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Abstract: Autoimmune diseases are diseases caused by the body’s chronic immune responses to self-antigens and attacks on the 
host’s own cells, tissues and organs. The dysfunction of innate immunity and adaptive immunity leads to the destruction of 
autoimmune tolerance, which is the most basic factor leading to pathogenesis. The optimal strategy for autoimmune diseases is to 
modify the host immune system to restore tolerance. The ideal effect of therapeutic autoimmune diseases is to eliminate the 
autoantigen-specific spontaneous immune response without interfering with the immune response against other antigens. 
Therapeutic nanovaccines that produce immune tolerance conform to this principle. Nanomaterials provide a platform for antigen 
loading and modification due to their unique physical and chemical properties. Nanovaccines based on nanomaterial technology can 
simultaneously enable antigens and adjuvants to be absorbed by immune cells and induce rapid and durable immunity. Nanovaccines 
have the advantages of being able to be designed and loaded and of better protecting antigens from premature degradation. 
Nanovaccines also have the ability to target specific tissues or cells through optimized design. We review the latest research progress 
of nanovaccines for autoimmune diseases and the design strategies of nanovaccines to promote the development of more effective 
nanovaccines for autoimmune diseases. 
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Introduction
Autoimmune diseases are diseases caused by the body’s chronic immune responses to self-antigens and attacks on the host’s own 
cells, tissues and organs, such as multiple sclerosis (MS), type 1 diabetes (T1D) and systemic lupus erythematosus (SLE).1 The 
pathogenesis of autoimmune diseases is very complex. Under the influence of genetic and environmental factors, the dysfunction 
of innate immunity and adaptive immunity leads to the destruction of autoimmune tolerance, which is the most basic factor 
leading to pathogenesis. The mechanism by which the immune system prevents pathogens from invading the body is very 
complex. The immune system can eliminate senescent cells and immune complexes in the body through various immune cells 
(macrophages, dendritic cells (DCs), T lymphocytes, B lymphocytes, etc.) and can recognize the body’s own tissues and cells as 
“self” to enable immune tolerance.2 If autoimmune tolerance is destroyed, the immune system will produce a strong and sustained 
immune response to self-molecules, cells or tissues, which induces cell and tissue damage and even triggers clinical symptoms, 
leading to autoimmune diseases.3

Central tolerance in the thymus and bone marrow plays an important role in maintaining immune system homeostasis. In the 
thymus, developing lymphocytes undergo positive selection in the cortex before maturing and entering the circulation. In a healthy 
host, lymphocytes that are potentially responsive to self-peptides are negatively selected and deleted in the thymic medulla. Upon 
leaving the thymus, mature T cells are selected through peripheral tolerance, resulting in the deletion or anergy of most self- 
reactive T cells. However, even under strict selection for central and peripheral tolerance, a small number of potentially self- 
reacting lymphocytes can still “leak out” into the periphery. The presence of these potentially autoreactive T and B lymphocytes 
and the ability of these cells to produce autoantibodies do not necessarily lead to pathology.4 Therefore, autoimmunity can be 
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divided into “physiological” and “pathological” autoimmunity.5,6 Physiological autoimmunity is usually transient without 
evidence of clinical disease. For example, the production of natural autoantibodies helps to maintain homeostasis by eliminating 
degraded autoantigens and foreign antigens. The other type of autoimmunity is “pathological” autoimmunity. That is, when 
immune tolerance is destroyed, autoantibodies and autoreactive lymphocytes cause inflammatory responses, which lead to 
pathological autoimmunity, eventually leading to tissue damage and ultimately to autoimmune diseases.1 Therefore, the optimal 
strategy for autoimmune diseases is to modify the host immune system to restore tolerance. The ideal effect of therapeutic 
autoimmune diseases is to eliminate the autoantigen-specific spontaneous immune response without interfering with the immune 
response against other antigens. Therapeutic vaccines that produce immune tolerance conform to this principle.

In recent years, nanocarrier technology has developed rapidly and has been effective in improving the pharmacoki-
netics and bioavailability of drugs.7,8 Nanocarrier technology can realize the effective encapsulation and delivery of 
adjuvants and antigens, improve antigen stability and increase antigen loading, and provide the possibility for multiple 
routes of vaccination (such as oral administration, inhalation delivery, etc.).

