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a b s t r a c t 

The viral infection spreads with the assistance of a host. Traditional antiviral therapies cannot provide long- 

term immunity against emerging and drug-resistant viral infections. Immunotherapy has evolved as an efficient 

approach for disease prevention and treatment, which include cancer, infections, inflammatory, and immune 

disorders. Immunomodulatory nanosystems can dramatically enhance therapeutic outcomes by combating many 

therapeutic challenges, such as poor immune stimulation and off-target adverse effects. Recently, immunomod- 

ulatory nanosystems have emerged as a potent antiviral strategy to intercept viral infections effectively. This 

review introduces major viral infections with their primary symptoms, route of transmission & targeted organ, 

and different stages of the viral life cycle with respective traditional blockers. The IMNs have an exceptional 

capacity for precisely modulating the immune system for therapeutic applications. The nano sized immunomod- 

ulatory systems permit the immune cells to interact with infectious agents enhancing lymphatic drainage and 

endocytosis by the over-reactive immune cells in the infected areas. Immune cells that can be modulated upon 

viral infection via various immunomodulatory nanosystems have been discussed. Advancement in theranostics 

can yield an accurate diagnosis, adequate treatment, and real-time screening of viral infections. Nanosystem- 

based drug delivery can continue to thrive in diagnosing, treating, and preventing viral infections. The curative 

medicine for remerging and drug-resistant viruses remains challenging, though certain systems have expanded 

our perception and initiated a new research domain in antiviral treatments. 

1

 

c  

c  

g  

h  

i  

a  

b  

r  

i  

i  

a  

d  

m  

o  

b  

[  

a  

i

“  

e  

o  

i  

T  

i  

s  

t  

c  

n  

c  

n  

w  

r  

o  

I  

t  

l

 

e  

h

R

2

. Introduction 

Based on an immunological surveillance process, the immune system

an shield us from a wide range of diseases [1] . Ideally, immune cells

an identify and kill viruses, bacteria, and cancer cells as foreign anti-

ens and destroy them. The unsettling truth is that effective pathogens

ave dodged immune approval through various efficient strategies,

ncluding obstructing antigen presentation, preventing phagocytosis,

nd actively inactivating immune cells [2] . Immunotherapy functions

y either stimulating or suppressing the human immune system. A

ange of immune cells, cytokines, and enzymes can influence our

mmune conditions, which can be explored to minimize potential

mmune-related conditions or diseases effectively. Several immunother-

peutic approaches have successfully been applied to cure various

iseases with spectacular results [3] . However, the actions of some im-

unomodulatory components can be adversely impacted by their lack

f solubility, significant immune-facilitated cytotoxicity, and reduced

ioactive properties after prolonged circulation in the blood stream

4] . Over the past 50 years, the concept of influencing immune system

ctivity by nanosystems for therapeutic benefit has greatly revolution-

zed medical treatment. The idea of “therapeutic immunomodulation, ”
∗ Corresponding author. 

E-mail address: aravind@bme.iith.ac.in (A.K. Rengan) . 

w  

ttps://doi.org/10.1016/j.bbiosy.2023.100073 

eceived 24 September 2022; Received in revised form 29 December 2022; Accepted

666-5344/© 2023 Published by Elsevier Ltd. This is an open access article under th
immunotherapy, ” or “immuno-engineering ” is widely received in

xtensive biomedical applications like oncology to combat a wide range

f metastatic cancers (using cancer therapy vaccines) [ 5 , 6 ]. However,

ts use in the treatment of viral infections is still advancing notably.

he four major categories of immunomodulatory nanosystems explored

n the literature are as follows: (1) biodegradable organic nanoparticles

uch as liposomes and polymeric nanosystems, (2) inorganic nanoma-

erials, (metallic nanoparticles), (3) biologically active immuno-potent

omponents (exosomes, bilirubin, and rosmarinic acid), (4) hybrid

anomaterials (biocompatible cell membrane-clocked nanoparti-

les and trigger-responsive immunoregulatory nanostructures). The

anoscale size immunomodulatory nanosystems can effectively interact

ith receptors on the cell surfaces, followed by intracellular modulation

esulting in significant therapeutic benefits [ 7 , 8 ]. The current study

ffers a broader view of various nanosystems for handling viral diseases.

t thoroughly explains their unique immunomodulatory response by

argeting immune cells like monocytes, neutrophils, macrophages, T

ymphocytes, and dendritic cells. 

Worldwide, viral infections are condemned for millions of fatalities

ach year. Many chronic viral diseases actively endanger human life

orldwide, including ebola, zika, dengue, chikungunya, enterovirus,
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Fig. 1. Schematic presentation of viral infection cycle and different stage/cycle inhibitory conventional antiviral drugs: receptor recognition on the host cells’ surface 

(blocker: enfuvirtide, maraviroc, palvizumab), receptor-mediated endocytosis, uncoating of the viral genome (blocker: amantadine, rimantadine) inside the host cells 

followed by rapid genomic replications (blocker: efavirenz, delaviridine, adefovir), formations of new virions and spreads to the new host cells. 
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ARS-COVS, MERS-COV, and SARS-COV2. Unfortunately, the majority

f these developing diseases have no viable treatments. Viral diseases

an seriously impact public, individual health and cause economic hard-

hip [ 9 , 10 ]. Some of these viral diseases with their significant symptoms,

oute of transmission, and targeted organs are enlisted in Supplemen-

ary Table 1 . It is quite uncertain when a viral infection might cause

 public health emergency to arise. If we stick with current antiviral

reatments, novel infections and related disorders are unavoidable. 

Additionally, ongoing viral evolution, the reappearance of earlier

iruses with increased virulence, and medication resistance are the pri-

ary reasons for the current antiviral therapies’ failure. Since antiviral

edicines/vaccines have previously been effective in treating some of

he deadliest viral infections, and most of the treatment depends on an-

iviral medications once an infection occurs. Anti-viral vaccinations de-

end against future infections generating or activating specific memory

ells. Most currently available antiviral medications, such as inhibitors

f viral entrance & uncoating, genetic material synthesis, integration,

ranslation, and release, have been developed based on knowledge of

iral surface morphology, invasion, and their development mechanisms

nside the host cells [ 11 , 12 ]. The interaction between viral glycopro-

ein and chemokine receptors on host cells occurs during viral invasion

fusion). Fusion inhibitors include antiviral medications such as enfuvir-

ide, maraviroc, and palivizumab, which block the fusion glycoproteins

like gp41, and gp140, expressed on the virus envelope) from binding

ith host cells [13–15] . Once the virus successfully enters the host cells,

t uncoils and releases its genetic material. Following uncoating, genetic

aterial is replicated, assisting in the spread of the virus. Drugs includ-

ng efavirenz, delavirdine, and adefovir, prevent the synthesis of nucleic

cids by inhibiting the function of viral RNA-directed DNA polymerase

reverse transcriptase) [ 16 , 17 ]. In contrast, amantadine and rimanta-
2 
ine serve as uncoating inhibitors [18] ( Fig. 1 ). These medications, how-

ver, have negative consequences on the host immune system, such as

oxicity, resistance, and a delay in immunological recovery. 

Similar to antiviral drugs, virucides are the most widely employed

ubstances to prevent the transmission of intact viruses, which can tem-

orarily prevent viral infections. Virucides like peroxides, hypochlorites,

upric, ferric ions, glutaraldehyde, ethanol, and quaternary ammonium

alts can damage extracellular viral particles, virion protein capsids, or

uper capsidal membranes. But, a recent study revealed that prolonged

ontact with virucidal agents has several undesirable consequences on

iological systems. The hazardous consequences of these substances

n human health include minor gastrointestinal irritation, portal vein

hrombosis, mucosal irritation, and vomiting [19] . 

Nanotechnology-based immunomodulators have become a more ef-

ective alternative treatment option for viral diseases than conventional

ntiviral therapies [20] . Antiviral substances identified as immunomod-

lators can enhance host immune responses upon viral infection. Im-

unomodulators increase innate and cell-mediated immunological re-

ponses by enhancing the release of antibodies and interferons secretion

o strengthen the host immune system [ 21 , 22 ]. In immunomodulatory

anosystem-based antiviral therapy, customized antigens and adjuvants

re chemically or physically conjugated with nanoparticles that stimu-

ate host immune cells. These artificially synthesized nanosystems com-

ined with modified antigens and adjuvants show sustainable release of

ntigens and long exposure to antigen-presenting cells (APCs) [ 23 , 24 ]. 

