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During a cytokine storm, dysregulated proinflammatory cytokines are produced in excess. Cytokine
storms occur in multiple infectious diseases, including Coronavirus 2019 (COVID-19). Thus, eliminat-
ing cytokine storms to enhance patient outcomes is crucial. Given the numerous cytokines involved,
individual therapies might have little effect. Traditional cytokines might be less effective than
medicines that target malfunctioningmacrophages. Nanomedicine-based therapeutics reduce cytokine
production in animal models of proinflammatory illnesses. The unique physicochemical features and
controlled nano–bio interactions of nanotechnology show promise in healthcare and could be used to
treat several stages of this virus-induced sickness, including cytokine storm mortality. Macrophage-
oriented nanomedicines can minimize cytokine storms and associated harmful effects, enhancing
patient outcomes. Here, we also discuss engineering possibilities for enhancing macrophage efficacy
with nanodrug carriers.
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Introduction
According to the WHO, infectious diseases are a primary cause of
death worldwide, especially in low-income countries. Small pro-
teins (�40 kDa) called cytokines are produced and released to sig-
nal cell infections. The term ‘cytokine storm’ was used in 1993
for the first time to describe graft-versus-host disease (GVHD)
resulting from an activation cascade involving auto-amplifying
cytokines.1–2 In 2003, the cytokine storm was linked to influenza
reactions,3 and various diseases caused by viruses, bacteria, and
fungi. Excessive cytokine production is a hallmark of COVID-
19, which can aggravate lung disease and cause organ dysfunc-
tion and failure.4 Cytokine secretion is an intrinsic component
of the activation and regulation of innate and adaptive immune
responses stimulated by pathogen exposure.
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Therefore, treating the cytokine storm would effectively avoid
deterioration in patients with COVID-19 infections and save
lives.4–5 Strategies include targeting macrophages and associated
monocyte-linear immune cells, which dwell in most bodily tis-
sues and regulate cytokine-mediated inflammatory reactions
and inborn and adaptive immune reactions. Monocytes produce
chemicals that encourage leukocyte infiltration and activity.
Macrophage proinflammatory reactions to injury or infection
are self-limiting, facilitating pathogen clearance while minimiz-
ing tissue damage and remodeling. Infection with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) causes
enhanced proinflammatory responses that add to the severity
of the disease. Cytokine profiles in severe cases of COVID-19
are comparable to those in macrophage activation syndrome
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(MALS), indicating macrophage dysfunction.6 COVID-19 also
affects the lungs, decreasing alveolar macrophages, increasing
inflammatory macrophage infiltration, and increasing inter-
leukin (IL)-6 levels, which create monocytes/macrophages.2,6

Thus, macrophage dysfunction is a possible therapeutic target
for cytokine storm syndrome. Currently available small-
molecule inhibitors cannot target specific cell types or cell lines
required to achieve therapeutic medication concentrations with-
out creating significant off-target effects.

The physicochemical features of nanomaterials and con-
trolled nano–bio interactions make nanotechnology relevant in
healthcare. COVID-19 could be treated by using upstream and
downstream methods. Nanotechnology could also offer treat-
ments at different stages of this viral disease, including a strategy
to combat a late-stage cytokine storm. Nanomedicine approaches
that use nanoparticles (NPs) to identify cell-specific components
on target cells help reduce cytokine storms caused by overactive
immune responses.7–8 In this review, we highlight the clinical
and pathological features of the coronavirus-related cytokine
storm. Possible medication efficacy, safety, and molecular pro-
cesses are discussed. We also detail the biology of cytokine storms
in severe infections, the role of macrophage malfunction in this
process, and how to improve patient outcomes with
macrophage-based nanomedicine therapy.
Cytokine storms in infectious disease
The pathology of cytokine storms
Numerous cytokines generated during proinflammatory immune
responses can activate distinct populations of leukocytes and
recruit them via chemotaxis in response to a concentration gra-
dient.2,9–10 Many proinflammatory reactions involve cytokines,
including ILs, chemokines, and interferons (IFNs), with the
TNFa, IL6, IL8, and IL1 families particularly well studied. Cytoki-
nes have a crucial role in inflammatory processes by promoting
the detection of pathogens, the recruitment and removal of
threats, and the homeostasis of immune cells.9,11 TNFa and
IL1ß can promote vasodilation and vascular permeation to
increase the infiltration of leukocytes. At the same time, IL6
can promote the expression of complementary proteins that
have a crucial role in innate immune reactions.10,12–15 Studying
individual cytokines and their receptors can be difficult even
though these have consequences for therapeutic efforts because
several chemokine receptors have been shown to bind multiple
chemokine receptors, resulting in significant redundancy in the
chemokine network.9