Moreover, nanotechnology can lead to the creation of nanovaccines as targets for the immune response. Once 
nanovaccines are internalized by antigen-presenting cells (APCs), nanoparticles can induce the formation of inflamma-
tory complexes, promote the secretion of inflammatory cytokines, and promote the recruitment of immune cells. In 
addition, adjusting the shape, particle size and charge of nanovaccines or performing surface modification can enhance 
the tissue targeting of vaccines, improve uptake efficiency and reduce cytotoxicity.9,10 Therefore, nanovaccines are a very 
promising vaccine platform.

Here, we review the latest research progress of nanovaccines for autoimmune diseases and the design strategies of 
nanovaccines to promote the development of more effective nanovaccines for autoimmune diseases in the future.

Etiology of Autoimmune Diseases
The breakdown of immune tolerance results in the immune system attacking host tissues, leading to the development of 
autoimmune diseases. Autoimmune diseases occur when the immune system attacks host tissues or initiates abnormal, 
excessive immune reactions; these disordered reactions cause autoimmune diseases, hypersensitivity reactions, and 
immune deficiency disorders.

Breakdown of Immune Tolerance Leads to Autoimmune Diseases
The main mechanism underlying the onset of autoimmune diseases is changes in immune tolerance, which lead to the 
generation of self-reactive T cells, B cells, and autoantibodies. The binding of autoantibodies to self-antigens can drive 
target cell destruction, mediate cell activation, and lead to the formation of antigen-antibody complexes that are deposited 
and induce inflammation; these phenomena ultimately damage tissues and organs.1 The breakdown of B-cell and T-cell 
peripheral immune tolerance is regulated by three main signaling pathways: the antibody secretion pathway, the Toll-like 
receptor (TLR) signaling pathway, and the complement pathway. In the antibody secretion pathway, helper T cells (Th) 
play a crucial role in breaking peripheral immune tolerance in incompetent B cells. Th can mediate the recognition of 
double-stranded DNA by certain incompetent B cells and promote their differentiation into plasma cells, thus breaking 
B-cell peripheral immune tolerance and promoting the production of antibodies. Regulation of this pathway can disrupt 
peripheral immune tolerance to self-antigens in autoimmune diseases. The TLR signaling pathway is regulated by TLRs, 
which are transmembrane proteins that are expressed mainly by immune cells. TLRs specifically recognize ligands, 
transduce signals, and induce the production of corresponding cytokines (such as IL-1). In the absence of helper T cells, 
the TLR pathway induces antibody production and activates the costimulatory signals B7.1 and B7.2 in B cells. 
Costimulatory signals further activate more self-reactive T cells. In the complement pathway, a lack of complement 
components leads to the breakdown of peripheral immune tolerance. A deficiency of early components in the classical 
complement pathway triggers the activation of incompetent B cells and the secretion of various lymphokines that 
regulate immune responses, resulting in autoimmune diseases.
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Inducing Immune Tolerance is an Important Strategy for Treating Autoimmune 
Diseases
The pathogenesis of autoimmune diseases is very complex, involving innate immunity and adaptive immunity. The most 
basic mechanism leading to pathogenesis is the destruction of autoimmune tolerance. Under normal physiological 
conditions, autoreactive T and B cells with high affinity are eliminated during central (thymus) selection. Autoreactive 
T and B cells with low affinity that have not been eliminated in central selection are released into the peripheral blood 
and then encounter immature dendritic cells (iDCs) lacking cell surface costimulatory receptors in the peripheral 
circulation, resulting in the dysfunction or suppression of autoreactive T cells to produce peripheral immune tolerance 
through apoptosis or regulatory T-cell (Treg) mechanisms.