The nanotechnology can handle existing problems of conventional

herapy and achieve the effective therapeutic outcome by the follow-

ng strategies: (a) co-delivery of antigens and targeted therapies to an

ntigen presenting cells (APCs) [25] (b) extending the half-lives of phar-

acologically active cargo components by preventing their enzymatic
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egradation in blood circulation; [26] (c) a size-dependent enhanced

ermeability and retention (EPR) property that leads to massive accu-

ulation in tragted tissues; [27–29] (d) altering the surface to individ-

al tissues or cells; [ 30 , 31 ] (e) stimuli-sensitive response for safe drug

istribution and safe trafficking; [32–34] (f) improved tolerance to med-

cation dosages as off-target tissues and organs retain less drug; [35] (g)

eveloping artificial APCs (aAPCs) with surface linking of antigens and

ostimulatory compounds for enhancing activation of T cell; [36] (h) al-

ernative medication delivery strategies, such as microneedle patches for

ntranasal delivery or subcutaneous administration; [ 25 , 37 , 38 ] (i) the

nstalled immunomodulatory properties of nanoparticles [ 39 , 40 ]. Var-

ous nanoparticles with target-specific designs and functional capabili-

ies like polymeric nanoparticles, [ 41 , 42 ] liposomes, [ 43 , 44 ] micelles,

45–47] nanogels, [ 31 , 48 , 49 ] gold nanoparticles (Au NPs), [ 50 , 51 ] and

arbon nanomaterials are a few of the most widely observed nanosys-

ems [52] . Among several strategies, targeted delivery of antigen and

timuli-responsive programmed release of adjuvant molecules, chemical

odifications of nanoparticles with target-specific functionalities can be

otent approaches for improving the localization of encapsulated con-

ents in targeted immune cells or tissues. For instance, dendritic cells

DCs) can selectively uptake nanomaterials labeled with antibodies like

EC-205, CD40, CD11c, or mannose using a receptor-mediated endo-

ytosis mechanism [53–58] . Accelerated uptake by regulatory T lym-

hocytes (commonly referred to as T regs ) was observed by surface pair-

ng with CD3 antibodies or the tLyp1 peptide molecule, respectively

59] . Furthermore, dextran or dextran sulfate-based nanoplatforms have

n inherent potential to target macrophages [ 60 , 61 ]. Lately, nanoparti-

les containing albumin-binding regions have the tendency to leak into

ymph nodes (LN) using a technique known as "albumin hitchhiking"

62] . Researchers have also focused extensively on the definitive fabri-

ation of nanoparticles in treating diverse ailments, where nanoparticles

unction as an essential immunomodulatory component and a delivery

ystem. 

This review discusses the key findings on immunomodulatory

anosystems developed to treat viral infections effectively. The lat-

st prominent immunomodulation techniques driven by nanotechnol-

gy that were created on engineered-biomaterial platforms have been

ummarized. To develop a "prudently designed- immunomodulatory

anosystems" for a particular disease, this review emphasizes multi-

le designing methodologies by highlighting the significance of design

ariables such as immunomodulator selection, material influence, type

f nanosystem, size, shape, and surface morphology. Moreover, we re-

iewed the clinical development in this field and emphasized current

trategies. 

A complex series of pathways are involved between virus and host

mmune cells’ interactions that determine the outcomes of infections. Al-

hough innate immune response works as a first-line defense, it can not

lways be protective, especially when the pathological response is un-

ontrolled. The immune cells with their respective function to kill viral

nfections were pictorially represented in Supplementary Fig. 1 . Drugs

ith immunomodulatory properties have recently emerged as a viable

nd reliable alternative for the prevention of viral infections [ 63 , 64 ].

mmunomodulation against viral infections has been explored using

ntibodies, a wide range of receptors/coreceptors, antigen-presenting

ells, and cytokines, including interferons and interleukins [65] . Im-

unoglobulins can eradicate viral infections through their involvement

n various intricate pathways, such as complement activation, cytokine

etworks, idiotype expressions, effector cell differentiation in B and T

ymphocytes, and stimulation of antigen-presenting cells [ 65 , 66 ]. Major

istocompatibility Complex (MHC) molecules present foreign particles

o effector T and B lymphocytes after being processed and activated

y antigen-presenting cells. Recently, DC-based therapies are becoming

ore significant in antiviral treatments. 

Myeloid and plasmacytoid DCs are crucial mediators in generat-

ng the antiviral immune response due to their ability to secrete large

mounts of IFNs during viral infections. This functions of DCs indirectly
3 
ink them with high expressions of TLR7/9, which identify the viral

NA/DNA within endosomes [67] . It was observed that immunization

ith DCs coupled with therapeutic peptides lowered the serum antigen

nd viral RNA concentration in patients with hepatitis C virus infec-

ion by triggering primary T cell responses and synchronizing host de-

enses against infected viruses. The effective property of DCs to process,

resent antigens through the MHC complex triggering the T Cells’ func-

ions and their modifications have been widely explored for preventing

CV infections [68] . DCs conjugated with C-type lectin, PEG (polyethy-

ene glycol), and IFN/RBV (interferon/ribavirin) for HCV have become

etter and more effective antiviral therapies in recent years [69–71] . 

TLRs are among the crucial immunological components in innate

mmunity, regulate the pro/anti-inflammatory cytokines, and are in-

olved in cross-talking the early innate immune responses and cell-

ediated immunity. It can detect invasive foreign microbes based on

he features of PAMP (pathogens-associated molecular patterns)- dsRNA

double-stranded ribonucleic acids), ssRNA (single-stranded RNA), and

lycoproteins envelopes present on the virus surface. The TLR 3/7/8/9

ypically recognizes viruses. These receptors can transmit wake-up sig-

als to specialized cells and protect individuals from viral infections and

ro-inflammatory events [72] . TLRs are reported to enhance the secre-

ions of different cytokines, including type 1 and 2 IFNs, activations of

nzymatic pathways involved in destroying/ deactivating intracellular

athogens, direct/indirect activations of adaptive immune responses by

ctivating dendritic cells’ maturations and antigen presentations [73] .

ence, TLR agonists could be an emerging approach for the robust ac-

ivations of TLRs on viral infections. A study reported that TLRs ago-

ists like isatoribine and CPG-10,101 are effective against HCV infection

y activating the functions of TLRs and expressions of cytokines/IFNs/

hemokines [ 74 , 75 ]. HIV-1 derived and artificially synthesized TLR

/8 agonist 3M-052 formulated in poly(lactic-co-glycolic)acid (PLGA)

anosystem were also observed to induce persistent secretions of anti-

ody, blood monocyte, Th1 cells, and activations of germinal center B

ells in rhesus macaques [76] . 

The ongoing development in antiviral immunity is swifted in the area

f cytokine-mediated therapeutic approaches rooted in triggering and

imicking the cytokine networks. Cytokines like IL-12 in combination

ith IFN- 𝛾 decrease the viral pathogenicity. IFNs effector proteins are

ainly involved in preventing viral infections. Protein kinase R (PKR)

s one of the best known IFN effector molecules, which deals with the

rolonged activation of IFNs in the host and the apoptosis of infected

ells [77] . A broad-spectrum immunosuppressive cytokine called IL-10

Interleukin-10) suppresses pro-inflammatory responses by interacting

ith APC and T cells. Other cytokines, such as GM-CSF (Granulocyte-

acrophage colony-stimulating factor) and IL-3, have been employed as

djuvants, either alone or in conjunction with antiviral drugs, to prevent

iral infections [78] . 

