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Abstract 

Innate immunity is the first line of defense against invading pathogens. Innate immune cells can recognize invading 
pathogens through recognizing pathogen‑associated molecular patterns (PAMPs) via pattern recognition receptors 
(PRRs). The recognition of PAMPs by PRRs triggers immune defense mechanisms and the secretion of pro‑inflamma‑
tory cytokines such as TNF‑α, IL‑1β, and IL‑6. However, sustained and overwhelming activation of immune system 
may disrupt immune homeostasis and contribute to inflammatory disorders. Immunomodulators targeting PRRs 
may be beneficial to treat infectious diseases and their associated complications. However, therapeutic performances 
of immunomodulators can be negatively affected by (1) high immune‑mediated toxicity, (2) poor solubility and (3) 
bioactivity loss after long circulation. Recently, nanocarriers have emerged as a very promising tool to overcome these 
obstacles owning to their unique properties such as sustained circulation, desired bio‑distribution, and preferred 
pharmacokinetic and pharmacodynamic profiles. In this review, we aim to provide an up‑to‑date overview on the 
strategies and applications of nanocarrier‑assisted innate immune modulation for the management of infections and 
their associated complications. We first summarize examples of important innate immune modulators. The types of 
nanomaterials available for drug delivery, as well as their applications for the delivery of immunomodulatory drugs 
and vaccine adjuvants are also discussed.
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Introduction
Infection occurs when germs e.g. bacteria or viruses 
enter human body, increase in number, and cause harm. 
The classical symptoms of bacterial and viral infections 
include fever, headache, skin flushing, and fatigue etc. 

[1]. When invasion occurs, the body’s immune system 
has two fundamental lines of defense against invading 
pathogens, known as (1) innate immunity and (2) adap-
tive immunity [2]. Innate immunity, also known as natu-
ral immunity, is the first line of defense against invading 
pathogens [3]. At the cellular level, innate immune 
response is mediated mainly by innate immune cells 
including macrophages, monocytes, and neutrophils. At 
the molecular level, innate immune cells sense invading 
pathogens through recognition of pathogen-associated 
molecular patterns (PAMPs), such as bacterial membrane 
components (e.g. peptidoglycans and lipopolysaccharides 
(LPS)), bacterial/viral genome and envelope proteins, by 
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pattern recognition receptors (PRRs) [4]. The recognition 
of PAMPs by PRRs triggers immune defense mechanism 
and the secretion of pro-inflammatory cytokines such 
as TNF-α, IL-1β, and IL-6, which alerts the nearby cells 
to the presence of invaders and recruit more immune 
cells to the infection site [5]. The activation of PRRs also 
stimulates microbicidal mechanism of phagocytic cells, 
leading to the generation of toxic oxidants (e.g. reac-
tive oxygen species (ROS) and reactive nitrogen species 
(RNS) etc.) and antimicrobial peptides [6]. On the other 
hand, adaptive immunity is mediated by B cells and T 
cells in response to the recognition of foreign antigens 
and the innate immune response [7, 8]. Inflammatory 
response is a complex but coordinated process. Once the 
infection is under control, anti-inflammatory cytokines 
are produced to alleviate the immune response and 
reverse the immune system to normal homeostasis [9].

However, excessive activation of immune system may 
disrupt immune homeostasis and consequently contrib-
utes to serious medical conditions. For example, sepsis is 
a life-threatening systemic inflammatory syndrome due 
to a dysregulated host response to infection [10, 11]. At 
the early stage of sepsis, inflammatory response becomes 
incredibly powerful and uncontrollable, leading to the 
overproduction of pro-inflammatory cytokines and 
the induction of “cytokine storm” [12]. If left untreated, 
apoptosis of immune cells (e.g. macrophages, lympho-
cytes, dendritic cells, B cells, and T cells etc.) could 
induce immunosuppression and cause a secondary bac-
terial infection, which may lead to irreversible damage 
of tissues, multiple organ failure and even death [13]. 
Although immune cell apoptosis is a crucial event in the 
pathogenesis of sepsis-induced immunosuppression, the 
detailed molecular mechanisms are still not fully under-
stood. It has been reported that the (1) extrinsic death 
receptor pathway, (2) mitochondrial pathway, and (3) 
endoplasmic reticulum (ER) stress-induced pathway are 
involved in immune cell apoptosis [14, 15]. For example, 
mitochondrial pathway can be mediated by Bcl-2 family 
proteins including the anti-apoptotic proteins (e.g. Bcl-
2, Bcl-xL and Bcl-w) and the proapoptotic proteins (e.g. 
Bad, Bmf, Bak, Bid and Bim) [16]. In septic patients, the 
proapoptotic proteins such as Bak, Bim and Bid were 
massively upregulated, whereas the anti-apoptotic pro-
tein Bcl-2 was found to be downregulated. To date, the 
global burden of sepsis remains uncertain due to the fact 
that most sepsis-related deaths may not be classified as 
being caused by sepsis [17]. A systemic review recently 
estimated that there are approximately 6 million sepsis-
related deaths worldwide every year. However, this esti-
mate did not include the statistics from the low- and 
middle-income countries, where over 85% of global 

population lives, making it difficult to estimate the true 
burden of sepsis [18].

Nowadays, antibiotics have been commonly used for 
the treatment of bacterial infections [19, 20]. However, 
the sustained and indiscriminate use of antibiotics has 
contributed to the emergence of antimicrobial-resistant 
(AMR) strains. In 2016, the Centers for Disease Control 
and Prevention (CDC) estimated that 20–50% of antibiot-
ics prescribed in acute care hospitals in the United State 
are inappropriate and unnecessary. It is also estimated 
that over 70% of bacteria that cause bacterial infection in 
the United State are resistant to at least one commonly 
used antibiotic [21]. In spite of the fact that viruses can-
not be killed by antibiotics, collected data shows that 
the problem of AMR is somewhat exacerbated by the 
COVID-19 pandemic as most of the patients hospitalized 
for COVID-19, even without critical illnesses, received 
antibiotics [22]. At present, AMR-associated infections 
claim over 700,000 human lives worldwide annually and 
the number are projected to rise markedly to over 10 mil-
lion after 20 years [23]. Although substantial efforts have 
been made to the discovery of new antibiotics for treating 
infectious diseases, the discovery rate of new antibiotics 
could never keep up with the ever-changing evolution 
of resistant strains [24]. More importantly, antibiotics 
usually share similar mechanism of action, making the 
emergence of AMR strains inevitable [25, 26]. The World 
Health Organization (WHO) declared in 2020 that AMR 
will remain one of the ten biggest threats to public health 
in the world [27]. On the other hand, treatments of viral 
infections have proven to be challenging due to their 
tiny size and the ability to reprogram human cells for 
self-reproduction [28]. To date, treatments of viral infec-
tions mostly focus on symptom relief, and patients usu-
ally need to wait for their own immune system to fight off 
the virus [29, 30]. To alleviate the global burdens of infec-
tions, one alternative over the conventional strategies is 
to target the host–pathogen interface [31].

Immunotherapy is a type of treatment harnessing 
the power of immune system to fight against diseases, 
such as infectious diseases, inflammatory diseases, and 
cancers [32]. To date, hundreds of new and promising 
immunotherapeutic options have been available in clini-
cal trials for different stages of cancers. As of December 
2021, the US Food and Drug Administration (FDA) has 
approved over thirty immunotherapies for the treatment 
of cancers such as lung cancer, prostate cancer, gastric 
cancer, bladder cancer, melanoma, and lymphoma [33, 
34]. Importantly, infectious diseases, inflammatory dis-
eases and cancers have a shared hallmark of immune 
dysregulation. Therefore, immunotherapy may also be 
beneficial to treat infectious diseases and their associated 
complications. Recently, a range of immunomodulators 
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for PRRs (e.g. toll-like receptors and NOD-like receptor) 
signaling and innate defense regulator (IDR) peptides, 
have been reported [35–38]. However, their therapeu-
tic performances can be negatively affected by 1) high 
immune-mediated toxicity, 2) poor solubility and 3) bio-
activity loss after long circulation. Recently, nanocarriers 
have emerged as a very promising tool to overcome these 
obstacles owning to their unique properties such as sus-
tained circulation, desired bio-distribution, and preferred 
pharmacokinetic and pharmacodynamic profiles.  For 
example, nanocarriers can readily improve the safety and 
efficacy of immunomodulators by lowering their toxic-
ity and/or enhancing their specificity. Compared to free 
immunomodulators, nanocarrier-assisted approaches 
generally have improved therapeutic performances 
in vivo [39].

In this review, we aim to provide an up-to-date over-
view on the strategies and applications of nanocarrier-
assisted innate immune modulation for the management 
of infections and the associated complications. We first 
summarize examples of important innate immune modu-
lators, including PRRs signaling and some innate defense 
regulators, as well as the importance of some innate 
immune cells. The types of nanomaterials available for 
drug delivery, as well as their applications for delivery of 
immunomodulatory drugs and vaccine adjuvants are also 
discussed. However, immunomodulatory approaches for 
adaptive immunity are out of the scope and are not dis-
cussed in this review.

Modulation of innate immune response
Innate immune response is the first line of defense 
against invading pathogens. However, if immune 
response becomes uncontrollable, the overproduction of 
pro-inflammatory cytokine could contribute to inflam-
matory disorders. Understanding the role of innate 
immune system and the pathogenesis of infections are 
crucial for timely and appropriate clinical management of 
the diseases.

Innate immune modulators are often used as thera-
peutic agents or vaccine adjuvants [40]. When used as 
therapeutics, immunomodulators may be used alone 
or used in conjunction with antibiotics. However, how 
to avoid the protective immune response from turning 
into harmful inflammatory diseases  remains  one of the 
main challenges. The potential value of IDR peptides 
in the treatment of infectious diseases has raised con-
siderable attention in recent years. Animal studies have 
shown that IDR peptides may possibly stimulate protec-
tive immune system without causing excessive inflam-
matory responses. In this section, we summarize a range 
of PRRs-targeting immunomodulators, examples of IDR 
peptides, and the importance of certain innate immune 

cells, for the management of infectious diseases and the 
associated complications.

Pattern recognition receptors (PRRs)
PRR is a class of receptors that recognize PAMPs, apop-
totic host cells, and damaged senescent cells. In general, 
innate immune response is modulated by the collabora-
tion between multiple PRRs, such as Toll-like receptors 
(TLRs) and NOD-like receptors (NLRs), as well as their 
downstream mediators. Increasing evidence has sug-
gested the importance of PRRs in the management of 
both infectious and inflammatory diseases. For instance, 
it has been found that Asp299Gly and Thr399lle SNPs 
of TLR4 are associated with an increased risk of gram-
negative bacterial infections and sepsis [41]. A study con-
ducted by Theo et al. shows that polymorphism of TLR1 
increases susceptibility to Candidemia [42], which is a 
severe infection caused by a pathogenic yeast called Can-
dida albicans. Further studies have demonstrated that 
polymorphism of TLR4 is associated with impaired con-
trol of bacterial infections in human [43].

PRRs are mainly expressed in antigen presenting cells 
such as macrophages and dendritic cells. Depending on 
the type of PRRs, they are located either on cell mem-
brane, or are distributed in cytoplasm or intracellular 
compartment membranes [44]. Modulation of PRRs can 
be driven by the use of molecules that mimic the struc-
ture of natural ligands. Agonists or antagonists could 
either activate or suppress the signaling pathways of 
PRRs and mediate different effects: (1) release or sup-
pression of pro-inflammatory cytokines and chemokines; 
(2) formation or inhibition of an inflammatory microen-
vironment; (3) induction or inhibition of chronic inflam-
mation etc. Other innate immune PRRs also include 
retinoic acid-inducible gene (RIG)-like receptors, but 
their role in the pathogenesis of infections have not yet 
been formally studied [45]. To date, pharmaceutical com-
panies have developed a range of chemical-, aptamer-, 
peptide-, protein-based immunomodulators targeting 
various PRRs, which can be categorized into membrane-
bound, endosomal, and cytoplasmic subgroups.

Modulation of plasma membrane bound PRRs signaling
Recent studies have shown that TLRs are involved in the 
mediation of systemic responses to pathogens and sepsis. 
To date, at least 6 plasma membrane bound TLRs, includ-
ing TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11, have 
been identified. These transmembrane receptors consist 
of an extracellular domain that interacts with PAMPs 
and an intracellular domain for signal transmission. A 
majority of these TLRs recognize molecular structures 
of microbial proteins (e.g. flagellin from bacterial fla-
gella), LPS from Gram-negative bacteria, lipoteichoic 
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acid (LTA) and peptidoglycan (PGN) from Gram-positive 
bacteria, and lipoglycans, lipopeptides and lipomannans 
from mycobacteria etc.

Upon recognizing PAMPs on cell surface, nuclear 
factor-κB (NF-κB) and mitogen-activated protein kinase 
(MAPK) are activated through TIR domain adaptor mol-
ecule (TRAM), TIR domain-containing adaptor pro-
tein (TIRAP), TIR domain-containing adaptor protein 
inducing IFN-β (TRIF), TIR domain containing adaptor 
protein (myeloid differentiation 88 (MYD88)) and other 
downstream mediators (Fig.  1). The signaling process 
ultimately drives the production of pro-inflammatory 
cytokines and chemokines. Except for TLR4 that signals 
through both MYD88-dependent and TRIF-depend-
ent pathways, all plasma membrane bound TLRs signal 
through MYD88-dependent pathways [46]. To date, vari-
ous TLRs have been recognized as the molecular targets 
for the treatment of infectious diseases and sepsis. For 
example, Luivac, an oral immunomodulator comprising 
seven bacterial species, is often used for minimizing the 
risk of recurrent respiratory tract infections in children, 
potentially through the activation of various TLRs [47].

TLR1, 2, 6 TLR2 recognizes diverse bacterial structures, 
such as lipopeptides, peptidoglycan, and LTA derived 

from Gram-positive bacteria, as well as molecular patterns 
of viruses such as viral envelope protein. TLR2 can sense a 
variety of ligands because of its ability to heterodimerize 
with either TLR1 or TLR6 on cellular surface. The TLR2/1 
complex is able to recognize triacylated lipopeptides, 
while the TLR2/6 complex is able to sense diacylated lipo-
peptides. Although studies have shown that TLR2 is able 
to form a heterodimeric complex with TLR10, no defined 
ligands have been identified for TLR2/10 complex so far. 
The use of TLR2 as therapeutic targets against infections 
and sepsis have been summarized in a recent review [48]. 
It has been reported that TLR2 agonist offers protection 
against methicillin-resistant Staphylococcus aureus infec-
tion through enhancing the bactericidal activity of neu-
trophils in mice model. Recent evidence also suggests 
that TLR2 may be one of the major contributors to the 
pathogenesis of sepsis. For example, Bergt et al. reported 
that TLR2-deficient mice had markedly improved survival 
during sepsis [49]. Lima et al. also reported that inhibition 
of TLR2 through administration of anti-TLR2 antibody 
relieved systemic inflammation in mice models with pol-
ymicrobial sepsis [50]. Apart from therapeutic purpose, 
TLR2 are also being investigated as adjuvants to boost 
efficacy of vaccines. Table 1 summarizes the recent clini-
cal trials, both completed and ongoing trials, of a series 

Fig. 1 TLRs of innate immune system and their signaling pathways
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of TLR-based therapies or vaccine adjuvants. For exam-
ple, XS15, which is a synthetic TLR1/2 ligand, has been 
developed as an adjuvant for peptide vaccination. The use 
of XS15 as a TLR agonist adjuvant is currently in Phase 
I clinical trial for improving the efficacy of SARS-CoV-2 
vaccine in adults.

TLR4 TLR4, a TLR predominantly expressed in myeloid, 
recognizes molecules from gram-negative bacteria (e.g. 
LPS). Studies have shown that TLR4, when transfected 
alone, is not enough for recognizing LPS [51]. However, 
when physically associated with its co-receptor myeloid 
differentiation 2 (MD-2), the TLR4-MD-2 complex could 
specifically recognize LPS molecule [52]. Other accessory 
molecules e.g. CD14 and LPS-binding protein (LBS) also 
facilitate the binding of LPS with TLR4-MD2. Monophos-
phoryl lipid A (MPLA), a TLR4 agonist, is a non-toxic 
derivative of the lipid A portion of bacterial LPS endo-
toxin [53]. While maintaining similar immunostimulatory 

effect to LPS, MPLA displays at least a 100-fold lower tox-
icity. In 1986, Travenol et al. reported that MPLA could 
significantly improve the survival rates of the treated ani-
mals infected with either E. coli or S. epidermidis [54]. In 
a later study, Takashi et  al. found that MPLA is able to 
improve the clearance of Moraxella catarrhalis and Hae-
mophilus influenzae in mice through TLR4 activation 
[55]. Recent studies also illustrated that administration of 
LPS (a TLR4 agonist) at the time of infection offers partial 
protection against Bordetella pertussis in mice [56].

While TLR-dependent signaling enables protective 
innate immune response, sustained and overwhelming 
activation of TLRs may disrupt immune homeostasis 
and contribute to the development of sepsis and other 
inflammatory diseases. Over the past years, numerous 
TLR antagonists have been developed for the treatment 
of sepsis. For example, eritoran tetrasodium (E5564), a 
TLR4 antagonist, is able to limit excessive LPS-induced 
inflammation in animal models by competitively binding 

Table 1 A summary of immunomodulators being investigated in the clinical stage and their applications for the management of 
infections and sepsis

Drug PRR target Type Role Application Phase of 
development

Participants Status References

imiquimod TLR7 agonist Small molecule Therapeutics Genital warts 
(caused by HPV)

Clinical / FDA approved /

Luivac
(LW 50,020)

Agonist for vari‑
ous TLRs

Bacterial lysates Therapeutics Respiratory tract 
infections

Clinical 33 Completed [47] 

MGN1703 TLR9 agonist Synthetic DNA Adjuvant HIV Phase 1b/2a 12 Completed NCT02443935

CPG 7909 TLR9 agonist Synthetic DNA Therapeutics HIV Phase 1 97 Completed NCT00562939

XS15 TLR1/2 ligand Synthetic Pam‑
3Cys‑derivative

Adjuvant SARS‑CoV‑2 Phase 1 36 Active but not 
recruiting

NCT04546841

SD‑101 TLR9 agonist Synthetic oligo‑
nucleotide with 
CpG motifs

Adjuvant HCV Phase 1 34 Completed NCT00823862

GS‑9620 TLR7 agonist Small molecule Therapeutics HBV Phase 1 51 Completed NCT01590654

imiquimod TLR7 agonist Small molecule Adjuvant Influenza virus Phase 3 160 Completed NCT02103023

resiquimod TLR7/8 agonist Small molecule Adjuvant Influenza virus Phase 1 59 Completed NCT01737580

eritoran TLR4 antagonist Synthetic lipid A 
antagonist

Therapeutics Sepsis Phase 3 197 Completed NCT00334828

TAK‑242 TLR4 antagonist Small molecule Therapeutics Sepsis Phase 3 277 Completed NCT00143611

NI‑0101 TLR4 antagonist Monoclonal 
antibody

Therapeutics Sepsis Phase 1 80 Completed NCT01808469

RO7020531 TLR7 agonist Small molecule Adjuvant HBV Phase 1 46 Completed NCT02956850

VAX125 Consist of a 
TLR5 ligand

A recombinant 
hemagglutinin 
influenza‑flagel‑
lin fusion

Adjuvant Influenza Phase 2 128 Completed NCT00730457

imiquimod TLR7 agonist Small molecule Adjuvant HBV Phase 2 100 Active but not 
recruiting

NCT04083157

polyI:C TLR3 agonist Synthetic analog 
of dsRNA

Adjuvant SARS‑CoV‑2 Phase 1 48 Not yet recruit‑
ing

NCT05155982

IMO‑2125 TLR9 agonist Synthetic DNA Therapeutics HCV Phase 1 63 Completed NCT00990938

IMO‑2125 TLR9 agonist Synthetic DNA Therapeutics HCV Phase 1 58 Completed NCT00728936
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to TLR4-MD2 [57]. However, despite the encouraging 
results in animal studies, a phase III clinical study sug-
gests that E5564 could not confer survival benefits to 
patients with severe sepsis [58]. Other TLR4 antagonists 
also include TAK-242, Opioids, Ketamine and Lansopra-
zole etc. However, recent clinical trials using these immu-
nomodulators on patients with sepsis had disappointing 
results. For example, a clinical trial of 274 patients shows 
that TAK-242 did not suppress the level of cytokine 
expression in patients with sepsis [59]. Zhang et al. also 
evaluated the survival differences between patients 
treated with opioid and placebo among 6000 patients 
with sepsis. The result surprisingly shows that the opioid-
treated patients had a significantly higher mortality rate 
compared to the non-treated patients [60]. Although the 
role of TLR4 in the development of sepsis remains debat-
able, investigations using TLR4 antagonists for the treat-
ment of sepsis is still ongoing. Modulators of TLR4 are 
also being investigated as adjuvants to boost the efficacy 
of vaccines (Table 1). For example, AS04 adjuvant, which 
is a combination of MPL (a TLR4 agonist) and aluminum 
salt, induces production of co-stimulatory molecules e.g. 
cytokines and chemokines [61]. AS04-adjuvated HPV 
16/18 vaccine, also known as Cervarix, received FDA 
approval in 2009 for the prevention of cervical cancer 
caused by HPV infection.

TLR5 TLR5 is preferentially expressed in respiratory 
epithelial cells and is known to sense flagellin specifically. 
For example, TLR5 found on airway epithelium can rec-
ognize Pseudomonas aeruginosa, which is a Gram-nega-
tive bacterium that can cause severe infection [62]. TLR5 
is also expressed in intestinal epithelial cells for recogniz-
ing bacteria that flow across the gut [63]. Studies have 
shown that administration of flagellin (a TLR5 agonist), 
either concurrently or after bacterial infection, offers pro-
tection against infections with Pseudomonas aeruginosa 
and Streptococcus pneumoniae [64]. A Phase III clinical 
trial shows that VAX125, a recombinant influenza vaccine 
consisting of flagellin (a TLR5 agonist), elicits vigorous 
responses against native virions at a relatively low dose of 
influenza hemagglutinin antigen, suggesting the substan-
tial adjuvant effect of flagellin [65, 66].

Modulation of endosomal PRRs signaling
In contrast to plasma membrane bound PRRs that mainly 
recognize PAMPs on the surface of bacteria (e.g. lipo-
peptide, lipoprotein, PGN and LPS from bacteria), endo-
somal PPRs (i.e. TLR3, TLR7, TLR8, TLR9, TLR12 and 
TLR13) primarily sense bacterial nuclear components 
and virus-derived nucleic acids, which gains access to 
the endosomal compartment of cells by phagocytosis of 
apoptotic cell debris or pathogen-infected cells [67, 68]. 

While all the endosomal TLRs signal through MYD88 
signal pathway, TLR3 exclusively signals through TRIF-
dependent pathway [69]. In this section, the preliminary 
results and clinical uses of some important endosomal 
TLRs in various infectious diseases are discussed.