DCs are the most important APCs in vivo and are important regulators of innate and acquired immunity. The T-cell immune 
response is a key part of the organism’s immune response to antigens, and DCs are the only APCs that can activate naive T cells; 
therefore, DCs play a very important role in inducing T-cell activation or tolerance. DCs have two different states, immature and 
mature, which are different stages of their development. Mature DCs express CD80, CD86, CD40 and other costimulatory 
receptors on the cell surface and secrete interleukin-6 (IL-6), transforming growth factor-beta (TGF-β), IL-12 and interferon-γ 
(IFN-γ), triggering adaptive immunity and inducing initial T cells to differentiate into CD4+ helper T (CD4+ Th) cells, including 
Th1, Th2, Th17 and CD4+CD25+ Foxp3 Tregs. Normally, most DCs in organisms are immature and have strong phagocytosis and 
swallowing functions. In addition, DCs also express chemokine receptors (CCR1, CCR5, and CCR6) and therefore have a strong 
migratory ability, as well as the ability to take up and process antigens. However, low-level expression of histocompatibility 
complex II (MHC-II) and costimulatory receptors on its surface cannot activate T cells but do induce antigen-specific T-cell 
dysfunction or apoptosis, thus inducing antigen-specific tolerance11 (Figure 1).

DCs induce peripheral immune tolerance by inducing antigen-specific T-cell apoptosis or by inducing immune tolerance 
through Tregs. In the immune response, the activation of antigen-specific T cells can only be achieved through contact with APCs. 
APCs with T-cell apoptosis factors (such as nitric oxide (NO), FasL, etc.) can induce antigen-specific T-cell apoptosis, thus 
inducing immune tolerance. In addition, DCs can induce immune tolerance by activating Tregs. Tregs are a specific subset of 
T cells that express FOXP3, and they perform immunoregulatory functions. Tregs are divided into different subgroups, such as 
CD4+ Tregs, CD8+ Tregs, and NK Tregs, and current research has focused primarily on the therapeutic potential of 
CD4+CD25+FOXP3+ Tregs. Tregs can exert immunoregulatory effects through various mechanisms. Under steady-state condi-
tions, Tregs express the IL-2 receptor CD25, which binds to IL-2 with high affinity; this interaction maintains low levels of IL-2 
and prevents excessive immune responses. Tregs can also produce immunosuppressive molecules, such as IL-10, IL-35, and 
TGF-β; express the extracellular enzymes CD39 and CD73 to degrade extracellular ATP; and secrete granzyme and perforin to 
kill APCs. Additionally, Tregs can bind to the costimulatory ligands CD80 and CD86 on the surfaces of APCs via cytotoxic 
T lymphocyte-associated antigen-4 (CTLA-4), preventing these costimulatory ligands from binding to CD28, increasing T-cell 
activation thresholds, and limiting T-cell activation.12 Tregs can also inhibit the proliferation of CD8+ cytotoxic T lymphocytes via 
the secretion of exosomes.13 The main mechanism by which Tregs induce immune tolerance is as follows: Tregs inhibit the 
proliferation and activation of effector cells by secreting anti-inflammatory cytokines. The release of granzyme B from Tregs 
induced apoptosis of effector cells and played a cytotoxic role. Tregs interfered with effector cell metabolism and inhibited 
effector cell proliferation and killing. Tregs inhibit the maturation and activation of DCs to block antigen presentation and regulate 
autoimmunity. Current studies suggest that when there is no inflammatory stimulus signal in the organism, immature peripheral 
DCs can take up the antigenic components of apoptotic cells, enter secondary lymph nodes, and stimulate the precursor of T cells 
to differentiate into Tregs instead of effector T cells. When inflammation occurs, sensitized Tregs return to the peripheral tissue, 
regulate the maturation of DCs and inhibit the proliferation of antigen-specific T cells by feedback, inducing peripheral immune 
tolerance to antigens. Tregs downregulate the levels of MHC and costimulatory receptors on the DC surface by negative feedback, 
thus inhibiting the antigen presentation function of DCs via cellular contact. However, DCs in contact with Tregs could no longer 
stimulate T-cell proliferation but could induce the generation of more Tregs, thus inducing immune tolerance. Therefore, the 
induction of immune tolerance may be the best strategy for the treatment of several autoimmune diseases.
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Figure 1 Functions of DCs in autoimmunity and tolerance. DCs interact with T cells through MHC-I and -II. Activated pro-inflammatory DCs presenting autoantigens that 
trigger autoreactive killing CD8+ and CD4+ helper T cells. Tolerant DCs (Tol DCs) express different co-stimulatory receptors and cytokines that induce Tregs and deactivate 
autoreactive CD4+ and CD8+ T cells. Data from Cifuentes-Rius et al.11
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Nanomaterials Used as Nanovaccines
Nanomaterials have emerged as a novel tool for improving the effectiveness of subunit vaccines or other types of 
vaccines. Nanomaterials provide a platform for antigen loading and modification due to their unique physical (size, 
morphology, large surface area) and chemical (surface characteristics, high reactivity) properties. Nanovaccines based on 
nanomaterial technology can simultaneously enable antigens and adjuvants to be absorbed by immune cells or tissues and 
induce rapid and durable cellular immunity and humoral immunity. In addition, nanovaccines have a variety of drug 
delivery routes and good stability, presenting many advantages compared with traditional subunit vaccines. In addition, 
nanovaccines have the advantages of being able to be designed and loaded and of better protecting antigens from 
premature degradation. Nanovaccines also have the ability to target specific tissues or cells through optimized design.