. Immunomodulatory nanosystems (IMNs), their classification, 

nd immunomodulatory effects 

Immunomodulatory nanosystems can be classified into 4 categories

 Fig. 2 ) and are developed with immunologically inert and biodegrad-

ble components. Polymeric nanostructures, lipids, and carbohydrate-

ediated IMNs belong in the 1st category. In 1st category IMNs, poly-

eric NPs are powerful nano-vehicles that act with dual capacity as

djuvants and delivery systems for diverse payloads (antigens and addi-

ional co-adjuvants). These nanoparticles deliver the adjuvants/antigens

o the immune cells with sustainable release protecting from the harsh

nvironment (e.g., enzymatic degradation). Polymer-based nanoformu-

ations have been reported to interact with APCs receptors (e.g., Dectin-

) activating multiple cascade mechanisms involving cGAS-STING, a

ytosolic DNA sensing pathway, and nucleotide-binding oligomeriza-

ion domain-like receptors proteins 3 (NLRP3) inflammasome activa-

ion. The polymeric NPs-APC receptor interaction results in the induc-

ion of DCs, Th1/Th2 mediated immune response, secretion of type 1
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Fig. 2. Types of immunomodulatory nanosystems: organic, inorganic, biomimetic, and naturally derived with their respective inherent characteristics and types of 

biological compounds used to synthesize them. 
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FNs, chemokines (CSCL10/IP-10), and cytokines (IL-12, IL-4, IL-10, and

NF- 𝛼) secretion. Polymeric NPs also reported to enhance DCs matura-

ions, macrophage activation, and IgG/IgA antibody-mediated immune

esponse [79–81] . 

The 2nd category consists of IMNs that are formulated by metallic

anomaterials such as silica, copper (Cu), iron oxide (FeO2), gold (Au),

ilver (Ag), and carbon nanotubes. Metallic NPs have a higher binding

ffinity with distinct functional groups and ligands. Large surface area

o volume ratio, plasmon excitation, and inherent magnetic and optical

roperties widen their therapeutic applications. The feasible chemical

ynthesis process and easy tagging with adjuvants/antigens make them

uitable candidates for nano-vehicle formulation. A study reported that

etallic NPs (e.g., silica NPs) exert immunomodulatory effects by induc-

ng the secretion of proinflammatory cytokines (IL-1 𝛽 and IL-18) in the

ost. The activation of proinflammatory responses is responsible for ac-

ivating the NLRP3 inflammasome complex, which plays a crucial role

n innate immunity via eliciting the alarming signal to TLRs, PAMPs,

AMPs (danger-associated molecular patterns) and recognizing the vi-

al nucleic acids [ 82 , 83 ]. 

The 3rd category consists of various naturally originated organic sub-

tances, such as bilirubin, rosmarinic acid, hyaluronic acid, cell mem-

ranes, and extracellular vesicle mediated NPs. This 3rd category of

MNs assists the natural interaction between biological components and

Ps mimicking the characteristics and activities of native cells. These

Ps also overcome the biological barrier and minimize the rapid clear-

nce from the body before reaching the target site. Chen et al. demon-

trated that virus-like NPs loaded with model antigens derived from

vian coronavirus spike protein showed immune modulations via ac-

elerating antigen delivery to host lymph nodes, splenic T cell response

liciting strong antibody response [84] . 

The 4th category consists of hybrid immunomodulatory nanosystems

e.g., polymer-polymer hybrid, hybrid cell membrane coated, protein-

olymer hybrid NPs,) generated by cross-linking/coating various com-

onents. These nanoplatforms show synergistic properties with excel-

ent therapeutic efficacy. With growing interest, the polymer-hybrid

anosystem became an emerging field in preventing and eradicating

iral infections due to novel features like composition, delivery of

ntigens, biodistribution, and immune responses in the host. Hybrid

anosystems have been reported to elicit robust humoral and cellular

ntiviral immune responses. These nanosystems were observed to trig-

er immune response by enhancing antigen delivery and release in tar-

eted areas, availability of antigens in lymph nodes, DCs maturation,

t  

4 
nd shaping the interaction between APCs and T cells. Antigen-specific

D4 + , CD8 + response, and upregulation of CD40 & CD86 markers re-

ulting in clearance of viral infections from the body were also found

 79 , 85 ]. 

. Current progress in nanomedicine for antiviral therapies 

Biomaterials are a promising tool in the fight against microbial in-

ections and have been employed to diagnose, treat many infectious

iseases, such as COVID-19, AIDS, dengue fever, and influenza. Addi-

ionally, biomaterials are utilized in antisepsis, disinfections, and the

evelopment of personal protective equipment [ 86 , 87 ]. Nanotechnol-

gy is concerned with materials of nanosized level. The US National

anotechnology Initiative defines nanoparticles as having a size range

etween 1 and 100 nm. The surface-to-volume ratio of these particles

t this scale impacts the material’s electrical, magnetic, optical, and

tructural characteristics [ 88 , 89 ]. Applications of nanotechnology are

idely employed in the field of nanomedicine. The major constituents

f nanomedicine are nanoparticles, which are used as imaging, diag-

ostic, and therapeutic agents [ 90 , 91 ]. The early diagnosis of many dis-

ases is largely dependent on medical imaging techniques. Nanoparticle

echnology has made it feasible to enhance the results of many imaging

odalities like CT, MRI, US, PET, and SPECT [92] . 

In diagnostics, nanoparticles can be utilized as a base to anchor

iomarkers like proteins, immunoglobulins, and oligonucleotides. These

anoparticle-based biomolecule-detection assays offer higher selectivity

nd lower detection limits [ 93 , 94 ]. A major challenge in therapeutics

s to deliver the therapeutic agents to the target site, as the therapeu-

ic efficacy of most drugs is limited by poor biodistribution and non-

electivity. Nanoparticle-based drug delivery system is a promising way

o overcome these limitations. This approach can deliver a wide range

f drug molecules to specific cells/tissues. 

Additionally, many hydrophobic drugs are incorporated with

anoparticles to overcome physiological barriers, resulting in increased

ioavailability [95] . Passive and active targeting are the two widely

sed approaches for the discrete localization of nanoparticles to the

arget site [96] . Passive targeting is based on the enhanced permeabil-

ty and retention (EPR) effect and mainly targets cancer tissues. Due to

igher blood capillary permeability and very low lymphatic drainage of

uid in the tumors, nanoparticles are absorbed easily. They are retained

or a longer period in the tumor microenvironment compared to normal

issues [97] . In various pathological conditions, there is no change in
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I  
he permeability of blood capillaries; therefore, passive targeting is not

pplicable. In these cases, an additional molecule called targeting moi-

ty is used, which can specifically recognize and bind to the target site.

his approach of targeting is called active targeting [98] . Nanoparticles

ffer a multifaceted platform for diagnosing, treating, and preventing

nfectious diseases [99] . 

It has been reported that nanomaterials can influence the host im-

unity without affecting the disease condition [100] . Nanoparticles can

trengthen the host immunity in different ways to combat viral infec-

ions. Nanoparticles can also be used as a nanocarrier system which

elps in the co-delivery of drugs and antigens for activating specific

mmune components. Additionally, the intrinsic properties of nanopar-

icles, like size, shape, and hydrophobicity, profoundly impact immune

ctivation and deactivation [101] . In recent years, several functional

iomaterials have been developed that exhibit inherent antiviral activ-

ties and, therefore, can be utilized in antiviral therapies. Their mech-

nisms of action include virus capturing, blockage of viral entry, de-

truction of viral structure, and inhibition of viral replication [102] .

herapeutic nanoparticles can be broadly categorized as inorganic and

rganic nanoparticles. Appreciable efforts and an extensive amount of

esearch have focused on developing metal nanosystems for the preven-

ion of several pathogenic viral diseases. As a result, metallic nanosys-

ems exhibited promising antiviral activities against pathogenic surro-

ates and clinical isolates. The applications of metallic nanoparticles as

ntiviral agents have rapidly progressed due to their ability of multi-

arget attack on viruses, preventing subsequent resistance. Studies have

hown promising results against different types of viruses such as human

denoviruses, coronavirus, coxsackievirus, chikungunya virus, dengue

irus, herpes simplex virus, HIV, hepatitis, influenza, norovirus, po-

iovirus, rubeola virus, etc. [103] . In the class of metallic nanoparti-

les, gold nanoparticles (AuNPs) are well known for their distinctive

hysio-chemical properties. AuNPs have a high density of free electrons

n their surface and exhibit a phenomenon called surface plasmon reso-

ance (SPR). Because of this unique feature, AuNPs are employed for de-

ecting viruses through resonance light-scattering-based techniques like

SPR, DLS, and Raman spectroscopy. Several detection assays based on

uNPs have been designed to detect numerous viruses, including han-

aan, rift valley fever, SARS, dengue virus, and Ebola [104] . Similar to

uNPs, silver nanoparticles (AgNPs) are also among the popular metallic

anoparticles, and their antiviral properties have been explored exten-

ively against many viral pathogens [105] . A recent study by Sundararaj

t al. demonstrated the antiviral efficacy of AgNPs against SARS-CoV-

. Their study revealed that AgNPs with a concentration of 1–10 ppm

ould inhibit the extracellular SARS-CoV-2 and prevent the host cells

rom getting infected [106] . 