Nevertheless, cytokine storms are usually only triggered by a
few pathogens, such as Gram-negative bacteria and SARS-CoV-
2.16–17 Cytokine initiation and progression is a complex process
involving many factors and immune cells. For instance, SARS-
CoV cause rapid virus replication, which results in delayed IFN
release during the early stages of infection. As a result, TNFa stim-
ulates the release of cytokines, including IL6, IL1ß, and IL6, into
the lungs, accompanied by macrophages.18–19 When activated by
IFN signaling, these macrophages secrete chemokines (e.g., CCL2
and CCL3) that promote the local accumulation of other proin-
flammatory immune cells, such as neutrophils, monocytes, and
dendritic cells, all of which can produce additional cytokines
2 www.drugdiscoverytoday.com
and reactive oxygen species (ROS), thereby increasing the sever-
ity of the infection (Fig. 1).

SARS-CoV2 is highly contagious. Advanced age (>60 years),
smoking, poor diet, and past immunological reactions, such as
obesity, diabetes, hypertension, cardiovascular disease, and can-
cer can result in significant symptoms.12,20–22 Although cytokine
storms, disease pathologies, and mortality have established links,
no therapeutic strategies have been developed to mitigate the
harmful effects of cytokine storms.

Cytokine storm and its consequences in severe infections
COVID-19 models cytokine storm toxicity and mortality. As-yet
unknown processes cause the pathology of COVID-19. Multiple
clinical experiments have shown a considerable increase in the
blood circulation of proinflammatory cytokines, including IL1,
IL6, IL8, IL21, TNF-5–007, and MCP1, in many patients with sev-
ere disease.2,17,23 Cytokine storms induce higher mortality in
patients with severe COVID-19 by causing respiratory distress
syndrome (RDS), shock, and organ damage and failure. Acute
(A)RDS is the leading cause of death in patients with SARS-
CoV-2, SARS-CoV, or Middle East respiratory syndrome (MERS)-
CoV.

In septic diseases, pneumonia, and other infections, cytokine
storms induce morbidity and mortality (Fig. 2). ARDS is an acute
inflammatory reaction that damages lung endothelial and
epithelial barriers. Cytokines trigger and increase inflammation
during ARDS. In extreme cases, cytokine storms can be used to
overcome cytokines by using immunosuppressive drugs (methyl-
prednisolone, hydroxychloroquine, chloroquine, and lefluno-
mide), proinflammatory cytokine inhibitors (IFN-5–007, IL1ß,
IL6, IL17A, M�CSF and TNF-5–007), and factor modulators that
regulate innate and adaptive immune responses (e.g., C55ß).2,24–
26 Immunomodulating cytokines are unable to prevent cytokine
storms and associated illnesses. In patients with severe COVID-
19, treatment options targeting immune cells that mediate cyto-
kine storms might be more effective.

Role of macrophage dysfunction in the genesis of cytokine
storms
Role of macrophages in infection control
Macrophages are innate immune cells that absorb or phagocy-
tose foreign bodies, including viruses, in most tissues. They
mediate inborn immunity, adaptive immune regulation, and
proinflammatory effects. However, uncontrolled macrophage
activity in infectious pathogens and metabolic disorders causes
pathology.27–28 Macrophages and macrophages from tissue-
resident recruited from circulating in response to infections
migrate to wounded or infected sites to exert regulatory effects
that result in immune responses.28–29