Therefore, in the process of nanovaccine preparation, the selection of nanomaterials is highly critical, and different 
nanomaterials provide disparate functions in nanovaccines. Nanomaterials can not only transport antigens but also carry 
therapeutic cargo through biological barriers such as mucous membranes to protect antigens from being degraded in advance. 
In addition, some nanomaterials can target lymphoid tissue to effectively present antigens and adjuvants to immune cells.

Inorganic Nanoparticles
Inorganic nanoparticles are nanocarriers composed of a solid core to which antigen(s) of interest are conjugated. Such 
nanoparticles are applied in vaccinology as antigenic adjuvants and antigenic carriers to enhance the immune response. 
The advantages of inorganic nanoparticles for nanovaccines are hard structure, stable performance and controllable 
synthesis, but they have the disadvantage that they cannot be made biodegradable. As nanovaccine carriers, inorganic 
nanomaterials need to be modified to change their physical and chemical properties to improve their biocompatibility. 
Currently, a variety of inorganic nanoparticles have been used as vaccine carriers, particularly carbon, gold, silica and 
calcium nanoparticles (Figure 2).

Figure 2 The nanomaterials used as the nanovaccines. Different nanomaterials can provide different functions of nanovaccines. Commonly used nanomaterials include 
inorganic nanoparticles (such as gold nanoparticles, carbon nanoparticles, silicon nanoparticles), polymer nanoparticles, liposome nanoparticles, and biomembrane-based 
nanoparticles. Nanovaccines can be captured by major histocompatibility MHC-II molecules in APCs and presented to CD4+ helper T (Th) cells. T cells that receive the 
antigen signal and further differentiate into Th1 or Th2 cells. The antigens presented by MCH-I molecules in the cytoplasm of APCs can activate cytotoxic CD8+ 

T lymphocytes (CTL) to directly kill infected cells.
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Gold Nanoparticles
Gold nanoparticles (GNPs) can interact with different functional groups or high-affinity ligands, making their surfaces easy to 
modify and therefore making them suitable candidates for nanovaccine manufacturing processes.14 GNP has a high affinity for 
sulfhydryl groups, which can be used to modify the surface of GNP to improve biosafety and pharmacokinetics. In addition, GNPs 
possess good biocompatibility, low immunogenicity and high antigen loading capacity, as well as strong immune stimulation, 
which can activate immune cells and induce the production of inflammatory cytokines. Therefore, GNP can be applied not only as 
an antigen carrier but also as an adjuvant to improve the efficacy of vaccines.15 Studies have shown that GNPs can effectively 
deliver antigens to major APCs such as DCs, promoting the downstream immune response, cross-presentation, and CD8+ 

cytotoxic T-cell response.16 In addition to passive targeting, which changes the size and shape of GNPs to make them more easily 
internalized by individual cell types, active targeting can be achieved through surface modification and functionalization. For 
example, GNPs modified with DEC205, CD40, CD11c, or mannose antibodies can be selectively absorbed by DCs through 
receptor-mediated endocytosis. Almeida et al reported that GNP-coupled OVA (AuNP-OVA) prevented the degradation of 
antigenic peptides and targeted antigen delivery to APCs. After subcutaneous administration of AuNP-OVA, DCs released a large 
amount of cytokines and induced a strong antigen-specific response in mice.17 Yeste et al constructed gold (Au) nanoparticles 
loaded with the AhR ligand ITE (2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester) and MOG35-55 antigen to 
promote FoxP3+ Treg differentiation by activating the AhR signaling pathway, as well as promote the generation of CNS-specific 
Tregs by DCs through carrying the MOG35-55 antigen. The results showed that the NPITE+MOG treated DCs exhibited a tolerogenic 
phenotype and promoted differentiation of Tregs in vitro. In addition, NPs carrying ITE and MOG35–55 expanded the FoxP3+ Treg 
compartment and inhibited the development of MS in experimental autoimmune encephalomyelitis (EAE) mouse model18 