Titanium dioxide nanoparticles (TiO 2 NPs) have chemical and ther-

al stability and have been well explored in drug delivery systems.

eiko et al. investigated TiO 2 NPs against the respiratory syncytial virus

RSV) using a mouse model. The test animals were exposed to TiO 2 

Ps for 5 days after being infected with RSV. The animals unexposed

o TiO 2 NPs were considered as the controls. After 5 days of post-

reatment, it was found that the levels of IFN- 𝛾, CCL5, and IL-10 were

igher in the mouse treated with TiO 2 NPs when compared to the con-

rol. These results showed the effect of TiO 2 NPs on the immune re-

ponse during RSV infection [107] . Another study reveals the antivi-

al activity of iron oxide nanoparticles against the H1N1 influenza A

irus [108] . 

In addition to metallic nanoparticles, polymeric nanoparticles have

lso been employed as nanocarriers in several studies. A pharmacoki-

etic study was performed by Shing et al. on the feline infectious peri-

onitis (FIP) virus using curcumin as the antiviral agent. Here, curcumin

as encapsulated in chitosan nanoparticles. Interestingly, encapsulated

urcumin’s effectivity was much higher than free curcumin [109] . Ir-

had et al. employed chitosan nanoparticles in their study to co-deliver

RNA and immunogenic antigens to protect against avian influenza

irus (AIV). In this nanoformulation, M2e mRNA molecules were en-
5 
apsulated in chitosan nanoparticles. After successful encapsulation,

he nanoparticle surface was coated with HA2 and M2e proteins. This

anoformulation reported a high immune response in chickens with AIV

110] . A similar study was performed using chitosan nanoparticles to

repare the AIV vaccine [111] . Vacuolar ATPases (V-ATPases), which

re present in all eukaryotic cells, play a significant role in viral entry

nto the host cells. Several pathogens, like the influenza virus, coro-

avirus, etc., enter host cells with the help of V-ATPase. Different V-

TPase inhibitors containing bafilomycin and diphyllin have been de-

eloped to block viral entry, but many of these inhibitors have poor

ater solubility. In one research investigation conducted against the

nfluenza virus, bafilomycin and diphyllin were encapsulated in PEG-

LGA NPs, increasing their therapeutic index by 3 and 5 times, re-

pectively [112] . Glycyrrhizic acid (GA) is widely employed in Chinese

edicine and is effectively used to treat inflammatory disorders and

iver diseases. Zhaoyan et al. synthesized glycyrrhizic acid nanoparticles

GANPs) through the hydrothermal process to study the antiviral effects

f GANPs against COVID-19. Their study proved that GANPs could re-

uce severe inflammation caused by SARS-CoV-2. Additionally, GANPs

ccumulated more in the liver and lungs due to the EPR effect, where

nflammation was relatively higher. This specific targeting further im-

roves treatment efficiency [113] . These studies demonstrated the role

f nanomaterials in the treatment of viral infections. A wide range of

etallic nanoparticles can activate a strong immune response against

iral pathogens. In contrast, polymeric nanoparticles can be an effec-

ive tool to enhance the effectiveness of treatment by improving drug

iodistribution and targetability. 

Apart from the pre-clinical studies, nanoparticle-based vaccines have

lso been explored in phase I/II clinical trials. A study was conducted on

0 people to investigate the immune response of lipid nanoformulation-

ased mRNA vaccine BNT162b1. This vaccine encodes the receptor

inding domain (RBD), situated on the spike protein of SARS-CoV-2,

hich is a potential target for antibodies. The serum analysis of these

andidates showed a dose-dependent production of RBD-binding IgG an-

ibody and RBD-specific CD4 + T cell & CD8 + T cell responses [114] .

n a similar study, another lipid nanoparticle based mRNA vaccine

NT162b2 was investigated to explore its effectivity against SARS-CoV-

. Similar to BNT162b1, the BNT162b2 generated a strong IgG anti-

ody response and induced the secretion of cytokines like IFN 𝛾, IL-2,

nd IL-4 [115] . NVX-CoV2373 is also a nanoparticle based vaccine for

ecombinant SARS-CoV-2, which contains SARS-CoV-2 spike glycopro-

ein along with Matrix-M1 adjuvant. Under the phase 1–2 trial on 131

ealthy adults, the vaccine-mediated immune activation was observed

n the form of anti-spike IgG production and T helper 1 (Th1) response

116] . During viral and bacterial infection, the immune system activates

 NETosis process, which forms neutrophil extracellular traps to cap-

ure the pathogens. In SARS-CoV-2 infection, the immune responses are

mpaired, and NETosis is triggered in an uncontrolled manner, which

ncreases the levels of NETosis markers like cell-free DNA in serum,

nd causes local and systemic tissue damage. In a study by Lee et al.,

 polymer-based nanoformulation of DNase-1 was synthesized, effec-

ively reducing cell-free DNA levels in the blood samples collected from

OVID-19 patients. This nanoformulation showed a great potential for

reventing organ failure in COVID-19 patients due to the impaired im-

une responses [117] . 

. Blueprint for immunomodulatory nanosystems 

Designing a reasonably constructed immunomodulatory nanosystem

o attain optimum therapeutic efficacy with low adverse side effects

t the targeted region is challenging. The general effectiveness of an

mmunomodulatory nanosystem in curing a viral infection was influ-

nced by several interrelated factors, including the type of viral infec-

ion (localized or systemic), preference for an immunomodulatory agent

 biologically active components, physicochemical characteristics of

MNs and its pharmacokinetics in the body like absorption, distribution,
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etabolism, excretion, and toxicity (ADMET). In the following sections,

e have discussed the layouts of IMNs, which comprise the basic struc-

ural blueprint of IMNs. 

.1. Choice of immunomodulators 

An immunomodulator is a substance with recognized immunostim-

latory or immunosuppressive properties that could assist in normaliz-

ng hyperactive or malfunctioning immune cells. To accomplish desired

herapeutic immunomodulation, biologically synthesized immunomod-

lators have been employed either individually or in combination with

raditional immunomodulatory agents [118] . On the contrary, com-

ounds that are immunologically inactive or even less efficient can occa-

ionally be transformed into immunologically potent ones. This transfor-

ation is usually mediated by carboxylation, methylation, amination,

ydroxylation, acetylation, and conjugation. Immunomodulatory agents

ike antibodies, cytokines, and growth factors conjugation on the surface

f nanocarriers are the most common modifications [119] . The nanos-

ructured carbon nanotubes (CNTs) also achieved tremendous attention

or their versatile characteristics and applications in drug delivery. The

o-ordination between carbon bonds empower their thermal stability

nd tensile strength. Large surface area and easy conjugations of ther-

peutics to their surface assist them in displaying superior efficacy in

rug delivery. For instance, single-wall carbon nanotubes intermediate

etween fullerene cages and flat graphene have been complexed with

arboxyl groups, and acids are reported to stimulate monocytes more

han non-functionalized CNTs [118–120] . This alteration increased the

ater solubility of CNTs, reduced their cytotoxicity, and increased their

mmunological potency. IL-6, CD40, DC-maturation, and TNF- 𝛼 were

uccessfully stimulated by amine synthesized multiwalled carbon nan-

tubes (MWCNTs) in monocytes [120] . 