TLR3 TLR3 preferentially detect dsRNA from a range 
of viruses. Signal of TLR3 is transduced through the 
TRIF-dependent pathway, which ultimately leads to the 
induction of IFN responses, as well as the production of 
inflammatory cytokines [70, 71]. TLR3 can specifically 
recognize RNA viruses including West Nile, influenza A, 
and rhinovirus etc. [72, 73]. It has also been found that 
TLR3 can recognize certain types of DNA viruses e.g. 
herpes simplex virus 1 (HSV-1) [74]. Recent evidence has 
shown that TLR3-deficient mice are more susceptible to 
viral infections, both ssRNA and DNA viruses [75]. Polyi-
nosinic-polycytidylic acid (poly I:C) is a synthetic TLR3 
agonist [76]. Intranasal administration of Poly I:C within 
48 h post-infection was found to offer protection to mice 
with lethal respiratory viral infection [77]. Other studies 
have shown that Poly I:C was able to inhibit replication 
of SARS-CoV-2 in mice, with an inhibitory effect higher 
than that of chloroquine and nelfinavir [78]. The use of 
Poly I:C as potent vaccine adjuvants has also been inves-
tigated for years. For example, TriAdj, an adjuvant con-
sisting of poly(I:C) and IDR-002 (an immunostimulatory 
HDP), has been developed for boosting the efficacy of 
different vaccines [79]. Most recently, TriAdj has entered 
Phase I clinical trial for improving the immunogenicity 
response to the S1 protein of SARS-CoV-2 [80].

TLR7 TLR7 preferentially binds to viral ssRNA and has 
been shown to play an important role in protecting the 
body against viral infections [81]. Imidazoquinoline and 
imiquimod are synthetic oligonucleotides that mimic viral 
components, activate TLR7, and induce the production of 
pro-inflammatory cytokines [82]. Studies have shown that 
TLR7-deficient mice are not able to respond to ssRNA of 
viruses including VSV, HIV-1 and IAV etc. [83]. Recently, 
topical application of imiquimod has been proven to be 
safe and effective for treating external anogenital warts, 
which is a type of infection commonly caused by HPV 
[84]. Furthermore, topical application of imiquimod has 
been shown to boost the efficacy of influenza vaccine in 
animal model and has successfully completed a Phase III 
clinical study in young healthy individuals and elderly 
[85].

TLR9 TLR9 specifically recognizes non-methylated 
CpG DNA from bacteria and viruses. Upon engaging 
with CpG DNA, TLR9 is activated and can transmit sig-
nal through MDY88-dependent pathway, which conse-
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quently initiate innate immune response [71]. TLR9 is a 
known sensor for a range of DNA viruses including HSV-
1, HSV-2, cytomegalovirus (MCMV), and adenovirus. 
Studies have shown that administration of TLR9 agonists 
could reduce viral load and improve the survival of mice 
infected with HSV-1 encephalitis (HSE) [86]. CpG ODN 
was found to inhibit the replication of HBV in infected 
murine [87]. CPG10101, a TLR9 agonist, was shown to 
elicit a dose-dependent enhancement of immune response 
and lower the level of HCV RNA in a Phase I clinical trial 
[88]. However, interactions between pathogens and hosts 
are likely to be complicated, and the outcomes may be dif-
ficult to predict. For example, Wang et  al. reported the 
use of a CpG ODN and imiquimod as immunomodula-
tors for preventing transmission of simian immunodefi-
ciency virus (SIV) [89]. While both ODN and imiquimod 
could induce innate immune response in the cervicov-
aginal mucosae of rhesus monkeys, all treated monkeys 
become infected after SIV inoculation, and had a higher 
level of plasma viral RNA compared to that of the control 
monkeys. On the other hand, immune activation by CpG 
ODNs was found to be beneficial as vaccine adjuvants 
[90]. Etsuro et al. evaluated various formulations of PRR 
agonists, and found that vaccine adjuvants that consists of 
CpG ODN and aluminum hydroxide had a substantially 
higher immune response toward SARS-CoV-2 receptor 
binding domain in aged mice [91]. In clinical practice, 
CpG-7909, which is a synthetic CpG ODN, has been 
proven to be a safe and effective adjuvant for improving 
the efficacy of the anthrax vaccine BioThrax [92].

Modulation of cytoplasmic innate immune signaling
When pathogens access the interior of a host cell, PAMPs 
of pathogens, particularly peptides, can be detected by 
cytoplasmic PRRs such as NOD proteins [93]. In this 
section, NOD-like receptors (NLRs) and stimulator of 
interferon genes (STING), which are among the most 
prominent pathways that respond to microbials in cyto-
plasm, are discussed.

NOD-like receptors (NLRs) NLRs are a family of cyto-
plasmic receptor recognizing PAMPs that gain access to 
the interior of cells via phagocytosis, as well as damage-
associated molecular patterns (DAMPs) released from 
dying or damaged cells due to pathogenic infections 
[94, 95]. NLRs can be categorized into two sub-families 
i.e. NODs and NLRPs subfamilies. Among all the NLRs, 
nucleotide-binding oligomerization domain-containing 
1 (NOD1), NOD2 and NOD-, LRR- and pyrin domain-
containing 3 (NLRP3) are the most well-characterized 
members of the family, and are responsible for recogniz-
ing microbial signals [96, 97]. For example, NOD1 spe-
cifically senses muropeptides from Gram-negative bac-

teria that contains diaminopimelate (DAP), while NOD2 
detects muramyl dipeptide (MDP) that can be found in 
all kinds of bacteria [98]. NOD1 and NOD2 can be acti-
vated through ligand recognition, which results in the 
activation of MAPK and NF-κB signaling and the secre-
tion of pro-inflammatory cytokines and chemokines [99]. 
On the other hand, NLRP3 recognize signals from both 
PAMPs and DAMPs, which consequently induce the 
NLRP3 inflammasome-dependent immune responses 
and facilitate the removal of invading microbials [100]. To 
date, numerous immunomodulators targeting NLRs have 
been developed [101]. Evidence has suggested that mice 
pretreated with NOD-1 ligands orally or parentally prior 
to bacterial infections had higher survival rate. Compared 
to treatments using antibiotics alone, treatments using 
both immunomodulatory muropeptides and antibiotics 
were found to offer greater resistance to bacterial infec-
tions [45]. Furthermore, murabutide, which is a synthetic 
derivative of MDP (a NOD2 agonist), has successfully 
completed a Phase II clinical trial demonstrating its clini-
cal tolerance and potential for improving the antiviral 
immunity in HIV-infected patients [102].

Other than agonistic studies, antagonistic studies 
which focus on the blockage of NLR function are also 
advantageous. It has been found that the activities of 
NOD1 and NOD2 are upregulated during viral infec-
tions [103]. Secondary bacterial infections that manifest 
during or after a viral infection may trigger uncontrolled 
inflammatory responses and lethality. A potent NOD 
antagonist for inhibition of NOD activities may blunt 
the associated pro-inflammatory responses and decrease 
the rate of mortality. Recently, some dual NOD1/NOD2 
antagonists that demonstrate promising inhibitory activi-
ties against NOD1/NOD2-stimulated NF-κB and MAPK 
signaling have been developed [104, 105]. However, these 
compounds are still at the preclinical investigation stage, 
and none have shown promising activities against infec-
tion-associated complications.

Stimulator of interferon genes (STING) STING is a cyto-
solic sensor responsible for regulating innate immune 
defense. In mammalian cells, the detection of foreign 
DNA (e.g. microbial DNA), is mainly contributed by the 
cyclic GMP–AMP synthase (cGAS)–STING pathway. 
The binding of cGAS to cytosolic microbial dsDNA spe-
cies, such as HSV-1 and HBV, allosterically activates its 
catalytic activity and leads to the production of cyclic 
dinucleotides (CDNs), which is a secondary messenger 
molecule and potent agonist of STING. The sensing of 
CDNs induces a conformational change in STING and 
triggers the production of NF-κB- and IRF3-depend-
ent cytokines. Following these events, STING is rapidly 
degraded to avoid excessive production of cytokines [106, 
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107]. On the other hand, some intracellular bacteria (e.g. 
Listeria monocytogenes) can generate CDNs that directly 
promote the activation of STING-dependent signaling 
pathway [108]. However, some DNA viruses and bacteria 
have been found to develop strategies to disrupt the path-
way. For example, E7, which is a HPV-encoded product, is 
able to bind with STING and abrogate the cGAS-STING 
signaling pathway [109]. HSV-1 is also known to encode 
at least nine products, such as ICP27, VP22, UL24 and 
UL46, to suppress the signaling of cGAS-STING-medi-
ated pathway [110]. It has also been reported that STING 
or cGAS knockout mice were more susceptible to infec-
tions by HSV1 and other DNA viruses, suggesting the 
importance of STING-dependent pathway in host defense 
mechanism against microbial infections [111].

To date, numerous STING agonist have been devel-
oped. For example, 5,6-dimethylxanthenone-4-acetic 
acid (DMXAA), a STING agonist, has been reported to 
induce the production of IFNs in mice and reduce the 
viral load of HSV-1 in the peripheral and central nerv-
ous systems [112]. DMXAA was also found to induce 
antiviral innate immunity and suppress the replication of 
HBV in mice [113]. More recently, dimeric amidobenzi-
midazole (diABZI), which is a synthetic small molecule of 
STING agonist, was also found to activate and limit the 
replication of SARS-CoV-2 and HCoV-229E in cells and 
animals effectively [114, 115]. These findings highlight 
the therapeutic potential of STING-dependent pathway 
in the treatment of infectious diseases.

Innate defense regulator (IDR) peptides
IDR peptides, traditionally known as antimicrobial pep-
tides (AMP), are synthetic compounds that possess both 
anti-infective and immunomodulatory effects. The amino 
acid compositions of IDR peptides are designed based on 
the sequences of natural host defense peptides (HDPs), 
which are produced by innate immune cells against bac-
terial challenges. The strategies for designing IDR pep-
tides have been summarized and reviewed by Donna 
et  al. [116]. While some HDPs (e.g. α-defensins) pos-
sess weak direct microbicidal effects in vivo, most HDPs 
eliminate infections through mediating immunomodula-
tory activities on the host. Intriguingly, HDPs are known 
to induce the production of pro-inflammatory cytokines 
while promoting a local non-inflammatory resolution of 
infections. For example, Roel et al. reported that CATH-
2, a type of Cathelicidins HDP, could efficiently neutral-
ized the activation of LPS-induced M1 macrophage 
[117].

To date, many IDR peptides have been developed and 
employed in antimicrobial therapies. IDR-1, which is 
one of the first synthetic IDR peptides used for treat-
ing bacterial infection, has been shown to mediate 

protection against bacterial infections such as vanco-
mycin-resistant Enterococcus and methicillin-resistant 
Staphylococcus aureus in mice without causing obvious 
cytotoxicity [118]. Numerous IDR peptides that pos-
sess both immunostimulatory and anti-infective activi-
ties have entered clinical stage (Table 2). For example, a 
pre-clinical investigation shows that EA-230, a synthetic 
IDR peptide, is effective in treating infection-induced 
inflammatory diseases [119]. EA-230 was also found to 
confer survival benefits in animals with abdominal sep-
sis [119]. Furthermore, EA-230 demonstrated excellent 
safety and tolerability in healthy volunteers participat-
ing in Phase I clinical trials [120]. IMX-942, a synthetic 
IDR peptide designed based on the sequence of IDR-1, 
first entered Phase I clinical trial in 2009 [116]. IMX-942 
has no direct anti-infective activities. However, IMX-942 
is able to modulate innate immune response by binding 
with adaptor protein and changing the downstream sign-
aling network of TLRs and TNF [121]. Other IDR pep-
tides that possess promising pre-clinical data also include 
IDR-1002, IDR-HH2 and IDR1018, which were found to 
reduce inflammation in mice infected with Pseudomonas 
aeruginosa [122] and Mycobacterium tuberculosiss [123].

M1 and M2 polarization of macrophage
Macrophages are professional phagocytes responsible 
for (1) preventing infections, (2) tissue repairing and (3) 
immunomodulation. Macrophage polarization, which 
refers to the process by which macrophages adopt dis-
tinct functional phenotypes in response to specific 
microenvironment signal or stimuli, is crucial for main-
tenance of homeostasis [124]. Macrophages can be clas-
sified into classically activated (M1) and alternatively 
activated (M2) macrophages, while M2 macrophages can 
be further categorized into M2a, M2b, M2c, and M2d 
subgroups [125]. These macrophages produce distinct 
functional phenotypes, for example, by having different 
secreted cytokines, cell surface markers and biological 
functions.

M1 macrophages are macrophages that possess pro-
inflammatory phenotype [126]. Macrophages can be 
polarized into M1 macrophages in response to PAMPs 
(e.g. LPS from E Coli, PGN from S aureus) and Th1 
cytokines (e.g. TNF-α and IFN-γ). They can be char-
acterized by the expression of surface markers such as 
CD80, CD86, TLR-2, TLR-4, MHC-II and iNOS [127]. 
Upon polarizing into M1 phenotype, the M1 mac-
rophages secrete various pro-inflammatory chemokines 
and cytokines (e.g. IL-6, IL-12, IL-1α, IL-1β, TNF-α), 
which further polarize more unpolarized macrophages 
into the M1 state [128]. Key transcription factors, such 
as NF-κB and STAT1, are also known as the major path-
ways responsible for the activation of M1 macrophages 
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[129]. On the other hand, M2 macrophages are mac-
rophages that produce anti-inflammatory responses, 
which protect the host from excessive inflammatory 
responses and tissue damage. M2 polarization occurs 
as a reaction to cytokines such as IL-4 and IL-13 [130]. 
Other cytokines such as IL-33 and IL-25 have also been 
shown to amplify M2 macrophage polarization [131]. 
M2 macrophages can be characterized by the presence 
of surface markers, such as CD163, CD206, CD209, and 
Ym1/2 [132]. Studies suggest that up-regulation of anti-
inflammatory chemokines and cytokines, such as IL-10, 
CCL1, CCL17, CCL18, CCL22, CCL24 and TGF-β, can 
also drive the polarization of macrophages into M2 
state [133, 134].

Activation of M1 polarization offers tremendous 
potential for efficient elimination of invading pathogens 
[135]. At the same time, switching macrophages from 
M1 to M2 state contributes to anti-inflammatory activ-
ity, tissue repair and wound healing [130]. Other than 
endogenous ligands, naturally occurring compounds 
such as diosgenin, celastrol and emodin, have also been 
shown to regulate macrophage polarization [136]. To 
date, the uses of TLR ligands and cytokines for M1/M2 
macrophage polarization have been extensively inves-
tigated. For example, it has been found that zoledronic 
acid could promote TLR-4-mediated polarization of M1 
macrophage [137], while curcumin could induce the 

secretion of IL-4/IL-13 [138] and induce M2 macrophage 
polarization [139].

Types of nanocarriers and their potential 
applications
Nanocarrier is a colloidal carrier system used for cargo 
transportation. Compared to conventional approaches, 
nanocarrier-assisted approaches readily improve the 
pharmacokinetics (e.g. drug absorption and circulation 
time) and pharmacodynamics (e.g. therapeutic index and 
specificity) of cargos. An ideal nanocarrier should be bio-
compatible, biodegradable, stable in body fluids, as well 
as tolerable for phagocytosis by immune cells. To date, 
numerous types of nanocarriers, such as liposomes, lipid 
nanoparticles, micelle, polymeric nanoparticles, metallic 
nanoparticles, and dendrimers, have been investigated 
extensively. Their designs and properties are summarized 
and compared in this section (Fig. 2).

Liposome
Liposomes are self-assembling spherical vesicles that 
consist of at least one lipid bilayer. They are composed 
of either synthetic or natural phospholipids [140]. The 
characteristics of the constituent phospholipids, such 
as their lipid composition, size, surface charge and 
permeability, are key factors determining their physi-
cal and chemical properties. The loading of drugs into 

Fig. 2 Structures of nanocarriers: a liposome, b lipid nanoparticles, c micelle, d polymeric nanoparticles (nanosphere and nanocapsule) and e 
dendrimer
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liposomes can be achieved by either passive or active 
methods [141]. For passive method, dried lipid is dis-
solved in an aqueous solution containing the load. 
Although this method is simple and easy to operate, 
only water soluble or hydrophilic drugs can be encapsu-
lated, and their efficiency is relatively low. In contrast, 
active loading allows efficient drug loading with high 
intraliposomal drug concentration. For this method, 
drug is internalized due to the pH gradient across the 
environment outside and inside the liposome. The drug 
loading efficiency is linked to various factors, includ-
ing the lipid composition of constituent phospholipids, 
aqueous solubility of the drug, and the nature of the 
transmembrane etc. [142].

Liposomes are available in various forms, known as 
conventional liposomes, PEGylated liposomes, and 
ligand-targeted liposomes [143]. The structures and com-
positions of conventional liposome is as shown in Fig. 2a. 
Compared to free drugs, the use of liposomal system can 
significantly enhance the specificity of drugs. Conven-
tional liposomes are composed of either cationic, anionic, 
or neutral phospholipids, and cholesterol. In general, 
they consist of a lipid bilayer, which encloses an aqueous 
inner core formed by hydrophilic heads of phospholipids. 
The bilayer structure of liposomes allows encapsulation 
of hydrophilic drugs within the aqueous core, as well as 
entrapment of lipophilic drugs within the lipid portion of 
the bilayer membrane [144]. The unique ability of lipo-
somal system for delivering both hydrophilic and lipo-
philic drugs, and their ability to prolong circulation time, 
reduce toxicity and improve biocompatibility of drugs 
makes them one of the ideal nanostructures for biomedi-
cal applications [145]. However, conventional liposomes 
are easily recognized by the mononuclear phagocyte sys-
tem (MPS), and are rapidly cleared from the bloodstream 
[146]. The use of PEGylated liposome has therefore been 
introduced. The steric hindrance offered by PEG protects 
the liposome from phagocytosis. Studies have indicated 
that PEGylated liposomes have a substantially longer cir-
culation time in bloodstream, with a reported half-live as 
high as 45 h in human [147]. However, while steric stabi-
lization enables a longer circulation time, the enormous 
PEG coating may also hinder the biological interaction 
between liposome and its intended target, and thus low-
ering the drug efficacy. Ligand-targeted liposomes are 
modified liposomes coupling with ligands, such as pep-
tides, proteins, aptamers and antibodies [148]. However, 
attaching ligands to liposomal surface may impart poor 
pharmacokinetics to liposome, limiting its therapeutic 
performance in vivo [149]. Therefore, newer generations 
of liposomes usually make use of a combination of the 
above designs to achieve specific targeting while improv-
ing pharmacokinetics. For example, it has been found 

that modification of ligand-integrating liposomes with 
PEG enables a better pharmacokinetics in vivo [150].

To date, numerous targeted-liposomal systems for the 
delivery of chemical drugs (e.g. cisplatin, oxaliplatin, 
lonidamine, indinavir, irinotecan), proteins/peptides (e.g. 
eptifibatide, growth factors such as VEGF, EGF, GDNF 
and VEGF), and nucleic acids (e.g. siRNA, plasmid DNA, 
miRNA) using targeting ligands such as RGD peptide, 
PTD (HIV) peptide, folic acid and transferrin, have been 
broadly used in the treatment of cancers, infectious dis-
eases and neurodegenerative diseases [151]. Notably, 
some ligand-targeted liposomal systems, such as SGC-53 
[152], anti-EGFR ILs-DOX [153], Lipovaxin-MM [154], 
MM-302 [155] and SGT-94 [156], have already com-
pleted clinical phase I/II trials in cancer patients. Most 
recently, the US FDA has approved Vyxeos, which is a 
liposomal system loaded with cytarabine and daunoru-
bicin, for the treatment of acute myeloid leukemia. Fur-
thermore, a PEGylated-magneto liposomal system loaded 
with multi-component drugs (i.e. drug abuse antagonist, 
latency reactivating agents and antiretrovirals) has also 
been reported [157]. This nano-formulation allows sus-
tained drug release for up to 10  days with significant 
anti-HIV activity in primary CNS cells, offering potential 
for targeting viruses/bacteria that have migrated to the 
CNS. However, one should not confuse “liposome” with 
“polymersome”. Polymersome is a synthetic analogue 
to liposome that can be formed by the self-assembly of 
amphiphilic copolymers. Compared to liposomes, poly-
mersomes are significantly more stable and can be engi-
neered to allow bio-responsive drug delivery. However, 
owning to their stable and robust bilayer membrane, pol-
ymersomes usually have slow cargo release rate.

Lipid nanoparticles
Lipid nanoparticle (LNP) is a spherical viral-sized vesi-
cle (80–200  nm) composed of ionizable lipids (Fig.  2b). 
Owning to their ionizability, LNPs are neutral at physi-
ological pH and have a relatively low toxicity [158]. 
Upon endosome-engulfing, the acidic environment 
of endosome causes the LNP surface to become posi-
tively charged [159]. At low pH, the positively charged 
LNPs can complex with the negatively charged nucleic 
acids cargo (e.g. mRNA), forming a water-insoluble 
lipid-mRNA complex that has a neutral net charge. If 
such a lipid-mRNA complex is lipophilic, it can trans-
port across the endosomal membrane during the fusion 
event, and dissociate in the cytoplasm, where the pH is 
neutral (~ pH = 7.6) [160]. This process eventually gives 
rise to the release of mRNA cargo intracellularly for pro-
tein synthesis (Fig.  3). LNPs usually contain cholesterol 
and a helper lipid to help with the filling of gap between 
lipids, and a PEG to reduce clearance by MPS [161]. The 
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efficacy of LNPs can be substantially affected by the rela-
tive amount of lipid components, and therefore optimiza-
tion of the amount of ionizable lipid, cholesterol, helper 
lipid, and PEG is critical for different applications [162]. 
Furthermore, the size, lipid type and surface charge of 
LNPs are also key parameters that affect their behavior 
in  vivo. Liposomes and LNPs are similar by design, but 
they are slightly different in composition and functions. 
While liposomes are composed of cationic, anionic or 
zwitterionic lipids, LNPs are mainly composed of ioniza-
ble lipids or other lipid materials with cholesterol, neutral 
helper lipids and PEG-lipids. In contrast to conventional 
liposomes that have one or more rings of lipid bilayer 
surrounding an aqueous pocket, not all LNPs have such 
a contiguous bilayer. Some LNPs have a structure similar 
to micelles that encapsulate cargo in a non-aqueous core.

In application, LNPs can be used as delivery vehicle for 
both hydrophilic and lipophilic drugs. Notable examples 
include the lymphocyte-targeting LNPs recently devel-
oped by Kraft and the co-workers [163]. In this study, 
three antiretroviral drugs including lopinavir (hydropho-
bic), ritonavir (hydrophobic) and tenofovir (hydrophilic) 
were encapsulated in LNPs. This formulation enables a 
long-lasting drug profile in plasma and an improved drug 

levels in lymph nodes of macaques models. Furthermore, 
LNPs are especially designed for encapsulating nucleic 
acids (e.g. DNA, siRNA, mRNA and saRNA).

