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ABSTRACT: The COVID-19 pandemic caused by the global spread of the
SARS-CoV-2 virus has led to a staggering number of deaths worldwide and
significantly increased burden on healthcare as nations scramble to find
mitigation strategies. While significant progress has been made in COVID-19
diagnostics and therapeutics, effective prevention and treatment options remain
scarce. Because of the potential for the SARS-CoV-2 infections to cause
systemic inflammation and multiple organ failure, it is imperative for the
scientific community to evaluate therapeutic options aimed at modulating the
causative host immune responses to prevent subsequent systemic complications.
Harnessing decades of expertise in the use of natural and synthetic materials for
biomedical applications, the biomaterials community has the potential to play
an especially instrumental role in developing new strategies or repurposing
existing tools to prevent or treat complications resulting from the COVID-19
pathology. Leveraging microparticle- and nanoparticle-based technology, especially in pulmonary delivery, biomaterials have
demonstrated the ability to effectively modulate inflammation and may be well-suited for resolving SARS-CoV-2-induced effects.
Here, we provide an overview of the SARS-CoV-2 virus infection and highlight current understanding of the host’s pulmonary
immune response and its contributions to disease severity and systemic inflammation. Comparing to frontline COVID-19
therapeutic options, we highlight the most significant untapped opportunities in immune engineering of the host response using
biomaterials and particle technology, which have the potential to improve outcomes for COVID-19 patients, and identify areas
needed for future investigations. We hope that this work will prompt preclinical and clinical investigations of promising biomaterials-
based treatments to introduce new options for COVID-19 patients.
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■ INTRODUCTION

The emergence of the SARS-CoV-2 pathogen in 2019 has
prompted the scientific community to work tirelessly in search
of therapeutic solutions to slow or stop the COVID-19
pandemic. While significant progress has been made to
characterize the effects of SARS-CoV-2 and new information
on the pathogen and associated host response continues to
emerge daily, there are still outstanding mechanistic questions
that have yet to be addressed regarding the COVID-19
pathology and its long-term implications. SARS-CoV-2 is
primarily a respiratory infection; however, severe COVID-19
can present with multiple organ involvement including
cardiovascular,1 neurological,2 and renal3 damage that is
largely driven by dysregulated host immune response.4

Therefore, successful modulation of the immune micro-
environment is a critical therapeutic goal for improving patient
outcomes, especially for critically ill COVID-19 patients.
Several therapeutic options modulating host immune-specific
targets have been developed or repurposed for mitigating
COVID-19 symptoms, and many clinical trials are underway;

however, current attempts to resolve hyperinflammatory states
mostly rely on system-wide immunomodulatory strategies that
may benefit from a more targeted approach. Therefore, particle
engineering solutions that target the host immune response,
particularly in affected organs, are desperately needed to avoid
potential off-target effects of potent immunomodulatory
treatments.
The goal of this article is to summarize the current clinical

understanding of immune response to SARS-CoV-2 along with
key host immunological factors implicated in COVID-19
which will inform immune engineering approaches that hold
therapeutic potential for mitigating COVID-19 responses
occurring in the lung, among other organs. We point to
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lessons learned from therapeutic approaches in the fields of
biomaterials and nanomedicine that have demonstrated
robustness in inducing anti-inflammatory and immunomodu-
latory effects, particularly in the context of airway inflamma-
tion. Biomaterial-inspired drug delivery designs offer many
opportunities for tunable immune modulation as tolerogenic
therapeutics or prophylactic/therapeutic vaccines5 because of
their advantageous properties. Engineered particle formula-
tions can be delivered via inhalation or injection with
customizable biodegradability that can take advantage of either
extracellular or intracellular cues alongside properties including
passive or active targeting to lung immune cells, detailed
surface functionalization for precise stimulation of innate
immune cells, and high loading capacities of cargo with varied
properties.6 Collectively, these considerations lead to highly
modular systems capable of meeting the drug delivery and
immune-modifying needs of COVID-19-related complications.
We provide a potential roadmap for modulating the pulmonary
immune response experienced during COVID-19 and seek to
answer one key question: what are untapped immune engineering
approaches to control unwanted immune responses in the lung as a
result of COVID-19?

■ INFECTION, INFLAMMATION, AND HOST
FACTORS IN COVID-19 PATHOPHYSIOLOGY

Understanding the structure of the SARS-CoV-2 virus and the
mechanism of infection as well as lessons from other closely
related coronavirus infections is critical for development of
prophylactic vaccine candidates and treatment options for
mitigating severe symptoms. Innate and adaptive immune
responses play an instrumental role in recovery and disease
severity. Furthermore, emerging patterns in biological factors
including age, sex, and pre-existing health conditions are
reported with regard to their impact on SARS-CoV-2 infection
and disease severity. In this section, we give an overview of the
SARS-CoV-2 pathogenic mechanism of host cell invasion as
well as a summary of immune responses and biological factors
that result from infection. We also discuss which of these,
based on current understanding, impact the severity of the
COVID-19 pathology.

SARS-CoV-2 Etiology and Host Cell Invasion. Corona-
viruses are viral pathogens that belong to the Coronaviridae
family and are enveloped, single-stranded, positive-sense RNA
viruses with a genome length of ∼30 kb.7,8 Structurally,
coronaviruses have four main proteins including spike (S)

Figure 1. Immune landscape of the alveolar region in healthy, mild, and severe states during COVID-19. A) Infection of type II alveolar epithelial
cells with SARS-CoV-2 through the ACE2 receptor. B) Activation of alveolar macrophages following infection/recognition of virus and release of
pro-inflammatory cytokines. C) Type I IFN response initiated by plasmatocytoid dendritic cells (pDCs) and recruitment of lymphocytes. D)
Plasma B cells producing SARS-CoV-2-specific antibodies following maturation and priming by innate immune cells. E) SARS-CoV-2-specific
CD8+ T cells causing apoptosis of infected cells. F) Impaired type I IFN response. G) Cytokine storm by activated macrophages and recruited
inflammatory leukocytes. H) Deposition of fibrous strands and extracellular matrix leading to fibrosis and scarring. I) Degranulation of activated
neutrophils recruited from the bloodstream. J) Fluid buildup in the alveolus from edemous tissue and widening of interstitium. K) Shedding of
ciliated epithelial lining and formation of debris.
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glycoproteins, small envelope (E) glycoproteins, membrane
(M) glycoproteins, and nucleocapsid (N) proteins, along with
several other proteins.9 The spike glycoprotein is a trans-
membrane, trimeric glycoprotein that facilitates binding and
invasion into the host cell.10 Techniques like electron
microscopy have identified SARS-CoV-2 to be a round or
oval shaped virus with an approximate diameter of 60−140 nm
and a crown-shaped appearance.11 SARS-CoV-2 is closely
related to two other coronaviruses, severe acute respiratory
syndrome coronavirus (SARS-CoV-1) and Middle East
respiratory syndrome coronavirus (MERS-CoV), both of
which have the potential to replicate in the lower respiratory
tract and result in fatal pneumonia.12 SARS-CoV-2 shares 79%
genome sequence identity with SARS-CoV-1, another human
coronavirus, and has approximately 98% genomic similarity to
the bat coronavirus, RaTG13.13,14

SARS-CoV-2 is primarily transmitted via exhaled aerosol
particulates containing virus that can cause infection following
inhalation.15 Upon infection with SARS-CoV-2, the median
incubation period is around 4−5 days16,17 followed by
symptom onset within 11.5 days.17 Invasion of SARS-CoV-2
into the host cell initiates with viral binding to angiotensin-
converting enzyme 2 (ACE2) receptor (Figure 1A).10,18

Previous studies with SARS-CoV-1 have identified increased
ACE2 receptor expression in pulmonary type II epithelial cells,
making them likely targets for invasion.19−21 ACE2 expression
decreases when moving deeper into the respiratory tract, from
higher expression in the upper airways to lower expression in
the lower respiratory tract, with high SARS-CoV-2 infectivity
in the nose relative to the alveolar region.22 The spike (S)
protein on the viral surface is comprised of two functional
subunits: S1 and S2. S1 subunits facilitate binding with the
host cell receptor and comprise an amino-terminal domain and
a receptor-binding domain (RBD).23 The RBD binds to the
ACE2 receptor followed by endocytosis of viral components
into the host cell.24,25 Following the binding of SARS-CoV-2
to ACE2 and endocytosis, the spike protein undergoes
protease cleavage, exposing the S2 site, which results in
membrane fusion and release of viral contents into the cell
cytoplasm.26 Studies have identified increased affinity of the
ACE2 receptor with RBD of SARS-CoV-2 relative to SARS-
CoV-1, which might explain the greater relative infectivity of
SARS-CoV-2.24,27 The role of the cellular serine protease
TMPRSS2 was also identified in promoting host cell entry of
the virus in SARS-CoV-2 infections.28 In addition to
TMPRSS2, recent literature has implicated other proteases
such as TMPRSS4, Mpro, PLpro, and RdRp, which might play
a role in host cell invasion.29,30

Host Response to SARS-CoV-2. Both innate and adaptive
immune responses are engaged to neutralize the SARS-CoV-2
infection; however, an impaired immune response can result in
severe lung pathology and infection manifestations in multiple
organs4 including coagulation abnormalities and thromboem-
bolic events that are common in COVID-19 deaths.31,32 The
severity of initial infection and viral load, combined with the
timing and extent of the host immune response, can result in
symptoms ranging from asymptomatic or mild to severe
pneumonia and acute respiratory distress syndrome (ARDS)
with multiple organ failure, as discussed in the following
sections. It is critical to increase our understanding of the
kinetics, progression, and timing of both healthy and improper
host immune involvement prior to developing immune-
modifying therapeutics.

Innate Immune Response. The first stage of host immune
involvement predominantly comes from the innate immune
system. During healthy lung function, the normal alveolar
immune landscape mainly consists of alveolar macrophages
residing at the air−liquid interface in addition to a small
number of granulocytes including basophils and eosinophils.33

Alveolar macrophages and dendritic cells (DCs) are key
antigen presenting cells (APCs) of the local pulmonary innate
immune system, with the mucosal lining, epithelial cells, and
the complement cascade providing essential barriers to viral
infection.34 As SARS-CoV-2 targets and invades epithelial cells
using ACE2 receptors, viral infection spreads, resulting in
injury and death of virus-infected cells. Apoptotic cells release
pathogen-associated molecular patterns (PAMPs), such as viral
RNA, and damage-associated molecular patterns (DAMPs),
which are recognized by innate cells using a variety of pattern-
recognition receptors (PRRs). Apoptotic epithelial cell
components are mainly internalized and cleared by resident
pulmonary macrophages and recruited leukocytes to minimize
the infection until adaptive immunity is developed.35 PRR
signaling within innate immune cells leads to robust pro-
inflammatory signaling and cellular recruitment to the lung
(Figure 1B). Pro-inflammatory soluble factors such as
interleukin (IL)-1β, IL-8, and IL-6 are elevated in both plasma
and bronchoalveolar lavage fluid (BALF36) of COVID-19
patients,37,38 and increased levels of tumor necrosis factor
(TNF)-α and granulocyte macrophage-colony stimulating
factor (GM-CSF), as well as other cytokines and chemokines,
are elevated in plasma.39 Studies have identified that elevated
levels of IL-6 correlate with the severity of the COVID-19
disease,40 with critically ill patients having IL-6 levels ten times
higher than those of severe patients in some cases.41 Another
study complemented these results by demonstrating that risk
of respiratory failure for patients with IL-6 levels greater than
80 pg/mL was 22 times higher relative to patients with lower
IL-6 levels.42 Such increased cytokine presence in the lung
microenvironment could potentially result in cytokine-
mediated lung damage, respiratory distress, and further organ
failure.39 PRR signaling also promotes recruitment of immune
cells such as monocytes, neutrophils, and T cells to the site of
the infection. Upregulation of chemokines including CCL2,
CCL7, and CXCL8 is reported in BALF of COVID-19
patients. These chemokines are critical for the recruitment of
monocytes and neutrophils.37,43

Importantly, PRR signaling activates production of antiviral
type I interferons (IFNs).44 Recent clinical data support the
role of the IFN response as a possible indicator of disease
severity.43 Type I IFNs are produced by plasmacytoid DCs and
are critical to antiviral responses (Figure 1C).44 IFNs activate
phagocytosis in macrophages as well as the Janus kinase-signal
transducer and activator of transcription (JAK-STAT) path-
way, which is essential in polarizing antiviral helper T cells.45

With a robust and early IFN response, SARS-CoV-2 infections
remain mild or asymptomatic, while a delayed and/or impaired
IFN response leads to increasingly severe disease.46−48 Given
the essential antiviral function of IFNs and the JAK-STAT
pathway, many viruses have evolved mechanisms to suppress
or inhibit functions throughout the IFN and JAK-STAT
pathways. Evidence from both SARS-CoV-1 and MERS-CoV
viruses implies that SARS-CoV-2 may also have functionality
that directly diminishes host IFN response.43