Mature macrophages can shift phenotypic and functional
polarization in response to signals from the local milieu that lead
naive or relaxed ‘M0 monocytes’ to adopt classically activated
‘M10 or ‘M2-like’ phenotypes or to facilitate interconversion of
‘M1 and M20 macrophages. M1-like macrophages generate proin-
flammatory cytokines, such as IL1ß, IL6, and TNFa, to modulate
local tissue and pathogen-free immune responses.29–31 M2-like
macrophages or ‘alternatively activated’ macrophages show
more diverse phenotypes, mainly involved in tissue repair and
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FIGURE 1
Coronavirus 2019 (COVID-19) immunopathology. COVID-19 causes lymphopenia, lymphocyte activation and malfunction, granulocyte and monocyte
abnormalities, increased cytokine production, and increased antibody production. Lymphopenia is a common symptom of COVID-19 in patients, particularly
in severe cases. CD4 + and CD8 + T cells of patients display high amounts of CD69, CD38, and CD44, and virus-specific T cells have a central memory pattern,
with elevated levels of interferon (IFN)-c, tumor necrosis factor (TNF)-a, and interleukin (IL)-2. By contrast, lymphocytes exhibit an exhaustion phenotype
because of increased expression of programmed cell death protein 1 (PD1), T cell immunoglobulin domain and mucin domain 3 (TIM3), and killer cell lectin-
like receptor subfamily C member 1 (NKG2A). In severe cases, neutrophil levels are higher, whereas eosinophils, basophils, and monocytes are decreased.
Another crucial feature of severe COVID-19 is increased cytokine production, particularly of IL1, IL6, and IL10. Abbreviation: NK, natural killer.
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inflammatory response resolution. Given local microenviron-
ments, macrophages can develop mixed phenotypes instead of
adopting extreme M1-like or M2-like phenotypes defined by
in vitro characterization studies.33–34 During infection, macro-
phages also exhibit large histocompatibility complexes (MHCI
and MHCII) of Type I and Type II proteolytic peptides derived
from engulfed pathogens to enable T lymphocytes to recognize
these peptides and cause a pathogen-specific adaptive immune
response.

Cytokine response in extreme viral infection
The initial line of defence against infection is an inborn
immunological response that is quick and well coordinated. Dys-
regulation and excessive responses can simultaneously induce
local and systemic tissue malfunction and injury. By contrast,
weak immune reactions might result in uncontrolled microbial
or viral multiplication, leading to systemic disease. Pathogen
phagocytosis by macrophages can trigger an IFN response,
increase adaptive immunity,2,6,24,33 encourage differentiation of
M1-like inflammatory phenotypes, and stimulate various pr-
inflammatory cytokines, such as TNFa, IL1, IL6, IL8, and IL12
(Fig. 2). These cytokines have local and systemic effects, promot-
ing vascular permeability and lymphocyte recruitment.
Although this reaction is helpful when cytokines are released
in appropriate amounts, it can be dangerous when cytokine
secretion is unregulated or excessive. For example, increased
serum IL6 is related to ARDS, respiratory failure, and adverse clin-
ical responses in patients with COVID-19,4–5 and is indicative of
severe MERS-CoV and SARS-CoV-2 infections. IL6 is produced
primarily by monocytes and macrophages, and its activation
activates Janus kinase (JAK) and signal transducer and transcrip-
www.drugdiscoverytoday.com 3
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FIGURE 2
During Coronavirus 2019 (COVID-19) infection, the immune system of the host responds abnormally. Adapted, with, permission, from.34 Abbreviation: ARDS,
acute respiratory distress syndrome.
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tion activator 3 (STAT3), which induce cytokine production in
lymphocytes and neutrophils.

Failure of macrophages can result in uncontrollable cytokine
release, causing cytokine-related storms in various severe viral
infections, including SARS and COVID-19 (Fig. 1).2,17,23 After
SARS-CoV infection, autopsy and necropsy studies revealed a
build-up of inflammatory monocyte macrophages (IMMs) in
the lungs of humans and animals. In patients who died with
SARS, the degree of penetration of macrophages and neu-
trophils and the distribution of these cells in the periphery have
been recorded. However, in patients with MERS, the severity of
lung lesions has been linked to macrophages and peripheral cir-
culation. According to recent research, the alveolar lumen of
patients who died with COVID-19 contained numerous
macrophages.2,34 These findings suggest macrophages as a sig-
nificant source of cytokines and chemokines linked to fatal viral
infections. Macrophages can also be used as viral targets and
reservoirs, allowing viruses to replicate and spread quickly.34

In addition, macrophages can improve their potential to gener-
ate proinflammatory phenotypes and react to the important
receptor for SARS-CoV-2 infection, Angiotensin conversion
enzyme 2 (ACE2).4 In macrophages and lymphocytes, SARS-
COV virus particles and RNA have been identified,32 and macro-
phages infected with SARS-CoV have a delayed but strong
4 www.drugdiscoverytoday.com
expression of IFN and proinflammatory cytokines.36 In the mar-
ginal spleen and lymph node sinuses of patients with COVID-
19, SARS-CoV-2 nuclear macrophages ACE2 + were found,
showing upregulation of IL6.