Non-viral vectors have emerged as a safer and ver-
satile alternative to viral vectors (e.g. lentivirus and 
adenovirus vectors) due to their absence of immuno-
genic viral proteins. Among the non-viral gene vectors, 
LNPs have shown robust capability to deliver oligonu-
cleotides in sizes ranging from several nucleotides (e.g. 
RNA) to millions of nucleotides (e.g. chromosome). The 
application of LNPs as delivery vehicle for RNA drugs 
was first approved by the US FDA in 2018 [164]. In late 
2020, LNPs become widely known after some phar-
maceutical industries developed COVID-19 vaccines 
using PEGylated LNPs as the delivery vehicle for the 
fragile mRNA strands [145]. Notable examples include 
the most advanced mRNA-based vaccines (e.g. mRNA-
1237 and BNT162), developed by Moderna, Biontech, 
Pfizer and Fosun Pharma. The clinical trials investigat-
ing the safety, immunogenicity, tolerability and potential 
efficacy of these vaccine formulations are still ongoing 
(NCT04368728, NCT04380701, NCT04283461).

Fig. 3 A mechanism describing the fate of LNP upon endocytosis. Reproduced with permission from reference [160]
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Micelle
Phospholipid micelle
Phospholipid micelle is a colloidal suspension formed 
by self-assembling of surfactant phospholipid molecules 
[165]. It is structurally similar to cellular membrane 
which is also composed of phospholipids. This similar-
ity allows micelles to be incorporated into cellular mem-
brane or even travel across them. The hydrophilic shell 
and nanoscale dimension (usually have sizes ranging 
from 5 to 100  nm) of micelle not only lower the toxic-
ity of the load, but also lower their recognition and rapid 
clearance by MPS. A typical micelle is formed in water 
whereby its hydrophilic region facing the outside sur-
face, that is the aqueous environment, and the lipophilic 
tails sequester to form a lipophilic core (Fig.  2c). How-
ever, when formed in a lipophilic solution, for example 
fat, the structure of the micelle will be reversed. When 
compared to liposome that consists of a lipid bilayer 
and a hydrophilic core, a typical micelle has a lipophilic 
core and has been commonly used for the delivery of a 
board range of drugs that have poor solubility in water 
[166]. Furthermore, micelles have a smaller dimension 
and thus their drug-loading capacity are smaller when 
compared to liposomes [167, 168]. Phospholipid micelles 
are also known as sterically stabilized micelle when they 
are prepared using PEGylated lipid (e.g. DSPE-PEG2000). 
While small molecule drugs are encapsulated in the core, 
peptide drugs can be resided in the PEG polymer. Most 
recently, Esparza et  al. reported a PEGylated phospho-
lipid micelle for the delivery of an amphiphilic water-
soluble peptide drug [169]. In this work, the PEGylated 
phospholipid (DSPE-PEG2000) self-assembles to form a 
sterically stabilized micelle. The amphiphilic peptides 
then self-associate with the micelle via molecular interac-
tion and transition to an active alpha-helical conforma-
tion. Since the peptide is not covalently conjugated to 
the micelle, it can easily leave the micelle and bind to the 
receptor of interest.

Polymeric micelle
Micelles can also be formed by self-association of 
amphiphilic copolymers in aqueous solution. This type 
of micelles is known as polymeric micelle. They have a 
lipophilic core covered by a hydrophilic shell. In general, 
cargos can be loaded in polymeric micelles by chemical 
conjugation or physical entrapment. The rate of drug 
release depends on the way of loading. For instance, 
drugs that are chemically conjugated to polymeric 
micelles are released by surface erosion or degradation 
of the polymer, while physically entrapped drugs are 
released by diffusion [165]. Polymeric micelles that are 
ligand-conjugated can also achieve a higher efficacy and 
site-specificity, and thus achieving a better therapeutic 

outcome [170]. Polymeric micelles can be synthesized 
using many different polymers. The choice of polymer, 
however, must be biocompatible and biodegradable. For 
example, PEG is a common hydrophilic polymer used for 
micelle fabrication due to its water-soluble, non-toxic, 
and non-ionic nature [171].

To date, polymeric micelles have been used as versa-
tile delivery carriers for various drugs and siRNAs [172]. 
Surface modification with various moieties (e.g. cell pen-
etrating groups and/or stimuli-responsive groups) can 
impart additional functions to micelles, giving rise to 
multifunctional and “smart” polymeric micelles. Nota-
ble examples of stimuli-responsive polymeric micelles 
include (1) doxorubicin-loaded chondroitin sulfate-his-
tamine micelle (pH-responsive) [173], (2) GFP siRNA-
loaded Poly(D,L-lactic co-glycolic acid)/linear PEI micelle 
(redox-responsive) [174], (3) curcumin-loaded dialkoxy-
cyanostilbene polymethacrylate-b-PEO micelle (UV 
light-responsive)[175], (4) paclitaxel/rifampicin-loaded 
PEO-b-P(LGA-co-COU) micelle (NIR light-responsive) 
[176], (5) doxorubicin-loaded pluronic F105 micelle 
(ultrasound-responsive) [177], and 6) doxorubicin/SPIO-
loaded PEG-b-PCL micelle (magnetic field-responsive) 
[178]. Furthermore, the use of polymeric micelles for the 
delivery of siRNAs, such as MDR1 siRNA, Bcl-2siRNA, 
GFP/VEGF siRNA, and XIAP siRNA, have also been 
reported [172]. These “smart” polymeric micelles offer 
significant potential in the area of therapeutic delivery.

Polymeric nanoparticles
Polymeric nanoparticles (PNPs) are colloidal particles 
made of biocompatible and biodegradable polymers. 
PNPs (Fig.  2d) usually have a size ranging from 1 to 
1000 nm and can be synthesized in different morphologi-
cal structures, known as nanocapsule and nanosphere 
[179]. Nanocapsule is a reservoir system that a drug is 
distributed within a cavity formed by the outer polymeric 
membrane. Nanosphere is a matrix system that a drug 
is embedded in the polymeric matrix. Both synthetic 
polymers (e.g. poly(lactide-co-glycolides) (PLGA), poly-
lactides (PLA)) and natural polymers (e.g. chitosan, algi-
nate, dextran and pectin), can be used for the synthesis of 
PNPs [180]. PNPs can be fabricated using solvent evapo-
ration, emulsification/solvent diffusion, emulsification/
reverse salting out and nanoprecipitation methods [181]. 
The composition of polymer, drug-to-polymer ratio, sol-
ubility of drug, and pH value are important parameters 
that affect the stability, release profile and particle size of 
PNPs [182].

To date, PNPs are widely used as nanocarriers for 
the delivery of a variety of drugs including small mol-
ecules, oligonucleotides (e.g. ssDNA, dsDNA, RNA), 
peptides, and proteins, which are either dissolved, 
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encapsulated, entrapped within the polymeric core, 
or affixed to the polymeric surface. The use of PNPs 
system for drug delivery offers many advantages over 
the “free drug”, including (1) sustained/controlled 
drug release, (2) stable delivery of labile drugs such 
as protein drugs, and (3) allow surface modification 
for targeted drug delivery [183, 184]. PLGA and PLA 
are among the most commonly used synthetic poly-
mers for biomedical applications. These polymers, 
upon hydrolysis, are degraded into their constitu-
ent monomers, glycolic and/or lactic acids, which are 
then excreted out of the body. Owning to their bio-
compatibility and biodegradability, many PLGA- and 
PLA-based drug delivery systems have already been 
approved by the US FDA. A review article reported by 
Wang and the co-workers summarizes a list of FDA-
approved PLA/PLGA-based drug products [185]. For 
example, Lupron Depo, a PLGA/PLA-based medica-
tion, was first approved by the US FDA for the treat-
ment of advanced prostate cancer in 1985.

Ever since their first approval, scientists have contin-
ued to bring forward new innovations in the design of 
PNPs-based products. For example, intravenous (IV) 
injection, nasal and oral administration of PLGA-based 
formulations for sustained release of antitubercular 
drugs, such as pyrazinamide, isoniazid and rifampicin, 
have been developed [186–188]. Following a sin-
gle administration, a sustained level of the drug load 
could be detected in the circulation for up to 6–9 days. 
The absolute bioavailability of the drug was found to 
be > 10 folds higher than that of the free drugs. The use 
of natural PNPs, such as chitosan, for the delivery of 
antibiotics (e.g. levofloxacin and ceftazidime) have also 
been reported [189, 190]. The developed formulations 
were found to be safe and non-irritant for topical oph-
thalmic use. Compared to free drug solution, chitosan 
NPs could effectively improve the retention time of 
drug in eyes and enhance their antibacterial activities. 
More recently, studies have also focused on the devel-
opment of PNPs-based formulations for the delivery 
of potential therapeutic agents against COVID-19 
[181, 191]. For example, the self-injectable remdesivir-
loaded PLGA nanoparticles, namely SelfExRem, has 
been developed by Patki and the co-workers. Upon 
injected into an aqueous environment, SelfExRem 
undergoes a rapid solution-soft gel transition, which 
allows a controlled release of remdesivir at a steady 
rate for 2 days. Furthermore, PNPs have been used as 
nanocarriers for the delivery of immunomodulatory 
drugs (e.g. small molecules, siRNA, peptides, pro-
teins) [192]. Their applications in the management of 
infectious diseases are discussed in the  "Nanocarriers 

for delivery of immunomodulatory drugs and vaccine 
adjuvants" section.

Metallic nanoparticles
Metallic nanoparticles (MNPs) are nanoparticles derived 
from metals with dimension ranging from 1–100  nm 
[193]. It has been reported that nanoparticles are pref-
erably accumulate in spleen, liver and lymph nodes, and 
may persist in biological system for prolonged period 
[194]. The chemical inertness of noble metals such as sil-
ver and gold renders them the ideal raw materials for the 
formation of MNPs. The large surface charge and surface 
area of MNPs also enable them to interact with the sur-
face of bacterial membranes electrostatically, interrupt 
their integrity and thereby killing them. For example, sil-
ver nanoparticles (AgNPs) are known to have remarkable 
antibacterial efficacy against a range of bacteria such as 
Bacillus subtilis, Pseudomonas aeruginosa and Staphylo-
coccus aureus [195]. The antimicrobial activity of AgNPs 
are attributed to their ability to perturb bacterial cell wall 
and promote lysis of bacterial membrane [196]. The com-
bination of MNPs and drug molecules, for example by 
adsorbing or coupling drugs onto the surface of MNPs, 
are found to have synergistic effect on combating bac-
terial infections [197]. Over the past decades, the use 
of MNPs as nanocarriers for drug molecules have been 
extensively studied. For example, Pal et al. developed an 
AMP-conjugated AgNPs, which combines the potency 
of AMPs and AgNPs, and found that the conjugate had 
enhanced biological activities against E. coli[198]. On 
the other hand, Moyano et al. reported the use of AuNPs 
for modulating the host immune responses [199]. The 
AuNPs with hydrophobic functionalization (e.g. TEGOH 
and ZDiPen) successfully decreased the production of 
cytokines e.g. TNF-α, whereas the AuNPs with hydro-
philic functionalization (ZDiMe) did not affect the secre-
tion of TNF-α.

In addition to AuNPs and AgNPs, magnetic iron oxide 
nanoparticles (MIONPs) have also attracted consider-
able attention due to their superparamagnetism, ease 
of separation and large surface area. To date, various 
chemical and physical methods, such as liquid phase 
methods, microemulsion, gas/aerosol phase methods, 
sol–gel methods, polyols methods, and hydrothermal 
reaction methods, have been used for the synthesis of 
MIONPs [200]. However, owning to the strong attraction 
force among particles, MIONPs that have bare surface 
tend to agglomerate. Coating MIONPs with inorganic 
or organic molecules, such as drugs, oligonucleotides, 
polymers (e.g. PEG, Poly(d, l-lactide), chitosan, dextran), 
polypeptides and surfactants, can make them functional-
ized and/or biocompatible to the biological environment 
[201]. In a recent study, Cobaleda-Siles et  al. developed 
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a MIONPs-based nanocarrier and investigated its ability 
for the delivery of Poly(I:C) (a TLR3 agonist) [202]. The 
nanocarrier is capable of trafficking to the lymph nodes 
and the endosomal compartments, and is able to activate 
the TRIF-mediated TLR3 signaling pathway. Further-
more, Ane et al. developed a lipid-coated 67Ga-MIONPs 
and found that the nanoparticles can be used for image-
tracked delivery of antigen and CpG (a TLR9 agonist) 
to the lymph nodes [203]. This nanoparticle is easy to 
assemble, biocompatible, and can efficiently monitor the 
delivery in vivo.

Dendrimer
Dendrimer is a regularly branched, highly ordered three-
dimensional polymeric molecule composed of branch-
ing groups covalently attached to a core (Fig.  2e) [204]. 
They can be synthesized by click chemistry, divergent or 
convergent methods. Their structures are influenced by 
various factors such as surface modification, pH value, 
temperature, ionic strength and spacer length. The lipo-
philic cavity and hydrophilic surface groups of den-
drimers allow them to carry drugs that have poor water 
solubility. Owning to their uniform architecture, the 
applicability of dendrimers has also been extended to 
controlled/sustained drug release [205]. Furthermore, 
the polyvalency surfaces of dendrimers enable the for-
mation of drug- or ligand-conjugated dendrimers [206]. 
For example, mannose-modified dendrimer can enter 
macrophage via CD206 (mannose receptor)-mediated 
endocytosis [207]. Gajbhiye et  al. reported a mannose-
functionalized poly(propyleneimine) dendrimer and 
found that the dendrimer could significantly enhance the 
cellular uptake of zidovudine by macrophage and lower 
the cytotoxicity of the load [208].

To date, dendrimers are being extensively investigated 
as nanocarriers in many biomedical applications [209]. 
The use of non-modified dendrimers as nanocarriers for 
the delivery of cancer drugs, including capecitabine, cis-
platin, doxorubicin, paclitaxel, and methotrexate, have 
been reported. For example, encapsulating capecitabine 
in a G4/PAMMA complex could significantly reduce its 
side effects and inhibit the growth of tumor in a colo-
rectal mouse model [210]. The drug loading capacity of 
dendrimers are highly dependent on their generation, 
whereas high-generation dendrimers always have toxic-
ity issues. Shielding the positive charge of dendrimer sur-
face is an effective strategy to reduce its toxicity. It can 
be easily achieved by conjugating the primary amines 
on the dendrimer surface with shielding groups such as 
PEG chains, alkyl chains and hydroxyl chains [211–213]. 
However, this method does not allow sustained drug 
release due to the open structure of dendrimers. Mak-
ing use of the surface functional groups of dendrimers, 

some research groups reported the use of covalent-drug 
dendrimer conjugates. For example, Lee et al. reported a 
PEGylated dendrimer-doxorubicin conjugate and found 
that the conjugate had an improved delivery efficiency to 
tumor [214]. The covalent-drug conjugate also improves 
the drug solubility and allows a longer circulation time. 
In recent years, dendrimers responsive to stimulus such 
as pH, redox, enzymes and temperature changes, have 
been developed. For example, Khandare et  al. designed 
a paclitaxel-conjugated hydroxyl-shielded dendrimer 
and used it for esterase-dependent delivery of paclitaxel 
to A2780 human ovarian cancer cells [215]. Notably, this 
dendrimer enabled a 10-fold higher cytotoxicity com-
pared to the free drug.

Nanocarriers for delivery of immunomodulatory 
drugs and vaccine adjuvants
Immunomodulators targeting PRRs may be beneficial to 
treat infectious diseases and their associated complica-
tions. However, their therapeutic performances can be 
negatively affected by (1) high immune-mediated toxic-
ity, (2) poor solubility and (3) bioactivity loss after long 
circulation. Recently, nanocarriers have emerged as a 
very promising tool to overcome these obstacles owning 
to their unique properties such as sustained circulation, 
desired bio-distribution, and preferred pharmacokinetic 
and pharmacodynamic profiles [216–219]. In general, 
nano delivery can be classified into passive and active 
approaches [220]. In passive targeting, the cargo is sta-
bilized in a nanocarrier to avoid premature degradation 
in the biological environment. This can be achieved by 
covering the nanocarrier by a distinct type of hydrophilic 
materials e.g. polyethylene glycol (PEG). The hydrophilic 
surface of the nanocarrier protects the cargo against 
phagocytosis and improve their overall circulation time. 
In active delivery, nanocarriers are conjugated with 
ligands such as peptide, aptamer, antibody, glycopro-
tein, or polysaccharide to enhance specificity and facili-
tate internalization into target cells [221]. In this section, 
representative examples of nanocarrier-assisted immu-
nomodulator delivery, and their applications in managing 
infectious diseases are discussed (Table 3).

TLR signaling
Targeting TLR has been a promising strategy for modu-
lating the host’s immune response. Leishmaniasis is a 
zoonotic disease caused by the causative agent Leish-
mania. Depending on the species, the disease can pro-
gress into cutaneous (e.g. L. Mexicana, L. tropica and L. 
major), mucosal (L. braziliensis) or visceral (L. infantum 
and L. donovani) leishmaniasis. In particular, L. donovani 
is resistant to macrophage’s phagolysosome, and there-
fore can proliferate and spread through the circulation 
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system. If left untreated, visceral leishmaniasis can result 
in death. Resiquimod, which is a FDA-approved TLR7/8 
agonist, has demonstrated potency for the treatment of 
cutaneous Leishmania infection [222]. However, the lipo-
philic nature of resiquimod has limited its parental use 
in  vivo. Prior research has shown that encapsulation of 
resiquimod in polymer microparticles could significantly 
enhance the host immune response [223]. In a later 
study, Peine et  al. encapsulated resiquimod in liposome 
and investigated its efficacy against visceral L. donovani 
infection in murine models. The liposomal system suc-
cessfully increased the production of IL-10 cytokines and 
significantly decreased the parasitic load in bone marrow, 
spleen and liver [224]. Furthermore, a study conducted 
by Contreras et  al. shows that the administration of 
liposome-toll like receptor complex (LTC) into both oro-
pharynx and nares of kitten could significantly decrease 
the amount of feline herpesvirus-1 (FHV-1) DNA [225]. 
Another study by Wheat et  al. demonstrated a dose-
dependent upregulation of innate immunity in the naso-
pharynx upon intranasal administration of LTC [226]. 
Most recently, Wheat and the co-workers proposed a 
modified cationic LTC formulated with poly I:C (a TLR3 
agonist) and noncoding plasmid DNA (a TLR9 agonist). 
Upon mucosal administration, the modified TLC upregu-
lated the production of pro-inflammatory cytokines and 
induced innate immune response in cats effectively [227]. 
Interestingly, the same research group also demonstrated 
that the mucosal administration of TLR3- and TLR9-
complexed TLC could potently activate the local innate 
immunity in dogs without affecting the composition of 
local microbiome [228].

Apart from infectious diseases, the uses of TLR 
antagonists for the treatment of infection-associated 
inflammation were also reported. For example, Islam 
et  al. proposed a polypropyletherimine dendrimer 
glucosamine (a TLR4 antagonist) and found that the 
dendrimer was able to resolve the “cytokine storm” con-
dition. Oral administration of this dendrimer signifi-
cantly lowered the level of pro-inflammatory cytokines 
in rhesus macaques, demonstrating the potential of 
nano-assisted TLR4 antagonist for controlled resolu-
tion of infection-associated inflammation [229]. Other 
examples also include the macrophage targeting nano-
medicine FA − PEG − R − NPs@siERN1 developed by 
Feng and the co-workers [230]. The nanoprodrug allows 
sustained release of siERN1, which is an inhibitor of the 
MyD88-dependent TLR signaling pathway. The result 
shows that siERN1 could downregulate the expression 
of the MyD88-dependent TLR pathway molecules such 
as IRAK4, p-p38/p38, p-JNK/JNK and p-NF-κB/NF-κB. 
In another study, Casey et  al. developed a cargo-less 
PLGA-PLA nanoparticles that exhibit charge-dependent 

inherent immunomodulatory properties[231]. Inter-
estingly, the nanoparticles prepared using anionic sur-
factant (ethylene-alt-maleic acid) (PEMA-NPs) display 
broad inhibitory activity to both intra- and extracellular 
TLR ligands, whereas the nanoparticles prepared using 
neutral surfactant poly(vinyl alcohol) (PVA-NPs) only 
marginally inhibit the secretion of pro-inflammatory 
cytokines. The administration of PEMA-NPs prior to 
or following lethal challenges significantly enhanced the 
survival rate of LPS-induced sepsis mouse model.

Ongoing variations in major antigenic targets can 
limit the efficacy of vaccination. Adjuvants can readily 
improve the immunogenicity of vaccines and are impor-
tant for optimal antigen-specific immune responses. Bal 
et al. reported that co-encapsulation of antigens and TLR 
ligands (i.e. Pam3CysSK4 (PMA) or CpGs) in a dioleoyl-
3-trimethyl ammonium propane (DOTAP) liposomal 
system could activate the innate immune response and 
improve the immunogenicity [232]. The same research 
group proposed the use of N-trimethyl chitosan (TMC) 
polymeric nanoparticles for encapsulating immunomod-
ulators such as TLR agonist LPS, PAM, CpGs, and found 
that co-encapsulation of an immunomodulator with the 
antigen into TMC could significantly enhance the immu-
nogenicity of the vaccine [233]. Interestingly, co-delivery 
of TLR4 and TLR7 adjuvants using PLGA nanoparticles 
was found to induce synergistic production of cytokines, 
resulting in enhanced T cells responses and increased 
antigen-specific antibodies in comparison to immuniza-
tion with a single TLR ligand [234].

Intriguingly, numerous SARS-CoV-2 vaccines have 
recently been approved for emergency use. The approved 
vaccines for SARS-CoV-2 developed by Moderna and 
Pfizer make use of LNPs as the delivery vehicle. At the 
cellular level, the mRNA-loaded LNP enters dendritic 
cells and produce a high level of SARS-CoV-2 spike pro-
tein in cells. The LNP not only offers protection to the 
mRNA load by specifically delivering it to lymphatics, but 
also facilitates the translocation of protein in the lymph 
nodes. In addition, the ssRNA and dsRNA delivered in 
the mRNA vaccines bind to the TLR in the endosome 
and activate the innate immune responses via the pro-
duction of IFN-I and other multiple inflammatory media-
tors, which provide necessary signals for triggering a 
stronger adaptive immune responses [235]. On the other 
hand, human infants are more susceptible to infectious 
diseases due to their early-life immunity system. Their 
dendritic cells have particularly low production of IL-
17p70 and impaired  TH1 responses, which are especially 
important for vaccination-induced protection. Although 
imidazoquinoline (TLR8 agonist) could robustly activate 
newborn dendritic cells, they may lead to reactogenicity 
when delivered in soluble form. Recently, Dowling et al. 
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constructed a CL075 (a synthetic imidazoquinoline)-
loaded polymersome (CL075-PS) that can be selectively 
uptaken by dendritic cells [236]. Compared to whole 
bacterial vaccine BCG, the TLR8 agonist adjuvanted for-
mulation (CL075:Ag85Bp25-PS) not only induced a com-
parable maturation profile of newborn dendritic cells, but 
also induced a stronger production of IL-12p70.

NOD signaling
NOD1 and NOD2 are intra-cytoplasmic sensors for 
pathogens. γ-D-Glu-mDAP, also known as iE-DAP, is a 
dipeptide that can be found in the PGN of all Gram-neg-
ative bacteria and certain types of Gram-positive bacte-
ria. Recognition of iE-DAP by NOD1 activates the NF-κB 
signaling pathway and induces the production of inflam-
matory cytokines. On the other hand, MDP, a NOD2 
agonist, is the minimal bioactive peptidoglycan motif that 
can be found in almost all kinds of bacteria. Pavot and 
co-workers designed a NOD1-and NOD2 ligands-encap-
sulated poly(Lactic Acid) (PLA) nanoparticle coated with 
HIV-1 Gag p24 antigen on the surface. The encapsulated 
ligands were effectively internalized by dendritic cells and 
enabled a higher activation of the NF-κB pathway [237].