.2. Nanoscale size of immunomodulatory nanosystems 

Immune cells vary in size from 6 𝜇m to 22 𝜇m. Also, the size varies

rom species to species. Using a flow cytometer, a study was conducted

o evaluate the interspecies distance of pulmonary macrophages and

iscovered that human alveolar macrophages were the biggest (21.2

.3 mm), preceded by those from monkeys (15.3 0.5 mm), hamsters

13.6 0.2 mm), and rats (13.1 0.1 mm) [121] . To interact effectively

ith the surface of HICs and facilitate cellular absorption, the size of

anostructures should be in an optimum range. Most investigations have

esigned and developed IMNs that are between 10 and 1000 nm in size.

ue to their small size, nanosystems can readily enter the lymphatic

ystem and undergo cellular absorption by the targeted immune cells.

t has been demonstrated that nanoparticles between 10 and 100 nm

an effectively infiltrate the lymphatic drainage network. In contrast,

igger nanoparticles get blocked in the extracellular matrix and in-

errupt from engaging with immune cells [122] . Immune cells differ

n their preferences for various nanosystem sizes. Immune cells selec-

ively absorb nanoparticles more than microparticles, but highly phago-

ytic macrophages can actively ingest particles up to 2–3 𝜇m in size

 123 , 124 ]. 

.3. Morphological and surface properties of immunomodulatory 

anosystems 

The biodistribution of IMNs and their efficiency in associating with

mmune cells are significantly influenced by their morphological char-

cteristics [125] . IMNs with spherical shapes are considered in most in-

estigations owing to their extensively investigated cell absorption and

ndocytosis technique. According to previous findings, non-spherical

orphology, including rod, elliptical, flakes, or needle-shaped nanopar-

icles effectively interact with the immune cells and cause changes

n the immunological reactions. For instance, rod-shaped polystyrene

PS) nanostructures complexed with antibodies could stimulate murine
6 
acrophages to enhance the production of TNF- 𝛼 over spherical PS

anostructures with a similar antibody concentration on their inter-

ace [126] . Comparing ellipsoidal (spindle-shaped) and spherical PS

anoparticles, elliptical PS nanoparticles revealed improved adhesion

nd accelerated internalization by murine macrophages [127] . Simi-

arly, it was discovered that neutrophils preferentially internalized elon-

ated rod-shaped polymeric nanoparticles over spherical ones [128] .

he amount of actin cytoskeletal modification necessary for the endo-

ytosis of specific nanoparticles is believed to be a crucial factor of vari-

tion in the internalization impact of various morphologies [129] . The

urface of IMNs is embellished with ligands that preferentially interact

ith upregulated cognate receptors on HICs to improve their selective

ptake (active targeting) [130] . The resurgence of interest in developing

biomimetic IMNs’ by customizing the NP’s surface with constituents like

embranes or vesicles derived from the immune cell. These biomimetic

MNs function as pseudo-immune cells when administered in the body,

nfiltrate deep into the affected regions, and exhibit detoxification by

equestering overproduced cytokines [ 131 , 132 ]. 

.4. Immunomodulatory nanosystems with trigger-response properties 

Researchers have developed materials that can self-adjust the rate

f release of immunomodulant in response to endogenous variables

uch as acidic pH, enhanced secretion of ROS (reactive oxygen species),

r increased enzyme levels in the cells [133–135] , or exogenously

dded trigger points such as light, magnetic force, and ultrasonic radi-

tions. These IMNs are described as trigger-responsive immunomodula-

ory nanosystems [ 136 , 137 ]. The remarkable potential of these nanosys-

ems’ response to a particular stimulation reduces off-target damage.

xternal trigger enables accurate regulation over the immunomodu-

ant’s duration of action and potency. Furthermore, extrinsic triggers

uch as magnetic fields promote increased aggregation of magnetic-

mmunomodulatory nanosystems at a targeted area under the impact

f a magnetic force [138] . The application of an external trigger al-

ows the identification of administered trigger-responsive IMNs into

he bloodstream through inbuilt IMNs properties such as photosensi-

ive IMNs imaging by near-infrared, magnetic resonance imaging of

anoparticles, and echogenicity of microbubbles visualized by using ul-

rasound radiation or by conjugating with an imaging sensor externally.

hese immunomodulatory nanosystems are regarded as image-guided

ovel theranostics immunomodulatory nanosystems and provide a fa-

ility for accurately monitoring the accumulation of IMNs at the target

ite [139] . 

The above discussion showcased that the therapeutic potential of

mmunomodulatory nanosystems depends upon several factors, such as

heir ability to induce immune activation, size, shape, surface function-

lization, and drug release profile. These factors can be optimized to

chieve the desired clinical benefits. 

. Nanosystems-based immunomodulation in viral infections 

A wide variety of nanotechnology-based drug-delivery maneuverings

ave been synthesized and tested in antiviral therapy [ 140 , 141 ]. Some

f the clinically investigated antiviral nanomedicines, their antiviral im-

une response, and mechanism of action are listed in Table 1 . 

Antigens and adjuvants are highly required to trigger the immune

unction efficiently, but a lack of safety and effectiveness constrains their

ole in clinical research. Nanotechnology provides the opportunity to de-

elop a novel class of anti-infective medications. Recently, virosome and

iposome-derived nanovaccines targeting viral infections have attracted

uch attention with excellent potency in the body; a few of them are

resented in Table 2 . Virosomes are also called non-replicated “artificial

iruses ” made up of glycoproteins and phospholipids. The cavity-like

ore of the virosome is loaded with drugs/therapeutics macromolecules.

he surface is chemically cross-linked with the targeted pathogen’s anti-

en, which helps them to interact with host cells, transport, and present
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Table 1 

FDA approved antiviral drugs, their antiviral immune responses, and mechanism of action. 

Approved antiviral drugs and their immune responses Mechanism of drug action Refs. 

Dolutegravir (August 2013) against HIV/AIDS; induces predominant T cells 

response and cytokine and chemokine secretion by activating macrophages, 

neutrophils, monocytes, and lymphocytes 

Prevents the integration of viral DNA into the host genome of CD4 + cells via 

inhibiting the integrase enzyme. 

[142] 

Brincidofobir (October 2014) against HIV-1, HSV-1, HSV-2, Adenovirus, and 

Ebola virus; triggers the activation and maturation of DCs, leading to 

INF-dependent cell-mediated immune response 

Acts as a nucleotide analog inhibiting viral DNA replication via retarding DNA 

polymerase resulting in decreased DNA synthesis and chain termination 

[143–146] 

Peramivir (December 2014) against Influenza and HSV infections; activates PRR 

receptors, DCs, CD4 + , and CD8 + T cells response 

Prevents detachment of sialic acid from glycoproteins on the host cell surface, 

impeding the release and spread of progeny virions. 

[147] 

Tecovirimat (July 2018) against Smallpox; induces both humoral and cellular 

immune responses eliciting a strong antibody response 

Inhibits p37, a highly conserved protein in the pox virus to communicate with 

intracellular transport components essential for the synthesis of enveloped virus 

and spread of virion 

[148] 

Table 2 

Virosome and liposome-derived antiviral nanovaccines and their immune responses. 

Nanosystem-based vaccines Antiviral immune responses Refs. 

Epaxal: Virosome-formulated, aluminum-free hepatitis A vaccine Boosts the seroprotection rates and geometric mean concentrations (GMCs) of 

Hepatitis-specific antibodies in pre & post-vaccination and induces T cell proliferation 

before booster dose in Hepatitis A infected patients. 

[151] 

Inflexal V: Virosome-based trivalent influenza vaccines Induces the natural antigen presentation via MHC-1 and MHC-II antigen presentation 

pathways providing a long-term protective immune response against influenza 

[152] 

JVRS-100: Cationic lipid/DNA conjugated influenza vaccines Ensures efficient co-localization of liposomes with antigen and activation of the APCs, 

interaction of APC to T cells, and triggers of cell-mediated immune responses 

[153] 

H1/IC31®: Tuberculosis subunit/adjuvants conjugated HIV vaccine Trigger a persistent Th1-immune response with strong TNF- 𝛼 and IL-2 co-expressing 

CD4 + T cells, along with multifunctional TNF- 𝛼, IFN- 𝛾 and IL-2 expressing CD4 + T cells 

[154] 

ISCOMATRIX: Liposome-ISCOMATRIX TM adjuvant- complexed influenza 

vaccines 

Elicits strong and long-lived antibody, CD4 + , CD8 + T cells mediated immune response 

in influenza-infected patients 

[155] 
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ntigens through the MHC-1 antigen-presenting pathway. Researchers

lso reported that virosome are non-infectious and biodegradable nano-

ehicles that activate B cells, CD8 + , and CD4 + T cells. Surface modifi-

ations of virosome with crucial viral fusion proteins, receptors, or anti-

ens can target host cells triggering immune response through antibody-

roducing B cells and internalization by endocytosis-mediated path-

ays. Two nanostructured vaccines, Inflexal V and Epaxal have so far

eceived FDA approval for treating hepatitis A and influenza [149] .

anoparticles have developed as reservoirs for delayed antigen release

nhancing the contact time to APCs and offering a non-viral delivery

ethod for DNA vaccines that provides genomic material to the tar-

eted sites. Numerous studies have supported the positive outcomes of

accine formulations based on nanotechnology against communicable

nfections, which benefited from enhanced drug delivery, functional

anoparticle-based technology, and characteristic properties of adju-

ant [150] . 