APCs specifically provide the bridge between innate and
adaptive immune response. Resident pulmonary DCs are likely
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involved with priming the adaptive response through exposure
to cytokines and SARS-CoV-2 antigens. There are generally
two classes of pulmonary DCs responsible for antigen
presentation: CD103+ and CD11b+, where CD103+ DCs
are the main migratory subset. Upon infection and activation,
DCs migrate to lymph nodes (LNs) and interface with T and
B cells to present processed SARS-CoV-2 antigens through
immunological synapses.
Adaptive Immune Response. Defense by the innate

immune system allows for the initiation of a robust adaptive
immune response. In mild COVID-19 cases, patients have not
only an early and robust IFN response and highly functional
innate response but also a strong, multifaceted adaptive
immune response to manage and clear the viral infection
(Figure 1D). Virus-specific antibodies generated by plasma B
cells and CD8+ (cytotoxic) T lymphocytes are educated by
activated DCs draining from the lung to nearby LNs. SARS-
CoV-2 neutralizing antibodies are found in plasma of patients
and have strong affinity to the RBD of S protein, inhibiting
ACE2 binding.49 Antibodies with specificity to N protein are
also detected, and IgA, IgG, and IgM classes of antibodies were
found,50 similar to anti-RBD antibodies.51 Clinically, a large
proportion of the infiltrating adaptive immune cells is T cells,
where both CD4+ and CD8+ T cells play a critical role. CD4+
T cells promote B cell activation and immune cell recruitment
through cytokine production and are essential for production
of neutralizing antibodies. CD8+ T cells are recruited to the
airways to trigger apoptosis of infected cells (Figure 1E).
Collectively, through robust neutralizing antibody and diverse
T cell responses, a proper host immune system is able to clear
the SARS-CoV-2 infection and develop robust serological and
mucosal immune memory. Recent studies reveal the robust
formation of B and T cell memory following SARS-CoV-2
infection, indicating the potential for long-term protection
from future infections despite decay in neutralizing antibody
titers.52,53 Detailed clinical studies are needed to investigate
whether memory B and T cells are able to protect against
SARS-CoV-2 reinfection and prevent severe pathology in the
absence of an acute humoral response. Interestingly,
computerized tomography (CT) scans of COVID-19 infected
patients showed temporal changes and ground glass
opacification in the lungs regardless of disease severity,49

indicating broad pathological impacts even in asymptomatic
patients and implying untold long-term implications that may
extend past recovery from infection.54

Immune Manifestations in Severe Disease. A delayed and/
or impaired IFN response allows for an initial immunodeficient
state (Figure 1F) followed by a hyperresponsive, runaway
inflammatory positive feedback loop. This impaired IFN
response is characterized by enhanced recruitment of
inflammatory infiltrates and can result in a cytokine storm
(Figure 1G), with elevated levels of IL-6 and TNF-α being
hallmarks and strong predictors of severe COVID-19.55,56 A
hyperinflammatory state may also be responsible for deposition
of extracellular matrix and fibrous strands, ultimately leading to
fibrosis and scarring (Figure 1H).57,58 The upregulation of
neutrophil chemoattractant IL-8, which may account for the
increased neutrophil counts observed in the lungs of COVID-
19 patients (Figure 1I), can cause further inflammation
through release of neutrophil extracellular traps (NETs) that
also induce lung injury.59 In severe COVID-19, patients show
high levels of NET components including cell-free DNA and
DNA complexes, as well as citrullinated histone H3.59,60

Activated neutrophils and high occurrence of prothrombotic
autoantibodies that promote clotting events have been
implicated in COVID-19 disease severity.61 The impaired
immune response, which includes the cytokine storm,
otherwise known as hypercytokinemia, can result in plasma
leakage, vascular permeability, and edema, all of which are
commonly observed in severe COVID-19 patients (Figure
1J,K). The cytokine storm and the extent of recruitment of
inflammatory cells are indicative of the severity of the COVID-
19 infection. Elevated levels of inflammatory cytokines, D-
dimers, C-reactive protein (CRP), and other inflammatory
factors, as well as lymphopenia or depletion of antiviral
lymphocytes, are associated with severe COVID-19 infec-
tions.39,62 The cytokine storm in COVID-19 is unique but is
similar to that in cytokine release syndrome (CRS),63−65 which
is mainly induced by viral infections and can result in systemic
inflammation, hypercytokinemia, and multiple organ failure.
Importantly, T cell numbers are directly correlated with

disease severity; lymphopenia, or low lymphocyte counts, have
been commonly reported in severe COVID-19 cases.66 This
phenomenon has been attributed to apoptosis caused by the
cytokine storm66 and infection of T cells with SARS-CoV-2,
which ultimately leads to T cell death.67 Furthermore, T cell
exhaustion markers were detected in severe COVID-19.66

However, recent reports show evidence for reversal of
lymphopenia after recovery.68 In addition, reduced natural
killer (NK) counts and the emergence of adaptive NK subsets
are associated with severe disease.69 Some clinical data suggest
that there may be relatively high antibody titers associated with
severe COVID-19;70 while antibodies have a critical role in
neutralizing virus to control infections, activation of Fcγ
receptors, degranulation of phagocytes, and priming release of
cytokines may also contribute to the cytokine storm.
Projections from SARS-CoV-1 studies and some reports with
COVID-19 patients show elevated levels of complement
components in serum and post mortem autopsy lung sections,
indicating the potential for complement activation to increase
the severity of inflammation and to serve as a host mediator of
the resulting ARDS.71−73

Lung-resident alveolar macrophages are not thought to be
main drivers of inflammation. Instead, infiltrating pro-
inflammatory, monocyte-derived macrophages as well as
some subsets of wound healing macrophages are found in
analysis of BALF cells of COVID-19 patients with varying
severity and are expected to contribute to the cytokine storm.38

Single cell analysis of BALF revealed the presence of
inflammatory macrophages in severe COVID-19.38 Further-
more, studies have observed an increased presence of CD14+/
CD16+ inflammatory monocytes and the presence of a highly
inflammatory, monocyte-derived FCN1+ macrophage popula-
tion in COVID-19 patients, which explains the increased pro-
inflammatory response observed in the advanced stages of the
disease.74,75 Possible mechanisms of continued cell activation
include direct infection and PAMP toll-like receptor (TLR)
signaling,44 inflammasome activation,76 interaction with
immune complex-opsonized virus,77 and engagement of
chemokine and cytokine receptors for soluble factors, as well
as delay of Type I IFN response.46 Collectively, the
overabundance of activated innate immune cells (neutrophils,
monocytes, macrophages) and the scarcity of antigen-specific
T cells (lymphopenia) and NK cells create an ideal
environment for a cytokine storm, which may result in sudden
clinical deterioration.
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Role of Biological Factors, Pre-Existing Conditions,
and Lifestyle in COVID-19 Host Response. The severity of
COVID-19 is primarily dependent on the host immune
system.78 Many factors play a role in the background immune
state of the host including genetics, pre-existing conditions,
environmental factors, and even circadian rhythms.79−81 We
summarize the current state of understanding for each of these
factors as they relate to COVID-19 to identify design criteria
for therapeutic intervention.
Age quickly emerged as a major biological risk factor linked

to increased susceptibility to COVID-19 infections. Large-
sample studies in China, as well as other countries, have
observed a higher rate of infection in the aged population (65
or older) along with higher mortality rates.82−85 One potential
reason for the increased mortality might be age-related
impairment of the innate and adaptive immune systems,
termed immunosenescence.86,87 Type I IFN production in
response to viral infection is reduced with age, making aged
patients more susceptible to severe COVID-19 infection.48,88

Furthermore, increased inflammation with age or “inflammag-
ing” may be attributed to a heightened innate inflammatory
baseline in older patients, resulting in worse clinical outcomes
and increased severity relative to the younger population.89−92

However, reports of COVID-19 manifestations in children and
adolescents have included multisystem inflammatory syndrome
and Kawasaki-like symptoms lasting a considerable period after
infection, but mechanistic understandings of these phenomena
remain unclear.93,94 Sex disparities have also been found in
COVID-19, with increased incidence and mortality in males
compared to females.84,85,95−97 Broadly, females and males
have been observed to exhibit differences in immunological
responses to foreign and self-antigens, where differences in
both genes and hormones are thought to play a role.98

Increased susceptibility to COVID-19 in the male population
could be because of the presence of the ACE2 gene on the X-
chromosome and higher circulating ACE2 levels in men
relative to women.99 Males have also been found to
demonstrate increased production of pro-inflammatory
cytokines such as IL-8 and IL-18 in addition to having worse
T cell responses,100 indicating the potential need for different
treatment options based on patient’s sex.
Along with biological factors, certain pre-existing health

conditions increase infection risk and fatality rates. As the lungs
are the primary site of infection for COVID-19, patients with
pre-existing health conditions such as asthma, chronic
obstructive pulmonary disease (COPD), cystic fibrosis, and
pulmonary fibrosis are also at greater risk.101 COPD, a chronic
inflammation disease associated with limitation in airflow, was
identified to increase COVID-19 infection risk by a factor of
over 4 times and correlated with increased disease
severity.102−105 Pulmonary fibrosis, a chronic fibrotic disorder
resulting in scarring of the lungs, shares similar risk factors
associated with COVID-19.106 ARDS, which is observed in
close to 40% of COVID-19 cases, is often linked as a precursor
to pulmonary fibrosis.107 Conversely, pre-existing dysregulated
wound healing in idiopathic pulmonary fibrosis can increase
the risk of contracting COVID-19 infection.106 Currently, the
functional relationship between chronic pulmonary conditions
and COVID-19 remains speculative, and further studies would
be required to formally investigate pulmonary fibrosis as a
COVID-19 risk factor. Other health conditions including
hypertension, chronic respiratory disease, diabetes, and

cardiovascular diseases have also been identified as potential
risk factors.102,107,108

Furthermore, recent evidence suggests that approximately
10% of people diagnosed with COVID-19 experience
symptoms months after testing negative for the virus.109,110

These people, termed “COVID-19 long haulers,” experience a
wide range of symptoms which, while inconsistent between
individuals, include coughing, fatigue, body and joint pain,
headache, and brain fog, among many others. The existence of
these long haulers potentially implicates permanent changes in
the immune response and lung microenvironment, indicating
incomplete recovery from the virus.110,111 One study from Italy
found that approximately 87% of recovered COVID-19
patients aged 19−84 reported at least one persistent symptom,
particularly fatigue or dyspnea.112 Another study from a Paris
hospital reported a high daily average number of COVID-19
long hauler patients with an average patient age around 40
years and a 4:1 ratio of women to men. Their study suggested
that the long-term impacts of COVID-19 may be experienced
by people as a function of age, sex, and/or disease
severity.113,114 The reasons for the long-term health impacts
of COVID-19 are still not clear; however, permanent organ
damage from the cytokine storm,115 persistent inflammation,23

and inadequate/variable memory antibody response116 might
contribute to long-term impairment of innate and adaptive
immune response in COVID-19 long haulers. A recent study
showed higher impairment of natural killer T cells (NKT cells)
in individuals recovering from COVID-19 resulting in a
reduced immune response.117 Further, similar phenomena
were observed with recovered SARS-CoV-1 patients, who
experienced fatigue months or even years after recovery, which
was hypothesized to result from persistent low-level inflam-
mation caused by the infection.118−120 Further studies would
be critical in understanding the relationship between COVID-
19 and other chronic diseases along with various biological
factors, which will help in guiding therapeutic advances toward
the COVID-19 disease both in the short and long terms.