Further studies also indicate that intradermal and 
nasal administration of MDP-encapsulated N-trimethyl 
chitosan nanoparticles could increase the immuno-
genicity of antigens [233]. In a separate study, Mauricio 
et  al. developed an iE-DAP-loaded biocompatible poly 
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nano-
particle, and found that the nanoparticle could be taken 
up by cells effectively [238]. Intriguingly, this nanoparti-
cle enables a sustained and controlled release of cargo. 
The encapsulated iE-DAP was able to induce the pro-
duction of a higher level of pro-inflammatory IL-6 and 
TNF-a when compared to its free form []. Interestingly, 
co-encapsulation of both NOD2 and TLR4 agonists in 
PLGA nanoparticles has also been reported. In vitro data 
shows that the combined stimulation of NOD2 and TLR4 
receptors allow synergistic activation of the AP-1/NF-κB-
dependent transcription. The complex adjuvant was 
found to initiate the pro-inflammatory innate immune 
responses by enhancing the cytokine production in vitro 
and in  vivo, and was able to protect the mice model 
against influenza infection [239]. This study demonstrates 
that complex adjuvants activating multiple PRRs may be 
a promising alternative to individual adjuvant, and could 
potentially narrow the gap between whole pathogen vac-
cines and subunit vaccines.

STING signaling
STING is an important mediator of innate immune 
response. Although free STING agonist e.g. cGMAP 
and their analogues can be taken up by some cells, the 

presence of extracellular cGAMP-cleaving enzymes 
and the inherent negative charge of cGAMP negatively 
affected the delivery of STING agonists in  vivo [240, 
241]. In this section, we summarize examples of nanocar-
rier-assisted delivery of STING agonists and their appli-
cations in vaccine immunogenicity.

Human immunodeficiency virus (HIV) is a virus that 
attacks cells in the immune system. If treated improperly, 
HIV can lead to acquired immunodeficiency syndrome 
(AIDS), which is a potential life-threatening chronic con-
dition. Recently, several nanovaccine platforms for HIV 
have been proposed. For example, Aroh et  al. prepared 
an ultra pH sensitive cGAMP-loaded micelle (PC7A) as 
an adjuvant for modulating the innate immune response 
[242]. The formulation was able to inhibit replication 
of two HIV-1 strains, IIIB and LAI, in peripheral blood 
mononuclear cells (PBMCs). Importantly, the authors 
compared the results using other adjuvants such as 
poly(I:C) (TLR3 agonist), R848 (TLR7/8 agonist), and 
CpG (TLR9 agonist). Although most of these agonists 
were able to induce inflammatory responses in PBMCs, 
none of them showed benefits in the inhibition of HIV-
BaL in PBMCs, suggesting the potential of using cGAMP 
nanosystem as the adjuvant for HIV vaccine. In another 
study, Hanson et  al. encapsulated a chemically synthe-
sized cyclic di-GMP (cdGMP) in a PEGylated liposomal 
system that possess HIV gp41 peptide antigens [243]. 
Intriguingly, the liposomal system was able to redirect the 
cargo to the draining lymph nodes and block the systemic 
dissemination of free cdGMP in murine models, thereby 
avoiding systemic inflammation caused by the rapid dis-
tribution of cdGMP. The liposomal system also medi-
ated the induction of type I IFN signaling in the draining 
lymph nodes and was found to elicit 3–4 folds higher 
activation of dendritic cells and macrophages compared 
to the unformulated cdGMP. Furthermore, nanovaccine 
platforms for other viruses e.g. influenza virus have also 
been developed. For example, Wang et  al. developed a 
cGAMP-encapsulated pulmonary surfactant-biomimetic 
liposomal system (PS-cGMAP) and investigated its abil-
ity to induce activation of innate immunity [244]. The 
result indicates that PS-cGMAP robustly and rapidly, 
though only transiently, triggered the innate immune 
response. The expression of key mediators of inflam-
mation such as Gmcsf, Tnf, Ifnb1 peaked at 12  h after 
administration of PS-cGAMP and resolved within 2 days. 
The transient activation of innate immune response was 
also shown to be sufficient to augment the subsequent 
cellular and hormonal adaptive immune responses.

IDR peptides
IDR peptides (also known as AMP) are a class of 
short peptide that displays significant role in innate 
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immunity [245]. They either act indirectly by modu-
lating the host immune system, or directly by destroy-
ing the bacteria. In this section, only IDR peptides 
that possess immunomodulatory effects are discussed. 
Nisin Z is a bacterial antibiotic peptide that possess a 
similar mechanism as HDP. It has been reported that 
nisin Z engages in multiple signaling pathways, and is 
able to induce the secretion of chemokines (e.g. IL-8 
and MCP-1) in human PBMC [246]. Benech et  al. 
reported a nisin Z-encapsulating liposomal system 
and found that the system could effectively enhance 
the efficacy of nisin Z against Listeria monocytogenes 
[247]. Polymyxin B is another class of IDR peptide 
capable of activating the primary effector cells of the 
innate immune system [248]. Alipour et  al. reported 
a polymyxin B-encapsulated liposomal system, and 
found that the encapsulation had a much lower mini-
mum inhibitory concentration (MIC) against Gram 
negative bacterial strains compared to the free drug 
[249]. Another study conducted by Ron-Doitch et  al. 
shows that encapsulation of LL-37, which is a catheli-
cidin peptide that plays a critical role in innate immu-
nity, in a liposomal system improved the cellular 
uptake efficiency of LL-37 and lowered the cytotoxic-
ity [250, 251].

Furthermore, studies relating to the self-assembly 
of IDR peptides against bacterial infections have also 
been reported. For example, Zhang et al. developed an 
amphiphilic conjugate DP7-C by adding cholesterol 
to DP7, which is a highly potent IDR peptide. Inter-
estingly, DP7-C self-assembles in aqueous solution to 
form micelles that possess immunomodulatory effect 
on immune cells [252]. The DP7-C micelles could up-
regulate innate immunity by increasing the production 
of cytokines. Indeed, DP7-C was also found to coun-
terbalance the innate immune response stimulated by 
LPS [252].

Importantly, the synergy of conjugating IDR pep-
tides to the surface of MNPs has also been reported. 
For example, Casciaro et  al. evaluated the antibacte-
rial activities of a esculentin-1a(1–21)NH2 (an IDR 
peptide)-coated AuNPs and found that the IDR pep-
tide-coated AuNPs had a higher potency against P. aer-
uginosa compared to the free IDR [253]. In a separate 
study, Rai et  al. conjugated cecropin-melittin (an IDR 
peptide that possess immunomodulatory activities) to 
AuNPs and found that the conjugate gave a lower min-
imum inhibitory concentration (MIC) compared to the 
free AuNPs [254]. Pradeepa et  al. developed a nisin-
functionalized AuNPs and found that the conjugate 
had an 8- to 32-folds lower MIC against both multi-
drug resistant and non-multi-drug resistant Staphylo-
coccus aureus and Enterococcus faecalis than its free 

form [255]. Importantly, the nisin-AuNPs displayed a 
minimal toxicity with low hemolycic activity.

Targeting macrophage
Macrophages can be polarized into either M1 or M2 
states in response to the surrounding environment, for 
example the presence of PAMPs or some cytokines. Tar-
geting macrophages can be classified into passive and 
active approaches. In general, size and surface of deliv-
ery vehicles are responsible for passive targeting, while 
surface functionalization with ligand(s) attaching to the 
surface governs active targeting. Macrophages can be 
activated by different stimuli, such as polysaccharide 
and protein. M1 macrophages produce cytokines such 
as IL-12, IL-1β, IFN-γ, TNF-α, and co-stimulatory mol-
ecule CD80, which are important compounds to defense 
against invading pathogens [256].

Studies have shown that nanoparticles conjugated with 
mannosylate, such as mannan, mannose, or mannosa-
mine, can modulate polarization of macrophages from 
M2 to M1 state [257]. For example, Barros et al. proposed 
a nanoscale drug carrier poly(D,L-lactide-coglycolide) 
polymeric nanosphere for the delivery of amphotericin 
B, which is an antifungal drug. In vitro result shows that 
this functionalized nanosphere was able to activate mac-
rophage and produce pro-inflammatory cytokines such 
as IL-6 and TNF-α, with mannan-functionalized nano-
sphere being able to elicit the greatest immune response. 
The mannan-functionalized nanosphere was able to 
improve the efficacy of drug (Amphotericin B) against 
L. infantum by over 70 folds. The result also highlights 
the ability of this functionalized nanosphere in reducing 
the cytotoxicity of the loaded drug [258]. In a later study, 
Tukulula et  al. proposed the use of curdlan-function-
alized PLGA nanoparticle as a nanocarrier that possess 
immunostimulatory effect on macrophages. Curdlan is 
a known immune stimulating polymer. This nanocarrier 
allows sustained release of rifampicin. The nanocarrier 
was able to stimulate the generation of phosphorylated 
ERK (p-ERK) in macrophage, which is an upstream 
mediator of ROS and RNS [259]. Targeting macrophages 
can also be accomplished by galactose- and di-mannose, 
which are two conserved carbohydrates present on the 
surface of respiratory pathogens. Chavez-Santoscoy et al. 
developed a functionalized polyanhydride nanoparticles 
and found that the nanoparticles initiated the secretion 
of pro-inflammatory cytokines such as IL-6, IL-1b and 
TNF-α in alveolar macrophages [260]. Recently, Truong 
et al. developed a high-throughput microfluidic method 
for the generation of cargo-less immunomodulatory pol-
ymeric nanoparticles [261]. In this study, a set of 12 nano-
particles were developed and their ability to modulate the 
LPS-induced macrophage responses were investigated. 
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The developed nanoparticles demonstrated board inhibi-
tory effect against pro-inflammatory cytokines e.g. IL-6 
and TNF-α.

Other than the nanocarriers that possess inherent 
immunomodulatory properties, some mannosylated-
functionalized nanocarriers can also be applied for the 
delivery of immunomodulators. For example, Chaubey 
et  al. designed a curcumin-loaded mannosylated chi-
tosan nanoparticles and investigated its application in 
the treatment of visceral leishmaniasis. Curcumin is a 
potential modulator of M2 macrophage polarization. 
The nano-system successfully prolonged the reten-
tion time of curcumin and significantly enhanced its 
uptake by macrophages [262]. On the other hand, the 
use of folic acid for targeting macrophage has also been 
reported [263]. Notable examples include the mac-
rophage-targeting nanomedicine FA − PEG − R − NPs@
siERN1 developed by Feng and the co-workers [230]. In 
this study, an endoplasmic reticulum to nucleus sign-
aling 1 gene-targeting small interfering RNA (siERN1) 

that possess promising inhibitory activities against 
the expression of pro-inflammatory cytokines was 
identified. The cationic core (NPs) synthesized using 
two cationic polymers (i.e. PEI and PBAA) was cou-
pled to a cell-penetrating peptide RKKRRQRRR (R). 
Upon siERN1 loading, the core was PEG-modified 
(PEG − R − NPs@siERN1) to enhance the overall bio-
compatibility. Finally, folic acid (FA), a macrophage 
targeting ligand, was grafted through the PEG shell to 
yield the final nanomedicine. FA − PEG − R − NPs@
siERN1 is an inhibitor of MyD88-dependent TLR 
signaling pathway and can induce M2 polarization of 
macrophages by regulating the concentration of cal-
cium ion (Fig. 4). The result shows that the developed 
siERN1 could downregulate the expression of MyD88-
dependent TLR signaling molecules and upregulate 
the mRNA expression of M2 macrophage markers (e.g. 
CD206 and Arg). The siERN1-nanoprodrug has thera-
peutic effects on mouse models having inflammatory 
bowel disease and collagen-induced arthritis (CIA). 

Fig. 4 Schematic diagrams showing a ERN1 as an inhibitor of MyD88‑dependent TLR pathway that regulates the expression of cell 
pro‑inflammatory cytokine; b IRE1α as a regulator to control the intracellular concentration of  Ca2+ ion and macrophage polarization. Reproduced 
with permission from reference [230]
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More importantly, the nano prodrug did not increase 
the susceptibility to bacterial infection in the CIA 
mouse model. This study may open up a new avenue for 
the development of similar strategies for the treatment 
of infection-associated inflammatory diseases.

Furthermore, alhagi honey polysaccharide (APH), a 
polysaccharide extracted from Alhagi pseudalhagi syn, 
has also been widely used as an immunomodulator. 
The uses of APH-loaded NPs as vaccine adjuvants have 
been reported. For example, Wusiman et  al. reported 
an APH-encapsulated PLGA nanoparticles (AHPP) and 
found that the nanoparticles could significantly stimu-
late the phagocytic activity of macrophages and upreg-
ulated the Th-associated cytokines [264]. The same 
group also developed three kinds of APH-loaded PLGA 
nanoparticles modified with cationic polymers chi-
tosan (CS-AHPP), PEI (PEI-AHPP) and ε-Poly-L-lysine 
(εPL-AHPP) and compared their immunomodulatory 
effect on macrophages [265]. The nanoparticles not only 
stimulated the phagocytic activities,  CD80+ and  CD86+ 
expression of macrophages, but also enhanced the level 
of cytokines such as IL-12, IL-1β, IFN-γ, TNF-α, with the 
PEI-modified nanoparticles exhibited the best stimula-
tory effect [266]. The result shows that surface modifi-
cation with cationic polymers could effectively enhance 
the loading efficiency and stability of PLGA. A similar 
study conducted by the same group suggested that the 
AHP and ovalbumin loaded PEI-modified PLGA nano-
particles (PEI-AHPP/OVA) could induce the highest 
immune responses compared to the CS-AHPP/OVA 
and εPL-AHPP/OVA [267]. More recently, this research 
group demonstrated that the H5N1-loaded PEI-modified 
PLGA nanoparticles could effectively induce the pro-
duction of cytokines in lymph nodes [268]. Apart from 
modifying with cationic polymers, Pan et al. reported an 
amino-modified polymer nanoparticles as an adjuvant 
to improve the vaccine efficacy [269]. Similar to cationic 
polymers, the positively charged amino group bind with 
the negatively charged protein e.g. ovalbumin electro-
statically to form a stable complex. The formulation was 
found to increase the secretion of cytokines e.g. IFN-γ, 
TNF-α and IL-12.

On the other hand, studies using itaconate (ITA), a 
molecule that possess innate immunoregulatory and 
antioxidant effects, for macrophage immunomodula-
tion have also been reported [270]. However, the poten-
tial of ITA is limited when it is delivered in soluble form. 
When taken orally, ITA is rapidly removed from cir-
culation within 24  h. Most recently, Huyer et  al. incor-
porated ITA into the polyester polymer backbone and 
successfully developed a biomimetic material with inher-
ent immunoregulatory behavior [271]. Upon hydrolytic 
degradation, the ITA-polymeric material slowly releases 

ITA from the polyester backbones, inducing polariza-
tion of macrophage. Functional assay further reveals that 
the released ITA could effectively inhibit the growth of 
bacteria on acetate. Compared to the control materials, 
intraperitoneal injection of ITA polymers could rapidly 
resolve inflammation in mouse model.

Summary and perspective
PRRs signaling (e.g. TLRs, NLR, and STING signaling) 
and innate immune cells (e.g. macrophage) are important 
first-line host defense systems of the body. They recog-
nize PAMPs and/or DAMPs that gain access to the host 
system, and play a fundamental role in linking the innate 
and adaptive immunity. Increasing evidence has dem-
onstrated the importance of PRRs and innate immune 
cells in the management of infectious diseases and their 
associated complications. While TLR-dependent sign-
aling enables protective innate immune response, sus-
tained and overwhelming activation of TLRs may disrupt 
immune homeostasis and contribute to inflammatory 
disorders. Recently, a range of innovative and potential 
TLR antagonists have been reported. Despite experiment 
successes, the number of TLR antagonists at clinical 
stage are very limited and their applications for blockage 
of sepsis mediators failed to show satisfactory outcome 
in multiple clinical trials. Learning from the prior expe-
riences, safety and efficacy of these therapeutic agents 
should be comprehensively considered before entering 
clinical stage. Moreover, PAMPs often involve activation 
of multiple PRRs. Therefore, exploration of immunomod-
ulators that target multiple PRRs may perhaps be a prom-
ising strategy for the treatment of infectious diseases. For 
example, Tukhvatulin and co-workers co-encapsulated 
NOD2 and TLR4 agonists in polymeric nanoparticles 
and found that the combined stimulation of NOD2 and 
TLR4 receptors allow synergistic activation of AP-1/
NF-κB-dependent transcription.

Furthermore, various types of nanocarriers, such as 
liposomes, micelles, polymeric nanoparticles, metallic 
nanoparticles, lipid nanoparticles, dendrimers, have been 
commonly used for active or passive delivery of immu-
nomodulators. Compared to free immunomodulators, 
nanocarrier-assisted approaches generally offer advan-
tages of (1) higher solubility, (2) higher stability, (3) bet-
ter pharmacokinetics and pharmacodynamics. Based on 
the nano approaches summarized in this review, incor-
poration/encapsulation of immunomodulators on/within 
nanocarriers can significantly improve the efficacy of 
vaccines/therapeutics. However, upon endocytosis, the 
fate of nanocarriers is still uncertain. For example, it has 
been estimated that only a small amount (less than 2%) 
of siRNA cargo administered via LNPs can escape the 
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endosomes and reach the cytosol. We believe that future 
studies will focus more on understanding the fate of 
nanocarriers in cells, as well as the development of tar-
get-specific nanocarriers that enable specific delivery of 
immunomodulators to the target site.

Acknowledgements
We thank Prof. Huile Gao (Sichuan University), Prof. Dixian Luo (Huazhong 
University of Science and Technology Union Shenzhen Hospital) and Dr. 
Zhengtong Li (Hohai University) for their valuable suggestions and assistances 
on this manuscript.

Author contributions
CNK and CY initiated the idea and wrote the manuscript. CNK, SZ, YZ, ZZ and 
CY edited the manuscript. SZ, YZ and ZZ contributed to literature search. All 
authors made substantial contributions to the manuscript. All authors read 
and approved the final manuscript.

Funding
This work is financially supported by the Start‑Up Research Funding from 
Zhejiang Ocean University (14164060216065 and 12245090921), the Macao 
Science and Technology Development Fund (FDCT 007/2020/ALC), the Shenz‑
hen‑Hong Kong‑Macau S&T Program (Category C) (SGDX2020110309420200), 
and the Research Fund of University of Macau (CPG2022‑00005‑ICMS).

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 National Engineering Research Center for Marine Aquaculture, Institute 
of Innovation & Application, Zhejiang Ocean University, Zhoushan 316022, 
Zhejiang, China. 2 C‑MER Dennis Lam and Partners Eye Center, Hong Kong 
International Eye Care Group, Hong Kong, China. 3 C‑MER (Shenzhen) Dennis 
Lam Eye Hospital, Shenzhen, Guangdong, China. 4 C‑MER International Eye 
Research Center of the Chinese University of Hong Kong (Shenzhen), Shenz‑
hen, China. 5 Macau Centre for Research and Development in Chinese Medi‑
cine, Institute of Chinese Medical Sciences, University of Macau, Taipa 999078, 
Macao SAR, China. 

Received: 28 February 2022   Accepted: 1 August 2022

References
 1. Drago F, Ciccarese G, Gasparini G, et al. Contemporary infectious exan‑

thems: an update. Future Microbiol. 2017;12:171–93. https:// doi. org/ 10. 
2217/ fmb‑ 2016‑ 0147.

 2. Marshall JS, Warrington R, Watson W, et al. An introduction to immunol‑
ogy and immunopathology. Allergy Asthma Clin Immunol. 2018;14:49. 
https:// doi. org/ 10. 1186/ s13223‑ 018‑ 0278‑1.

 3. Netea MG, Domínguez‑Andrés J, Barreiro LB, et al. Defining trained 
immunity and its role in health and disease. Nat Rev Immunol. 
2020;20:375–88. https:// doi. org/ 10. 1038/ s41577‑ 020‑ 0285‑6.

 4. Amarante‑Mendes GP, Adjemian S, Branco LM, et al. Pattern recognition 
receptors and the host cell death molecular machinery. Front Immunol. 
2018;9:2379. https:// doi. org/ 10. 3389/ fimmu. 2018. 02379.

 5. Vijay K. Toll‑like receptors in immunity and inflammatory diseases: past, 
present, and future. Int Immunopharmacol. 2018;59:391–412. https:// 
doi. org/ 10. 1016/j. intimp. 2018. 03. 002.

 6. Bedard K, Krause KH. The NOX family of ROS‑generating NADPH oxi‑
dases: physiology and pathophysiology. Physiol Rev. 2007;87:245–313. 
https:// doi. org/ 10. 1152/ physr ev. 00044. 2005.

 7. Smith NC, Rise ML, Christian SL. A comparison of the innate and 
adaptive immune systems in cartilaginous fish, ray‑finned fish, and 

lobe‑finned fish. Front Immunol. 2019;10:2292. https:// doi. org/ 10. 3389/ 
fimmu. 2019. 02292.

 8. Brady J, Horie S, Laffey JG. Role of the adaptive immune response in 
sepsis. Intensive Care Med Exp. 2020;8:20. https:// doi. org/ 10. 1186/ 
s40635‑ 020‑ 00309‑z.

 9. Kulkarni OP, Lichtnekert J, Anders HJ, et al. The immune system in 
tissue environments regaining homeostasis after injury: is “inflamma‑
tion” always inflammation? Mediators Inflamm. 2016;2016:2856213. 
https:// doi. org/ 10. 1155/ 2016/ 28562 13.

 10. Ding R, Meng Y, Ma X. The central role of the inflammatory response 
in understanding the heterogeneity of sepsis‑3. Biomed Res Int. 
2018;2018:5086516. https:// doi. org/ 10. 1155/ 2018/ 50865 16.

 11. Venet F, Monneret G. Advances in the understanding and treat‑
ment of sepsis‑induced immunosuppression. Nat Rev Nephrol. 
2018;14:121–37. https:// doi. org/ 10. 1038/ nrneph. 2017. 165.

 12. Yang L, Xie X, Tu Z, et al. The signal pathways and treatment of 
cytokine storm in COVID‑19. Signal Transduct Target Ther. 2021;6:255. 
https:// doi. org/ 10. 1038/ s41392‑ 021‑ 00679‑0.

 13. Cheng Z, Abrams ST, Toh J, et al. The critical roles and mechanisms of 
immune cell death in sepsis. Front Immunol. 2020;1918:11. https:// 
doi. org/ 10. 3389/ fimmu. 2020. 01918.

 14. Luan Y, Yao Y, Xiao X, et al. Insights into the apoptotic death of 
immune cells in sepsis. J Interferon Cytokine Res. 2015;35:17–22. 
https:// doi. org/ 10. 1089/ jir. 2014. 0069.

