsevier.com/S2590-2385(21)00107-7/sref181

	Biomaterial-based immunoengineering to fight COVID-19 and infectious diseases
	Introduction
	Biomaterials-enhanced vaccine delivery to boost immunity
	Technological platform of vaccines
	Vaccine adjuvants and delivery
	Route of vaccine administration and targeting
	Lymphatics targeting
	Biomaterials as artificial lymph nodes


	Delivery of immunotherapy
	Current treatments
	Targeted drug delivery to lung and cardiovascular system
	Cell-derived drug delivery systems to modulate inflammatory response

	Immunomodulation for the healing and regeneration of tissues and organs
	Respiratory system
	Cardiovascular system
	Nervous system


	Conclusions and future directions
	Acknowledgments
	References