Macrophage dysfunction is also an essential part of the pathol-
ogy of other viral andmicrobial pathogen infections, especially as
these diseases progress to sepsis as a result of contradictory mono-
cyte/macrophage reactions to these pathogens. Macrophages are
usually activated as a response to risk-related stimuli that occur
when different pathogen-associated molecular patterns (PAMPs)
are detected by one of several receptors (pattern recognition
receptors; PRRs) on or within the macrophage cell surface or their
cytosols or endosomes, including several Toll-like receptor fami-
lies (TLRs).35 TLRs can cause macrophages to adopt proinflamma-
tory M1-like phenotypes and generate components that increase
innate and adaptive immune responses to important pathogens.
Overactive macrophages induce local or systemic damage. Sepsis,
the most significant cause of death in hospitals, is caused by sys-
temic inflammation from bacteria or viral infections, which can
result in tissue damage and organ failure. Macrophage dysfunc-
tion and cytokine storm syndrome cause increased mortality in
septic illness.6 Together, the dysfunction of macrophages con-
tributes significantly to excessive inflammation and increased
mortality in severe infections and sepsis.



PO
ST

-S
C
R
EE

N

Drug Discovery Today d Volume 27, Number 11 d November 2022 POST-SCREEN
Modulating macrophage dysfunction: Therapeutic
approaches
Clinical and experimental evidence shows that macrophage mal-
function causes inflammatory cytokines in severe infections. Tar-
geting macrophages can minimize cytokine storms, which can
cause pathology and death in extreme conditions. Traditional
drug delivery systems were used in preclinical models of inflam-
matory diseases and cancer to stimulate macrophage
responses.35–36 These proposed treatments can be broken down
into three categories: (i macrophage elimination using
macrophage-specific or selectively toxic therapies to minimize
dysregulated macrophage activity; (ii) macrophage invasion inhi-
bition at disease locations by blocking chemotactic monocyte
surface receptors (e.g., CCR2) to restrict inflammatory reactions;
and (iii) macrophage-depleting drugs can reduce tumor macro-
phage invasions, such as CSF1R inhibitors and clodronate or
CCR2–CCL2 pathway inhibitors.

By contrast, these approaches might not be optimal as treat-
ments in the clinic. Many surface indicators targeted by these
techniques are not specific to monocytes and macrophages, such
as CCR2 and CSF1R, which are found in various cell types. As a
result, systemic administration of medications that target these
parameters could have unintended consequences. This is also a
significant challenge for approaches to macrophage reprogram-
ming, because their specificity is dependent on the specificity
of the receptors or pathways activated by anti-inflammatory
agents or cytokine inhibitors in the use of standard systemic
medications in monocytes/macrophages.

Nanomedicine approaches to targeting macrophages
COVID-19 vaccine research is focusing on discovering tech-
niques that activate T cells and B cells against this virus. It is also
crucial to expedite the development of specific next-generation
vaccines that can target specific demographic groups or individ-
uals with compromised immunity. Currently, mRNA-based
COVID-19 vaccines using lipid NPs (LNPs) as carriers are in clin-
ical trials. mRNA is susceptible to extracellular RNase destruction,
making the formulation of its delivery vehicle essential. LNPs are
TABLE 1

Examples of methods using a nanomedicine approach to control m

NP Targeting
mechanism

Therapeutic agent Therape

Liposomes Passive Clodronate Reduced
IL6/MCP
colon

Human MSC-EVs Passive Endogenous miRNAs/
proteins

Suppres
lungs
Increase
product
Reduced

Tuftsin–alginate
NPs

Active Plasmid DNA encoding
IL10

Reduced
and join

TPP–PPM NPs Active TNFa siRNA TNFa ex
Swine MSC-EVs Passive Endogenous miRNAs/

proteins
Reduced
virus-sized particles (80–200 nm) that self-assemble from cationic
lipids that can be ionizable. Several studies have demonstrated
that they can successfully transfer mRNA into the cytoplasm.
Using intramuscular and intradermal routes allows
sustained-release mRNA expression kinetics, which leads to high
antibody titers and immunological responses to B and T cells.
The nanocarrier distribution spectrum is important because most
COVID-19 vaccine candidates are complex biological molecules
(DNA, mRNA, recombinant proteins, engineered antigen-
presenting cells, etc.).