 15. Chung CS, Wang W, Chaudry IH, et al. Increased apoptosis in lamina 
propria B cells during polymicrobial sepsis is FasL but not endotoxin 
mediated. Am J Physiol Gastrointest Liver Physiol. 2001;280:G812–8.

 16. Hotchkiss RS, Swanson PE, Knudson CM, et al. Overexpression of 
Bcl‑2 in transgenic mice decreases apoptosis and improves survival 
in sepsis. J Immunol. 1999;162(7):4148–56.

 17. Reinhart K, Daniels R, Kissoon N, et al. Recognizing sepsis as a global 
health priority—a WHO resolution. N Engl J Med. 2017;377:414–7. 
https:// doi. org/ 10. 1056/ NEJMp 17071 70.

 18. Fleischmann‑Struzek C, Mellhammar L, Rose N, et al. Incidence and 
mortality of hospital‑ and ICU‑treated sepsis: results from an updated 
and expanded systematic review and meta‑analysis. Intensive Care 
Med. 2020;46:1552–62. https:// doi. org/ 10. 1007/ s00134‑ 020‑ 06151‑x.

 19. Carvalho IT, Santos L. Antibiotics in the aquatic environments: a 
review of the European scenario. Environ Int. 2016;94:736–57. https:// 
doi. org/ 10. 1016/j. envint. 2016. 06. 025.

 20. Gothwal R, Shashidhar T. Antibiotic pollution in the environment: 
a review. Clean: Soil, Air, Water. 2015;43:479–89. https:// doi. org/ 10. 
1002/ clen. 20130 0989.

 21. Vargas AJ, Harris CC. Biomarker development in the precision medi‑
cine era: lung cancer as a case study. Nat Rev Cancer. 2016;16:525. 
https:// doi. org/ 10. 1038/ nrc. 2016. 56.

 22. Hsu J. How covid‑19 is accelerating the threat of antimicrobial resist‑
ance. BMJ. 2020;369: m1983. https:// doi. org/ 10. 1136/ bmj. m1983.

 23. Tagliabue A, Rappuoli R. Changing priorities in vaccinology: anti‑
biotic resistance moving to the top. Front Immunol. 2018;9:1068. 
https:// doi. org/ 10. 3389/ fimmu. 2018. 01068.

 24. Christaki E, Marcou M, Tofarides A. Antimicrobial resistance in bacte‑
ria: mechanisms, evolution, and persistence. J Mol Evol. 2020;88:26–
40. https:// doi. org/ 10. 1007/ s00239‑ 019‑ 09914‑3.

 25. Davies J, Davies D. Origins and evolution of antibiotic resistance. 
Microbiol Mol Biol Rev. 2010;74:417–33. https:// doi. org/ 10. 1128/ 
mmbr. 00016‑ 10.

 26. Sabtu N, Enoch DA, Brown NM. Antibiotic resistance: what, why, 
where, when and how? Br Med Bull. 2015;116:105–13. https:// doi. 
org/ 10. 1093/ bmb/ ldv041.

 27. Antimicrobial resistance. https:// www. who. int/ news‑ room/ fact‑ 
sheets/ detail/ antim icrob ial‑ resis tance. Accessed on 2 Feb 2022

 28. Singh L, Kruger HG, Maguire GEM, et al. The role of nanotechnology 
in the treatment of viral infections. Ther Adv Infect Dis. 2017;4:105–
31. https:// doi. org/ 10. 1177/ 20499 36117 713593.

 29. Jayawardena R, Sooriyaarachchi P, Chourdakis M, et al. Enhancing 
immunity in viral infections, with special emphasis on COVID‑19: A 
review. Diabetes Metab Syndr. 2020;14:367–82. https:// doi. org/ 10. 
1016/j. dsx. 2020. 04. 015.

 30. Wang L, Ren Z, Ma L, et al. Progress in research on SARS‑CoV‑2 
infection causing neurological diseases and its infection mechanism. 

https://doi.org/10.2217/fmb-2016-0147
https://doi.org/10.2217/fmb-2016-0147
https://doi.org/10.1186/s13223-018-0278-1
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.3389/fimmu.2018.02379
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.3389/fimmu.2019.02292
https://doi.org/10.3389/fimmu.2019.02292
https://doi.org/10.1186/s40635-020-00309-z
https://doi.org/10.1186/s40635-020-00309-z
https://doi.org/10.1155/2016/2856213
https://doi.org/10.1155/2018/5086516
https://doi.org/10.1038/nrneph.2017.165
https://doi.org/10.1038/s41392-021-00679-0
https://doi.org/10.3389/fimmu.2020.01918
https://doi.org/10.3389/fimmu.2020.01918
https://doi.org/10.1089/jir.2014.0069
https://doi.org/10.1056/NEJMp1707170
https://doi.org/10.1007/s00134-020-06151-x
https://doi.org/10.1016/j.envint.2016.06.025
https://doi.org/10.1016/j.envint.2016.06.025
https://doi.org/10.1002/clen.201300989
https://doi.org/10.1002/clen.201300989
https://doi.org/10.1038/nrc.2016.56
https://doi.org/10.1136/bmj.m1983
https://doi.org/10.3389/fimmu.2018.01068
https://doi.org/10.1007/s00239-019-09914-3
https://doi.org/10.1128/mmbr.00016-10
https://doi.org/10.1128/mmbr.00016-10
https://doi.org/10.1093/bmb/ldv041
https://doi.org/10.1093/bmb/ldv041
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://doi.org/10.1177/2049936117713593
https://doi.org/10.1016/j.dsx.2020.04.015
https://doi.org/10.1016/j.dsx.2020.04.015


Page 26 of 31Ko et al. Journal of Nanobiotechnology          (2022) 20:380 

Front Neurol. 2020;11: 592888. https:// doi. org/ 10. 3389/ fneur. 2020. 
592888.

 31. Munguia J, Nizet V. Pharmacological targeting of the host‑pathogen 
interaction: alternatives to classical antibiotics to combat drug‑
resistant superbugs. Trends Pharmacol Sci. 2017;38:473–88. https:// 
doi. org/ 10. 1016/j. tips. 2017. 02. 003.

 32. Dobosz P, Dzieciątkowski T. The intriguing history of cancer immuno‑
therapy. Front Immunol. 2019;10:2965. https:// doi. org/ 10. 3389/ fimmu. 
2019. 02965.

 33. Chen R, Manochakian R, James L, et al. Emerging therapeutic agents 
for advanced non‑small cell lung cancer. J Hematol Oncol. 2020;13:58. 
https:// doi. org/ 10. 1186/ s13045‑ 020‑ 00881‑7.

 34. Kooshkaki O, Derakhshani A, Hosseinkhani N, et al. Combination of 
ipilimumab and nivolumab in cancers: from clinical practice to ongoing 
clinical trials. Int J Mol Sci. 2020;21(12): 4427. https:// doi. org/ 10. 3390/ 
ijms2 11244 27.

 35. Patel MC, Shirey KA, Pletneva LM, et al. Novel drugs targeting Toll‑like 
receptors for antiviral therapy. Future Virol. 2014;9:811–29. https:// doi. 
org/ 10. 2217/ fvl. 14. 70.

 36. Chen L, Yu J. Modulation of Toll‑like receptor signaling in innate immu‑
nity by natural products. Int Immunopharmacol. 2016;37:65–70. https:// 
doi. org/ 10. 1016/j. intimp. 2016. 02. 005.

 37. Zheng D, Liwinski T, Elinav E. Interaction between microbiota and 
immunity in health and disease. Cell Res. 2020;30:492–506. https:// doi. 
org/ 10. 1038/ s41422‑ 020‑ 0332‑7.

 38. Paludan SR, Pradeu T, Masters SL, et al. Constitutive immune mecha‑
nisms: mediators of host defence and immune regulation. Nat Rev 
Immunol. 2021;21:137–50. https:// doi. org/ 10. 1038/ s41577‑ 020‑ 0391‑5.

 39. Chamundeeswari M, Jeslin J, Verma ML. Nanocarriers for drug delivery 
applications. Environ Chem Lett. 2019;17:849–65. https:// doi. org/ 10. 
1007/ s10311‑ 018‑ 00841‑1.

 40. Duthie MS, Windish HP, Fox CB, et al. Use of defined TLR ligands as adju‑
vants within human vaccines. Immunol Rev. 2011;239:178–96. https:// 
doi. org/ 10. 1111/j. 1600‑ 065X. 2010. 00978.x.

 41. Wang H, Wei Y, Zeng Y, et al. The association of polymorphisms of 
TLR4 and CD14genes with susceptibility to sepsis in a Chinese 
population. BMC Med Genet. 2014;15:123. https:// doi. org/ 10. 1186/ 
s12881‑ 014‑ 0123‑4.

 42. Plantinga TS, Johnson MD, Scott WK, et al. Toll‑like receptor 1 
polymorphisms increase susceptibility to candidemia. J Infect Dis. 
2012;205:934–43. https:// doi. org/ 10. 1093/ infdis/ jir867.

 43. Hawn TR, Verbon A, Janer M, et al. Toll‑like receptor 4 polymorphisms 
are associated with resistance to Legionnaires’ disease. Proc Natl Acad 
Sci USA. 2005;102:2487. https:// doi. org/ 10. 1073/ pnas. 04098 31102.

 44. Kawai T, Akira S. The role of pattern‑recognition receptors in innate 
immunity: update on Toll‑like receptors. Nat Immunol. 2010;11:373–84. 
https:// doi. org/ 10. 1038/ ni. 1863.

 45. Hancock REW, Nijnik A, Philpott DJ. Modulating immunity as a therapy 
for bacterial infections. Nat Rev Microbiol. 2012;10:243–54. https:// doi. 
org/ 10. 1038/ nrmic ro2745.

 46. Gao W, Xiong Y, Li Q, et al. Inhibition of toll‑like receptor signaling as a 
promising therapy for inflammatory diseases: a journey from molecular 
to nano therapeutics. Front Physiol. 2017;8:508. https:// doi. org/ 10. 3389/ 
fphys. 2017. 00508.

 47. Jareoncharsri P, Bunnag C Fau ‑ Tunsuriyawong P, Tunsuriyawong 
P, Assanasane P, et al. An open‑label, prospective study of an oral 
polyvalent bacterial lysate (Luivac) in the treatment of recurrent 
respiratory tract infections in Thai patients. Asian Pac J Allergy Immunol. 
2003;21(4):223–30.

 48. Simpson ME, Petri WA Jr. TLR2 as a therapeutic target in bacterial infec‑
tion. Trends Mol Med. 2020;26:715–7. https:// doi. org/ 10. 1016/j. molmed. 
2020. 05. 006.

 49. Bergt S, Wagner N‑M, Heidrich M, et al. Hydrocortisone reduces the 
beneficial effects of toll‑like receptor 2 deficiency on survival in a 
mouse model of polymicrobial sepsis. Shock. 2013;40(5):414–9. https:// 
doi. org/ 10. 1097/ SHK. 00000 00000 000029.

 50. Lima CX, Souza DG, Amaral FA, et al. Therapeutic effects of treatment 
with anti‑TLR2 and anti‑TLR4 monoclonal antibodies in polymicrobial 
sepsis. PLoS ONE. 2015;10: e0132336. https:// doi. org/ 10. 1371/ journ al. 
pone. 01323 36.

 51. Mazgaeen L, Gurung P. Recent Advances in Lipopolysaccharide Recog‑
nition Systems. Int J Mol Sci 2020, 21. doi: https:// doi. org/ 10. 3390/ ijms2 
10203 79.

 52. Wang Y, Su L, Morin MD, et al. TLR4/MD‑2 activation by a synthetic ago‑
nist with no similarity to LPS. Proc Natl Acad Sci U S A. 2016;113:E884‑
893. https:// doi. org/ 10. 1073/ pnas. 15256 39113.

 53. Romerio A, Peri F. Increasing the chemical variety of small‑molecule‑
based TLR4 modulators: an overview. Front Immunol. 2020;11:1210. 
https:// doi. org/ 10. 3389/ fimmu. 2020. 01210.

 54. Chase JJ, Kubey W, Dulek MH, et al. Effect of monophosphoryl lipid A 
on host resistance to bacterial infection. Infect Immun. 1986;53:711–2. 
https:// doi. org/ 10. 1128/ iai. 53.3. 711‑ 712. 1986.

 55. Hirano T, Kodama S, Kawano T, et al. Monophosphoryl lipid A induced 
innate immune responses via TLR4 to enhance clearance of non‑
typeable Haemophilus influenzae and Moraxella catarrhalis from the 
nasopharynx in mice. FEMS Immunol Med Microbiol. 2011;63:407–17. 
https:// doi. org/ 10. 1111/j. 1574‑ 695X. 2011. 00866.x.

 56. Debrie AS, Mielcarek N, Lecher S, et al. Early protection against pertussis 
induced by live attenuated Bordetella pertussis BPZE1 depends on TLR4. 
J Immunol. 2019;203:3293–300. https:// doi. org/ 10. 4049/ jimmu nol. 
19011 02.

 57. Barochia A, Solomon S, Cui X, et al. Eritoran tetrasodium (E5564) treat‑
ment for sepsis: review of preclinical and clinical studies. Expert Opin 
Drug Metab Toxicol. 2011;7:479–94. https:// doi. org/ 10. 1517/ 17425 255. 
2011. 558190.

 58. Opal SM, Laterre PF, Francois B, et al. Effect of eritoran, an antagonist 
of MD2‑TLR4, on mortality in patients with severe sepsis: the ACCESS 
randomized trial. JAMA. 2013;309:1154–62. https:// doi. org/ 10. 1001/ 
jama. 2013. 2194.

 59. Rice TW, Wheeler AP, Bernard GR, et al. A randomized, double‑blind, 
placebo‑controlled trial of TAK‑242 for the treatment of severe sepsis. 
Crit Care Med. 2010;38:1685–94. https:// doi. org/ 10. 1097/ CCM. 0b013 
e3181 e7c5c9.

 60. Zhang R, Meng J, Lian Q, et al. Prescription opioids are associated 
with higher mortality in patients diagnosed with sepsis: a retrospec‑
tive cohort study using electronic health records. PLoS ONE. 2018;13: 
e0190362. https:// doi. org/ 10. 1371/ journ al. pone. 01903 62.

 61. Didierlaurent AM, Morel S, Lockman L, et al. AS04, an aluminum salt‑ 
and TLR4 agonist‑based adjuvant system, induces a transient localized 
innate immune response leading to enhanced adaptive immunity. J 
Immunol. 2009;183:6186–97. https:// doi. org/ 10. 4049/ jimmu nol. 09014 
74.

 62. Zhang Z, Louboutin JP, Weiner DJ, et al. Human airway epithelial cells 
sense Pseudomonas aeruginosa  infection via recognition of flagellin by 
Toll‑like receptor 5. Infect Immun. 2005;73:7151–60. https:// doi. org/ 10. 
1128/ iai. 73. 11. 7151‑ 7160. 2005.

 63. Thakur BK, Dasgupta N, Ta A, et al. Physiological TLR5 expression in the 
intestine is regulated by differential DNA binding of Sp1/Sp3 through 
simultaneous Sp1 dephosphorylation and Sp3 phosphorylation by two 
different PKC isoforms. Nucleic Acids Res. 2016;44:5658–72. https:// doi. 
org/ 10. 1093/ nar/ gkw189.

 64. Matarazzo L, Casilag F, Porte R, et al. Therapeutic synergy between 
antibiotics and pulmonary toll‑like receptor 5 stimulation in antibiotic‑
sensitive or ‑resistant pneumonia. Front Immunol. 2019;10:723. https:// 
doi. org/ 10. 3389/ fimmu. 2019. 00723.

 65. Treanor JJ, Taylor DN, Tussey L, et al. Safety and immunogenicity of a 
recombinant hemagglutinin influenza‑flagellin fusion vaccine (VAX125) 
in healthy young adults. Vaccine. 2010;28:8268–74. https:// doi. org/ 10. 
1016/j. vacci ne. 2010. 10. 009.

 66. Hajam IA, Dar PA, Shahnawaz I, et al. Bacterial flagellin‑a potent immu‑
nomodulatory agent. Exp Mol Med. 2017;49: e373. https:// doi. org/ 10. 
1038/ emm. 2017. 172.

 67. Kawai T, Akira S. The roles of TLRs, RLRs and NLRs in pathogen recogni‑
tion. Int Immunol. 2009;21:317–37. https:// doi. org/ 10. 1093/ intimm/ 
dxp017.

 68. Sartorius R, Trovato M, Manco R, et al. Exploiting viral sensing mediated 
by Toll‑like receptors to design innovative vaccines. NPJ Vaccines. 
2021;6:127. https:// doi. org/ 10. 1038/ s41541‑ 021‑ 00391‑8.

 69. Li D, Wu M. Pattern recognition receptors in health and diseases. 
Signal Transduct Target Ther. 2021;6:291. https:// doi. org/ 10. 1038/ 
s41392‑ 021‑ 00687‑0.

https://doi.org/10.3389/fneur.2020.592888
https://doi.org/10.3389/fneur.2020.592888
https://doi.org/10.1016/j.tips.2017.02.003
https://doi.org/10.1016/j.tips.2017.02.003
https://doi.org/10.3389/fimmu.2019.02965
https://doi.org/10.3389/fimmu.2019.02965
https://doi.org/10.1186/s13045-020-00881-7
https://doi.org/10.3390/ijms21124427
https://doi.org/10.3390/ijms21124427
https://doi.org/10.2217/fvl.14.70
https://doi.org/10.2217/fvl.14.70
https://doi.org/10.1016/j.intimp.2016.02.005
https://doi.org/10.1016/j.intimp.2016.02.005
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41577-020-0391-5
https://doi.org/10.1007/s10311-018-00841-1
https://doi.org/10.1007/s10311-018-00841-1
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.1186/s12881-014-0123-4
https://doi.org/10.1186/s12881-014-0123-4
https://doi.org/10.1093/infdis/jir867
https://doi.org/10.1073/pnas.0409831102
https://doi.org/10.1038/ni.1863
https://doi.org/10.1038/nrmicro2745
https://doi.org/10.1038/nrmicro2745
https://doi.org/10.3389/fphys.2017.00508
https://doi.org/10.3389/fphys.2017.00508
https://doi.org/10.1016/j.molmed.2020.05.006
https://doi.org/10.1016/j.molmed.2020.05.006
https://doi.org/10.1097/SHK.0000000000000029
https://doi.org/10.1097/SHK.0000000000000029
https://doi.org/10.1371/journal.pone.0132336
https://doi.org/10.1371/journal.pone.0132336
https://doi.org/10.3390/ijms21020379
https://doi.org/10.3390/ijms21020379
https://doi.org/10.1073/pnas.1525639113
https://doi.org/10.3389/fimmu.2020.01210
https://doi.org/10.1128/iai.53.3.711-712.1986
https://doi.org/10.1111/j.1574-695X.2011.00866.x
https://doi.org/10.4049/jimmunol.1901102
https://doi.org/10.4049/jimmunol.1901102
https://doi.org/10.1517/17425255.2011.558190
https://doi.org/10.1517/17425255.2011.558190
https://doi.org/10.1001/jama.2013.2194
https://doi.org/10.1001/jama.2013.2194
https://doi.org/10.1097/CCM.0b013e3181e7c5c9
https://doi.org/10.1097/CCM.0b013e3181e7c5c9
https://doi.org/10.1371/journal.pone.0190362
https://doi.org/10.4049/jimmunol.0901474
https://doi.org/10.4049/jimmunol.0901474
https://doi.org/10.1128/iai.73.11.7151-7160.2005
https://doi.org/10.1128/iai.73.11.7151-7160.2005
https://doi.org/10.1093/nar/gkw189
https://doi.org/10.1093/nar/gkw189
https://doi.org/10.3389/fimmu.2019.00723
https://doi.org/10.3389/fimmu.2019.00723
https://doi.org/10.1016/j.vaccine.2010.10.009
https://doi.org/10.1016/j.vaccine.2010.10.009
https://doi.org/10.1038/emm.2017.172
https://doi.org/10.1038/emm.2017.172
https://doi.org/10.1093/intimm/dxp017
https://doi.org/10.1093/intimm/dxp017
https://doi.org/10.1038/s41541-021-00391-8
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1038/s41392-021-00687-0


Page 27 of 31Ko et al. Journal of Nanobiotechnology          (2022) 20:380  

 70. Mogensen TH. Pathogen recognition and inflammatory signaling in 
innate immune defenses. Clin Microbiol Rev. 2009;22:240–73. https:// 
doi. org/ 10. 1128/ cmr. 00046‑ 08.

 71. Satoh T, Akira S. Toll‑like receptor signaling and its inducible proteins. 
Microbiol Spectr. 2016;4(6). https:// doi. org/ 10. 1128/ micro biols pec. 
MCHD‑ 0040‑ 2016.

 72. Xagorari A, Chlichlia K. Toll‑like receptors and viruses: induction of 
innate antiviral immune responses. Open Microbiol J. 2008;2:49–59. 
https:// doi. org/ 10. 2174/ 18742 85800 80201 0049.

 73. Singh H, Koury J, Kaul M. Innate immune sensing of viruses and its 
consequences for the central nervous system. Viruses. 2021;13(2):170. 
https:// doi. org/ 10. 3390/ v1302 0170.

 74. West JA, Gregory SM, Damania B. Toll‑like receptor sensing of human 
herpesvirus infection. Front Cell Infect Microbiol. 2012;2:122. https:// doi. 
org/ 10. 3389/ fcimb. 2012. 00122.

 75. Zhang SY, Herman M, Ciancanelli MJ, et al. TLR3 immunity to infection 
in mice and humans. Curr Opin Immunol. 2013;25:19–33. https:// doi. 
org/ 10. 1016/j. coi. 2012. 11. 001.

 76. Kunzmann V, Kretzschmar E, Herrmann T, et al. Polyinosinic‑polycytidylic 
acid‑mediated stimulation of human gammadelta T cells via CD11c 
dendritic cell‑derived type I interferons. Immunology. 2004;112:369–77. 
https:// doi. org/ 10. 1111/j. 1365‑ 2567. 2004. 01908.x.

 77. Sabbaghi A, Malek M, Abdolahi S, et al. A formulated poly (I:C)/CCL21 as 
an effective mucosal adjuvant for gamma‑irradiated influenza vaccine. 
Virol J. 2021;18:201. https:// doi. org/ 10. 1186/ s12985‑ 021‑ 01672‑3.

 78. Wang Z, Zhao Y, Wang Q, et al. Identification of proteasome and 
caspase inhibitors targeting SARS‑CoV‑2 M(pro). Signal Transduct Target 
Ther. 2021;6:214. https:// doi. org/ 10. 1038/ s41392‑ 021‑ 00639‑8.

 79. Levast B, Awate S, Babiuk L, et al. Vaccine potentiation by combination 
adjuvants. Vaccines (Basel). 2014;2:297–322. https:// doi. org/ 10. 3390/ 
vacci nes20 20297.

 80. Rhea EM, Logsdon AF, Hansen KM, et al. The S1 protein of SARS‑CoV‑2 
crosses the blood‑brain barrier in mice. Nat Neurosci. 2021;24:368–78. 
https:// doi. org/ 10. 1038/ s41593‑ 020‑ 00771‑8.