(Table 1). They also constructed Au nanoparticles loaded with ITE and β cell antigen proinsulin for the treatment of Type 1 
diabetes (T1D). The NPITE+Ins can also induce the tolerogenic phenotype and promote the differentiation of FoxP3+ Treg cells, 
thus reestablishing the tolerance of T1D (Table 1).19

The advantages of gold nanoparticle carriers include their hard structure, stable properties and controllable synthesis, 
but their disadvantages include the fact that they are not biodegradable.26

Table 1 Application of Nanovaccines in the Treatment of Autoimmune Diseases

Nanovaccines Disease Models Material Therapeutic 
cargo

Reference

NPITE+MOG Multiple 
sclerosis

Experimental autoimmune 
encephalomyelitis (EAE) mouse model

Au and PEG MOG35–55 and ITE [18]

NPITE+Ins Type 1 
diabetes

Nonobese diabetic (NOD) mice model Au and PEG ITE and β cell 
antigen proinsulin

[19]

MSN-MOG Multiple 
sclerosis

EAE mouse model MSN and CeO2 MOG35-55 peptide [20]

PLGA-NP Multiple 
sclerosis

EAE mouse model PLGA MOG35–55 and rIL- 
10

[21]

PLP139-151-PLG- 
PEMA

Multiple 
sclerosis

Relapsing-remitting EAE (R-EAE) 
mouse model

PLG and PEMA PLP139-151 [22]

rhMBP PCL Multiple 
sclerosis

EAE mouse model PCL rhMBP [23]

tNP Multiple 

sclerosis

EAE mouse model PLGA PLP139–151 and 

rapamycin

[24]

AbaLDPN- 

MOG

Multiple 

sclerosis

EAE mouse model Phospholipid layer encapsulate 

polydopamine NPs core

Dexamethasone,  

MOG35-55 peptide

[25]
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Carbon Nanoparticles
The surface of carbon nanoparticles is easily functionalized and modified to enable use as adjuvants or carriers of 
different kinds of vaccines. The ability of carbon nanoparticles to carry antigens and stimulate immune responses is 
usually influenced by structural and physical characteristics. Carbon nanoparticles with immunomodulatory properties 
have been reported thus far, including fullerenes, carbon nanotubes, graphene/graphene oxide, etc.

Carbon nanotubes (CNTs) are seamless nanotube-like crystals curled up by graphite lamels containing hexagonal 
meshes. CNTs can be divided into single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes 
(MWCNTs). Compared with SWCNTs, MWCNTs are more easily functionalized. SWCNTs may bind to proteins, 
enter endosomes by endocytosis and transport to lysosomes, or form phagosomes by phagocytosis.27 MWCNTs are 
lamellar carbon nanotubes formed from multiple concentric graphene sheets that spontaneously form coiled or bunched 
structures, typically entering cells by endocytosis.28 CNTs need to be functionalized to function as drug carriers. The 
modification can effectively improve the drug-carrying capacity, dispersion and biocompatibility of CNTs, which can not 
only be used to carry chemotherapy drugs but also gene drugs, antigens and antibodies. Hassan et al demonstrated that 
the surface properties of carbon nanotubes affect their efficacy as vaccine nanocarriers in vitro and in vivo and that 
MWCNTs stimulate immune responses by enhancing antigen uptake by cells.29 Moraes et al reported that stimulation of 
APCs with MWCNTs prior to neuroantigen presentation affected the development of the Th17 subset of encephalitogenic 
CD4+ T lymphocytes, resulting in less severe experimental autoimmune encephalomyelitis (EAE) that could be applied 
to treat multiple sclerosis (MS). MWCNTs are internalized by APCs and stimulate the production of IL-27 in these cells, 
which affects the development of encephalitogenic Th17 lymphocytes. The adoptive transfer of encephalitogenic T cells 
devoid of Th17 cells resulted in less severe EAE.30