In recent years, nanomedicine has emerged as a promising
platform for treating various medical conditions, including
bioavailability, tissue specificity, and toxicity associated with
conventional medicines. In recent years, significant progress
has been made in developing nanomedicine-based diagnostic
and treatment tools for disease, including using NPs to enhance
intranasal delivery of therapeutics for respiratory infections.
Numerous studies have examined the ability of nanomedicines
to reduce macrophage dysfunction in preclinical models of infec-
tious or chronic inflammatory diseases to increase effectiveness
and decrease side effects (Table 1). NPs used in macrophage-
targeting approaches can vary significantly in origin (i.e., natural
versus synthetic) and composition, but their macrophage uptake
mechanisms can usually be identified as belonging to one of two
distinct pathways: nonspecific phagocytosis (passive targeting)
or receptor-mediated endocytosis (active targeting). In passive
targeting, the unmodified NPs of medium size (10–300 nm diam-
eter), such as extracellular vehicles (EVs) and liposomes, are
taken up by macrophages. These NPs concentrate primarily at
infection and inflammatory sites because of phagocytosis and
micropinocytosis by monocyte/macrophage lineage cells, which
are prevalent at these locations,36–37 although in vitro studies
indicated clathrin-mediated endocytosis mechanisms occur in
specific NPs.38 Using various modifying methods that add
macrophage-specific molecules to their surfaces, natural and syn-
thetic NPs can be altered to promote their active targeting of
macrophages.39–40 However, additional studies to detect poten-
tial macrophage surface markers would help improve the biolog-
acrophage dysfunction.

utic effects Refs

serum IL1/TNFa and hepatic IL1/TNFa
1 expression and STAT3 p38 MAPK/ERK signaling decreased in

44–45

sed M1-like macrophages and boosted M2-like macrophages in

d survival and reduced neutrophil infiltration and cytokine
ion in lungs
inflammatory cell infiltration and decreased TNFa release

52–54

levels of proinflammatory cytokines IL6, IL1, and TNFa in blood
ts

46–49

pression decreased and colon damage reduced 61–64

replication of influenza virus and cytokines in lungs 55–58
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ical distribution and therapeutic specificity of macrophage dys-
function. Here, we explore some nanomedicine-based
approaches to reduce excessive macrophage activation reactions
in viral and chronic disorders.
Macrophage therapies utilizing target-specific nanoparticles
Macrophage therapeutics aims to modify the activation of
macrophages so that the detrimental effects of the cytokine
storm, including the worsening effects on infections, are miti-
gated. This goal is achieved in one of the following three ways:
(i) reducing the size of the macrophage population detrimental
to infections; (ii) reducing the activity of proinflammatory
macrophages; and (iii) inhibiting the cytokine-mediated activa-
tion of macrophages in response to inflammatory reactions.30,39

However, the challenge with any conventional drug delivery
strategy is that the drugs used to reprogram macrophages against
inflammation are toxic and capable of harmful effects on the
host. Therefore, to increase the specificity of these macrophage-
specific targeted therapies, macrophage-specific targeted NPs
are used to reduce macrophage dysfunction. These strategies
have shown modest success in cancer, atherosclerosis, diabetes,
and other inflammatory diseases, including arthritis.36,41–43

NPs decorated with a macrophage-targeting ligand or relevant
peptides have recently been extensively studied to attenuate dys-
functional macrophages.30 Examples of such NPs are liposomes,
polymer NPs, or metallic NPs.36,42,44 Such specifically designed
FIGURE 3
Effects of macrophage malfunction on the generation of proinflammatory c
techniques to counteract macrophage dysfunction. Adapted, with, permission,

6 www.drugdiscoverytoday.com
NPs target macrophage receptors, including mannose receptors,
dectin 1 receptor, tuftsin tetrapeptide receptor, CD44 receptor,
FR-ß receptor, and phosphatidylserine receptor or scavenger
receptors of classes A, B, or C. Xiao et al. showed a reduction in
TNFa when colitis (induced by dextran sodium sulfate) was
treated with TNF-siRNA therapy with macrophage-targeted
NPs.6 Similarly, Jain et al. showed superior localization at the
specific locations and improved the anti-inflammatory effects
of alginate NPs acting on the tuftsin receptors in arthritis.47

Daldrup-Li et al. used superparamagnetic iron oxide theragnostic
NPs to target tumour-associated macrophages in breast cancer
that showed selective accumulation in the macrophages.47–48

Several other researchers have shown the potential of this
approach to reduce proinflammatory reactions that aggravate
disease pathologies, selectively accumulate in macrophages,
reduce toxic effects, and increase the therapeutic efficacy of con-
ventional delivery systems.49–50 However, because the receptors
targeted are ubiquitous, adverse effects are still possible, and such
macrophage therapeutics in clinical trials must be evaluated for
their safety profile.