 81. Lester SN, Li K. Toll‑like receptors in antiviral innate immunity. J Mol Biol. 
2014;426:1246–64. https:// doi. org/ 10. 1016/j. jmb. 2013. 11. 024.

 82. Colak E, Leslie A, Zausmer K, et al. RNA and imidazoquinolines are 
sensed by distinct TLR7/8 ectodomain sites resulting in functionally 
disparate signaling events. J Immunol. 2014;192:5963–73. https:// doi. 
org/ 10. 4049/ jimmu nol. 13030 58.

 83. Kawasaki T, Kawai T. Discrimination between self and non‑self‑nucleic 
acids by the innate immune system. Int Rev Cell Mol Biol. 2019;344:1–
30. https:// doi. org/ 10. 1016/ bs. ircmb. 2018. 08. 004.

 84. Puri N. A study on the use of imiquimod for the treatment of genital 
molluscum contagiosum and genital warts in female patients. Indian J 
Sex Transm Dis AIDS. 2009;30:84–8. https:// doi. org/ 10. 4103/ 0253‑ 7184. 
62763.

 85. Zhang L, Wang W, Wang S. Effect of vaccine administration modality on 
immunogenicity and efficacy. Expert Rev Vaccines. 2015;14:1509–23. 
https:// doi. org/ 10. 1586/ 14760 584. 2015. 10810 67.

 86. Boivin N, Menasria R, Piret J, et al. Modulation of TLR9 response in 
a mouse model of herpes simplex virus encephalitis. Antiviral Res. 
2012;96:414–21. https:// doi. org/ 10. 1016/j. antiv iral. 2012. 09. 022.

 87. Aillot L, Bonnin M, Ait‑Goughoulte M, et al. Interaction between 
toll‑like receptor 9‑CpG oligodeoxynucleotides and hepatitis b virus 
virions leads to entry inhibition in hepatocytes and reduction of alpha 
interferon production by plasmacytoid dendritic cells. Antimicrob 
Agents Chemother. 2018;62(4):e01741–17. https:// doi. org/ 10. 1128/ aac. 
01741‑ 17.

 88. Krieg AM. Antiinfective applications of toll‑like receptor 9 agonists. 
Proc Am Thorac Soc. 2007;4:289–94. https:// doi. org/ 10. 1513/ pats. 
200701‑ 021AW.

 89. Wang Y, Abel K, Lantz K, et al. The Toll‑like receptor 7 (TLR7) agonist, 
imiquimod, and the TLR9 agonist, CpG ODN, induce antiviral cytokines 
and chemokines but do not prevent vaginal transmission of sim‑
ian immunodeficiency virus when applied intravaginally to rhesus 
macaques. J Virol. 2005;79:14355–70. https:// doi. org/ 10. 1128/ jvi. 79. 22. 
14355‑ 14370. 2005.

 90. Bode C, Zhao G, Steinhagen F, et al. CpG DNA as a vaccine adjuvant. 
Expert Rev Vaccines. 2011;10:499–511. https:// doi. org/ 10. 1586/ erv. 10. 
174.

 91. Nanishi E, Borriello F, O’Meara TR, et al. An aluminum hydroxide:CpG 
adjuvant enhances protection elicited by a SARS‑CoV‑2 recep‑
tor binding domain vaccine in aged mice. Sci Transl Med. 
2022;14(629):eabj5305. https:// doi. org/ 10. 1126/ scitr anslm ed. abj53 05.

 92. Scheiermann J, Klinman DM. Clinical evaluation of CpG oligonucleo‑
tides as adjuvants for vaccines targeting infectious diseases and cancer. 
Vaccine. 2014;32:6377–89. https:// doi. org/ 10. 1016/j. vacci ne. 2014. 06. 
065.

 93. Heim VJ, Stafford CA, Nachbur U. NOD signaling and cell death. Front 
Cell Dev Biol. 2019;7:208. https:// doi. org/ 10. 3389/ fcell. 2019. 00208.

 94. Land WG. The role of damage‑associated molecular patterns (DAMPs) 
in human diseases: part II: DAMPs as diagnostics, prognostics 
and therapeutics in clinical medicine. Sultan Qaboos Univ Med J. 
2015;15:e157‑170.

 95. Bajwa E, Pointer CB, Klegeris A. The role of mitochondrial damage‑
associated molecular patterns in chronic neuroinflammation. Mediators 
Inflamm. 2019;2019:4050796. https:// doi. org/ 10. 1155/ 2019/ 40507 96.

 96. Franchi L, Warner N, Viani K, et al. Function of Nod‑like receptors in 
microbial recognition and host defense. Immunol Rev. 2009;227:106–
28. https:// doi. org/ 10. 1111/j. 1600‑ 065X. 2008. 00734.x.

 97. Zhong Y, Kinio A, Saleh M. Functions of NOD‑like receptors in human 
diseases. Front Immunol. 2013;4:333. https:// doi. org/ 10. 3389/ fimmu. 
2013. 00333.

 98. Dagil YA, Arbatsky NP, Alkhazova BI, et al. The Dual NOD1/NOD2 ago‑
nism of muropeptides containing a meso‑diaminopimelic acid residue. 
PLoS ONE. 2016;11: e0160784. https:// doi. org/ 10. 1371/ journ al. pone. 
01607 84.

 99. Caruso R, Warner N, Inohara N, et al. NOD1 and NOD2: signaling, host 
defense, and inflammatory disease. Immunity. 2014;41:898–908. 
https:// doi. org/ 10. 1016/j. immuni. 2014. 12. 010.

 100. Zhao C, Zhao W. NLRP3 inflammasome‑a key player in antiviral 
responses. Front Immunol. 2020;11:211. https:// doi. org/ 10. 3389/ fimmu. 
2020. 00211.

 101. Lupfer C, Kanneganti TD. The expanding role of NLRs in antiviral immu‑
nity. Immunol Rev. 2013;255:13–24. https:// doi. org/ 10. 1111/ imr. 12089.

 102. Bahr GM. Non‑specific immunotherapy of HIV‑1 infection: potential use 
of the synthetic immunodulator murabutide. J Antimicrob Chemother. 
2003;51:5–8. https:// doi. org/ 10. 1093/ jac/ dkg063.

 103. Moreira LO, Zamboni DS. NOD1 and NOD2 signaling in infection and 
inflammation. Front Immunol. 2012;3:328. https:// doi. org/ 10. 3389/ 
fimmu. 2012. 00328.

 104. Ma Y, Li X, Pei Y, et al. Identification of benzofused five‑membered 
sultams, potent dual NOD1/NOD2 antagonists in vitro and in vivo. Eur 
J Med Chem. 2020;204: 112575. https:// doi. org/ 10. 1016/j. ejmech. 2020. 
112575.

 105. Wang S, Yang J, Li X, et al. Discovery of 1,4‑Benzodiazepine‑2,5‑dione 
(BZD) derivatives as dual nucleotide binding oligomerization domain 
containing 1/2 (NOD1/NOD2) antagonists sensitizing paclitaxel (PTX) 
to suppress lewis lung carcinoma (LLC) growth in vivo. J Med Chem. 
2017;60:5162–92. https:// doi. org/ 10. 1021/ acs. jmedc hem. 7b006 08.

 106. Ahn J, Barber GN. STING signaling and host defense against micro‑
bial infection. Exp Mol Med. 2019;51:1–10. https:// doi. org/ 10. 1038/ 
s12276‑ 019‑ 0333‑0.

 107. Wan D, Jiang W, Hao J. Research advances in how the cGAS‑STING 
pathway controls the cellular inflammatory response. Front Immunol. 
2020;11:615. https:// doi. org/ 10. 3389/ fimmu. 2020. 00615.

 108. Barber GN. STING: infection, inflammation and cancer. Nat Rev Immu‑
nol. 2015;15:760–70. https:// doi. org/ 10. 1038/ nri39 21.

 109. Basukala O, Banks L. The not‑so‑good, the bad and the ugly: HPV E5, 
E6 and E7 oncoproteins in the orchestration of carcinogenesis. Viruses. 
2021;13(10):1892. https:// doi. org/ 10. 3390/ v1310 1892.

 110. Su C, Zheng C. Herpes simplex virus 1 abrogates the cGAS/STING‑medi‑
ated cytosolic DNA‑sensing pathway via its virion host shutoff protein, 
UL41. J Virol. 2017. https:// doi. org/ 10. 1128/ jvi. 02414‑ 16.

 111. Ishikawa H, Ma Z, Barber GN. STING regulates intracellular DNA‑
mediated, type I interferon‑dependent innate immunity. Nature. 
2009;461:788–92. https:// doi. org/ 10. 1038/ natur e08476.

 112. Cerón S, North BJ, Taylor SA, et al. The STING agonist 5,6‑dimethylxan‑
thenone‑4‑acetic acid (DMXAA) stimulates an antiviral state and pro‑
tects mice against herpes simplex virus‑induced neurological disease. 
Virology. 2019;529:23–8. https:// doi. org/ 10. 1016/j. virol. 2019. 01. 006.

https://doi.org/10.1128/cmr.00046-08
https://doi.org/10.1128/cmr.00046-08
https://doi.org/10.1128/microbiolspec.MCHD-0040-2016
https://doi.org/10.1128/microbiolspec.MCHD-0040-2016
https://doi.org/10.2174/1874285800802010049
https://doi.org/10.3390/v13020170
https://doi.org/10.3389/fcimb.2012.00122
https://doi.org/10.3389/fcimb.2012.00122
https://doi.org/10.1016/j.coi.2012.11.001
https://doi.org/10.1016/j.coi.2012.11.001
https://doi.org/10.1111/j.1365-2567.2004.01908.x
https://doi.org/10.1186/s12985-021-01672-3
https://doi.org/10.1038/s41392-021-00639-8
https://doi.org/10.3390/vaccines2020297
https://doi.org/10.3390/vaccines2020297
https://doi.org/10.1038/s41593-020-00771-8
https://doi.org/10.1016/j.jmb.2013.11.024
https://doi.org/10.4049/jimmunol.1303058
https://doi.org/10.4049/jimmunol.1303058
https://doi.org/10.1016/bs.ircmb.2018.08.004
https://doi.org/10.4103/0253-7184.62763
https://doi.org/10.4103/0253-7184.62763
https://doi.org/10.1586/14760584.2015.1081067
https://doi.org/10.1016/j.antiviral.2012.09.022
https://doi.org/10.1128/aac.01741-17
https://doi.org/10.1128/aac.01741-17
https://doi.org/10.1513/pats.200701-021AW
https://doi.org/10.1513/pats.200701-021AW
https://doi.org/10.1128/jvi.79.22.14355-14370.2005
https://doi.org/10.1128/jvi.79.22.14355-14370.2005
https://doi.org/10.1586/erv.10.174
https://doi.org/10.1586/erv.10.174
https://doi.org/10.1126/scitranslmed.abj5305
https://doi.org/10.1016/j.vaccine.2014.06.065
https://doi.org/10.1016/j.vaccine.2014.06.065
https://doi.org/10.3389/fcell.2019.00208
https://doi.org/10.1155/2019/4050796
https://doi.org/10.1111/j.1600-065X.2008.00734.x
https://doi.org/10.3389/fimmu.2013.00333
https://doi.org/10.3389/fimmu.2013.00333
https://doi.org/10.1371/journal.pone.0160784
https://doi.org/10.1371/journal.pone.0160784
https://doi.org/10.1016/j.immuni.2014.12.010
https://doi.org/10.3389/fimmu.2020.00211
https://doi.org/10.3389/fimmu.2020.00211
https://doi.org/10.1111/imr.12089
https://doi.org/10.1093/jac/dkg063
https://doi.org/10.3389/fimmu.2012.00328
https://doi.org/10.3389/fimmu.2012.00328
https://doi.org/10.1016/j.ejmech.2020.112575
https://doi.org/10.1016/j.ejmech.2020.112575
https://doi.org/10.1021/acs.jmedchem.7b00608
https://doi.org/10.1038/s12276-019-0333-0
https://doi.org/10.1038/s12276-019-0333-0
https://doi.org/10.3389/fimmu.2020.00615
https://doi.org/10.1038/nri3921
https://doi.org/10.3390/v13101892
https://doi.org/10.1128/jvi.02414-16
https://doi.org/10.1038/nature08476
https://doi.org/10.1016/j.virol.2019.01.006


Page 28 of 31Ko et al. Journal of Nanobiotechnology          (2022) 20:380 

 113. Guo F, Han Y, Zhao X, et al. STING agonists induce an innate antiviral 
immune response against hepatitis B virus. Antimicrob Agents Chem‑
other. 2015;59:1273–81. https:// doi. org/ 10. 1128/ AAC. 04321‑ 14.

 114. Humphries F, Shmuel‑Galia L, Jiang Z, et al. A diamidobenzimidazole 
STING agonist protects against SARS‑CoV‑2 infection. Sci Immunol. 
2021;6(59):eabi9002. https:// doi. org/ 10. 1126/ sciim munol. abi90 02.

 115. Zhu Q, Zhang Y, Wang L, et al. Inhibition of coronavirus infection by a 
synthetic STING agonist in primary human airway system. Antiviral Res. 
2021;187:105015. https:// doi. org/ 10. 1016/j. antiv iral. 2021. 105015.

 116. Easton DM, Nijnik A, Mayer ML, et al. Potential of immunomodulatory 
host defense peptides as novel anti‑infectives. Trends Biotechnol. 
2009;27:582–90. https:// doi. org/ 10. 1016/j. tibte ch. 2009. 07. 004.

 117. van Harten RM, Veldhuizen EJA, Haagsman HP, et al. The cathelicidin 
CATH‑2 efficiently neutralizes LPS‑ and E. coli‑induced activation of por‑
cine bone marrow derived macrophages. Vet Immunol Immunopathol. 
2022;244:110369. https:// doi. org/ 10. 1016/j. vetimm. 2021. 110369.

 118. Pfalzgraff A, Brandenburg K, Weindl G. Antimicrobial peptides and their 
therapeutic potential for bacterial skin infections and wounds. Front 
Pharmacol. 2018;9:281. https:// doi. org/ 10. 3389/ fphar. 2018. 00281.

 119. van Groenendael R, Beunders R, Hofland J, et al. The safety, tolerability, 
and effects on the systemic inflammatory response and renal function 
of the human chorionic gonadotropin hormone‑derivative ea‑230 
following on‑pump cardiac surgery (The EASI Study): protocol for a 
randomized, double‑blind, placebo‑controlled phase 2 study. JMIR Res 
Protoc. 2019;8: e11441. https:// doi. org/ 10. 2196/ 11441.

 120. van Groenendael R, Beunders R, Hemelaar P, et al. Safety and efficacy of 
human chorionic gonadotropin hormone‑derivative EA‑230 in cardiac 
surgery patients: a randomized double‑blind placebo‑controlled study. 
Crit Care Med. 2021;49:790–803. https:// doi. org/ 10. 1097/ ccm. 00000 
00000 004847.

 121. Ulm H, Wilmes M, Shai Y, et al. Antimicrobial host defensins—specific 
antibiotic activities and innate defense modulation. Front Immunol. 
2012;3:249. https:// doi. org/ 10. 3389/ fimmu. 2012. 00249.

 122. Wuerth KC, Falsafi R, Hancock REW. Synthetic host defense peptide IDR‑
1002 reduces inflammation in Pseudomonas aeruginosa lung infection. 
PLoS ONE. 2017;12: e0187565. https:// doi. org/ 10. 1371/ journ al. pone. 
01875 65.

 123. Rivas‑Santiago B, Castañeda‑Delgado JE, Rivas Santiago CE, et al. Ability 
of innate defence regulator peptides IDR‑1002, IDR‑HH2 and IDR‑1018 
to protect against mycobacterium tuberculosis infections in animal 
models. PLoS ONE. 2013;8: e59119. https:// doi. org/ 10. 1371/ journ al. 
pone. 00591 19.

 124. Yao Y, Xu XH, Jin L. Macrophage polarization in physiological and 
pathological pregnancy. Front Immunol. 2019;10:792. https:// doi. org/ 
10. 3389/ fimmu. 2019. 00792.

 125. Arora S, Dev K, Agarwal B, et al. Macrophages: their role, activation and 
polarization in pulmonary diseases. Immunobiology. 2018;223:383–96. 
https:// doi. org/ 10. 1016/j. imbio. 2017. 11. 001.

 126. Murray PJ, Wynn TA. Protective and pathogenic functions of mac‑
rophage subsets. Nat Rev Immunol. 2011;11:723–37. https:// doi. org/ 10. 
1038/ nri30 73.

 127. Fournier B, Philpott DJ. Recognition of Staphylococcus aureus by the 
innate immune system. Clin Microbiol Rev. 2005;18:521–40. https:// doi. 
org/ 10. 1128/ cmr. 18.3. 521‑ 540. 2005.

 128. Mantovani A, Sica A, Sozzani S, et al. The chemokine system in diverse 
forms of macrophage activation and polarization. Trends Immunol. 
2004;25:677–86. https:// doi. org/ 10. 1016/j. it. 2004. 09. 015.

 129. Dorrington MG, Fraser IDC. NF‑κB signaling in macrophages: dynamics, 
crosstalk, and signal integration. Front Immunol. 2019;10:705. https:// 
doi. org/ 10. 3389/ fimmu. 2019. 00705.

 130. Atri C, Guerfali FZ, Laouini D. Role of human macrophage polari‑
zation in inflammation during infectious diseases. Int J Mol Sci. 
2018;19(6):1801. https:// doi. org/ 10. 3390/ ijms1 90618 01.

 131. Yang Z, Grinchuk V, Urban JF Jr, et al. Macrophages as IL‑25/IL‑
33‑responsive cells play an important role in the induction of type 2 
immunity. PLoS ONE. 2013;8: e59441. https:// doi. org/ 10. 1371/ journ al. 
pone. 00594 41.

 132. Poltavets AS, Vishnyakova PA, Elchaninov AV, et al. Macrophage modifi‑
cation strategies for efficient cell therapy. Cells. 2020. https:// doi. org/ 10. 
3390/ cells 90615 35.

 133. Ross EA, Devitt A, Johnson JR. Macrophages: the good, the bad, and 
the gluttony. Front Immunol. 2021;12: 708186. https:// doi. org/ 10. 3389/ 
fimmu. 2021. 708186.

 134. Li H, Jiang T, Li MQ, et al. Transcriptional regulation of macrophages 
polarization by microRNAs. Front Immunol. 2018;9:1175. https:// doi. 
org/ 10. 3389/ fimmu. 2018. 01175.

 135. Duan Z, Luo Y. Targeting macrophages in cancer immunotherapy. 
Signal Transduct Target Ther. 2021;6:127. https:// doi. org/ 10. 1038/ 
s41392‑ 021‑ 00506‑6.

 136. Wang Y, Smith W, Hao D, et al. M1 and M2 macrophage polarization and 
potentially therapeutic naturally occurring compounds. Int Immunop‑
harmacol. 2019;70:459–66. https:// doi. org/ 10. 1016/j. intimp. 2019. 02. 050.

 137. Zhu W, Xu R, Du J, et al. Zoledronic acid promotes TLR‑4‑mediated M1 
macrophage polarization in bisphosphonate‑related osteonecrosis 
of the jaw. FASEB J. 2019;33:5208–19. https:// doi. org/ 10. 1096/ fj. 20180 
1791RR.

 138. Gao S, Zhou J, Liu N, et al. Curcumin induces M2 macrophage polariza‑
tion by secretion IL‑4 and/or IL‑13. J Mol Cell Cardiol. 2015;85:131–9. 
https:// doi. org/ 10. 1016/j. yjmcc. 2015. 04. 025.

 139. Zhou Y, Zhang T, Wang X, et al. Curcumin modulates macrophage 
polarization through the inhibition of the toll‑like receptor 4 expression 
and its signaling pathways. Cell Physiol Biochem. 2015;36:631–41. 
https:// doi. org/ 10. 1159/ 00043 0126.

 140. Akbarzadeh A, Rezaei‑Sadabady R, Davaran S, et al. Liposome: clas‑
sification, preparation, and applications. Nanoscale Res Lett. 2013;8:102. 
https:// doi. org/ 10. 1186/ 1556‑ 276x‑8‑ 102.

 141. Sur S, Fries AC, Kinzler KW, et al. Remote loading of preencapsulated 
drugs into stealth liposomes. Proc Natl Acad Sci. 2014;111:2283. https:// 
doi. org/ 10. 1073/ pnas. 13241 35111.

 142. Bozzuto G, Molinari A. Liposomes as nanomedical devices. Int J Nano‑
medicine. 2015;10:975–99. https:// doi. org/ 10. 2147/ ijn. S68861.

 143. Sercombe L, Veerati T, Moheimani F, et al. Advances and challenges of 
liposome assisted drug delivery. Front Pharmacol. 2015;6:286. https:// 
doi. org/ 10. 3389/ fphar. 2015. 00286.

 144. Nisini R, Poerio N, Mariotti S, et al. The multirole of liposomes in therapy 
and prevention of infectious diseases. Front Immunol. 2018;9:155. 
https:// doi. org/ 10. 3389/ fimmu. 2018. 00155.

 145. Tenchov R, Bird R, Curtze AE, et al. Lipid nanoparticles‑from liposomes 
to mRNA vaccine delivery, a landscape of research diversity and 
advancement. ACS Nano. 2021. https:// doi. org/ 10. 1021/ acsna no. 1c049 
96.

 146. Wan Z, Zhao L, Lu F, et al. Mononuclear phagocyte system blockade 
improves therapeutic exosome delivery to the myocardium. Theranos‑
tics. 2020;10:218–30. https:// doi. org/ 10. 7150/ thno. 38198.

 147. Immordino ML, Dosio F, Cattel L. Stealth liposomes: review of the basic 
science, rationale, and clinical applications, existing and potential. Int J 
Nanomed. 2006;1:297–315.

 148. Fobian SF, Cheng Z, Ten Hagen TLM. Smart lipid‑based nanosystems 
for therapeutic immune induction against cancers: perspectives and 
outlooks. Pharmaceutics. 2021;14(1):26. https:// doi. org/ 10. 3390/ pharm 
aceut ics14 010026.

 149. Navya PN, Kaphle A, Srinivas SP, et al. Current trends and challenges in 
cancer management and therapy using designer nanomaterials. Nano 
Converg. 2019;6:23. https:// doi. org/ 10. 1186/ s40580‑ 019‑ 0193‑2.

 150. Mitchell MJ, Billingsley MM, Haley RM, et al. Engineering precision 
nanoparticles for drug delivery. Nat Rev Drug Discov. 2021;20:101–24. 
https:// doi. org/ 10. 1038/ s41573‑ 020‑ 0090‑8.

 151. Bardania H, Tarvirdipour S, Dorkoosh F. Liposome‑targeted delivery for 
highly potent drugs. Artif Cells Nanomed Biotechnol. 2017;45:1478–89. 
https:// doi. org/ 10. 1080/ 21691 401. 2017. 12906 47.

 152. Senzer N, Nemunaitis J, Nemunaitis D, et al. Phase I study of a systemi‑
cally delivered p53 nanoparticle in advanced solid tumors. Mol Ther. 
2013;21:1096–103. https:// doi. org/ 10. 1038/ mt. 2013. 32.