The combination of immunotherapy with nanomedicine can quickly

urpass the setbacks of therapeutic outcomes and emphasize the bioac-

ivity of immunotherapeutic factors. Typically, agents which can ei-

her activate or suppress the immune system are widely employed in

mmunotherapy. However, immunostimulatory agents are used in an-

iviral therapy to intensify the antiviral immune response by identi-

ying, removing foreign antigens and developing memory-based im-

une cells for viral diseases [156] . The immunomodulatory nanosys-

ems are devised by coating or conjugating with part of antigens and

djuvants to enhance the immune system function since antigens alone

re prone to degradation by enzymes inside the body. The linking of

djuvants may prevent antigens’ degradation and escalates the activa-

ion of antigen-presenting cells (APCs) more effectively. Immunomodu-

atory nanoparticles can also stabilize those antigen-adjuvant complexes

n circulation and assist in the sustainable release of antigens to tar-

et sites. The slow release of the nanosystem can prevent vigorous ac-

ivation of the immune system intercepting the unwanted immune re-

ponse and clearing the foreign molecules [ 156 , 157 ]. The modulation

f several key players of the host immune system by various nanoformu-

ations regresses viral infections, which are discussed in the following
ections. s  

7 
.1. Modulation of innate immune components 

Communication between innate and adaptive immunity effectively

rotects the body against foreign invaders. Activation of the innate

mmune system occurs immediately after encountering the infectious

gent and causes the migration of the phagocytic cells toward the in-

ectious site [158] . Recently, innate immune systems and their down-

tream pathways upon viral infections have been identified. Innate im-

une system includes individual members like the pathogen recog-

ition receptor (PRR), toll-like receptor (TLR), C-type lectin recep-

ors (CLR), nucleotide-binding oligomerization domain (NOD), and

ucleotide-binding oligomerization domain-like receptors (NLR) which

re crucial for building up of antiviral innate immune response. These

eceptors recognize viral DNA and RNA, constitutive to discriminate

etween self and non-self. After recognizing PAMPs, multiple intracel-

ular signaling cascade mechanisms are initiated, resulting in the se-

retion of type 1 IFNs, inflammatory cytokines, and DCs maturations

hich initiate the antiviral response. Cells also produce cytoplasmic

NA helicases, which work as an alternative PRR receptor by recog-

izing dsRNA, which is synthesized during viral replication. The two

RRs are expressed in separate intracellular compartments and acceler-

te the type 1 IFNs through different signaling pathways. The antiviral

esponses also occur by synthesizing genes encoding a complete series

f pro-inflammatory agents like chemokines, cytokines, antimicrobial

roteins, cell adhesion factors, and immune receptors [159–161] . So,

he agonist of the innate immune receptors or the nanoparticles that en-

ance their signaling pathway would be a powerful source to catalyze a

iral-specific immune response. 

The preliminary inflammatory response is crucial to determine wake-

p signals to innate immune receptors (TLR/PLR). Gomez et al. showed

hat silica NPs could initiate and enhance the inflammatory cascade

echanism activating an antiviral innate immune response. The pro-

nflammatory cytokines IL-1 𝛽 and IL-18 are the two main components

o trigger the downstream inflammatory cascade pathways. A complex

nflammasome pathway involves in the maturation and activation of

hese cytokines. One of the best-known is NLRP3 mediated inflamma-

ome complex pathway. NLRP3 consists of NACHT/NOD domain and
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 terminal leucine-rich repeats (LRRs), which trigger a cascade lead-

ng to the formation of NLRP3 /pro-caspase-1 complex resulting in the

ecretion of proinflammatory cytokines [82] . 

The upper respiratory tract (URT) is the main gateway and provides

helter for the virus. Infections in URT are the most common and serious

roblems across the globe. Nanoformulation-based therapy can be one

f the potential solutions against URT infections. Researchers reported

hat Liposome-TLRs hybrid nanoformulations (LTR NPs) activate a mu-

osal innate immune response in the upper respiratory tract. The LTR

Ps were synthesized by liposome-TLR ligand complex (LTC) consist-

ng of TLR agonists such as polyinosinic-polycytidylic acid, melanoma

ifferentiation-associated protein 5, a retinoic acid-inducible gene I and

oncoding plasmid DNA reach in cytosine and guanine. LTR NPs were

bserved to activate macrophages rapidly. The presence of LTR NPs in-

ide the macrophage was observed by the emission of bright green flu-

rescence. It demonstrated that TLR ligands conjugated with liposome

Ps could activate the phagocytic cells. The LTR NPs also enhanced

he infiltration of neutrophils, T cells (CD5 + ), and monocytes (CD14 + )

nto the nasal mucosa 6 hr post-administration. In addition to the acti-

ation of the costimulatory agents (OX40 and MHC II), LTC was linked

ith innate immune reactions that induce the release of cytokines which

nclude INF- 𝛼, INF- 𝛾, TNF- 𝛼, and IL-12. These findings suggested that

iposome-based TLR agonists have the potential use to build an immune

esponse against viral infections [162] . Bawage et al. explored gold

anorod (GNR) as a promising nanoparticle to inhibit respiratory syncy-

ial virus (RSV) infections via stimulating the innate immune response.

SV belongs to the pneumoviridae family and causes acute lower respi-

atory tract infections in immunocompromised patients, fetuses, infants,

oung children, adults, and older people with cardiovascular morbid-

ty problems. The GNR-RSV treated lung tissues had multiple antiviral

ene expression networking profiles belonging to TLR and NLR path-

ays [163] . 

Antigen-presenting cells (APCs) are the key linker in crosstalk be-

ween innate and adaptive immunity. Dendritic cells and B cells are the

rimary classical antigen-presenting cells. Modulation of innate immune

eceptors and antigen-presenting cells by immunomodulatory nanosys-

ems and elicited antiviral immune responses by them are presented in

ig. 3 . After recognizing antigens by PRR, APCs internalize their target

ia phagocytosis, pinocytosis, or clathrin-mediated endocytosis. Anti-

ens are displayed using MHC I/II for T cell recognition, triggering a

trong antiviral response [164] . The application of nanotechnology to

oost APCs has several specific advantages compared to the systemic

oading of immunotherapeutic molecules because of the easy uptake

f small-sized NPs by APCs [165] . Nanoparticles can enhance antigen

tability and have a high loading efficiency. It has been observed that

olymeric NPs prolong the antigen exposure to immune cells, allowing

he antigen uptake by DCs and regulating antigen presentation mech-

nisms within these cells, thereby increasing T cell-mediated immune

eactions. Carbohydrate-functionalized nanoparticles in HIV infections

re reported to sustain the antigen release kinetics towards the effector

mmune cells and activate APCs’ maturations [166] . Adaptive immune

esponses are antigen-specific and classified by the production of CD8 +
nd CD4 + T cells which will further differentiate into effector T cells.

t has been reported that the uptake of NPs by DCs is one of the crucial

arameters for the stimulation and transformation of T cells [167] . 

Scheffel et al. reported that calcium phosphate NPs (CaP NPs),

 biodegradable nanocarrier, can deliver the immune cell-activating

olecules across the biological barrier and provoke the virus-specific

D8 + T cell expansion. A peptide derived from cytomegalovirus (CMV)

as used as a classical antigen, and poly (I: C) or CpG functionalized CaP

Ps to activate DCs. To determine the uptake of CaP NPs, DCs were iso-

ated from peripheral blood and incubated with CpG-Alexa 488-labeled

aP NPs for 3 h and 24 h, respectively. A distinct increase of green flu-

rescence inside the cells was observed by the confocal laser scanning

icroscopy (CLSM), demonstrating that CaP NPs can enter the DCs and
8 
ause their maturation. Further studies revealed the uptake of NPs by

he cells followed by deep penetration into the nucleus to induce virus-

pecific CD8 + T cell proliferation [168] . 