■ CURRENT THERAPEUTIC PARADIGM IN
PULMONARY HOST MODULATION

There are numerous methods being explored for the
prevention of SARS-CoV-2 infection that are related to the
manners in which the disease accesses cells, triggers host
inflammation, and avoids detection. While several specific
SARS-CoV-2 antiviral therapeutics have been studied through-
out the course of the pandemic, to date, limited efficacy has
been demonstrated in mitigating SARS-CoV-2 spread or
improving outcomes for COVID-19 patients. Therapeutic
targets specific to viral function have included inhibitors of
viral fusion (Chloroquine, Hydroxychloroquine), viral pro-
teases (Lopinavir, Ritonavir), and viral polymerases (Remde-
sivir, Favipiravir). Of these, some promising results of
Remdesivir usage have been reported,121 with placebo-
controlled trials ongoing; however, conflicting reports of
efficacy, especially in severe COVID-19 patients, have also
emerged,122 and questions of achieving critical concentrations
in the airways have been raised.123 Given the challenges
associated with controlling viral entry, the high infectivity of
the SARS-CoV-2 virus, and the emergence of COVID-19
pathology despite declining viral load, therapeutic approaches
capable of modulating the host response are imperative to
halting disease progression and reversing the impacts of SARS-
CoV-2 pathology.23 Here, we provide examples of the current
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therapeutic platforms for managing COVID-19 infections and
the resultant inflammation and point the reader to excellent
reviews with more exhaustive discussions of treatment options
and clinical trials.124−126

Corticosteroids. Corticosteroids have been widely used for
inflammatory and autoimmune diseases in addition to treating
pneumonia symptoms and other respiratory conditions, such
as asthma and COPD, and can be administered through oral,
intravenous, or inhalable routes.127−129 Corticosteroids exert
anti-inflammatory effects through glucocorticoid receptor
binding and interference with inflammatory gene transcription
factors (e.g., NF-κB).130 Because of the hyperinflammatory
state caused by the SARS-CoV-2 infection and other viruses
causing pneumonia and ARDS, corticosteroids have been
proposed to mitigate pulmonary and systemic inflammation
caused by cytokine storm. However, the delivery of cortico-
steroids has had mixed results, with studies indicating that the
dosage, timing, and type of corticosteroid used may be
important to achieving positive outcomes.131−133 Cortico-
steroids have previously been evaluated in SARS-CoV-1 and
MERS-CoV; treatment showed limited success with some
possible harmful effects in SARS-CoV-1 patients,134 while
some improvement was observed with methylprednisolone
treatment in patients with ARDS.135 There is a strong case
against the use of certain corticosteroids for COVID-19
complications based on clinical data from MERS-CoV and
SARS-CoV-1, with patients receiving corticosteroids becoming
more likely to be placed on mechanical ventilation and
showing delayed recovery relative to patients that had not
received corticosteroid treatment.136 Several studies investigat-
ing methylprednisolone, including a randomized, double blind,
placebo-controlled trial, found no significant prevention of
deaths or improvement of clinical outcomes following a short-
course treatment,132,137,138 while others showed modest
improvement.139 Budesonide has recently been shown to
reduce the number of deaths in patients with severe COVID-
19 as compared to untreated patients.140,141 A recent study
with a relatively greater number of participants has shown
efficacy with dexamethasone with a 6 mg daily oral or
intravenous dose reducing the number of deaths and
requirement of invasive mechanical ventilation in hospitalized
COVID-19 patients relative to those not receiving dexametha-
sone.142 While these results indicate the potential for some
corticosteroids improving outcomes for COVID-19 patients,
more studies are required to elucidate the mechanism of
dexamethasone compared to other corticosteroids in prevent-
ing clinical deterioration in COVID-19. Because of the
widespread availability of corticosteroids and the potential
utility by physicians for COVID-19 patients, caution must be
exercised to avoid undesirable and potentially harmful side
effects. The main concern with systemically administered
corticosteroids is the immunosuppressive effects that could
hinder the host’s innate antiviral responses. In some studies,
50% of nonsurviving COVID-19 patients had secondary
infections,102 indicating that broad immunosuppressive strat-
egies may be detrimental to the host’s ability to fight infections.
While evaluation of corticosteroids in SARS-CoV-1, MERS-
CoV, and, in many cases, SARS-CoV-2 has shown disappoint-
ing results partly because of the lack of randomized and
properly controlled trials, the recent, promising results with
dexamethasone treatment emerging from a thorough design
and a large number of participants have sparked cautious
optimism and pushed dexamethasone toward becoming the

current standard of care for treating COVID-19.141 More
studies are required to confirm these preliminary results and
investigate critical factors such as dosage, frequency, route of
administration, and timing of treatment.

Pro-Inflammatory Cytokine Blockade and Pathway
Inhibition. Given the overabundance of pro-inflammatory
signaling molecules, approaches to dampen or regulate the
immune response and prevent the cytokine storm have been
attempted in various clinical trials. Unlike corticosteroids,
blocking specific cytokine targets and pathway does not risk
broad immunosuppression and will likely mitigate individual
pro-inflammatory responses without impairing the host’s
ability to clear the SARS-CoV-2 virus. It is important to
point out that most of these treatments are still under
investigation for potential COVID-19 complications, and
further trials are required before approval.
IL-6 has been identified as a primary pro-inflammatory

marker in COVID-19 and represents a key therapeutic target.
Tocilizumab is a recombinant monoclonal antibody (mAb)
formulation designed to block both membrane-bound and
soluble forms of the IL-6 receptor (IL-6R). It has previously
been used for rheumatoid arthritis143 and is approved in the
United States for treatment of the cytokine storms that occur
as a result of CAR-T cell therapy.144 In studies of patients with
severe COVID-19, intravenous or subcutaneous administration
of tocilizumab resulted in some improvements, reducing the
frequency of invasive mechanical ventilation or death,145 while
simultaneously normalizing body temperature, lymphocyte
counts, and C-reactive protein (CRP) levels, indicating the
potential for IL-6R blockade to improve clinical symptoms in
severe COVID-19.146 However, more studies are needed to
determine proper dosage and examine the effectiveness of
treatment for different levels of disease severity. Preliminary
studies with sarilumab, an anti-IL-6Rα mAb, had mixed results,
with some studies showing clinical improvements,147,148 while
others did not observe significantly improved outcomes when
compared to standard of care.147 These studies highlight the
importance of dosage and timing of administration, two factors
that must be investigated to thoroughly evaluate the efficacy of
IL-6R blockade for COVID-19. In addition to IL-6R blockade,
siltuximab, a mAb against IL-6 itself, has been preliminarily
investigated in COVID-19 patients with respiratory failure. A
reduction in serum CRP levels and likelihood of death was
observed following one or two treatments of siltuximab.149

Results showing lower than expected efficacy could potentially
signal the need for localized treatment to the lung, as opposed
to systemic IL-6 or IL-6R blockade, in an effort to relieve local
hyperinflammatory regions at the primary SARS-CoV-2
infection site. More randomized, placebo-controlled studies
are required to validate these findings and further elucidate the
role of IL-6 neutralization in mitigating the effects of the
cytokine storm and ARDS. Furthermore, with IL-6 serving a
role in fighting infections, total hindrance or blockage may
harm the host’s ability to clear the SARS-CoV-2 infection,
indicating the need for more studies to optimize dosage, route
of administration, and timing of treating with IL-6 and IL-6R
blocking strategies.150

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is a cytokine responsible for maintaining homeostasis in
the lungs through regulation of proliferation and differentiation
of immune cells, especially macrophages and neutrophils.151

GM-CSF targeting has emerged as a possible therapeutic
strategy because of the high numbers of infiltrating
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inflammatory cells in the lungs and elevated blood levels of
GM-CSF in severe COVID-19.39 Aberrant GM-CSF levels
may enhance the activation of inflammatory phagocytes and
exacerbate the cytokine storm by stimulating the secretion of
other pro-inflammatory cytokines.152 A study investigating
mavrilimumab, a mAb against the GM-CSF receptor (GM-
CSFRα), has shown promising results in patients with severe
COVID-19.153 Some of these improvements include faster
recovery of respiratory function and better clinical outcomes as
well as reduced CRP levels after a single intravenous dose.
Furthermore, administration of three doses of lenzilumab, a
mAb targeting GM-CSF itself, has shown notable improve-
ments including lower CRP and pro-inflammatory cytokine
levels and higher absolute lymphocyte counts, indicating
potential recovery.154

Inflammasome activation as a result of the SARS-CoV-2
infection results in increased secretion of IL-1β, which has
been observed in severe COVID-19.76 Anakinra is a mAb with
specificity to the IL-1 receptor (IL-1R) and blocks the binding
of IL-1α and IL-1β, thereby preventing the propagation of pro-
inflammatory cascades, including the expression of IL-6 as a
result of IL-1β secretion.155 High-dose intravenous admin-
istration of anakinra, in combination with antivirals, promoted
higher survival and lower risk for invasive mechanical
ventilation in addition to improvement in CRP levels and
respiratory function.156 However, in the same study, a
subcutaneously administered, lower dose was not associated
with any indicators of better clinical outcomes, and, as a result,
the subcutaneous administration study was ended prior to
completion. Another study investigating daily intravenous
anakinra treatment without the use of antivirals found a rapid
response characterized by sharp reduction in fever and CRP
within 48 h of administration.157

In addition to IL-1β, TNF-α is present in blood and lungs of
patients in severe cases of COVID-19 and is a common
inflammatory agent in the cytokine storm. Anti-TNF-α mAbs
have been widely used to alleviate inflammation in many
autoimmune and inflammatory diseases.158 Infliximab, an anti-
TNF-α mAb, was used to treat a Crohn’s disease pediatric
patient suffering from Kawasaki-like symptoms as a result of
severe COVID-19.159

The Janus kinase-signal transducer and activator of tran-
scription (JAK-STAT) pathway is responsible for the tran-
scription of multiple pro-inflammatory cascades160 and is
hypothesized to be activated as a result of the SARS-CoV-2
infection.161 JAK inhibitors such as ruxolitinib have been used
to treat hemophagocytic lymphohistiocytosis,162 an inflamma-
tory disease caused by the cytokine-mediated hyperactivation
of immune cells and is similar to the inflammatory profile in
severe COVID-19.163 Therefore, the use of JAK inhibitors has
been proposed to control the runaway inflammation in severe
COVID-19. Baricitinib, a potent and specific inhibitor of JAK 1
and 2, has shown promising signs of clinical improvement in a
preliminary, noncontrolled, retrospective study with a reso-
lution of fever and a reduction of CRP levels,164 indicating
potential for expansive investigation of baricitinib to treat
COVID-19 complications. In addition to disrupting tran-
scription of pro-inflammatory cytokines, baricitinib is hypothe-
sized to block the cellular entry of SARS-CoV-2, although
robust clinical evidence is required to support this hypoth-
esis.165 Another small, noncontrolled study supported similar
conclusions, where baricitinib treatment was shown to
promote improvements in respiratory function and led to

reduction of CRP levels within 1−2 weeks of treatment.166

Ruxolitinib, another potent JAK1 and JAK2 inhibitor, has also
been investigated for mitigating the effects of the cytokine
storm in severe COVID-19 patients. In a small study without a
randomized control group, researchers investigated compas-
sionate use of ruxolitinib in older and high risk COVID-19
patients. Treatment showed notable improvement in respira-
tory function and led to eventual discharge of a large majority
of patients.167 Furthermore, higher lymphocyte counts and
lower expression of serum inflammatory cytokines were
observed 14 days after treatment, and a majority of patients
tested negative for SARS-CoV-2 at the end of the study. These
results were supported by another small study that reported a
sharp decrease in CRP and IL-6 levels as well as a general
recovery in lymphocyte counts after treatment with ruxoliti-
nib.168 A single-blind, randomized controlled study with a 5
mg daily, oral dose of ruxolitinib showed significant recovery
from lymphopenia and reduction in levels of pro-inflammatory
cytokines including IL-6,169 which supports the conclusion
from the other studies discussed here. Albeit small in sample
size, the study is the first randomized controlled trial evaluating
ruxolitinib for severe COVID-19.
Overall, preliminary results of various cytokine blockades are

promising, and more studies, including placebo-controlled
studies with larger sample sizes, are warranted to confirm the
observed trends and investigate potential systemic and
pulmonary immunomodulatory effects of blocking these
targets. A major concern regarding the use of inhibitors is
the broad suppression of the expression of other pro-
inflammatory cytokines including IFNs;170 specific cytokine
targets must be thoroughly investigated to avoid these
undesirable side effects. Administration at incorrect timing
could also disrupt the host antiviral response and impair the
ability to clear the SARS-CoV-2 infection, while increasing
susceptibility to secondary infections.171 Current evaluations
are often limited and have small sample sizes. Additionally,
general impact on antiviral IFNs and host safety must be
evaluated in larger cohorts to determine whether there should
be wider use of these inhibitors for severe COVID-19
treatment.