 153. Mamot C, Ritschard R, Vogel B, et al. A phase I study of doxorubicin‑
loaded anti‑EGFR immunoliposomes in patients with advanced solid 
tumors. J Clin Oncol. 2011;29:3029–3029. https:// doi. org/ 10. 1200/ jco. 
2011. 29. 15_ suppl. 3029.

 154. Gargett T, Abbas MN, Rolan P, et al. Phase I trial of Lipovaxin‑MM, a 
novel dendritic cell‑targeted liposomal vaccine for malignant mela‑
noma. Cancer Immunol Immunother. 2018;67:1461–72. https:// doi. org/ 
10. 1007/ s00262‑ 018‑ 2207‑z.

https://doi.org/10.1128/AAC.04321-14
https://doi.org/10.1126/sciimmunol.abi9002
https://doi.org/10.1016/j.antiviral.2021.105015
https://doi.org/10.1016/j.tibtech.2009.07.004
https://doi.org/10.1016/j.vetimm.2021.110369
https://doi.org/10.3389/fphar.2018.00281
https://doi.org/10.2196/11441
https://doi.org/10.1097/ccm.0000000000004847
https://doi.org/10.1097/ccm.0000000000004847
https://doi.org/10.3389/fimmu.2012.00249
https://doi.org/10.1371/journal.pone.0187565
https://doi.org/10.1371/journal.pone.0187565
https://doi.org/10.1371/journal.pone.0059119
https://doi.org/10.1371/journal.pone.0059119
https://doi.org/10.3389/fimmu.2019.00792
https://doi.org/10.3389/fimmu.2019.00792
https://doi.org/10.1016/j.imbio.2017.11.001
https://doi.org/10.1038/nri3073
https://doi.org/10.1038/nri3073
https://doi.org/10.1128/cmr.18.3.521-540.2005
https://doi.org/10.1128/cmr.18.3.521-540.2005
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.3389/fimmu.2019.00705
https://doi.org/10.3389/fimmu.2019.00705
https://doi.org/10.3390/ijms19061801
https://doi.org/10.1371/journal.pone.0059441
https://doi.org/10.1371/journal.pone.0059441
https://doi.org/10.3390/cells9061535
https://doi.org/10.3390/cells9061535
https://doi.org/10.3389/fimmu.2021.708186
https://doi.org/10.3389/fimmu.2021.708186
https://doi.org/10.3389/fimmu.2018.01175
https://doi.org/10.3389/fimmu.2018.01175
https://doi.org/10.1038/s41392-021-00506-6
https://doi.org/10.1038/s41392-021-00506-6
https://doi.org/10.1016/j.intimp.2019.02.050
https://doi.org/10.1096/fj.201801791RR
https://doi.org/10.1096/fj.201801791RR
https://doi.org/10.1016/j.yjmcc.2015.04.025
https://doi.org/10.1159/000430126
https://doi.org/10.1186/1556-276x-8-102
https://doi.org/10.1073/pnas.1324135111
https://doi.org/10.1073/pnas.1324135111
https://doi.org/10.2147/ijn.S68861
https://doi.org/10.3389/fphar.2015.00286
https://doi.org/10.3389/fphar.2015.00286
https://doi.org/10.3389/fimmu.2018.00155
https://doi.org/10.1021/acsnano.1c04996
https://doi.org/10.1021/acsnano.1c04996
https://doi.org/10.7150/thno.38198
https://doi.org/10.3390/pharmaceutics14010026
https://doi.org/10.3390/pharmaceutics14010026
https://doi.org/10.1186/s40580-019-0193-2
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1080/21691401.2017.1290647
https://doi.org/10.1038/mt.2013.32
https://doi.org/10.1200/jco.2011.29.15_suppl.3029
https://doi.org/10.1200/jco.2011.29.15_suppl.3029
https://doi.org/10.1007/s00262-018-2207-z
https://doi.org/10.1007/s00262-018-2207-z


Page 29 of 31Ko et al. Journal of Nanobiotechnology          (2022) 20:380  

 155. Munster P, Krop IE, LoRusso P, et al. Safety and pharmacokinetics of 
MM‑302, a HER2‑targeted antibody‑liposomal doxorubicin conjugate, 
in patients with advanced HER2‑positive breast cancer: a phase 1 dose‑
escalation study. Br J Cancer. 2018;119:1086–93. https:// doi. org/ 10. 
1038/ s41416‑ 018‑ 0235‑2.

 156. Siefker‑Radtke A, Zhang X‑Q, Guo CC, et al. A phase l study of a tumor‑
targeted systemic nanodelivery system, SGT‑94, in genitourinary 
cancers. Mol Ther. 2016;24:1484–91. https:// doi. org/ 10. 1038/ mt. 2016. 
118.

 157. Jayant RD, Tiwari S, Atluri V, et al. Multifunctional nanotherapeutics for 
the treatment of neuroAIDS in drug abusers. Sci Rep. 2018;8:12991. 
https:// doi. org/ 10. 1038/ s41598‑ 018‑ 31285‑w.

 158. Meng N, Grimm D. Membrane‑destabilizing ionizable phospholipids: 
Novel components for organ‑selective mRNA delivery and CRISPR‑Cas 
gene editing. Signal Transduct Target Ther. 2021;6:206. https:// doi. org/ 
10. 1038/ s41392‑ 021‑ 00642‑z.

 159. Yonezawa S, Koide H, Asai T. Recent advances in siRNA delivery 
mediated by lipid‑based nanoparticles. Adv Drug Deliv Rev. 2020;154–
155:64–78. https:// doi. org/ 10. 1016/j. addr. 2020. 07. 022.

 160. Maugeri M, Nawaz M, Papadimitriou A, et al. Linkage between 
endosomal escape of LNP‑mRNA and loading into EVs for transport 
to other cells. Nat Commun. 2019;10:4333. https:// doi. org/ 10. 1038/ 
s41467‑ 019‑ 12275‑6.

 161. Juliano RL. The delivery of therapeutic oligonucleotides. Nucleic Acids 
Res. 2016;44:6518–48. https:// doi. org/ 10. 1093/ nar/ gkw236.

 162. Guevara ML, Persano F, Persano S. Advances in lipid nanoparticles for 
mRNA‑based cancer immunotherapy. Front Chem. 2020;8: 589959. 
https:// doi. org/ 10. 3389/ fchem. 2020. 589959.

 163. Kraft JC, McConnachie LA, Koehn J, et al. Mechanism‑based pharma‑
cokinetic (MBPK) models describe the complex plasma kinetics of three 
antiretrovirals delivered by a long‑acting anti‑HIV drug combination 
nanoparticle formulation. J Control Release. 2018;275:229–41. https:// 
doi. org/ 10. 1016/j. jconr el. 2018. 02. 003.

 164. Reichmuth AM, Oberli MA, Jaklenec A, et al. mRNA vaccine delivery 
using lipid nanoparticles. Ther Deliv. 2016;7:319–34. https:// doi. org/ 10. 
4155/ tde‑ 2016‑ 0006.

 165. Hanafy NAN, El‑Kemary M, Leporatti S. Micelles structure develop‑
ment as a strategy to improve smart cancer therapy. Cancers (Basel). 
2018;10(7):238.  https:// doi. org/ 10. 3390/ cance rs100 70238.

 166. Yingchoncharoen P, Kalinowski DS, Richardson DR. Lipid‑based drug 
delivery systems in cancer therapy: what is available and what is yet to 
come. Pharmacol Rev. 2016;68:701–87. https:// doi. org/ 10. 1124/ pr. 115. 
012070.

 167. Makhmalzade BS, Chavoshy F. Polymeric micelles as cutaneous drug 
delivery system in normal skin and dermatological disorders. J Adv 
Pharm Technol Res. 2018;9:2–8. https:// doi. org/ 10. 4103/ japtr. JAPTR_ 
314_ 17.

 168. Banerjee A, Onyuksel H. Peptide delivery using phospholipid micelles. 
Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2012;4(5):562–74.

 169. Esparza K, Jayawardena D, Onyuksel H. Phospholipid micelles for pep‑
tide drug delivery. Methods Mol Biol. 2019;2000:43–57.

 170. Din FU, Aman W, Ullah I, et al. Effective use of nanocarriers as drug 
delivery systems for the treatment of selected tumors. Int J Nanomedi‑
cine. 2017;12:7291–309. https:// doi. org/ 10. 2147/ ijn. S1463 15.

 171. Mandal A, Bisht R, Rupenthal ID, et al. Polymeric micelles for ocular 
drug delivery: From structural frameworks to recent preclinical studies. 
J Control Release. 2017;248:96–116. https:// doi. org/ 10. 1016/j. jconr el. 
2017. 01. 012.

 172. Jhaveri AM, Torchilin VP. Multifunctional polymeric micelles for delivery 
of drugs and siRNA. Front Pharmacol. 2014;5:77. https:// doi. org/ 10. 
3389/ fphar. 2014. 00077.

 173. Yu C, Gao C, Lü S, et al. Facile preparation of pH‑sensitive micelles self‑
assembled from amphiphilic chondroitin sulfate‑histamine conjugate 
for triggered intracellular drug release. Colloids Surf B. 2014;115:331–9. 
https:// doi. org/ 10. 1016/j. colsu rfb. 2013. 12. 023.

 174. Lee SH, Mok H Fau ‑ Lee Y, Lee Y Fau ‑ Park TG, et al. Self‑assembled 
siRNA‑PLGA conjugate micelles for gene silencing. J Control Release. 
2011;152(1):152–8.

 175. Menon S, Thekkayil R, Varghese S, et al. Photoresponsive soft materi‑
als: Synthesis and photophysical studies of a stilbene‑based diblock 

copolymer. J Polym Sci Part A Polym Chem. 2011;49:5063–73. https:// 
doi. org/ 10. 1002/ pola. 24973.

 176. Kumar S, Allard J‑F, Morris D, et al. Near‑infrared light sensitive poly‑
peptide block copolymer micelles for drug delivery. J Mater Chem. 
2012;22:7252–7. https:// doi. org/ 10. 1039/ C2JM1 6380B.

 177. Husseini GA, Velluto D, Kherbeck L, Pitt WG, et al. Investigating the 
acoustic release of doxorubicin from targeted micelles. Colloids Surf B 
Biointerfaces. 2013;101:153–5.

 178. Glover AL, Bennett JB, Pritchett JS, et al. Magnetic heating of iron oxide 
nanoparticles and magnetic micelles for cancer therapy. IEEE Trans 
Magn. 2013;49:231–5. https:// doi. org/ 10. 1109/ TMAG. 2012. 22223 59.

 179. Zielińska A, Carreiró F, Oliveira AM, et al. Polymeric nanoparticles: 
production, characterization, toxicology and ecotoxicology. Molecules. 
2020;25(16):3731. 

 180. Zhao D, Yu S, Sun B, et al. Biomedical applications of chitosan and its 
derivative nanoparticles. Polymers (Basel). 2018;10(4):462.

 181. Zielińska A, Carreiró F, Oliveira AM, et al. Polymeric nanoparticles: 
production, characterization, toxicology and ecotoxicology. Molecules 
(Basel, Switzerland). 2020;25:3731. https:// doi. org/ 10. 3390/ molec ules2 
51637 31.

 182. Herdiana Y, Wathoni N, Shamsuddin S, et al. Drug release study of the 
chitosan‑based nanoparticles. Heliyon. 2022;8: e08674. https:// doi. org/ 
10. 1016/j. heliy on. 2021. e08674.

 183. Anselmo AC, Mitragotri S. An overview of clinical and commercial 
impact of drug delivery systems. J Control Release. 2014;190:15–28. 
https:// doi. org/ 10. 1016/j. jconr el. 2014. 03. 053.

 184. Naqvi S, Panghal A, Flora SJS. Nanotechnology: a promising approach 
for delivery of neuroprotective drugs. Front Neurosci. 2020;14:494. 
https:// doi. org/ 10. 3389/ fnins. 2020. 00494.

 185. Wang Y. FDA’s regulatory science program for generic PLA/PLGA‑based 
drug products. Am Pharmaceut Rev 2016, 20.

 186. Pandey R, Zahoor A, Sharma S, et al. Nanoparticle encapsulated antitu‑
bercular drugs as a potential oral drug delivery system against murine 
tuberculosis. Tuberculosis. 2003;83:373–8. https:// doi. org/ 10. 1016/j. 
tube. 2003. 07. 001.

 187. Pandey R, Sharma A, Zahoor A, et al. Poly (dl‑lactide‑co‑glycolide) 
nanoparticle‑based inhalable sustained drug delivery system for experi‑
mental tuberculosis. J Antimicrob Chemother. 2003;52:981–6. https:// 
doi. org/ 10. 1093/ jac/ dkg477.

 188. Sharma A, Sharma S, Khuller GK. Lectin‑functionalized poly (lactide‑co‑
glycolide) nanoparticles as oral/aerosolized antitubercular drug carriers 
for treatment of tuberculosis. J Antimicrob Chemother. 2004;54:761–6. 
https:// doi. org/ 10. 1093/ jac/ dkh411.

 189. Silva MM, Calado R, Marto J, et al. Chitosan nanoparticles as a mucoad‑
hesive drug delivery system for ocular administration. Mar Drugs. 
2017;15:370. https:// doi. org/ 10. 3390/ md151 20370.

 190. Ameeduzzafar ISS, Abbas Bukhari SN, et al. Formulation and optimiza‑
tion of levofloxacin loaded chitosan nanoparticle for ocular delivery: 
In‑vitro characterization, ocular tolerance and antibacterial activity. Int J 
Biol Macromol. 2018;108:650–9. https:// doi. org/ 10. 1016/j. ijbio mac. 2017. 
11. 170.

 191. Charelli LE, de Mattos GC, de Jesus S‑B, et al. Polymeric nanoparticles 
as therapeutic agents against coronavirus disease. J Nanopart Res. 
2022;24:12. https:// doi. org/ 10. 1007/ s11051‑ 022‑ 05396‑5.

 192. Feng N, Guo F. Nanoparticle‑siRNA: a potential strategy for rheumatoid 
arthritis therapy? J Control Release. 2020;325:380–93. https:// doi. org/ 10. 
1016/j. jconr el. 2020. 07. 006.

 193. Wang Z, Hu T, Liang R, et al. Application of zero‑dimensional nanoma‑
terials in biosensing. Front Chem. 2020;8:320. https:// doi. org/ 10. 3389/ 
fchem. 2020. 00320.

 194. Watermann A, Brieger J. Mesoporous silica nanoparticles as drug 
delivery vehicles in cancer. Nanomaterials (Basel). 2017;7:189. https:// 
doi. org/ 10. 3390/ nano7 070189.

 195. Franci G, Falanga A, Galdiero S, et al. Silver nanoparticles as potential 
antibacterial agents. Molecules. 2015;20:8856–74. https:// doi. org/ 10. 
3390/ molec ules2 00588 56.

 196. Zharkova MS, Golubeva OY, Orlov DS, et al. Silver nanoparticles func‑
tionalized with antimicrobial polypeptides: benefits and possible pitfalls 
of a novel anti‑infective tool. Front Microbiol. 2021;12: 750556. https:// 
doi. org/ 10. 3389/ fmicb. 2021. 750556.

https://doi.org/10.1038/s41416-018-0235-2
https://doi.org/10.1038/s41416-018-0235-2
https://doi.org/10.1038/mt.2016.118
https://doi.org/10.1038/mt.2016.118
https://doi.org/10.1038/s41598-018-31285-w
https://doi.org/10.1038/s41392-021-00642-z
https://doi.org/10.1038/s41392-021-00642-z
https://doi.org/10.1016/j.addr.2020.07.022
https://doi.org/10.1038/s41467-019-12275-6
https://doi.org/10.1038/s41467-019-12275-6
https://doi.org/10.1093/nar/gkw236
https://doi.org/10.3389/fchem.2020.589959
https://doi.org/10.1016/j.jconrel.2018.02.003
https://doi.org/10.1016/j.jconrel.2018.02.003
https://doi.org/10.4155/tde-2016-0006
https://doi.org/10.4155/tde-2016-0006
https://doi.org/10.3390/cancers10070238
https://doi.org/10.1124/pr.115.012070
https://doi.org/10.1124/pr.115.012070
https://doi.org/10.4103/japtr.JAPTR_314_17
https://doi.org/10.4103/japtr.JAPTR_314_17
https://doi.org/10.2147/ijn.S146315
https://doi.org/10.1016/j.jconrel.2017.01.012
https://doi.org/10.1016/j.jconrel.2017.01.012
https://doi.org/10.3389/fphar.2014.00077
https://doi.org/10.3389/fphar.2014.00077
https://doi.org/10.1016/j.colsurfb.2013.12.023
https://doi.org/10.1002/pola.24973
https://doi.org/10.1002/pola.24973
https://doi.org/10.1039/C2JM16380B
https://doi.org/10.1109/TMAG.2012.2222359
https://doi.org/10.3390/molecules25163731
https://doi.org/10.3390/molecules25163731
https://doi.org/10.1016/j.heliyon.2021.e08674
https://doi.org/10.1016/j.heliyon.2021.e08674
https://doi.org/10.1016/j.jconrel.2014.03.053
https://doi.org/10.3389/fnins.2020.00494
https://doi.org/10.1016/j.tube.2003.07.001
https://doi.org/10.1016/j.tube.2003.07.001
https://doi.org/10.1093/jac/dkg477
https://doi.org/10.1093/jac/dkg477
https://doi.org/10.1093/jac/dkh411
https://doi.org/10.3390/md15120370
https://doi.org/10.1016/j.ijbiomac.2017.11.170
https://doi.org/10.1016/j.ijbiomac.2017.11.170
https://doi.org/10.1007/s11051-022-05396-5
https://doi.org/10.1016/j.jconrel.2020.07.006
https://doi.org/10.1016/j.jconrel.2020.07.006
https://doi.org/10.3389/fchem.2020.00320
https://doi.org/10.3389/fchem.2020.00320
https://doi.org/10.3390/nano7070189
https://doi.org/10.3390/nano7070189
https://doi.org/10.3390/molecules20058856
https://doi.org/10.3390/molecules20058856
https://doi.org/10.3389/fmicb.2021.750556
https://doi.org/10.3389/fmicb.2021.750556


Page 30 of 31Ko et al. Journal of Nanobiotechnology          (2022) 20:380 

 197. Eleraky NE, Allam A, Hassan SB, et al. Nanomedicine fight against 
antibacterial resistance: an overview of the recent pharmaceutical 
innovations. Pharmaceutics. 2020;12(2):142. https:// doi. org/ 10. 3390/ 
pharm aceut ics12 020142.

 198. Pal I, Bhattacharyya D, Kar RK, et al. A peptide‑nanoparticle system 
with improved efficacy against multidrug resistant bacteria. Sci Rep. 
2019;9:4485. https:// doi. org/ 10. 1038/ s41598‑ 019‑ 41005‑7.

 199. Moyano DF, Liu Y, Ayaz F, et al. Immunomodulatory effects of coated 
gold nanoparticles in LPS‑stimulated in vitro and in vivo murine model 
systems. Chem. 2016;1(2):320–327.

 200. Ali A, Zafar H, Zia M, et al. Synthesis, characterization, applications, 
and challenges of iron oxide nanoparticles. Nanotechnol Sci Appl. 
2016;9:49–67. https:// doi. org/ 10. 2147/ NSA. S99986.

 201. Gupta AK, Curtis ASG. Surface modified superparamagnetic nano‑
particles for drug delivery: Interaction studies with human fibroblasts 
in culture. J Mater Sci Mater Med. 2004;15:493–6. https:// doi. org/ 10. 
1023/B: JMSM. 00000 21126. 32934. 20.

 202. Cobaleda‑Siles M, Henriksen‑Lacey M, de Angulo AR, et al. An iron oxide 
nanocarrier for dsRNA to target lymph nodes and strongly activate 
cells of the immune system. Small. 2014;10:5054–67. https:// doi. org/ 10. 
1002/ smll. 20140 1353.

 203. Ruiz‑de‑Angulo A, Zabaleta A, Gómez‑Vallejo V, et al. Microdosed 
lipid‑coated 67Ga‑magnetite enhances antigen‑specific immunity by 
image tracked delivery of antigen and CpG to lymph nodes. ACS Nano. 
2016;10:1602–18. https:// doi. org/ 10. 1021/ acsna no. 5b072 53.

 204. Mittal P, Saharan A, Verma R, et al. Dendrimers: a new race of pharma‑
ceutical nanocarriers. Biomed Res Int. 2021;2021:8844030. https:// doi. 
org/ 10. 1155/ 2021/ 88440 30.

 205. Patra JK, Das G, Fraceto LF, et al. Nano based drug delivery systems: 
recent developments and future prospects. J Nanobiotechnology. 
2018;16:71. https:// doi. org/ 10. 1186/ s12951‑ 018‑ 0392‑8.

 206. Santos A, Veiga F, Figueiras A. Dendrimers as pharmaceutical excipients: 
synthesis, properties toxicity and biomedical applications. Materials 
(Basel). 2019. https:// doi. org/ 10. 3390/ ma130 10065.

 207. Liu P, Gao C, Chen H, et al. Receptor‑mediated targeted drug delivery 
systems for treatment of inflammatory bowel disease: Opportunities 
and emerging strategies. Acta Pharm Sin B. 2021;11:2798–818. https:// 
doi. org/ 10. 1016/j. apsb. 2020. 11. 003.

 208. Gajbhiye V, Ganesh N, Barve J, et al. Synthesis, characterization and 
targeting potential of zidovudine loaded sialic acid conjugated‑
mannosylated poly(propyleneimine) dendrimers. Eur J Pharm Sci. 
2013;48:668–79. https:// doi. org/ 10. 1016/j. ejps. 2012. 12. 027.

 209. Pan J, Attia SA, Filipczak N, et al. Dendrimers for drug delivery purposes. 
In: Nanoengineered Biomaterials for Advanced Drug Delivery. Mozafari 
M ed., Elsevier; 2020: 201–242. https:// doi. org/ 10. 1016/ B978‑0‑ 08‑ 
102985‑ 5. 00010‑3

 210. Nabavizadeh F, Fanaei H, Imani A, et al. Evaluation of Nanocarrier 
Targeted Drug Delivery of Capecitabine‑PAMAM Dendrimer Complex in 
a Mice Colorectal Cancer Model. Acta Med Iran. 2016;54(8):485–493.

 211. Khan OF, Zaia Ew, Yin H, Yin H, Bogorad RL, et al. Ionizable amphiphilic 
dendrimer‑based nanomaterials with alkyl‑chain‑substituted amines 
for tunable siRNA delivery to the liver endothelium in vivo. Angew 
Chem Int Ed Engl. 2014;53(52):14397–401.

 212. Ayatollahi S, Hashemi M, Oskuee RK, et al. Synthesis of efficient gene 
delivery systems by grafting pegylated alkylcarboxylate chains to 
PAMAM dendrimers: Evaluation of transfection efficiency and cyto‑
toxicity in cancerous and mesenchymal stem cells. J Biomater Appl. 
2015;30(5):632–48.

 213. Arima H, Yoshimatsu A, Ikeda H, Ikeda H, Ohyama A, et al. Folate‑PEG‑
appended dendrimer conjugate with α‑cyclodextrin as a novel cancer 
cell‑selective siRNA delivery carrier. Mol Pharm. 2012;9(9):2591–604.