At least two studies have investigated NP-mediated drug deliv-
ery to transiently deplete macrophages to minimize dysfunc-
tional macrophage responses (Fig. 3, Table 1). Liposomes, US
Food and Drug Administration (FDA)-approved nanocarriers
comprising lipid bilayers around a hollow core, were used in this
research. Given their physical and chemical properties, macro-
Drug Discovery Today

ytokines during severe infection, as well as nanomedicine-based therapy
from.35 Abbreviations: IL, interleukin; TNF, tumor necrosis factor.
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phages and phagocytic cells gather these particles after systemic
distribution (passive targeting). In all investigations, liposomal
clodronate disrupted the mitochondrial electron transport chain
and released cytochrome C 50 into the cytosol. Liposome-
mediated macrophage depletion reduces cytokine production
in animals with autoimmune or infectious illnesses, such as
rheumatoid arthritis and LPS-induced sepsis. In rats with LPS-
induced sepsis, clodronate-containing liposomes depleted
macrophages, reducing hepatic IL1 and TNFa expression and
blood TNFa levels. In a mouse model of colon cancer treated with
azoxymethane and dextran sodium sulfate, clodronate-loaded
liposomes reduced IL6 and MCP1 production, as well as STAT3
and MAPK p38/ERK. Recent research on SARS-infected mice
using antibody-mediated IMM reduction reduced lung lesions,
cytokine levels (CCL2, TNFa, and IL6), and death without chang-
ing virus load. These studies show that reducing macrophages
with liposomes or other techniques could minimize cytokine
production and pathogenesis. Macrophage depletion is only
helpful at certain stages of an infection. Improving target speci-
ficity does not address potential adverse impacts of systemic
macrophage deletion, such as increased infection risk and
impaired homeostatic macrophage functions in healthy tissues.
Stem cell-derived extracellular vesicles (EVs) or synthetic NPs
might reduce proinflammatory cytokine production during an
excessive immune response. Several studies evaluated the feasi-
bility of routinely giving anti-inflammatory exosomes to avoid
macrophage dysfunction (Fig. 3, Table 1). Exosomes are naturally
occurring NPs (50–500 nm) that facilitate cell–cell communica-
tion and are rapidly absorbed by circulating monocytes and
tissue-resident macrophages in murine models of human dis-
ease.51–53 Macrophage efficacy for native EVs is partially regu-
lated by EV size and the lipid and glycoprotein content of the
exterior membrane, which can vary across EVs released by vari-
ous parental cell types. Endogenous bioactive substances, includ-
ing proteins, nucleic acids, and lipids, are transported between
cells and enable cell–cell communication.54 In models of acute
lung injury (ALI) associated with severe pneumonia and sepsis,
mesenchymal stem cell EVs (MSC-EVs) reduced macrophage
infiltration and cytokine production drastically.55–56 In an
ex vivo scenario in which infused human lungs were infected
with Escherichia coli, systemic treatment of human MSC-EVs
decreased inflammatory influx and expression of TNFa. Exposure
to E. coli causes severe bacterial pneumonia.57 Intrathecal treat-
ment of MSC-EVs also inhibited influenza virus replication and
the release of proinflammatory cytokines (TNFa and CXCL10)
in the lungs of an influenza virus pig model.57 MSC-EVs reduce
lung injury partly because they can alter the respiratory macro-
phage phenotype.