Exogenous Interferons. Because of the impaired type I
IFN response in severe COVID-19, IFN administration has
been proposed as a possible therapeutic strategy to overcome
viral immune evasion and promote immune-mediated antiviral
pathways. In a prospective noncontrolled trial with a small
cohort, severe COVID-19 patients that received subcutaneous
injections of a type I IFN (IFN-β-1a) showed some
improvements in fever, viral clearance, and reduction in airway
pathology in chest X-rays and CT scans.172 However, another
study found no significant improvement in survival in severe
COVID-19 patients receiving subcutaneous IFN-β-1b with or
without hydroxychloroquine or other protease inhibitors
relative to the control group.173 In a third randomized, open-
label trial without placebo groups, subcutaneous administra-
tion of IFN-β-1b in combination with protease inhibitors
yielded significantly faster viral clearance and suppression of
IL-6 levels relative to the control group receiving protease
inhibitors only. Relative to the aforementioned studies, this
trial showed encouraging results at earlier stages of the disease,
indicating the importance of early intervention with antiviral
therapies and IFNs. These conflicting results warrant the
investigation of factors that affect treatment, especially disease
severity and timing of treatment, because the strength of the
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early IFN response may determine the severity of the disease
and affect clinical outcomes.174 Inhalable IFN-α-2b has
preliminarily demonstrated potential in enhancing viral
clearance and reduction of IL-6 and CRP levels in moderate
COVID-19 patients,175 indicating that the route of admin-
istration may be important in the efficacy of immunomodu-
latory treatments.
Immunoglobulins and Convalescent Plasma. Intra-

venous immunoglobulins (IVIGs) are used to intercept
cytokines, antibodies, and inflammatory factors especially in
autoimmune diseases and other inflammatory dysfunctions
through nonspecific interactions.176 IVIGs are also used to
block Fcγ receptors on macrophages and other phagocytic cells
to prevent involvement of inflammatory cells.177 Some
hypotheses are suggesting that a possible route for immune
cell infection with SARS-CoV-2 is through Fcγ receptor-
mediated internalization of active SARS-CoV-2 bound to
antibodies or immune complexes, which could ultimately result
in infection and activation of macrophages and inflammatory
cells.178 Therefore, there is potential for using IVIGs to block
Fcγ receptors on infiltrating inflammatory cells in the lung
while simultaneously depleting some aberrant cytokines that
contribute to the cytokine storm. High dose IVIG in three
patients with severe COVID-19 resulted in a rapid drop in
fever and recovery of respiratory function;179 however, a
retrospective trial did not find significant improvement in
survival or inflammatory response as a result of IVIG
treatment,180 although it is unclear whether the lack of
effectiveness was a result of the treatment or more severe
disease in the IVIG cohort. A study investigating timing of
IVIG administration showed evidence suggesting that early
treatment (within 48 h of admission) resulted in better survival
than delayed treatment in severe or critical COVID-19
patients.181 Altogether, the conflicting studies from IVIG
treatment warrant more robust and larger controlled studies to
elucidate conclusions for treatment effectiveness and safety in
COVID-19.
Unlike IVIG, which provides nonspecific protection,

convalescent plasma is derived from plasma of patients with
high titers of antibodies specific to SARS-CoV-2 and has
recently emerged as a possible therapeutic avenue for COVID-
19.182 In an open-label randomized trial of severe and critical
COVID-19 patients, convalescent plasma treatment did not
result in significant clinical improvement or survival within 28
days, possibly because treatment was initiated at least 14 days
after onset of symptoms, indicating the potential importance of
early clinical intervention for more effective results.183 A larger,
multicenter, open-label study demonstrated strong evidence
for improved outcomes for patients receiving convalescent
plasma treatment within 3 days or a delayed administration
after 4 days of COVID-19 diagnosis, with a significant
improvement in survival associated with earlier administra-
tion.184 Furthermore, the study evaluated the effect of antibody
titers and showed higher survival in patients receiving plasma
with high antibody titers as compared to those receiving
plasma with lower titers, indicating a concentration-dependent
effect on recovery and showing no evidence of worsening
because of antibody-dependent enhancement (ADE). These
promising results must be validated in randomized, placebo-
controlled trials to further assess effectiveness as well as
quantify secondary clinical outcomes including systemic
inflammation and respiratory function.

Prophylactic Vaccine Strategies. No discussion of
immunotherapies for COVID-19 could be complete without
acknowledging the heroic effort behind the highly accelerated
SARS-CoV-2 vaccine development. An impressive number of
potential SARS-CoV-2 vaccine candidates are currently being
investigated in accelerated clinical trials.185−187 Several SARS-
CoV-2 vaccine formats are currently in development including
whole virus, subunit, and nucleic acid vaccines.85 Formats
involving whole viruses under investigation include live-
attenuated virus vaccine,188 inactivated virus vaccine,189,190

and adenovirus-based vaccines.191,192 Subunit vaccines have
also had promising results with some progressing to ongoing
clinical studies.193 Nucleic acid-based vaccines have recently
come into the spotlight with both Moderna and Pfizer’s mRNA
vaccines showing promising results194 and progressing rapidly
in the development pipeline. Other nucleic acid-based (both
mRNA and DNA) candidates are also currently under
investigation.195 Although there is much optimism surrounding
the rapid vaccine development and early positive results,
caution is warranted to avoid taking shortcuts. Robust clinical
trials must be performed to ensure that vaccines promote
protective and proper immune responses in healthy individuals
of all ages, genders, races, and genetic backgrounds and avoid
potential ADE from non-neutralizing antibodies that exacer-
bates cell activation and inflammatory response.196,197

■ BIOMATERIALS AND PARTICLE-BASED IMMUNE
ENGINEERING OPPORTUNITIES FOR COVID-19

Though the previously mentioned therapeutics are making
inroads in the treatment of COVID-19 and the alleviation of its
symptoms, there are many areas of improvement that can
enhance these treatments, including reducing off-target effects,
more effectively directing immune modulation, and promoting
localized action to affected regions. Employing lessons from
the fields of drug delivery, biomaterials, and particle engineer-
ing offers opportunities to enhance or augment the current
treatment paradigm. Utilizing biomaterial therapeutics takes
advantage of tailorable building blocks that can favorably
interact with immune cells and simultaneously deliver cargo
directly to the lungs to avoid off-target effects. One of the
primary advantages of particle engineering with biomaterials is
that they can be synthesized to fall into the ideal size range for
cellular targeting and internalization for critical cellular targets
for COVID-19 therapeutic treatment, including innate
immune cells, in addition to having controlled release
properties.62,198 Particle engineering can leverage a wide
range of formulation compositions, with polymers and lipids
allowing for design flexibility (Figure 2A) and size selection
during synthesis and processing.199,200 This tailorability also
extends to surface functionalization, which can be used to add
active targeting ligands or stimulus-responsive moieties in
addition to antibodies or drugs for interfacing with target cells
or proteins (Figure 2B).201−203 Engineering particle properties
including size, shape, and porosity can also be used to control
delivery to the lungs via either pulmonary inhalation or
vascular delivery (Figure 2D).204,205 Furthermore, many
biomaterials including poly(lactic-co-glycolic acid)
(PLGA),206 poly(ethylene glycol) (PEG),206 and lipids,207

among many others,208 have inherent low cytotoxicity and high
biocompatibility, essential attributes for translation to COVID-
19 treatment.23

Particle engineering approaches can be used for treatment
strategies including synthetic vaccines, virus decoys, cytokine

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Review

https://dx.doi.org/10.1021/acsbiomaterials.0c01287
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

H

pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01287?ref=pdf


sequestration, macrophage repolarization, and immune cell
distraction, as discussed in the following section. They can also
promote the delivery of therapeutics to treat COVID-19,
including those listed in the prior section. In this section, we
highlight recent advances that improve drug delivery to the
lung, identify particle engineering approaches to regulate
immune pulmonary responses, and point to untapped
opportunities for the use of biomaterials and particle
engineering for the development of novel COVID-19
therapies. While these immunomodulatory, particle-based
strategies represent a promising avenue for regulation of
COVID-19 inflammation, significant preclinical and clinical
studies considering specific aspects of SARS-CoV-2 and the
COVID-19 inflammatory landscapes will be needed for clinical
translation.
Localizing Therapeutics to the Lung. Orchestrating the

host response in the lung requires consideration of the unique
pulmonary microenvironment as well as physiological barriers
that arise from both the air and vascular sides of the lung.
Delivery of agents which need to act in the lung can be
accomplished by systemic delivery (primarily oral or intra-
venous)209,210 and diffusion into the tissue. This delivery is
nonspecific, and delivery to the lungs likely should be
enhanced through the use of active targeting ligands to aid
in crossing the endothelium into lung tissue.211 Efforts to
target nanoparticle drug carriers to the inflamed pulmonary
vasculature intravenously can be achieved with ligand
functionalization that targets upregulated receptors in the
leukocyte adhesion cascade occurring during pulmonary
infiltration and by tuning carrier modulus.212,213 Certainly,
vascular delivery of nanoparticles offers unique opportunities
to address adverse coagulation events that occur during
COVID-19 through targeting of clot components, blocking
of autoantibodies, and delivery of clot dissolution agents, as
reviewed elsewhere.214,215

Alternatively, high drug concentrations can be achieved
through oral inhalation via aerosols, reducing off-target effects
associated with systemic delivery routes while increasing the
effective dose to affected lung tissue.6,216 Here, particle size
dominates in terms of effect on deposition location and
therapeutic efficacy.204 Particles with aerodynamic diameters
significantly smaller than 1 μm or larger than 5 μm will have
deposition fractions below 0.5 in the alveolar region of the
lung, our primary therapeutic target region for treatment of
COVID-19.204,217 Accordingly, it is critical to achieve
aerodynamic particle sizes within the 1 to 5 μm range, along
with low dispersity, for effective, consistent dosage.204 In the
case of aerosol delivery, the delivery device also can be
impactful on delivery because of the formulated particle size
and patient compliance. For the case of COVID-19 treatment,
nebulizers have the advantages of delivering large dosages
without particular breathing techniques or coordination by
patients that may have difficulty breathing and also allow for
ease of formulation chemistry, as the nebulizer will generate
aerosols in the desired size range.6,218 Other delivery devices
such as dry powder inhalers and metered dose inhalers have
the advantages of higher delivery efficiency and lower cost but
have drawbacks of potential aggregation, which could cause
reduced deposition in the alveoli, and requirement of
coordinated inspiration by the patient along with additional
regulatory hurdles.218 Regardless of the delivery method,
pulmonary delivery of biomaterials can offer great advantages
in increasing dosage to the lungs and avoiding off-target,
systemic effects, while simultaneously targeting immune cells
in the lung through size and charge considerations or avoiding
clearance through the same parameters;219,220 smaller (50 to a
few hundred nm) nanoparticles will be preferentially
internalized by alveolar macrophages, while larger (greater
than 10 μm) particles will be more likely to avoid
internalization. However, to induce immunomodulatory effects
and achieve high delivery efficiency to diseased areas and
immune cells, pulmonary delivery of therapeutic particles must
overcome mucosal and epithelial barriers.221 Hydrophilic and
neutral/positively charged moieties may be incorporated in the
particle design to avoid entrapment by mucus and promote
localization to APCs.222 Because of the tailorability of
biomaterial-based particles, these parameters can be factored
into their design and increase the effectiveness of potential
therapeutic treatments of COVID-19.

Biomaterials in Vaccine Development. Nanoparticles
and microparticles have distinct advantages in terms of delivery
of vaccines, as they can be passively targeted to immune cells
because of their size and can either codeliver adjuvants or act
as their own adjuvants.223,224 Furthermore, the modular nature
of many nanoparticles, whether liposomes, polymer nano-
particles, or others, allows for the design of smart materials to
actively target immune cells225 and be biodegradable.206 Some
nanovaccines, termed as virus-like particles, utilize components
or structures of viruses to achieve effective vaccination owing
to their size and ability to enter cells effectively to deliver
vaccine components.226 Several virus-like particle vaccines for
COVID-19 are rapidly progressing through the pipeline.227

Nanovaccine formulations can have controlled degradation
based on nanoparticle properties such as swellability and
modulus228 and adjusted immunogenicity and localization as a
function of particle properties such as charge and density of
antigen for efficient dendritic cell association and lymph node
trafficking (Figure 3A).229−231 Nanoparticles, such as those

Figure 2. Potential particle engineering features for host immune
modulation in COVID-19. A) Tailorability of design and building
blocks to accommodate a wide range of applications and cargo
loading and ensure biocompatibility. B) Modular surface design with
functional ligands and receptors that are capable of interacting with
high specificity with lung immune cells or proteins. C) Controlled
degradation and cargo release in low pH environments upon
internalization by lung phagocytes. D) Tunability of nanomaterial
properties for optimal deposition in the airways and targeting through
vasculature.
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based on gold,232 lipids (liposomes),233 PLGA,225 and HPMA/
NIPAM234 among many others, have been used previously for
vaccine approaches. These approaches have been described in-
depth in previous reviews regarding the use of biomaterials for
vaccine applications.221,225,235−240 Additionally, we point
readers to excellent works reviewing other considerations in
design of particle-based vaccines.241−243

Particle-based formulations are rising to the forefront of
vaccine approaches to combat COVID-19, with Moderna’s
lipid nanoparticle-formulated mRNA vaccine currently in
Phase III clinical trials, having shown significant promise in
nonhuman primates.244 The vaccine delivers mRNA in a four-
lipid nanoparticle which encodes for the SARS-CoV-2 spike
glycoprotein in its prefusion conformation.194,245 In addition,
other leading vaccine candidates including the Pfizer and
BioNTech formulations also utilize mRNA technology with
lipid nanoparticle designs.246 Respiratory infections like SARS-
CoV-2 could benefit from inhalable vaccine strategies to
achieve high mucosal immunity in the lungs, the primary target
for SARS-CoV-2. Therefore, particle-based, inhalable formula-
tions could be a significant, untapped opportunity that could
improve current vaccines in development.
Engineered Viral Decoys. Engineered particles offer

opportunities as novel antivirals by blocking SARS-CoV-2
binding to host ACE2 receptors through host-cell mimicry.141