Graphene quantum dots (GQDs) are 1–10-layer-thick sheets of graphene, a carbon allotrope consisting of a single layer of 
carbon atoms in a honeycomb structure. Previous studies have shown that GQD can suppress proinflammatory human T-cell 
responses via the induction of tolerogenic DCs (Tol DCs).31 Tosic et al reported the therapeutic capability of GQDs in an EAE 
model. GQD treatment reduced the number of interferon-γ-expressing T-helper (Th)1 cells and the expression of Th1 transcription 
factor T-bet and pro-inflammatory cytokine tumor necrosis factor, interleukin-1, and granulocyte-macrophage colony-stimulating 
factor in the lymph nodes and central nervous system (CNS) immune infiltrates, as well as reduced immune infiltration, 
demyelination, axonal damage and apoptotic death in the CNS of EAE animals.32

With further research, the toxicity of carbon nanoparticles has also attracted increasing amounts of attention from 
researchers. The application of carbon nanoparticles in the development of drugs, vaccines and gene therapies still needs 
to be improved, and efforts should be made to develop carbon nanoparticles that are safe, efficient and functional.

Silicon Nanoparticles
Silicon nanoparticles (SiNPs) can be used as carriers for anticancer drugs, biomacromolecules and polypeptides because of their 
simple preparation process. The size of SiNPs can be adjusted from 3 nanometers to several hundred nanometers, their surface can 
be functionalized by a large number of different organic, biological, or other functional groups, and the size of the (reservoir) pore 
in the core can be adjusted. In addition, SiNPs also have good biocompatibility and biodegradability. Chemical modification of 
SiNPs can enrich the silanol groups on their surface to improve cell recognition, cell interaction, cell uptake and absorption of 
specific biomolecules. Compared with other porous silica nanoparticles, mesoporous silica nanoparticles (MSNs) with pore sizes 
of 2 to 50 nm serve as nanopores and adjuvants to effectively deliver antigens. MSNs are widely used in the field of biomedicine 
because of their large specific area, controllable pore size, easy surface modification and good biocompatibility. In addition, MSNs 
are able to control the release of drugs or proteins based on their size, shape and surface modification. These properties of MSNs 
make them an attractive vehicle for the targeted delivery and release of biomolecules such as nucleic acids, enzymes, proteins and 
peptides. Nguyen et al prepared MSNs loaded with myelin oligodendrocyte glycoprotein (MOG) peptide for the treatment of 
multiple sclerosis (MS). The high antigen-loading capacity of MSNs enables them to deliver sufficient amounts of their own 
antigens to spleen APCs, even at small doses. Immunization with MSNs loaded with autoantigens produced Foxp3+ regulatory 
T cells in the spleen and produced systemic immune tolerance in EAE mice, reducing central nervous system infiltration of APCs 
and autoreactive CD4+ T cells. Antigen-specific inhibition of EAE in the advanced chronic stage of the disease20 (Table 1).
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Iron Oxide Nanoparticles
Iron oxide nanoparticles, which have unique magnetic properties, exhibit outstanding performance and significant potential for 
use in biomedical applications, such as magnetic resonance imaging and targeted drug delivery.33 As a delivery system, iron oxide 
nanoparticles can transport antigens to the immune system or serve as immune adjuvants to enhance antigen processing. To 
prevent the aggregation and oxidation of magnetic nanoparticles after synthesis, these nanoparticles can be coated with single- 
layer ligands, polymers, combinations of polymers and biomolecules (phospholipids and carbohydrates), or inorganic materials 
(silica and gold). These coatings not only stabilize nanoparticles in solution but also facilitate the binding of various biological 
ligands (antibodies, proteins, transferrin, folate) that are needed for medical applications to the surface of the nanoparticles. These 
ligands can be chemically coupled to polymer-coated magnetic nanoparticles, endowing them with targeting capabilities. 
Therefore, iron oxide nanoparticles can be applied in nanovaccines. Pusic et al reported that iron oxide nanovaccines containing 
malaria parasite schizont surface protein 1 (recombinant merozoite surface protein 1, rMSP1) can elicit a robust antigen-specific 
antibody response in the absence of other adjuvants.34 Rezaei et al loaded hepatitis B surface antigen and mannose onto the surface 
of iron oxide nanoparticles to enhance the efficacy of the hepatitis B surface antigen vaccine. The chemical adsorption of mannose 
and HBsAg, which target immune cells, on the surface of iron oxide nanoparticles led to enhanced vaccine efficacy, indicating that 
mannose-mediated immune targeting has a positive impact on improving immune responses in various ways.35