 214. Lee CC, Gillies ER, Fox ME, Fox Me, Guillaudeu SJ, et al. A single dose of 
doxorubicin‑functionalized bow‑tie dendrimer cures mice bearing C‑26 
colon carcinomas. Proc Natl Acad Sci USA. 2006;103(45):16649–54.

 215. Khandare JJ, Jayant S, Singh A, et al. Dendrimer versus linear conjugate: 
influence of polymeric architecture on the delivery and anticancer 
effect of paclitaxel. Bioconjug Chem. 2006;17:1464–72. https:// doi. org/ 
10. 1021/ bc060 240p.

 216. Singha S, Shao K, Ellestad KK, et al. Nanoparticles for immune 
stimulation against infection, cancer, and autoimmunity. ACS Nano. 
2018;12:10621–35. https:// doi. org/ 10. 1021/ acsna no. 8b059 50.

 217. Petkar KC, Patil SM, Chavhan SAO, et al. An overview of nanocarrier‑
based adjuvants for vaccine delivery. LID. 2021. https:// doi. org/ 10. 3390/ 
pharm aceut ics13 040455.

 218. Chauhan GA‑O, Madou MJ, Kalra SA‑O, et al. Nanotechnol‑
ogy for COVID‑19: therapeutics and vaccine research. ACS Nano. 
2020;14,7760–7782.

 219. Liu G, Zhu M, Zhao X, et al. Nanotechnology‑empowered vaccine 
delivery for enhancing CD8(+) T cells‑mediated cellular immunity. Adv 
Drug Deliv Rev. 2021;176:113889.

 220. Briolay T, Petithomme T, Fouet M, et al. Delivery of cancer therapies by 
synthetic and bio‑inspired nanovectors. Mol Cancer. 2021;20:55. https:// 
doi. org/ 10. 1186/ s12943‑ 021‑ 01346‑2.

 221. Senapati S, Mahanta AK, Kumar S, et al. Controlled drug delivery 
vehicles for cancer treatment and their performance. Signal Transduct 
Target Ther. 2018;3:7. https:// doi. org/ 10. 1038/ s41392‑ 017‑ 0004‑3.

 222. Dockrell DH, Kinghorn GR. Imiquimod and resiquimod as novel immu‑
nomodulators. J Antimicrob Chemother. 2001;48:751–5. https:// doi. 
org/ 10. 1093/ jac/ 48.6. 751.

 223. Duong AD, Sharma S, Peine KJ, et al. Electrospray encapsulation of toll‑
like receptor agonist resiquimod in polymer microparticles for the treat‑
ment of visceral leishmaniasis. Mol Pharm. 2013;10:1045–55. https:// doi. 
org/ 10. 1021/ mp300 5098.

 224. Peine KJ, Gupta G, Brackman DJ, et al. Liposomal resiquimod for the 
treatment of Leishmania donovani infection. J Antimicrob Chemother. 
2014;69:168–75. https:// doi. org/ 10. 1093/ jac/ dkt320.

 225. Contreras ET, Olea‑Popelka F, Wheat W, et al. Evaluation of liposome 
toll‑like receptor ligand complexes for non‑specific mucosal immu‑
noprotection from feline herpesvirus‑1 infection. J Vet Intern Med. 
2019;33:831–7. https:// doi. org/ 10. 1111/ jvim. 15427.

 226. Wheat W, Chow L, Rozo V, et al. Non‑specific protection from respiratory 
tract infections in cattle generated by intranasal administration of an 
innate immune stimulant. PLoS ONE. 2020;15: e0235422. https:// doi. 
org/ 10. 1371/ journ al. pone. 02354 22.

 227. Wheat W, Chow L, Coy J, et al. Activation of upper respiratory tract 
mucosal innate immune responses in cats by liposomal toll‑like recep‑
tor ligand complexes delivered topically. J Vet Intern Med. 2019;33:838–
45. https:// doi. org/ 10. 1111/ jvim. 15426.

 228. Wheat W, Chow L, Kuzmik A, et al. Local immune and microbiologi‑
cal responses to mucosal administration of a Liposome‑TLR agonist 
immunotherapeutic in dogs. BMC Vet Res. 2019;15:330. https:// doi. org/ 
10. 1186/ s12917‑ 019‑ 2073‑8.

 229. Islam D, Lombardini E, Ruamsap N, et al. Controlling the cytokine storm 
in severe bacterial diarrhoea with an oral Toll‑like receptor 4 antagonist. 
Immunology. 2016;147:178–89. https:// doi. org/ 10. 1111/ imm. 12549.

 230. Feng N, Liang L, Fan M, et al. Treating autoimmune inflammatory dis‑
eases with an siern1‑nanoprodrug that mediates macrophage polariza‑
tion and blocks toll‑like receptor signaling. ACS Nano. 2021;15:15874–
91. https:// doi. org/ 10. 1021/ acsna no. 1c037 26.

 231. Casey LM, Kakade S, Decker JT, et al. Cargo‑less nanoparticles program 
innate immune cell responses to toll‑like receptor activation. Biomateri‑
als. 2019;218: 119333. https:// doi. org/ 10. 1016/j. bioma teria ls. 2019. 
119333.

 232. Bal SM, Hortensius S, Ding Z, et al. Co‑encapsulation of antigen and 
Toll‑like receptor ligand in cationic liposomes affects the quality of 
the immune response in mice after intradermal vaccination. Vaccine. 
2011;29:1045–52. https:// doi. org/ 10. 1016/j. vacci ne. 2010. 11. 061.

 233. Bal SM, Slütter B, Verheul R, et al. Adjuvanted, antigen loaded N‑tri‑
methyl chitosan nanoparticles for nasal and intradermal vaccination: 
Adjuvant‑ and site‑dependent immunogenicity in mice. Eur J Pharm 
Sci. 2012;45:475–81. https:// doi. org/ 10. 1016/j. ejps. 2011. 10. 003.

 234. Kasturi SP, Skountzou I, Albrecht RA, et al. Programming the magnitude 
and persistence of antibody responses with innate immunity. Nature. 
2011;470:543–7. https:// doi. org/ 10. 1038/ natur e09737.

 235. Teijaro JR, Farber DL. COVID‑19 vaccines: modes of immune activation 
and future challenges. Nat Rev Immunol. 2021;21:195–7. https:// doi. 
org/ 10. 1038/ s41577‑ 021‑ 00526‑x.

 236. Dowling DJ, Scott EA, Scheid A, et al. Toll‑like receptor 8 agonist nano‑
particles mimic immunomodulating effects of the live BCG vaccine and 
enhance neonatal innate and adaptive immune responses. J Allergy 
Clin Immunol. 2017;140:1339–50. https:// doi. org/ 10. 1016/j. jaci. 2016. 12. 
985.

https://doi.org/10.3390/pharmaceutics12020142
https://doi.org/10.3390/pharmaceutics12020142
https://doi.org/10.1038/s41598-019-41005-7
https://doi.org/10.2147/NSA.S99986
https://doi.org/10.1023/B:JMSM.0000021126.32934.20
https://doi.org/10.1023/B:JMSM.0000021126.32934.20
https://doi.org/10.1002/smll.201401353
https://doi.org/10.1002/smll.201401353
https://doi.org/10.1021/acsnano.5b07253
https://doi.org/10.1155/2021/8844030
https://doi.org/10.1155/2021/8844030
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.3390/ma13010065
https://doi.org/10.1016/j.apsb.2020.11.003
https://doi.org/10.1016/j.apsb.2020.11.003
https://doi.org/10.1016/j.ejps.2012.12.027
https://doi.org/10.1016/B978-0-08-102985-5.00010-3
https://doi.org/10.1016/B978-0-08-102985-5.00010-3
https://doi.org/10.1021/bc060240p
https://doi.org/10.1021/bc060240p
https://doi.org/10.1021/acsnano.8b05950
https://doi.org/10.3390/pharmaceutics13040455
https://doi.org/10.3390/pharmaceutics13040455
https://doi.org/10.1186/s12943-021-01346-2
https://doi.org/10.1186/s12943-021-01346-2
https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.1093/jac/48.6.751
https://doi.org/10.1093/jac/48.6.751
https://doi.org/10.1021/mp3005098
https://doi.org/10.1021/mp3005098
https://doi.org/10.1093/jac/dkt320
https://doi.org/10.1111/jvim.15427
https://doi.org/10.1371/journal.pone.0235422
https://doi.org/10.1371/journal.pone.0235422
https://doi.org/10.1111/jvim.15426
https://doi.org/10.1186/s12917-019-2073-8
https://doi.org/10.1186/s12917-019-2073-8
https://doi.org/10.1111/imm.12549
https://doi.org/10.1021/acsnano.1c03726
https://doi.org/10.1016/j.biomaterials.2019.119333
https://doi.org/10.1016/j.biomaterials.2019.119333
https://doi.org/10.1016/j.vaccine.2010.11.061
https://doi.org/10.1016/j.ejps.2011.10.003
https://doi.org/10.1038/nature09737
https://doi.org/10.1038/s41577-021-00526-x
https://doi.org/10.1038/s41577-021-00526-x
https://doi.org/10.1016/j.jaci.2016.12.985
https://doi.org/10.1016/j.jaci.2016.12.985


Page 31 of 31Ko et al. Journal of Nanobiotechnology          (2022) 20:380  

 237. Pavot V, Rochereau N, Primard C, et al. Encapsulation of Nod1 and Nod2 
receptor ligands into poly(lactic acid) nanoparticles potentiates their 
immune properties. J Control Release. 2013;167:60–7. https:// doi. org/ 
10. 1016/j. jconr el. 2013. 01. 015.

 238. Cabaña‑Brunod M, Herrera PA, Márquez‑Miranda V, et al. Development 
of a PHBV nanoparticle as a peptide vehicle for NOD1 activation. Drug 
Deliv. 2021;28:1020–30. https:// doi. org/ 10. 1080/ 10717 544. 2021. 19238 
62.

 239. Tukhvatulin A, Dzharullaeva A, Erokhova A, et al. Adjuvantation of an influ‑
enza hemagglutinin antigen with TLR4 and NOD2 agonists encapsulated 
in Poly(D, L‑Lactide‑Co‑Glycolide) nanoparticles enhances immunogenic‑
ity and protection against lethal influenza virus infection in mice. Vaccines. 
2020. 8(3):519. https:// doi. org/ 10. 3390/ vacci nes80 30519.

 240. Su T, Zhang Y, Valerie K, et al. STING activation in cancer immunotherapy. 
Theranostics. 2019;9:7759–71. https:// doi. org/ 10. 7150/ thno. 37574.

 241. Fu Y, Xiong S. Tagged extracellular vesicles with the RBD of the viral spike pro‑
tein for delivery of antiviral agents against SARS‑COV‑2 infection. J Control 
Release. 2021;335:584–95. https:// doi. org/ 10. 1016/j. jconr el. 2021. 05. 049.

 242. Aroh C, Wang Z, Dobbs N, et al. Innate immune activation by cGMP‑AMP 
nanoparticles leads to potent and long‑acting antiretroviral response 
against HIV‑1. J Immunol. 2017;199:3840–8. https:// doi. org/ 10. 4049/ 
jimmu nol. 17009 72.

 243. Hanson MC, Crespo MP, Abraham W, et al. Nanoparticulate STING agonists 
are potent lymph node‑targeted vaccine adjuvants. J Clin Invest. 
2015;125:2532–46. https:// doi. org/ 10. 1172/ jci79 915.

 244. Wang J, Li P, Yu Y, et al. Pulmonary surfactant‑biomimetic nanoparticles 
potentiate heterosubtypic influenza immunity. Science. 2020. https:// doi. 
org/ 10. 1126/ scien ce. aau08 10.

 245. Huan Y, Kong Q, Mou H, et al. Antimicrobial peptides: classification, design, 
application and research progress in multiple fields. Front Microbiol. 
2020;11: 582779. https:// doi. org/ 10. 3389/ fmicb. 2020. 582779.

 246. Kindrachuk J, Jenssen H, Elliott M, et al. Manipulation of innate immunity by a 
bacterial secreted peptide: lantibiotic nisin Z is selectively immunomodu‑
latory. Innate Immun. 2013;19:315–27. https:// doi. org/ 10. 1177/ 17534 
25912 461456.

 247. Benech RO, Kheadr EE, Lacroix C, et al. Antibacterial activities of nisin Z 
encapsulated in liposomes or produced in situ by mixed culture during 
cheddar cheese ripening. Appl Environ Microbiol. 2002;68(11):5607–5619. 
https://doi‑org/10.1128/AEM.68.11.5607‑5619.2002.

 248. Wang J, Shao W, Niu H, et al. Immunomodulatory effects of colistin on mac‑
rophages in rats by activating the p38/mapk pathway. Front Pharmacol. 
2019;10:729. https:// doi. org/ 10. 3389/ fphar. 2019. 00729.

 249. Alipour M, Halwani M, Omri A, et al. Antimicrobial effectiveness of liposomal 
polymyxin B against resistant Gram‑negative bacterial strains. Int J Pharm. 
2008;355:293–8. https:// doi. org/ 10. 1016/j. ijpha rm. 2007. 11. 035.

 250. Ron‑Doitch S, Sawodny B, Kühbacher A, et al. Reduced cytotoxicity and 
enhanced bioactivity of cationic antimicrobial peptides liposomes in 
cell cultures and 3D epidermis model against HSV. J Control Release. 
2016;229:163–71. https:// doi. org/ 10. 1016/j. jconr el. 2016. 03. 025.

 251. Yu J, Dai Y, Fu Y, et al. Cathelicidin antimicrobial peptides suppress EV71 infec‑
tion via regulating antiviral response and inhibiting viral binding. Antiviral 
Res. 2021;187: 105021. https:// doi. org/ 10. 1016/j. antiv iral. 2021. 105021.

 252. Zhang R, Wu F, Wu L, et al. Novel self‑assembled micelles based on 
cholesterol‑modified antimicrobial peptide (DP7) for safe and effective 
systemic administration in animal models of bacterial infection. Antimi‑
crob Agents Chemother. 2018. 62(11):e00368–18. https:// doi. org/ 10. 1128/ 
aac. 00368‑ 18.

 253. Casciaro B, Moros M, Rivera‑Fernández S, et al. Gold‑nanoparticles coated 
with the antimicrobial peptide esculentin‑1a(1–21)NH(2) as a reliable 
strategy for antipseudomonal drugs. Acta Biomater. 2017;47:170–81. 
https:// doi. org/ 10. 1016/j. actbio. 2016. 09. 041.

 254. Payne JN, Waghwani HK, Connor MG, et al. Novel synthesis of kanamycin 
conjugated gold nanoparticles with potent antibacterial activity. Front 
Microbiol. 2016;7:607. https:// doi. org/ 10. 3389/ fmicb. 2016. 00607.

 255. Bhat KU, Vidya SM. Nisin gold nanoparticles assemble as potent antimicrobial 
agent against Enterococcus faecalis and Staphylococcus aureus clinical 
isolates. J Drug Deliv Sci Technol. 2017;37:20–7. https:// doi. org/ 10. 1016/j. 
jddst. 2016. 11. 002.

 256. Fang F, Li G, Jing M, et al. C646 modulates inflammatory response and anti‑
bacterial activity of macrophage. Int Immunopharmacol. 2019;74: 105736. 
https:// doi. org/ 10. 1016/j. intimp. 2019. 105736.

 257. Ye J, Yang Y, Dong W, et al. Drug‑free mannosylated liposomes inhibit tumor 
growth by promoting the polarization of tumor‑associated macrophages. 
Int J Nanomed. 2019;14:3203–20. https:// doi. org/ 10. 2147/ IJN. S2075 89.

 258. Barros D, Costa Lima SA, Cordeiro‑da‑Silva A. Surface functionalization of 
polymeric nanospheres modulates macrophage activation: relevance in 
Leishmaniasis therapy. Nanomedicine. 2015;10:387–403. https:// doi. org/ 
10. 2217/ nnm. 14. 116.

 259. Tukulula M, Hayeshi R, Fonteh P, et al. Curdlan‑conjugated PLGA nanoparti‑
cles possess macrophage stimulant activity and drug delivery capabilities. 
Pharm Res. 2015;32:2713–26. https:// doi. org/ 10. 1007/ s11095‑ 015‑ 1655‑9.

 260. Chavez‑Santoscoy AV, Roychoudhury R, Pohl NLB, et al. Tailoring the immune 
response by targeting C‑type lectin receptors on alveolar macrophages 
using “pathogen‑like” amphiphilic polyanhydride nanoparticles. Biomateri‑
als. 2012;33:4762–72. https:// doi. org/ 10. 1016/j. bioma teria ls. 2012. 03. 027.

 261. Truong N, Black SK, Shaw J, et al. Microfluidic‑generated immunomodulatory 
nanoparticles and formulation‑dependent effects on lipopolysaccharide‑
induced macrophage inflammation. AAPS J. 2021;24(1):6.

 262. Chaubey P, Patel RR, Mishra B. Development and optimization of curcumin‑
loaded mannosylated chitosan nanoparticles using response surface 
methodology in the treatment of visceral leishmaniasis. Expert Opin Drug 
Deliv. 2014;11:1163–81. https:// doi. org/ 10. 1517/ 17425 247. 2014. 917076.

 263. Chandrupatla DMSH, Molthoff CFM, Lammertsma AA, et al. The folate 
receptor β as a macrophage‑mediated imaging and therapeutic target in 
rheumatoid arthritis. Drug Deliv Transl Res. 2019;9:366–78. https:// doi. org/ 
10. 1007/ s13346‑ 018‑ 0589‑2.

 264. Wusiman A, Xu S, Ni H, et al. Immunomodulatory effects of Alhagi honey 
polysaccharides encapsulated into PLGA nanoparticles. Carbohyd Polym. 
2019;211:217–26. https:// doi. org/ 10. 1016/j. carbp ol. 2019. 01. 102.

 265. Wusiman A, He J, Zhu T, et al. Macrophage immunomodulatory activity of 
the cationic polymer modified PLGA nanoparticles encapsulating Alhagi 
honey polysaccharide. Int J Biol Macromol. 2019;134:730–9. https:// doi. 
org/ 10. 1016/j. ijbio mac. 2019. 05. 038.

 266. Hou M, Wei Y, Zhao Z, et al. Immuno‑engineered nanodecoys for the multi‑
target anti‑inflammatory treatment of autoimmune diseases. Adv Mater. 
2022;34: e2108817. https:// doi. org/ 10. 1002/ adma. 20210 8817.

 267. Wusiman A, Gu P, Liu Z, et al. Cationic polymer modified PLGA nanoparti‑
cles encapsulating Alhagi honey polysaccharides as a vaccine delivery 
system for ovalbumin to improve immune responses. Int J Nanomed. 
2019;14:3221–34. https:// doi. org/ 10. 2147/ IJN. S2030 72.

 268. Wusiman A, Jiang W, Yu L, et al. Cationic polymer‑modified Alhagi honey 
polysaccharide PLGA nanoparticles as an adjuvant to induce strong and 
long‑lasting immune responses. Int J Biol Macromol. 2021;177:370–82. 
https:// doi. org/ 10. 1016/j. ijbio mac. 2021. 02. 130.

 269. Pan Y, Qi Y, Shao N, et al. Amino‑Modified Polymer Nanoparticles as 
Adjuvants to Activate the Complement System and to Improve Vaccine 
Efficacy in Vivo. Biomacromolecules. 2019;20:3575–3583. https://doi.
org/10.1021/acs.biomac.9b00887.

 270. Li R, Zhang P, Wang Y, et al. Itaconate: a metabolite regulates inflammation 
response and oxidative stress. Oxid Med Cell Longev. 2020;2020:5404780. 
https://doi.org/10.1155/2020/5404780.

 271. Davenport Huyer L, Mandla S, Wang Y, et al. Macrophage immunomodu‑
lation through new polymers that recapitulate functional effects of 
itaconate as a power house of innate immunity. Adv Func Mater. 
2021;31:2003341. https:// doi. org/ 10. 1002/ adfm. 20200 3341.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jconrel.2013.01.015
https://doi.org/10.1016/j.jconrel.2013.01.015
https://doi.org/10.1080/10717544.2021.1923862
https://doi.org/10.1080/10717544.2021.1923862
https://doi.org/10.3390/vaccines8030519
https://doi.org/10.7150/thno.37574
https://doi.org/10.1016/j.jconrel.2021.05.049
https://doi.org/10.4049/jimmunol.1700972
https://doi.org/10.4049/jimmunol.1700972
https://doi.org/10.1172/jci79915
https://doi.org/10.1126/science.aau0810
https://doi.org/10.1126/science.aau0810
https://doi.org/10.3389/fmicb.2020.582779
https://doi.org/10.1177/1753425912461456
https://doi.org/10.1177/1753425912461456
https://doi.org/10.3389/fphar.2019.00729
https://doi.org/10.1016/j.ijpharm.2007.11.035
https://doi.org/10.1016/j.jconrel.2016.03.025
https://doi.org/10.1016/j.antiviral.2021.105021
https://doi.org/10.1128/aac.00368-18
https://doi.org/10.1128/aac.00368-18
https://doi.org/10.1016/j.actbio.2016.09.041
https://doi.org/10.3389/fmicb.2016.00607
https://doi.org/10.1016/j.jddst.2016.11.002
https://doi.org/10.1016/j.jddst.2016.11.002
https://doi.org/10.1016/j.intimp.2019.105736
https://doi.org/10.2147/IJN.S207589
https://doi.org/10.2217/nnm.14.116
https://doi.org/10.2217/nnm.14.116
https://doi.org/10.1007/s11095-015-1655-9
https://doi.org/10.1016/j.biomaterials.2012.03.027
https://doi.org/10.1517/17425247.2014.917076
https://doi.org/10.1007/s13346-018-0589-2
https://doi.org/10.1007/s13346-018-0589-2
https://doi.org/10.1016/j.carbpol.2019.01.102
https://doi.org/10.1016/j.ijbiomac.2019.05.038
https://doi.org/10.1016/j.ijbiomac.2019.05.038
https://doi.org/10.1002/adma.202108817
https://doi.org/10.2147/IJN.S203072
https://doi.org/10.1016/j.ijbiomac.2021.02.130
https://doi.org/10.1002/adfm.202003341

	Nanocarriers for effective delivery: modulation of innate immunity for the management of infections and the associated complications
	Abstract 
	Introduction
	Modulation of innate immune response
	Pattern recognition receptors (PRRs)
	Modulation of plasma membrane bound PRRs signaling
	TLR1, 2, 6 
	TLR4 
	TLR5 

	Modulation of endosomal PRRs signaling
	TLR3 
	TLR7 
	TLR9 

	Modulation of cytoplasmic innate immune signaling
	NOD-like receptors (NLRs) 
	Stimulator of interferon genes (STING) 


	Innate defense regulator (IDR) peptides
	M1 and M2 polarization of macrophage

	Types of nanocarriers and their potential applications
	Liposome
	Lipid nanoparticles
	Micelle
	Phospholipid micelle
	Polymeric micelle

	Polymeric nanoparticles
	Metallic nanoparticles
	Dendrimer

	Nanocarriers for delivery of immunomodulatory drugs and vaccine adjuvants
	TLR signaling
	NOD signaling
	STING signaling
	IDR peptides
	Targeting macrophage

	Summary and perspective
	Acknowledgements
	References