Delivery of free ACE2 is currently being pursued in clinical
trials,247 which would occupy the RBD to limit viral binding to
host cells. This decoy approach would benefit from nano-

particle-mediated delivery, particularly to the lung, to prevent
or abate infection. Nanoparticles can be decorated with ACE2-
mimicking moieties that will bind to SARS-CoV-2 RBD and
limit viral binding to host cells (Figure 3B). Engineered
biomaterials are an ideal class of materials for this purpose, as
they can be delivered to the pulmonary space and can be
designed to display high densities of ACE2.248,249 For example,
PLGA polymer nanoparticles could be functionalized and
decorated with the aforementioned ACE2 receptor proteins.
Recently, Zhang et al. developed a method to distract SARS-
CoV-2 and reduce infectivity using PLGA nanoparticles coated
with membranes from alveolar epithelial cells and macro-
phages, respectively.250 Both of the membrane-coated nano-
particles were able to neutralize infectivity of SARS-CoV-2 in a
dose dependent manner up to ∼80% at treatments of 5 mg/
mL of the nanoparticles in an infection model using Vero E6
cells using authentic SARS-CoV-2 viruses.44 Other promising
attempts include using extracellular vesicles containing ACE2
as decoys to block infection by a lentivirus containing SARS-
CoV-2 spike protein251 or gene delivery approaches that
package ACE2 mRNA inside lipid nanoparticles.252 Collec-
tively, these nanoparticle platforms perform critical host-
mimicry to distract the SARS-CoV-2 virus from host binding.

Drug Delivery Approaches to Cytokine Sequestration
and Cytokine Storm Abatement. As mentioned previously,
a number of cytokines and factors have been identified as
contributors to the inflammation and severe symptoms of
COVID-19 including IL-1β, IL-2, IL-6, IL-18, and granulocyte
colony-stimulating factor (G-CSF), among others.23,141 Treat-
ments have been proposed for the sequestration of IL-6, IL-18,
and IL-1β through the use of systemically delivered antibod-
ies.141,253,254 One significant possible downside of this
approach may be the lack of specificity to the lung space,
leading to body or system-wide immune suppression, reducing
the recruitment of antiviral immune cells in other instances in
which it is desired or necessary. Accordingly, localized delivery
to the lung and efficient sequestration of inflammatory
cytokines is a potentially untapped opportunity for pulmonary
delivery of biomaterials and therapeutic particles. Similar to
some of the prophylactic treatments in which ACE2 can be
conjugated to the surface of a biomaterial-based nanoparticle,
antibodies against one or multiple inflammatory molecules
involved in the cytokine storm can be conjugated to the surface
of the biomaterial-based nanoparticles to allow for efficient and
effective removal of the markers to alleviate the burden caused
by the cytokine storm (Figure 3C). Some previously employed
strategies have included chitosan and hyaluronic acid-based,
PLGA-based, and mesoporous silica nanoparticles to sequester
IL-6,255−257 all of which can be adapted for delivery to the
lung. The mesoporous silica nanoparticles in particular were
designed for aerosol delivery for an asthma model and may
have capacity to be translated to the cytokine storm abatement
during SARS-CoV-2 infection.257 The incorporation strategies,
including carbodiimide conjugation of antibodies and for-
mulation of nanoparticles with loaded antibodies, can be
utilized in addition to other synthetic strategies, such as thiol-
Michael click chemistry to incorporate antibodies into
nanoparticles for delivery.255−257 Simultaneous incorporation
of multiple ligands or cues is a secondary advantage of the use
of nanoparticulate biomaterials, which is possible through the
conjugation of multiple antibodies to sequester cytokines,
inclusion of active-targeting moieties, and codelivery of anti-
inflammatory agents to limit activated macrophage polar-

Figure 3. Summary of potential particle-based pulmonary immune
engineering approaches for COVID-19. A) Engineering nanoparticle
vaccines for enhanced association with migratory dendritic cells and
increased lymph node trafficking to prime adaptive immunity. B)
Nanoparticles as viral decoys displaying ACE2 to bind SARS-CoV-2
and inhibit infection of alveolar cells. C) Nanoparticles with
functional ligands to sequester pro-inflammatory cytokines and
prevent the cytokine storm. D) Use of nanoparticles and loaded
cargo to drive polarization of inflammatory M1 macrophages toward
anti-inflammatory M2 macrophages. E) Phagocyte distraction with
injected nanoparticles.
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ization.225,258−261 All of these strategies could improve
COVID-19 treatment through more efficient, localized
delivery, reduction in off-target effects, and simultaneous
delivery of anti-inflammatory agents alongside particles
sequestering inflammatory molecules.
Delivery of Anti-Inflammatory Agents for Repolariza-

tion of Immune Cells. Another approach of promise for the
treatment of the COVID-19 pathology is the repolarization of
inflammatory macrophages to prevent or abate their cytokine
contributions. Macrophages fall along a spectrum of activation,
traditionally described as skewing toward either classically
activated pro-inflammatory (M1) or alternatively activated
anti-inflammatory (M2) phenotypes,262 although the reality of
macrophage phenotype is much more fluid. M1 macrophages
are abundant in the SARS-CoV-2-infection following mono-
cyte infiltration and cell differentiation in the lung. When
present, they cause the further release of inflammatory
cytokines including IL-6 and exacerbate existing inflamma-
tion.95 Accordingly, therapeutic strategies that aid in the
repolarization of macrophages from the M1-like phenotype
toward the M2 phenotype (Figure 3D) could be useful in the
treatment of COVID-19 symptoms by abating the cycle of
inflammation caused by release of the aforementioned
cytokines and further recruitment of inflammatory leuko-
cytes.107 M2 macrophages not only reduce secretion of
inflammatory cytokines such as IL-6, TNF-α, and IL-1β263

but also promote secretion of anti-inflammatory factors such as
IL-10 that may restore the microenvironment homeostasis.262

When introduced at the right time during COVID-19 host
response, macrophage repolarization at the air−liquid interface
using inhaled, engineered particles may allow for local
restoration of host immune response and mitigation of
subsequent inflammatory airway pathologies.
Biomaterials are particularly suited for this purpose because

they often do not persist in the body, can deliver cytokines and
other materials to aid in polarization, can be targeted to
immune cells like macrophages, and can, themselves, repolarize
macrophages.263 A plethora of strategies has been developed to
influence inflammatory macrophage response. Some examples
include an alginate-based nanoparticle system developed to
deliver IL-10 plasmid DNA to repolarize M1 macrophages to
M2 macrophages;264 polyethylenimine nanoparticles used to
deliver the gene for CD163, an M2 macrophage marker;265

and PLGA nanoparticles used to mimic apoptotic bodies via a
phospholipid membrane coating supplemented with phospha-
tidylserine to trigger the memory of uptake of apoptotic
bodies, inducing an M2 polarization.266 All of these strategies
led to decreases in the release of inflammatory cytokines
including IL-6, IL-1β, IFN-γ, TNF-α, and MCP-1 and led to
the repolarization of macrophages toward the M2 phenotype.
These materials and methods were used in vitro, but their
resultant reduction in the release of inflammatory cytokines
and macrophage repolarization indicates their potential to be
used to reduce or eliminate the inflammation induced by
macrophages during SARS-CoV-2 infection.
Another way in which biomaterials could be used for the

therapeutic treatment of COVID-19 is the delivery of anti-
inflammatory cytokines such as IL-4, IL-10, and IL-13. IL-4 has
previously been administered both in vitro and in vivo via
conjugation to gold nanoparticles267 and within mesoporous
silica nanoparticles.268 Both treatments led to an increase in
the population of M2 macrophages alongside a corresponding
reduction in the population of M1 macrophages. The silica

nanoparticles would also have the benefit of larger aerody-
namic diameters than their 180 nm geometric diameter,
making them good candidates for pulmonary delivery of IL-4
for the treatment of COVID-19, which, as noted previously,
would aid in minimizing off-target effects and increasing
efficacy of treatment.216,268,269 Other studies have also
indicated that mesoporous silica nanoparticles can themselves
stimulate the immune system, leading to the production of
IFN-γ, IL-2, IL-4, and IL-10, and are preferentially internalized
by M1 macrophages.270,271 This may lead to greater efficiency
of treatment relative to other materials, as the M1 macro-
phages, primary drivers of inflammation and thus key
therapeutic targets, will internalize the silica nanoparticles
more than other cells, which are less desirable targets. Similar
treatments with IL-10 have been developed using nanoparticles
including the previously mentioned alginate nanoparticles that
deliver genes encoding for IL-10264 and nanoparticulate
polyester (PLGA and PEG) polymers nanoprecipitated with
IL-10.272 Many of these studies have demonstrated efficacy in
vivo, giving more credence to their potential for combatting
COVID-19. Many of the nanoparticles have potential for
pulmonary delivery as well, which would make them even
better candidates for combating the inflammation associated
with COVID-19.
Delivery of corticosteroids can also impact macrophage

polarization and thus is another category of therapeutics that
may be of use for COVID-19 treatment. A primary concern of
corticosteroid use is systemic immunosuppression, which
could lead to impaired antiviral response.141 In this regard,
pulmonary drug delivery could be advantageous, as particle
platforms have already been developed for corticosteroid
delivery and can likely be adapted to the use of particular
steroids proven to be effective, such as budesonide and
dexamethasone.273 For example, budesonide has been loaded
into PLGA nanoparticles with 90% encapsulation efficiency
and high drug loading of relevant sizes for cellular internal-
ization.274 Similarly, metal−organic framework (MOF) nano-
particles were loaded with dexamethasone and evaluated for
pulmonary delivery.275 Some other methods that have been
developed to deliver corticosteroids include delivery of solid
lipid nanoparticles loaded with budesonide for pulmonary drug
delivery276 and dexamethasone for potential lung targeting,277

itraconazole nanoparticle-based dry powders for aerosol
delivery of budesonide,278 cross-linked copolymers of methyl
methacrylate, N,N-dimethylaminoethyl methacrylate, and butyl
methacrylate monomers designed to load hydrophobic
corticosteroids.279 Notably, dexamethasone-loaded PLGA
microparticles were utilized to polarize macrophages toward
an anti-inflammatory phenotype and resulted in a significant
suppression of pro-inflammatory genes and TNF-α secre-
tion.280,281 All of these methods may be viable options to
deliver these anti-inflammatory agents, especially if they can be
formulated and delivered directly to the lungs to reduce or
preclude systemic immunosuppression that may result in worse
outcomes for patients treated with corticosteroids.
In addition to the delivery of anti-inflammatory agents,

biomaterials themselves can be used to either induce or reduce
inflammation. Their properties of immune skewing, partic-
ularly of macrophages, depend on the size, surface chemistry,
and hydrophobicity of the material, in addition to other
properties.263 In particular, larger materials (greater than 10
μm in at least one dimension) tend to induce an M1
phenotype in macrophages because of frustrated phagocytosis
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that occurs when macrophages are unable to effectively engulf
the large particles.282 Accordingly, smaller particles would be
desired for treatment of COVID-19 to reduce inflammation, as
was the case for folate-conjugated silicate and calcium-based
nanoparticles283 and RGD-conjugated gold nanorods,284 which
both utilized sub-250 nm sized nanoparticles and showed anti-
inflammatory properties of the respective nanoparticles. In
both of these cases, surface modifications were necessary to aid
in M2 polarization; however, there are instances demonstrating
nonfunctionalized materials aiding in the polarization toward
M2 phenotypes, such as nonfunctionalized PLGA nano-
particles and microparticles that reduce the expression of M1
markers and the secretion of pro-inflammatory cytokines,
including IL-6, in vitro.285,286 It has also been shown that
titanium implants with calcium and strontium surface
modifications and a particular nanotopography can induce an
M2 immune response, as were some titania nanoparticles,287

which may be another material type that could be explored to
reduce inflammation in the form of titanium or titania
nanoparticles containing these ions.288 Any of the aforemen-
tioned systems could be used to aid in inducing anti-
inflammatory phenotypes in macrophages as part of COVID-
19 treatment, though they lack distinct advantages over
polymeric biomaterials capable of delivering anti-inflammatory
agents and ensuring intracellular degradation. In both cases,
active targeting ligands for macrophages may be beneficial to
ensure uptake or to increase their anti-inflammatory effects.
For example, clustering mannose receptors on macrophages
through carbohydrate inclusion in nanoparticle formulations
can aid in macrophage M2 polarization,289 while conjugation
of dextran ligands can target M1 macrophages for delivery of
cargo and re-education toward an M2 phenotype.290