Apart from these NPs, the inorganic NPs also provoke the antigen-

resenting cells and trigger effective immune reactions. Orlowski et al.

emonstrated tannic acid-modified silver and gold NPs as potent stimu-

ators of DCs activation. Tannic acid-modified silver (Ag) and gold (Au)

Ps were pulsed with antigens derived from herpes simplex virus (HSV),

ollowed by incubation with the dendritic cells. The NPs were stained

ith lysotracker to confirm the degradation of the NPs by lysosome be-

ore reaching to DCs. The intense red fluorescence over the green (lyso-

ome) and blue (nucleus) fluorescence depicted the entry of metallic NPs

nto DCs by overcoming the lysosomal degradation. It has been finally

eported that the modified silver and gold NPs are not degraded by lyso-

ome and are internalized by the antigen-presenting cells to induce the

aturation of DCs [169] . 

The above studies delineated that different nanomaterials have dif-

erent effects on the immune system components, which generate vari-

us immunological effects and combat a broad range of viral pathogens.

.2. Modulation of antibody/immunoglobulin responses 

The response of antibodies provides long protection against viral in-

ections. Antiviral antibodies like IgA, IgG, and IgM can reduce the viral

urden. The ability of antiviral antibodies to neutralize or inhibit viral

nfection has been studied extensively [170] . Modulation of antibody

esponse by modified nanoparticles upon viral infections is presented in

ig. 4 . Antibodies with an antigen-recognition surface are transcribed

rom a complex and dynamic array of genes. The adaptive and broad

inding specificities of immunoglobulins are achieved through allelic

ombinations and its gene segments’ junctional diversity. Repetitive so-

atic mutation of antibody gene segments and an affinity-based selec-

ion process leads to high-affinity binding of immunoglobulins to viral

ntigens [169] . Viral-neutralizing antibodies can block the viral infec-

ion at any stage (attachment to the host cell surface, interaction with

eceptor and co-receptor, fusion/penetration, and injection of the viral

enome) of the viral life cycle. Inhibition of viral infection by block-

ng cell surface attachment or receptor interaction by causing steric

indrance is an efficient therapeutic approach to clear the viral anti-

ens. However, many antibodies are even reported to block infection

t a post-attachment step. These viral neutralizing antibodies inhibit

he conformational changes of viral proteins that are required to in-

ect the host cells. The non-neutralizing antibodies provide immunity

gainst viral infection directly by activating Fc (constant/effector region

f antibody) -mediated antiviral mechanism, which includes antibody-

ependent cell-mediated cytotoxicity (ADCC), mast cell activation, op-

onization, and complement activation [ 171 , 172 ]. It has been reported

hat several nanoparticles induce viral-specific antibodies in both in

itro and in vivo [ 173 , 173–175 ]. Wang et al. designed a novel nanosys-

em using influenza matrix protein 2 ectodomains (M2e). Ethanol des-

lvation followed by crosslinking M2e with NA (NA-neuraminidase, a

embrane glycoprotein of influenza virus) onto the core particle sur-

aces produces bi-layered protein nanoparticles. The DTSSP (3 ′ -dithiol

is-sulfo-succinimidyl propionate) was used as a coating layer. This

anosystem significantly maintained high levels of M2e and NA-specific

gG antibodies [173] . HIV-1 Env proteins are poorly immunogenic com-

ared to other pathogens, even with adjuvants. Iron nanoparticles and

 recombinant envelope protein (SOSIP) of HIV-1 were observed to pro-

uce viral-neutralizing antibodies [174] . 

Researchers also explored the production of viral-specific IgG and

gM antibodies in chronic hepatitis B infection by designing dual-

argeting ferritin NPs. The ferritin NPs were designed via self-assembly

o deliver preS1 (a major surface protein of HBV that helps in the vi-

al entry) to specific myeloid cells. For dual targeting, ferritin NPs were

ulsed with (a) T follicular helper cells activating SIGNR1 + dendritic
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Fig. 3. Modulation of innate immune response by activating the maturations of antigen presenting cells (APCs)-macrophage, B cells, and dendritic cells and expression 

of innate immune resceptor like toll-like receptors (TLRs). APCs endocytosed the antigens/peptides conjugated NPs gives initial signals to TLR 7/8/9 and procced 

the active antiviral immune response through mature APCs-T cells interaction involving MHC-1/II. The further proliferated effector T cells and their mediators cause 

termination of viral infections. 
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ells and (b) B cells activating lymphatic sinus-associated SIGNR1 +
acrophages. This nanoformulation induced a high level of anti-preS1

ntibody response by signaling preS1 proteins to particular myeloid cells

or the clearance of viral infection. It was observed that the ferritin NPs

nduced a higher anti-preS1 immune response than the control group

pre S1 + CpG), indicating ferritin nanoformulations can elicit a viral-

pecific high-grade antibody response in chronic HBV infection. The

ormation of a germinal center (GC) is an essential feature of a strong

ntibody response. Histological analysis of lymph nodes showed that

he treatment of chronic HBV infection with ferritin NP–preS1 signifi-

antly enhanced the GC higher than the control group. SIGNR1 + cells are

ainly distributed in the medulla and interfollicular regions of lymph

odes which plays a crucial role in early B cell activation and IgG re-

ponse. The green fluorescence emission from the medullary and inter-

ollicular region was observed upon subcutaneous administration of fer-

itin NPs, indicating the presence of ferritin NPs in the respective areas

nd co-localization with SIGNR1 + cells. It is hypothesized that the fer-

itin NPs triggered the antibody production by activating the SIGNR1 + 

ells [175] .In summary, antibodies can potentially eliminate viral infec-

ions by direct viral neutralization or activating viral-specific immune

echanisms. Therefore, inducing high antibody production using im-

unomodulatory nanosystems is an effective approach in antiviral ther-

pies. 

.3. Modulation of cytokine productions and T-cell responses 

The potent antiviral immune response depends on the activation

f cytotoxic T cells (CTLs), which release cytokines that lyse the
9 
irus-infected cells and thereby clear the infection. The activation of

ytotoxic T lymphocytes depends on the activation and maturation of

PCs. The activated CD8 + T cells (CTL) release cytotoxic granules such

s perforin, granzyme, and granulysin to neutralize the infection. CD4 +
 cells provide the necessary co-stimulation to activate CTL [176] .

D4 + and CD8 + T cells play a crucial role in preventing infections

aused by viruses like the measles virus, cytomegalovirus (CMV),

epatitis virus (HCV), and HIV [177–180] . The significance of CTL

s reported by Sridhar et al. in pandemic H1N1 influenza infection,

lucidating that individuals with higher numbers of pre-existing CD8 +
 cells prevent severe illness [181] . Wilkinson et al. hypothesized

hat CD8 + and CD4 + cells protect the host cells from influenza virus.

is-research also demonstrated the importance of T cells in preventing

iral infections [182] . Previous studies reported that a broad range

f cytokines would be secreted by host cells upon viral infection.

hese cytokines play a significant role in regulating the secretion of

nterferons (IFNs), inflammatory chemokines (IL8), apoptosis (IL1), and

hemotactic growth factors (GC 

–CSF). The activation of the cytokine

rofile depends on the nature of invading viruses. Cytokines like IL 6/8,

L 𝛼/ 𝛽 and TNF- 𝛼 works against influenza virus; IL 𝛽, IL5/8/18, IP10,

CP-1, and MIP 𝛼/ 𝛽 neutralizes the filovirus; IL1/2/6/8/12/18/23,

nd TNF- 𝛼 inactivates rotavirus; IL1/6/8, and MIP 𝛼/ 𝛽 clears HCV.

ytokines destroy the infected cells by mediating caspase-dependent

poptosis, necrosis, generation of adhesion agents in endothelial cells,

nd stimulating the extravasation of monocytes, neutrophils, and other

mmune cells to infection foci [78] . Nanosytem-based activation of

ytokines and T cells’ network upon viral infections are presented

n Fig. 5 . 