MSC-EVs have been shown to decrease M1-like proinflamma-
tory morphologies in injured lungs and boost M2-like anti-
inflammatory macrophages.58 This is because endogenous miR-
NAs (e.g. miR-21 and miR-124) and proteins shuttled through
MSC-EVs (e.g. IL10 and TGFb).57,59 EV-mediated macrophage
reprogramming might be superior to liposome-mediated macro-
phage depletion because of fewer short- and long-term risks.
Therapeutic MSC-EV techniques might be safer because they
induce fewer immune reactions. EV therapeutic effects are deter-
mined by absorption and cargo. EV therapeutic power can be
increased by loading or altering it with macrophage-targeting
compounds and therapeutic medicines. Stem cell-derived EVs
have been used in early clinical examinations of inflammatory
and infectious diseases and the therapeutic benefits of various
MSCs against COVID-19.60–61

Therapeutic potential of virus-like particles
Virus-like NPs (VLPs) are a novel strategy that has recently been
explored in the theranostics field. They are non-infectious, self-
assembled viral coating proteins (capsids), minus the viral
genetic material and range in size from 20 nm to 500 nm in
diameter. They can be used to encapsulate drugs, small interfer-
ing (si)RNAs, RNA aptamers, proteins, and peptides.44,62–63 They
can be easily decorated with macrophage-targeted ligands. They
can originate from animal (hepatitis B virus core or surface),
plant [cowpea chlorotic mottle virus (CCMV) and cowpea mosaic
virus (CPMV)] or bacteriophage (MS2, Qß, and Salmonella typhi-
murium P22) sources.64–65 VLPs loaded with single-strand (ss)-
RNA and capsid protein of Papaya Mosaic Virus increased
immune responses to infections such as influenza and Streptococ-
cus pneumoniae.44,62 Despite these advantages, VLPs are chal-
lenged by of a lack of stability, phagocyte-mediated clearance,
endosomal escape, accumulation in organs other than the target,
low extravasation at the target site, and intrinsic immunogenic-
ity. Thus, further research is needed to overcome these limita-
tions for their use as delivery systems for infections and other
diseases.
Challenges
Nanomaterials have significant optical and electrochemical capa-
bilities and are customizable, biocompatible, and cost-effective.
They can be changed and functionalized using different sub-
strates, expanding their application potential. There are still
numerous obstacles to overcome despite significant advances in
our understanding of COVID-19 treatment. COVID-19 patho-
physiology and nano-bio-interface mechanisms are challenging
to study because of a lack of information and resources. The mul-
tifunctional potential of nanomaterials also requires further
exploration. Some nanomaterials might be able to detect or inter-
act with COVID-19, stop it from acting, and modify the immune
response to fight against it. More research is needed to under-
stand how NPs work and affect viruses. Understanding such data
is crucial for preventing, diagnosing, and treating COVID-19. To
understand the long-term impacts of NPs, human in vivo toxi-
cokinetics must be studied. To tackle COVID-19, it will also be
crucial to mass-produce relevant NPs. Vaccines and therapeutic
agents must be made swiftly, accurately, and cost-effectively with
perfect size and surface control.
Concluding remarks
Regulating macrophage-mediated inflammatory responses could
be an alternative therapy for proinflammatory disorders in which
macrophage dysfunction might cause a cytokine storm, with
pathological consequences. The therapeutic potential of
macrophage-targeted nanomedicine in animal models of
COVID-19, just one disease in which cytokine storms affect dis-
ease pathology and mortality, is still being explored. EV and lipo-
www.drugdiscoverytoday.com 7
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some studies using human ACE2 transgenic mice (hACE2) are
the best way to establish whether macrophage depletion or acti-
vation attenuation is beneficial in severe COVID-19. Nanomedi-
cine can improve the bioavailability of anti-inflammatory small
molecules and antibodies explored in COVID-19 clinical trials.
These and other nanomedicines will be evaluated using clinically
essential indicators, such as survival, lung lesions, and cytokine
profiles.

Before beginning such research, there are several variables to
consider. To be successful, macrophage-targeted nanomedicines
must be provided during infection (e.g., before the hyperinflam-
matory phase); suppressing the innate immune response during
early-stage virus infections is likely to be harmful. Given that
cytokine storms associated with severe conditions can be
dynamic, periodic cytokine panel screening will be needed to
determine the most effective therapeutic time and its conse-
quences. Third, nanomedicines and systemic antiviral medica-
tion delivery could synergize. Animal model data are
encouraging, but more preclinical research is needed to address
8 www.drugdiscoverytoday.com
the biosafety, mechanism of action, and delivery methodologies
and doses of nanomedicines. Clinical translation requires stan-
dard nanomedicine production processes and quality monitor-
ing. Finally, reducing macrophages could raise the risk of
immunological disorders and bacterial infections. The continu-
ous collaboration across disciplines and sectors promises an
unprecedented rate of development of treatments and possible
cures for COVID-19.
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