Functionalization with molecular “markers of self,” such as
CD47 or phosphatidylserine, can also promote macrophage
polarization for localized immune modulation.291,292

Phagocyte Distraction. Neutrophils, in addition to
macrophages, serve as part of the innate immune response to
SARS-CoV-2 infection, contributing significantly to the
aforementioned cycle of inflammation and cytokine storm.23

A potential approach to abating the cycle of inflammation in
COVID-19 is to direct inflammatory phagocytic cells away
from the lung and reduce the number of recruited leukocytes
from vasculature or surrounding tissue (Figure 3E). Vascular
drug delivery systems have previously been used to distract
neutrophils from sites of inflammation, including previous
work, which demonstrated that intravenous injections of 2 and
0.5 μm carboxylated polystyrene nanoparticles can distract
neutrophils from infiltrating into the lung as part of an acute
lung injury model.231 Instead, the neutrophils were diverted to
the liver, reducing the pulmonary inflammation associated with
their response. In addition, negatively charged 500 nm
polystyrene and PLGA particles were used to limit trafficking
of inflammatory monocytes to inflammation loci in several
murine inflammation models including West Nile virus
encephalitis.293 Similar methods have been employed for the
distraction of monocytes and neutrophils using intravenous
injections of PLGA nanorods and nanoparticles.294,295 PLGA-
based nanorods have been shown to be preferentially
internalized by neutrophils, which can be used to distract
said neutrophils during inflammation to improve pathogenesis,
while PLGA nanoparticles have been used to reduce the
recruitment of both monocytes and neutrophils to the site of
injury using a spinal cord injury model.294,295 In the latter case,

the recruitment of all innate immune cells at the site of injury
was reduced by 75%, allowing for much more rapid recovery
from injury. Recent work has shown that asymmetric
lysozyme-dextran nanogels and cross-linked albumin nano-
particles with agglutinated proteins in amorphous nanostruc-
tures particularly target neutrophils during lung injury as
demonstrated both in vivo in mice and also using human lungs,
which could be critically valuable for selective treatment and/
or distraction of neutrophils during COVID-19.296 These
examples demonstrate that inflammation can be reduced and
innate immune cells can be redirected from the sites of injury,
which could be very valuable for the therapeutic treatment of
COVID-19, especially in light of increased neutrophil-
lymphocyte ratios found in 80% of patients infected with
SARS-CoV-2.102 These distraction methods can also poten-
tially be used in tandem with previously discussed drug
delivery approaches, leveraging vascular targeting.

Opportunities for Biomaterials-Based Model System
Development for Addressing Long-Term Effects of
COVID-19. As noted above, COVID-19 can have long-term
health implications in addition to short-term difficulties. These
effects are attributed to permanent changes in the lung
microenvironment and altered innate and adaptive immunity.
These long-term issues can be further exacerbated by age, pre-
existing health conditions, and COVID-19 severity.114 While
there is a push to find vaccine candidates and clinical
treatments for COVID-19 in the short term, there is also an
emerging need to better understand the long-term ailments
associated with COVID-19 and develop therapeutics for
persistent health conditions for millions of recovering patients
worldwide. Screening and developing such new therapeutics
will require advances in mechanistic understanding of the
resultant multicellular crosstalk involved in COVID-19
resolution as well as novel testing platforms able to recapitulate
these effects. Traditional in vitro culture models (i.e., tissue
culture plastic systems)297 and in vivo models (e.g., murine
animal models)298 may be useful for initial hypothesis testing
and translation of winnowed drug candidates; however, such
systems alone may limit the development of effective
therapeutics for COVID-19 long haulers because of anatomical
inaccuracies, lack of complexity, and/or species-related differ-
ences. In that vein, biomaterials-based model systems that
integrate human cells, including those from each sex, allow for
an interesting opportunity to recapitulate the permanent
changes in the lung microenvironment such as increased
tissue stiffness, altered extracellular matrix composition, and a
modified cellular microenvironment. These model systems
would enable hypothesis testing in more physiologically
relevant conditions that could help in understanding aspects
of how the immune response is altered in the long term and
consequently allow for the development and testing of
therapeutics. Work from several groups, including ours, is
utilizing such biomimetic model systems to reproduce key
aspects of pulmonary fibrosis, which shares similar pathophysi-
ology to COVID-19, which both cause organ damage and
dysregulated wound healing.299−304 Additionally, there exist
underlying opportunities in utilizing organ-on-a-chip model
systems to study the effects on other organs systems in
recovered COVID-19 patients.305−308 Utilizing these model
systems with primary cells derived from recovered patients
would facilitate a hypothesis-based approach to understand
post-COVID-19 symptoms and recovery in a physiologically
relevant manner and could allow for prescreening of
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therapeutics in a microenvironment resembling that of
COVID-19 long haulers.

■ OUTLOOK

This work is intended to be a guide to the biomaterials
community to the potential application of biomaterials-based
principles toward COVID-19 and other pulmonary inflamma-
tions. We hope that the immune engineering strategies
highlighted in this review will lead to more preclinical and
clinical investigations of emerging biomaterials and particle-
based therapies for COVID-19 and other infections that
contribute to pulmonary and systemic inflammations. While
the main focus of this review was to highlight opportunities for
COVID-19-specific pathologies and complications, the pro-
posed therapeutic strategies could certainly be applicable to
other infections and diseases that cause inflammation in the
lung. As indicated in various instances in this review, thorough
clinical investigations are needed to reveal and characterize the
involvement of key immune players in SARS-CoV-2-related
infection, inflammation, and immunity. Additional biomaterials
and particle-based therapeutic options may also be proposed
and investigated as a more detailed, mechanistic understanding
of COVID-19 pathophysiology is discovered. As prophylactic
vaccines are developed, particle-based designs, as well as the
pulmonary route of administration, should be considered to
enhance the safety and efficacy of the desired response.
However, it is imperative to characterize potential disadvan-
tages associated with the proposed novel strategies including
side effects, toxicity, long-term fate, and cost prior to clinical
translation. As seen in current clinical studies, “clean” study
designs with adequate sample sizes will be needed to fully
determine the efficacy of these emerging technologies. Finally,
approaches suggested for COVID-19 may find significant
translation to other respiratory pathogens and are worthy of
pursuit as platform technologies to mitigate the global burden
of respiratory viral infections.
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Herrler, T.; Erichsen, S.; Schiergens, T. S.; Herrler, G.; Wu, N. H.;
Nitsche, A.; Müller, M. A.; Drosten, C.; Pöhlmann, S. SARS-CoV-2
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Cordero, A. The Effect of Age on Mortality in Patients With COVID-
19: A Meta-Analysis With 611,583 Subjects. Journal of the American
Medical Directors Association 2020, 21 (7), 915−918.
(90) Du, Y.; Tu, L.; Zhu, P.; Mu, M.; Wang, R.; Yang, P.; Wang, X.;
Hu, C.; Ping, R.; Hu, P.; Li, T.; Cao, F.; Chang, C.; Hu, Q.; Jin, Y.;
Xu, G. Clinical Features of 85 Fatal Cases of COVID-19 from Wuhan.
A Retrospective Observational Study. Am. J. Respir. Crit. Care Med.
2020, 201 (11), 1372−1379.
(91) Riccardo, F.; Ajelli, M.; Andrianou, X.; Bella, A.; Del Manso,
M.; Fabiani, M.; Bellino, S.; Boros, S.; Mateo Urdiales, A.; Marziano,
V.; Rota, M. C.; Filia, A.; Ancona, F.; Siddu, A.; Punzo, O.; Trentini,
F.; Guzzetta, G.; Poletti, P.; Stefanelli, P.; Castrucci, M. R.; Ciervo, A.;
Di Benedetto, C.; Tallon, M.; Piccioli, A.; Brusaferro, S.; Rezza, G.;
Merler, S.; Pezzotti, P. Epidemiological characteristics of COVID-19
cases in Italy and estimates of the reproductive numbers one month
in to the ep idemic . medRx i v 2020 , DOI : 10 . 1101/
2020.04.08.20056861.
(92) Davies, N. G.; Klepac, P.; Liu, Y.; Prem, K.; Jit, M.; Pearson, C.
A. B.; Quilty, B. J.; Kucharski, A. J.; Gibbs, H.; Clifford, S.; Gimma,
A.; van Zandvoort, K.; Munday, J. D.; Diamond, C.; Edmunds, W. J.;
Houben, R. M. G. J.; Hellewell, J.; Russell, T. W.; Abbott, S.; Funk, S.;
Bosse, N. I.; Sun, Y. F.; Flasche, S.; Rosello, A.; Jarvis, C. I.; Eggo, R.
M.; group, C. C.-w. Age-dependent effects in the transmission and
control of COVID-19 epidemics. Nat. Med. 2020, 26, 1205.
(93) Toubiana, J.; Poirault, C.; Corsia, A.; Bajolle, F.; Fourgeaud, J.;
Angoulvant, F.; Debray, A.; Basmaci, R.; Salvador, E.; Biscardi, S.;
Frange, P.; Chalumeau, M.; Casanova, J.-L.; Cohen, J. F.; Allali, S.
Kawasaki-like multisystem inflammatory syndrome in children during
the covid-19 pandemic in Paris, France: prospective observational
study. BMJ. 2020, 369, m2094.
(94) Jiang, L.; Tang, K.; Levin, M.; Irfan, O.; Morris, S. K.; Wilson,
K.; Klein, J. D.; Bhutta, Z. A. COVID-19 and multisystem
inflammatory syndrome in children and adolescents. Lancet Infect.
Dis. 2020, 20, e276.
(95) Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu,
Y.; Wang, J.; Liu, Y.; Wei, Y.; Xia, J. a.; Yu, T.; Zhang, X.; Zhang, L.
Epidemiological and clinical characteristics of 99 cases of 2019 novel

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Review

https://dx.doi.org/10.1021/acsbiomaterials.0c01287
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

P

https://dx.doi.org/10.1126/sciimmunol.abd7114
https://dx.doi.org/10.1126/sciimmunol.abd7114
https://dx.doi.org/10.1126/sciimmunol.abd6832
https://dx.doi.org/10.1126/sciimmunol.abd6832
https://dx.doi.org/10.1038/s41591-020-0897-1
https://dx.doi.org/10.1038/s41591-020-0897-1
https://dx.doi.org/10.1128/mBio.01753-18
https://dx.doi.org/10.1128/mBio.01753-18
https://dx.doi.org/10.1101/2020.03.29.20041962
https://dx.doi.org/10.1101/2020.03.29.20041962
https://dx.doi.org/10.1101/2020.03.29.20041962
https://dx.doi.org/10.1101/2020.03.29.20041962?ref=pdf
https://dx.doi.org/10.1016/j.jaci.2020.05.006
https://dx.doi.org/10.1016/j.jaci.2020.05.006
https://dx.doi.org/10.1093/nsr/nwaa041
https://dx.doi.org/10.1093/nsr/nwaa041
https://dx.doi.org/10.1101/2020.08.05.238360
https://dx.doi.org/10.1101/2020.08.05.238360
https://dx.doi.org/10.1101/2020.08.05.238360
https://dx.doi.org/10.1101/2020.08.05.238360?ref=pdf
https://dx.doi.org/10.4049/jimmunol.2000513
https://dx.doi.org/10.4049/jimmunol.2000513
https://dx.doi.org/10.1172/jci.insight.123158
https://dx.doi.org/10.1172/jci.insight.123158
https://dx.doi.org/10.1038/d41573-020-00110-3
https://dx.doi.org/10.1038/d41573-020-00110-3
https://dx.doi.org/10.11606/s1518-8787.2020054002481
https://dx.doi.org/10.11606/s1518-8787.2020054002481
https://dx.doi.org/10.1007/s15010-020-01509-1
https://dx.doi.org/10.1007/s15010-020-01509-1
https://dx.doi.org/10.1007/s15010-020-01509-1?ref=pdf
https://dx.doi.org/10.1038/s41590-018-0049-7
https://dx.doi.org/10.1038/s41590-018-0049-7
https://dx.doi.org/10.1038/s41590-018-0049-7
https://dx.doi.org/10.1001/jama.2020.4683
https://dx.doi.org/10.1001/jama.2020.4683
https://dx.doi.org/10.46234/ccdcw2020.032
https://dx.doi.org/10.46234/ccdcw2020.032
https://dx.doi.org/10.1001/jama.2020.4344
https://dx.doi.org/10.1001/jama.2020.4344
https://dx.doi.org/10.3390/vaccines8020153
https://dx.doi.org/10.3390/vaccines8020153
https://dx.doi.org/10.1007/s11357-020-00186-0
https://dx.doi.org/10.1007/s11357-020-00186-0
https://dx.doi.org/10.1007/s11357-020-00186-0
https://dx.doi.org/10.1155/2015/692546
https://dx.doi.org/10.1155/2015/692546
https://dx.doi.org/10.1159/000350536
https://dx.doi.org/10.1159/000350536
https://dx.doi.org/10.1159/000350536
https://dx.doi.org/10.1016/j.jamda.2020.05.045
https://dx.doi.org/10.1016/j.jamda.2020.05.045
https://dx.doi.org/10.1164/rccm.202003-0543OC
https://dx.doi.org/10.1164/rccm.202003-0543OC
https://dx.doi.org/10.1101/2020.04.08.20056861
https://dx.doi.org/10.1101/2020.04.08.20056861
https://dx.doi.org/10.1101/2020.04.08.20056861
https://dx.doi.org/10.1101/2020.04.08.20056861?ref=pdf
https://dx.doi.org/10.1101/2020.04.08.20056861?ref=pdf
https://dx.doi.org/10.1038/s41591-020-0962-9
https://dx.doi.org/10.1038/s41591-020-0962-9
https://dx.doi.org/10.1136/bmj.m2094
https://dx.doi.org/10.1136/bmj.m2094
https://dx.doi.org/10.1136/bmj.m2094
https://dx.doi.org/10.1016/S1473-3099(20)30651-4
https://dx.doi.org/10.1016/S1473-3099(20)30651-4
https://dx.doi.org/10.1016/S0140-6736(20)30211-7
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01287?ref=pdf


coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet
2020, 395 (10223), 507−513.
(96) Jin, J.-M.; Bai, P.; He, W.; Wu, F.; Liu, X.-F.; Han, D.-M.; Liu,
S.; Yang, J.-K. Gender Differences in Patients With COVID-19: Focus
on Severity and Mortality. Frontiers in Public Health 2020, 8, 152.
(97) Wenham, C.; Smith, J.; Morgan, R. COVID-19: the gendered
impacts of the outbreak. Lancet 2020, 395 (10227), 846−848.
(98) Klein, S. L.; Flanagan, K. L. Sex differences in immune
responses. Nat. Rev. Immunol. 2016, 16 (10), 626−638.
(99) Patel, S. K.; Velkoska, E.; Burrell, L. M. Emerging markers in
cardiovascular disease: Where does angiotensin-converting enzyme 2
fit in? Clin. Exp. Pharmacol. Physiol. 2013, 40 (8), 551−559.
(100) Takahashi, T.; Ellingson, M. K.; Wong, P.; Israelow, B.; Lucas,
C.; Klein, J.; Silva, J.; Mao, T.; Oh, J. E.; Tokuyama, M.; Lu, P.;
Venkataraman, A.; Park, A.; Liu, F.; Meir, A.; Sun, J.; Wang, E. Y.;
Casanovas-Massana, A.; Wyllie, A. L.; Vogels, C. B. F.; Earnest, R.;
Lapidus, S.; Ott, I. M.; Moore, A. J.; Anastasio, K.; Askenase, M. H.;
Batsu, M.; Beatty, H.; Bermejo, S.; Bickerton, S.; Brower, K.; Bucklin,
M. L.; Cahill, S.; Campbell, M.; Cao, Y.; Courchaine, E.; Datta, R.;
DeIuliis, G.; Geng, B.; Glick, L.; Handoko, R.; Kalinich, C.; Khoury-
Hanold, W.; Kim, D.; Knaggs, L.; Kuang, M.; Kudo, E.; Lim, J.;
Linehan, M.; Lu-Culligan, A.; Malik, A. A.; Martin, A.; Matos, I.;
McDonald, D.; Minasyan, M.; Mohanty, S.; Muenker, M. C.;
Naushad, N.; Nelson, A.; Nouws, J.; Nunez-Smith, M.; Obaid, A.;
Ott, I.; Park, H.-J.; Peng, X.; Petrone, M.; Prophet, S.; Rahming, H.;
Rice, T.; Rose, K.-A.; Sewanan, L.; Sharma, L.; Shepard, D.; Silva, E.;
Simonov, M.; Smolgovsky, M.; Song, E.; Sonnert, N.; Strong, Y.;
Todeasa, C.; Valdez, J.; Velazquez, S.; Vijayakumar, P.; Wang, H.;
Watkins, A.; White, E. B.; Yang, Y.; Shaw, A.; Fournier, J. B.; Odio, C.
D.; Farhadian, S.; Dela Cruz, C.; Grubaugh, N. D.; Schulz, W. L.;
Ring, A. M.; Ko, A. I.; Omer, S. B.; Iwasaki, A.; Yale, I. r. t. Sex
differences in immune responses that underlie COVID-19 disease
outcomes. Nature 2020, DOI: 10.1038/s41586-020-2700-3.
(101) Yang, J.; Zheng, Y.; Gou, X.; Pu, K.; Chen, Z.; Guo, Q.; Ji, R.;
Wang, H.; Wang, Y.; Zhou, Y. Prevalence of comorbidities and its
effects in patients infected with SARS-CoV-2: a systematic review and
meta-analysis. Int. J. Infect. Dis. 2020, 94, 91−95.
(102) Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.;
Wang, Y.; Song, B.; Gu, X.; Guan, L.; Wei, Y.; Li, H.; Wu, X.; Xu, J.;
Tu, S.; Zhang, Y.; Chen, H.; Cao, B. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: a
retrospective cohort study. Lancet 2020, 395 (10229), 1054−1062.
(103) Lippi, G.; Henry, B. M. Chronic obstructive pulmonary
disease is associated with severe coronavirus disease 2019 (COVID-
19). Respir Med. 2020, 167, 105941−105941.
(104) Zhao, Q.; Meng, M.; Kumar, R.; Wu, Y.; Huang, J.; Lian, N.;
Deng, Y.; Lin, S. The impact of COPD and smoking history on the
severity of COVID-19: A systemic review and meta-analysis. J. Med.
Virol. 2020, 92, 1915.
(105) Alqahtani, J. S.; Oyelade, T.; Aldhahir, A. M.; Alghamdi, S. M.;
Almehmadi, M.; Alqahtani, A. S.; Quaderi, S.; Mandal, S.; Hurst, J. R.
Prevalence, Severity and Mortality associated with COPD and
Smoking in patients with COVID-19: A Rapid Systematic Review
and Meta-Analysis. PLoS One 2020, 15 (5), No. e0233147.
(106) George, P. M.; Wells, A. U.; Jenkins, R. G. Pulmonary fibrosis
and COVID-19: the potential role for antifibrotic therapy. Lancet
Respir. Med. 2020, 8, 807.
(107) Wu, C.; Chen, X.; Cai, Y.; Xia, J. a.; Zhou, X.; Xu, S.; Huang,
H.; Zhang, L.; Zhou, X.; Du, C.; Zhang, Y.; Song, J.; Wang, S.; Chao,
Y.; Yang, Z.; Xu, J.; Zhou, X.; Chen, D.; Xiong, W.; Xu, L.; Zhou, F.;
Jiang, J.; Bai, C.; Zheng, J.; Song, Y. Risk Factors Associated With
Acute Respiratory Distress Syndrome and Death in Patients With
Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA
Internal Medicine 2020, 180 (7), 934−943.
(108) Wu, Z.; McGoogan, J. M. Characteristics of and Important
Lessons From the Coronavirus Disease 2019 (COVID-19) Outbreak
in China: Summary of a Report of 72 314 Cases From the Chinese
Center for Disease Control and Prevention. JAMA 2020, 323 (13),
1239−1242.

(109) Rubin, R. As Their Numbers Grow, COVID-19 “Long
Haulers” Stump Experts. JAMA 2020, 324 (14), 1381−1383.
(110) Greenhalgh, T.; Knight, M.; A’Court, C.; Buxton, M.; Husain,
L. Management of post-acute covid-19 in primary care. BMJ. 2020,
370, m3026.
(111) Siegelman, J. N. Reflections of a COVID-19 Long Hauler.
JAMA 2020, 324, 2031.
(112) Carfì, A.; Bernabei, R.; Landi, F.; for the Gemelli Against
COVID-19 Post-Acute Care Study Group. Persistent Symptoms in
Patients After Acute COVID-19. JAMA 2020, 324 (6), 603−605.
(113) Davido, B.; Seang, S.; Tubiana, R.; de Truchis, P. Post-
COVID-19 chronic symptoms: a postinfectious entity? Clin. Microbiol.
Infect. 2020, 26 (11), 1448−1449.
(114) del Rio, C.; Collins, L. F.; Malani, P. Long-term Health
Consequences of COVID-19. JAMA 2020, 324 (17), 1723−1724.
(115) Ngai, J. C.; Ko, F. W.; Ng, S. S.; To, K.-W.; Tong, M.; Hui, D.
S. The long-term impact of severe acute respiratory syndrome on
pulmonary function, exercise capacity and health status. Respirology
2010, 15 (3), 543−550.
(116) Wu, F.; Wang, A.; Liu, M.; Wang, Q.; Chen, J.; Xia, S.; Ling,
Y.; Zhang, Y.; Xun, J.; Lu, L.; Jiang, S.; Lu, H.; Wen, Y.; Huang, J.
Neutralizing antibody responses to SARS-CoV-2 in a COVID-19
recovered patient cohort and their implications. medRxiv 2020,
DOI: 10.1101/2020.03.30.20047365.
(117) Liu, j.; Yang, X.; Wang, H.; Li, Z.; Deng, H.; jing, L.; Xiong, S.;
He, J.; Guo, C.; Wang, W.; Zelinskyy, G.; Trilling, M.; Dittmer, U.;
Lu, M.; Sutter, K.; Senff, T.; Menne, C.; Timm, J.; Zhang, Y.; Deng,
F.; Feng, X.; Lu, Y.; Wu, J.; Yang, D.; Wang, B.; Zheng, X. The
analysis of the long-term impact of SARS-CoV-2 on the cellular
immune system in individuals recovering from COVID-19 reveals a
profound NKT cell impairment. medRxiv 2020, DOI: 10.1101/
2020.08.21.20179358.
(118) Moldofsky, H.; Patcai, J. Chronic widespread musculoskeletal
pain, fatigue, depression and disordered sleep in chronic post-SARS
syndrome; a case-controlled study. BMC Neurol. 2011, 11 (1), 37.
(119) Lam, M. H.-B.; Wing, Y.-K.; Yu, M. W.-M.; Leung, C.-M.; Ma,
R. C. W.; Kong, A. P. S.; So, W. Y.; Fong, S. Y.-Y.; Lam, S.-P. Mental
Morbidities and Chronic Fatigue in Severe Acute Respiratory
Syndrome Survivors: Long-term Follow-up. Arch. Intern. Med. 2009,
169 (22), 2142−2147.
(120) Gerwyn, M.; Maes, M. Mechanisms Explaining Muscle
Fatigue and Muscle Pain in Patients with Myalgic Encephalomyelitis/
Chronic Fatigue Syndrome (ME/CFS): a Review of Recent Findings.
Curr. Rheumatol. Rep. 2017, 19 (1), 1.
(121) Grein, J.; Ohmagari, N.; Shin, D.; Diaz, G.; Asperges, E.;
Castagna, A.; Feldt, T.; Green, G.; Green, M. L.; Lescure, F.-X.;
Nicastri, E.; Oda, R.; Yo, K.; Quiros-Roldan, E.; Studemeister, A.;
Redinski, J.; Ahmed, S.; Bernett, J.; Chelliah, D.; Chen, D.; Chihara,
S.; Cohen, S. H.; Cunningham, J.; D’Arminio Monforte, A.; Ismail, S.;
Kato, H.; Lapadula, G.; L’Her, E.; Maeno, T.; Majumder, S.; Massari,
M.; Mora-Rillo, M.; Mutoh, Y.; Nguyen, D.; Verweij, E.; Zoufaly, A.;
Osinusi, A. O.; DeZure, A.; Zhao, Y.; Zhong, L.; Chokkalingam, A.;
Elboudwarej, E.; Telep, L.; Timbs, L.; Henne, I.; Sellers, S.; Cao, H.;
Tan, S. K.; Winterbourne, L.; Desai, P.; Mera, R.; Gaggar, A.; Myers,
R. P.; Brainard, D. M.; Childs, R.; Flanigan, T. Compassionate Use of
Remdesivir for Patients with Severe Covid-19. N. Engl. J. Med. 2020,
382 (24), 2327−2336.
(122) Wang, Y.; Zhang, D.; Du, G.; Du, R.; Zhao, J.; Jin, Y.; Fu, S.;
Gao, L.; Cheng, Z.; Lu, Q.; Hu, Y.; Luo, G.; Wang, K.; Lu, Y.; Li, H.;
Wang, S.; Ruan, S.; Yang, C.; Mei, C.; Wang, Y.; Ding, D.; Wu, F.;
Tang, X.; Ye, X.; Ye, Y.; Liu, B.; Yang, J.; Yin, W.; Wang, A.; Fan, G.;
Zhou, F.; Liu, Z.; Gu, X.; Xu, J.; Shang, L.; Zhang, Y.; Cao, L.; Guo,
T.; Wan, Y.; Qin, H.; Jiang, Y.; Jaki, T.; Hayden, F. G.; Horby, P. W.;
Cao, B.; Wang, C. Remdesivir in adults with severe COVID-19: a
randomised, double-blind, placebo-controlled, multicentre trial.
Lancet 2020, 395 (10236), 1569−1578.
(123) Sun, D. Remdesivir for Treatment of COVID-19: Combina-
tion of Pulmonary and IV Administration May Offer Aditional
Benefit. AAPS J. 2020, 22 (4), 77.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Review

https://dx.doi.org/10.1021/acsbiomaterials.0c01287
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