S. Khatun, C.L. Putta, A. Hak et al. Biomaterials and Biosystems 9 (2023) 100073 

Fig. 4. Modulation of antiviral immunoglobulins response: activation of germinal center, repetitive somatic mutations and enhanced junctional diversity can activate 

effector cell-mediated mechanisms like antibody-dependent cell-mediated cytotoxicity (ADCC), opsonization, mast cell activation, complement activation, which can 

block the different stages of viral infections cycle (receptor recognition, interaction with receptor, co-receptor, entry into host cells, injection of the viral genome and 

replications) and clear the viral infections. 
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[

The ability of T cells and cytokines to kill the viral pathogens has

otivated researchers to modulate their response in antiviral therapy

or clearance of the viral infection. To overcome the adverse effects

f conventional agonists or antagonists of cytotoxic T cells and cy-

okines, the nanoparticle-based approach is one of the potential solu-

ions to modulate the host T cell and cytokine network in various viral

iseases like respiratory syncytial virus (RSV), hepatitis B virus, HIV,

nd influenza [183–186] . Lee et al. synthesized virus-like NPs conju-

ated with glycoproteins (RSV) consisting of a mixture of fusion glyco-

roteins (FG-VLPs). RSV increased the levels of CD4 + and CD8 + cells,

L-4 synthesizing cells, Th2 cytokines (IL-5 and IL-13) and reduced the

evels of IFN- 𝛾 by increasing mucus secretion and excessive lung tis-

ue damage. The FG-VLP NPs were found to reduce T cell infiltration

nd suppress the production of pro-inflammatory cytokines in the lung

issue. FG-VLP NPs induce long-lasting immunity against RSV by sup-

ressing the pro-inflammatory cytokines and T-cell response without

ausing overt pulmonary inflammation [183] . Climent et al. synthesized

ovel nanoparticles by loading dendritic cells into the gold nanoparti-

les (GNPs) having high-mannoside derivatives and selected HIV pep-

ides. The enhanced proliferation of the HIV-specific effector CD4 + and

D8 + cells were observed. This nanoformulation was also reported to
10 
nhance efficient secretion of pro-Th1 cytokines, chemokines with a

oderate production of pro-Th2, and significantly higher secretion of

ro-inflammatory cytokines like TNF 𝛼 and IL-1 𝛽. This study concluded

hat modified gold nanoparticles as a promising approach to inducing

ellular immunity in HIV infection [185] . The effector T cells provide

trong immunity against viral infection in the liver tissues. It has been

eported that PD-1, a CD28 family member (highly expressed in liver

esident kupffer cells), upon viral infection, suppresses the CD8 + func-

ion permitting the virus to infect the liver cells [ 187 , 188 ]. Dolina et al.

xplored the lipidoid nanoparticles (LNPs) consisting of PD-L1 siRNA

or target-specific immune suppression and upregulation of CD8 + cells

esponse. To determine particle uptake, mice were intravenously ad-

inistered with fluorochrome-labeled siRNA-LNPs on day 5 after in-

ection with adenovirus. Red fluorescence was observed in the fluores-

ence microscopy images, confirming infiltration of macrophage, DCs,

D4 + , CD8 + , and NK cells. A histological study of frozen liver cross-

ections stained with anti-MHC II subtypes (I-A/I-E), anti-CD4, anti-

D8, and anti-NKp46 revealed a significant number of foci after PD-

1LNP treatment on day 7 post-Ad-Ova infection. All these observa-

ions confirmed the target-specific internalization of siRNA-LNP NPs

188] . 
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Fig. 5. Modulation of cytokine productions and T cell responses. Surcafe conjugated or modified antigens/adjuvants loaded nanosystem can activate the effector T 

cells mechasnim by triggring the cytokines response and activating the secretion of cytotoxic granules (perforin, granzyme & granulosin) which induce the different 

caspase dependent patway leading to lysis of viral infected cells. 

6

 

i  

m  

i  

i  

s  

f  

a  

m  

s  

a  

v  

r  

A  

t  

r  

t  

t  

j  

s  

c  

t  

m  

f  

c

 

f  

I  

t  

b  

t  

p  

o  

t  

t  

O  

i  

A  

M  

I  

e  

a  

d  

p  

f  

b  

f  

d  
. Conclusion and future prospects 

Nanomaterial-based immunotherapy manifests significant potential

n the regression of viral infections through the modulation of host im-

une responses. In the current review, we presented recent progress

n immunomodulatory nanosystems, such as modulation of the innate

mmune responses, activation of antigen-presenting cells, antibody re-

ponses, cytokine production, and T-cell response to prevent viral in-

ections. Immune receptors/co-receptors like TLR, NLR, and PLR play

 vital role in identifying pathogens and sharpening additional im-

une responses inside the host body. Functionalized nanoparticles pre-

erve the antigen stability and prolong antigen release towards the APC

gainst viral diseases such as HIV and HSV are discussed in this re-

iew. A natural innate immune response is insufficient to provide a

obust antiviral response against novel and resistant viral infections.

 much better and more efficient immune response is needed to clear

hese emerging infections. Nanoformulations with viral proteins and fer-

itin NPs can stimulate viral-neutralizing antibodies like IgG and IgM

o reduce HBV and HIV-1 viral infections. The effector T cells and

heir immune activity, such as CTL and cytokine response, are the ma-

or players in the cell-mediated immune response. Various NPs that

uppress the pro-inflammatory cytokines, induce the anti-inflammatory

ytokines, and enhance the effector CTL response for clearance of

he viral infection have been explored well in this study. The im-

unomodulatory nanosystems reduce viral infections by activating dif-
11 
erent receptors/co-receptors, APCs, T cells, cytokines, or other immune

ells. 

Although the application of IMNs showed excellent pre-clinical per-

ormance in antiviral therapy, a few challenges need to be addressed.

MNs are mainly designed by activating or suppressing the immune sys-

em. However, this strategy can provide short-term protection to the

ody against other pathological conditions or inflammations. Hyperac-

ivity of immune system can cause inflammations in the body, and sup-

ression of the immune system can cause enhanced sensitivity to several

pportunist infections. Though IMNs are designed to target the hyperac-

ive immune cells mainly to kill viral infections, there is a strong chance

o induce normal healthy immune cells and can cause immune toxicity.

ther unexpected results could also be attributed to the materials used

n designing the IMNs can cause adverse side effects in other organs.

ll these limitations can put IMNs backward from clinical translations.

ore in-vitro and in-vivo studies are required to confirm the safety of

MNs before clinical translation. In addition to all these limitations, the

xact molecular mechanism of IMNs and cellular pathways involved in

ctivating/suppressing the immune cells is still hidden and needs more

etailed explorations in the future. There is no strong evidence about the

hysiological effects of materials used to design the IMNs. The size, sur-

ace morphology, and complex interactions with immune systems must

e explored widely. Understanding the detailed mechanism of the ef-

ects of IMNs and interactions with immune cells can assist in better

esigning the IMNs. Combination therapy is an important therapy to
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licit strong therapeutic effects. IMNs can combine with conventional

herapy to develop an efficient therapeutic platform. Surface modifica-

ions and conjugation with fluorescence tracking agents can also un-

old a new domain for IMNs in an image-guided therapy in intracel-

ular and in-vivo conditions. Future research can be directed to design

 novel immunomodulatory nanosystem with multifunctional possibil-

ties to get target-specific, efficient delivery of more than one drug for

road-spectrum antiviral treatments in mixed populations. 

However, curative medicines for novel remerging and drug-resistant

iruses remain challenging at large, though these systems have extended

ur perception and unlocked a whole new ecosystem in the direction of

ntiviral treatments. Advancements in theranostics might yield precise

iagnosis as well as adequate therapeutics and instantaneous screening,

hich is suitable and necessary in eradicating viral diseases. The ap-

rehension of long-term toxicity must be given the foremost concern in

eveloping the nanosystems. Nevertheless, with active improvements

n biology, elemental chemistry, and engineering, one can be confident

hat the speed at which the development of new viral infections emerges

an be restrained, and the overall control of viral epidemics can be more

roductive in the future. Precisely monitoring, controlling, and multi-

unctional designing IMNs can untangle a new domain in antiviral ther-

py. 
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