Q

https://dx.doi.org/10.1016/S0140-6736(20)30211-7
https://dx.doi.org/10.3389/fpubh.2020.00152
https://dx.doi.org/10.3389/fpubh.2020.00152
https://dx.doi.org/10.1016/S0140-6736(20)30526-2
https://dx.doi.org/10.1016/S0140-6736(20)30526-2
https://dx.doi.org/10.1038/nri.2016.90
https://dx.doi.org/10.1038/nri.2016.90
https://dx.doi.org/10.1111/1440-1681.12069
https://dx.doi.org/10.1111/1440-1681.12069
https://dx.doi.org/10.1111/1440-1681.12069
https://dx.doi.org/10.1038/s41586-020-2700-3
https://dx.doi.org/10.1038/s41586-020-2700-3
https://dx.doi.org/10.1038/s41586-020-2700-3
https://dx.doi.org/10.1038/s41586-020-2700-3?ref=pdf
https://dx.doi.org/10.1016/j.ijid.2020.03.017
https://dx.doi.org/10.1016/j.ijid.2020.03.017
https://dx.doi.org/10.1016/j.ijid.2020.03.017
https://dx.doi.org/10.1016/S0140-6736(20)30566-3
https://dx.doi.org/10.1016/S0140-6736(20)30566-3
https://dx.doi.org/10.1016/S0140-6736(20)30566-3
https://dx.doi.org/10.1016/j.rmed.2020.105941
https://dx.doi.org/10.1016/j.rmed.2020.105941
https://dx.doi.org/10.1016/j.rmed.2020.105941
https://dx.doi.org/10.1002/jmv.25889
https://dx.doi.org/10.1002/jmv.25889
https://dx.doi.org/10.1371/journal.pone.0233147
https://dx.doi.org/10.1371/journal.pone.0233147
https://dx.doi.org/10.1371/journal.pone.0233147
https://dx.doi.org/10.1016/S2213-2600(20)30225-3
https://dx.doi.org/10.1016/S2213-2600(20)30225-3
https://dx.doi.org/10.1001/jamainternmed.2020.0994
https://dx.doi.org/10.1001/jamainternmed.2020.0994
https://dx.doi.org/10.1001/jamainternmed.2020.0994
https://dx.doi.org/10.1001/jama.2020.2648
https://dx.doi.org/10.1001/jama.2020.2648
https://dx.doi.org/10.1001/jama.2020.2648
https://dx.doi.org/10.1001/jama.2020.2648
https://dx.doi.org/10.1001/jama.2020.17709
https://dx.doi.org/10.1001/jama.2020.17709
https://dx.doi.org/10.1136/bmj.m3026
https://dx.doi.org/10.1001/jama.2020.22130
https://dx.doi.org/10.1001/jama.2020.12603
https://dx.doi.org/10.1001/jama.2020.12603
https://dx.doi.org/10.1016/j.cmi.2020.07.028
https://dx.doi.org/10.1016/j.cmi.2020.07.028
https://dx.doi.org/10.1001/jama.2020.19719
https://dx.doi.org/10.1001/jama.2020.19719
https://dx.doi.org/10.1111/j.1440-1843.2010.01720.x
https://dx.doi.org/10.1111/j.1440-1843.2010.01720.x
https://dx.doi.org/10.1101/2020.03.30.20047365
https://dx.doi.org/10.1101/2020.03.30.20047365
https://dx.doi.org/10.1101/2020.03.30.20047365?ref=pdf
https://dx.doi.org/10.1101/2020.08.21.20179358
https://dx.doi.org/10.1101/2020.08.21.20179358
https://dx.doi.org/10.1101/2020.08.21.20179358
https://dx.doi.org/10.1101/2020.08.21.20179358
https://dx.doi.org/10.1101/2020.08.21.20179358?ref=pdf
https://dx.doi.org/10.1101/2020.08.21.20179358?ref=pdf
https://dx.doi.org/10.1186/1471-2377-11-37
https://dx.doi.org/10.1186/1471-2377-11-37
https://dx.doi.org/10.1186/1471-2377-11-37
https://dx.doi.org/10.1001/archinternmed.2009.384
https://dx.doi.org/10.1001/archinternmed.2009.384
https://dx.doi.org/10.1001/archinternmed.2009.384
https://dx.doi.org/10.1007/s11926-017-0628-x
https://dx.doi.org/10.1007/s11926-017-0628-x
https://dx.doi.org/10.1007/s11926-017-0628-x
https://dx.doi.org/10.1056/NEJMoa2007016
https://dx.doi.org/10.1056/NEJMoa2007016
https://dx.doi.org/10.1016/S0140-6736(20)31022-9
https://dx.doi.org/10.1016/S0140-6736(20)31022-9
https://dx.doi.org/10.1208/s12248-020-00459-8
https://dx.doi.org/10.1208/s12248-020-00459-8
https://dx.doi.org/10.1208/s12248-020-00459-8
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01287?ref=pdf


(124) Sanders, J. M.; Monogue, M. L.; Jodlowski, T. Z.; Cutrell, J. B.
Pharmacologic Treatments for Coronavirus Disease 2019 (COVID-
19): A Review. JAMA 2020, 323 (18), 1824−1836.
(125) Lythgoe, M. P.; Middleton, P. Ongoing Clinical Trials for the
Management of the COVID-19 Pandemic. Trends Pharmacol. Sci.
2020, 41 (6), 363−382.
(126) Rizk, J. G.; Kalantar-Zadeh, K.; Mehra, M. R.; Lavie, C. J.;
Rizk, Y.; Forthal, D. N. Pharmaco-Immunomodulatory Therapy in
COVID-19. Drugs 2020, 80 (13), 1267−1292.
(127) Coutinho, A. E.; Chapman, K. E. The anti-inflammatory and
immunosuppressive effects of glucocorticoids, recent developments
and mechanistic insights. Mol. Cell. Endocrinol. 2011, 335 (1), 2−13.
(128) Donohue, J. F.; Ohar, J. A. Effects of Corticosteroids on Lung
Function in Asthma and Chronic Obstructive Pulmonary Disease.
Proc. Am. Thorac. Soc. 2004, 1 (3), 152−160.
(129) Stern, A.; Skalsky, K.; Avni, T.; Carrara, E.; Leibovici, L.; Paul,
M. Corticosteroids for pneumonia. Cochrane Database Syst. Rev. 2017,
12 (12), CD007720−CD007720.
(130) Rhen, T.; Cidlowski, J. A. Antiinflammatory Action of
Glucocorticoids  New Mechanisms for Old Drugs. N. Engl. J. Med.
2005, 353 (16), 1711−1723.
(131) Lee, K.-Y.; Rhim, J.-W.; Kang, J.-H. Early preemptive
immunomodulators (corticosteroids) for severe pneumonia patients
infected with SARS-CoV-2. Clin Exp Pediatr 2020, 63 (4), 117−118.
(132) Lu, X.; Chen, T.; Wang, Y.; Wang, J.; Zhang, B.; Li, Y.; Yan, F.
Adjuvant corticosteroid therapy for critically ill patients with COVID-
19. medRxiv 2020, DOI: 10.1186/s13054-020-02964-w.
(133) Wang, Y.; Jiang, W.; He, Q.; Wang, C.; Wang, B.; Zhou, P.;
Dong, N.; Tong, Q. Early, low-dose and short-term application of
corticosteroid treatment in patients with severe COVID-19 pneumo-
nia: single-center experience from Wuhan, China. medRxiv 2020,
DOI: 10.1101/2020.03.06.20032342.
(134) Stockman, L. J.; Bellamy, R.; Garner, P. SARS: Systematic
Review of Treatment Effects. PLOS Medicine 2006, 3 (9), No. e343.
(135) Meduri, G. U.; Headley, A. S.; Golden, E.; Carson, S. J.;
Umberger, R. A.; Kelso, T.; Tolley, E. A. Effect of Prolonged
Methylprednisolone Therapy in Unresolving Acute Respiratory
Distress SyndromeA Randomized Controlled Trial. JAMA 1998,
280 (2), 159−165.
(136) Russell, C. D.; Millar, J. E.; Baillie, J. K. Clinical evidence does
not support corticosteroid treatment for 2019-nCoV lung injury.
Lancet 2020, 395 (10223), 473−475.
(137) Jeronimo, C. M. P.; Farias, M. E. L.; Val, F. F. A.; Sampaio, V.
S.; Alexandre, M. A. A.; Melo, G. C.; Safe, I. P.; Borba, M. G. S.;
Abreu-Netto, R. L.; Maciel, A. B. S.; Neto, J. R. S.; Oliveira, L. B.;
Figueiredo, E. F. G.; Dinelly, K. M. O.; Rodrigues, M. G. d. A.; Brito,
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Gassler, N.; Lüdde, T.; Trautwein, C.; Groll, J.; Tacke, F. Peptide-
Functionalized Gold Nanorods Increase Liver Injury in Hepatitis.
ACS Nano 2012, 6 (10), 8767−8777.
(285) Nicolete, R.; Santos, D. F. d.; Faccioli, L. H. The uptake of
PLGA micro or nanoparticles by macrophages provokes distinct in
vitro inflammatory response. Int. Immunopharmacol. 2011, 11 (10),
1557−1563.
(286) Allen, R. P.; Bolandparvaz, A.; Ma, J. A.; Manickam, V. A.;
Lewis, J. S. Latent, Immunosuppressive Nature of Poly(lactic-co-
glycolic acid) Microparticles. ACS Biomater. Sci. Eng. 2018, 4 (3),
900−918.
(287) Schoenenberger, A. D.; Schipanski, A.; Malheiro, V.; Kucki,
M.; Snedeker, J. G.; Wick, P.; Maniura-Weber, K. Macrophage
Polarization by Titanium Dioxide (TiO2) Particles: Size Matters. ACS
Biomater. Sci. Eng. 2016, 2 (6), 908−919.
(288) Lee, C. H.; Kim, Y. J.; Jang, J. H.; Park, J. W. Modulating
macrophage polarization with divalent cations in nanostructured
titanium implant surfaces. Nanotechnology 2016, 27 (8), 085101.
(289) Gan, J. J.; Dou, Y. Y.; Li, Y. R.; Wang, Z. Z.; Wang, L. T.; Liu,
S.; Li, Q.; Yu, H. R.; Liu, C. Y.; Han, C. W.; Huang, Z.; Zhang, J. F.;
Wang, C. M.; Dong, L. Producing anti-inflammatory macrophages by
nanoparticle-triggered clustering of mannose receptors. Biomaterials
2018, 178, 95−108.
(290) Ma, L.; Liu, T.-W.; Wallig, M. A.; Dobrucki, I. T.; Dobrucki,
L. W.; Nelson, E. R.; Swanson, K. S.; Smith, A. M. Efficient Targeting
of Adipose Tissue Macrophages in Obesity with Polysaccharide
Nanocarriers. ACS Nano 2016, 10 (7), 6952−6962.
(291) Roberts, R. A.; Eitas, T. K.; Byrne, J. D.; Johnson, B. M.;
Short, P. J.; McKinnon, K. P.; Reisdorf, S.; Luft, J. C.; DeSimone, J.
M.; Ting, J. P. Towards programming immune tolerance through
geometric manipulation of phosphatidylserine. Biomaterials 2015, 72,
1−10.
(292) Alvey, C.; Discher, D. E. Engineering macrophages to eat
cancer: from ″marker of self″ CD47 and phagocytosis to differ-
entiation. J. Leukocyte Biol. 2017, 102 (1), 31−40.
(293) Getts, D. R.; Terry, R. L.; Getts, M. T.; Deffrasnes, C.; Müller,
M.; van Vreden, C.; Ashhurst, T. M.; Chami, B.; McCarthy, D.; Wu,
H.; Ma, J.; Martin, A.; Shae, L. D.; Witting, P.; Kansas, G. S.; Kühn, J.;
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