However, the morphology and size of iron oxide nanoparticles are contributing to particle cytotoxicity. Studies 
suggest that rod-shaped iron oxide nanoparticles are more toxic than spherical iron oxide nanoparticles.36 Additionally, 
iron oxide nanoparticles induce IL-1β release by macrophage in a size- and dose-dependent manner. Moreover, PEG- 
coated 10-nm iron oxide nanoparticles were taken up by cells at a higher than 30-nm particles. Research also indicates 
that slightly larger iron oxide nanoparticles are more effective at inhibiting the release of inflammatory factors by 
macrophages. The modulatory effects of iron oxide nanoparticles on proinflammatory macrophages are inconsistent, 
which can be attributed to differences in coating modifications and sizes. Hence, considering the size and coating 
performance of these materials is crucial for their application.37,38

In addition, inorganic nanoparticles mainly carry antigens through electrostatic adsorption and other mechanisms, which 
easily leads to antigen instability and makes it difficult to preserve vaccines for a long time. Therefore, there is an urgent need to 
develop new strategies for stably carrying antigens to promote the further clinical application of inorganic nanoparticle vaccines.

Polymer Nanoparticles
Polymer NPs are solid structures with particle sizes ranging from 10 nm to 500 nm. They have high biodegradability, 
good biocompatibility and safety. Some polymer NPs can also be used as adjuvants to enhance the immunoactivity of 
vaccines. In addition, polymer NPs have low mucosal adhesion toxicity, a stable structure and highly controllable drug 
release, which can enhance drug stability and utilization. Polymer NPs can not only protect antigens from enzymatic 
hydrolysis but also have the effects of antigen storage, APC targeting and immune regulation. They also have the 
advantages of easy surface modification, good stability and high safety, so they are increasingly widely used in the field 
of biological vaccine adjuvants. Polymers commonly used in nanovaccine carriers can be divided into synthetic polymer 
nanocarriers and natural polymer nanocarriers. Synthetic polymers mainly include copolymers, such as poly(lactic-co- 
glycolic acid) (PLGA), polycaprolactone, polyanhydride, dendritic macromolecules, and poly(lactic acid). Natural 
polymers include chitosan, alginate, hyaluronic acid, amylopectin, inulin, and glucan.

PLGA is a commonly used drug delivery system.39 PLGA is a copolymer formed by random polymerization of 
polylactic acid (PLA) and poly(glycolic acid) (PGA). PLGA supports DC targeting and can be widely used as a vaccine 
delivery platform for many diseases. PLGA/PLA-based NPs can deliver encapsulated antigens to APCs in a controlled 
and sustained manner. Controlling the proportion of monomers and chemical modification is expected to enhance the 
hydrophobicity and drug release characteristics of PLGA and produce a durable immune response and immune memory. 
PLGA NPs can encapsulate drugs or antigens, which can not only protect drugs or antigens from enzymatic hydrolysis 
but also release drugs or antigens slowly for a long time to achieve long-term drug action or durable immune protection 
for antigens. For example, PLGA-based vaccine adjuvants can release antigens for a long time due to their good slow 
release effect, providing a more effective immune protection response for the organism, reducing the number of immune 
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times, and achieving economical and effective protection for the body. Polymer nanovaccines provide safer and more 
effective allergen-specific immunotherapy (AIT) because the polymer material protects the allergen from phagocytosis 
by active mast cells while promoting the production of protective IgG antibodies by B cells.40 In addition, the use of 
a PLGA-encapsulated antigen can effectively save the amount of antigen used. Due to its good safety and adjuvant effect, 
the use of PLGA as a vaccine adjuvant has attracted extensive attention. Recently, nanovaccines that deliver autoantigens 
based on PLGA NPs without immunosuppressive drugs have been widely studied for the treatment of multiple sclerosis 
(MS). For example, Cappellano et al used PLGA NPs to envelope MOG35-55 autoantigen and recombinant (r) IL-10 for 
the treatment of MS. PLGA NPs located with MOG35-55 and rIL-10 reduced histopathological damage of central nervous 
tissue, as well as decreased secretion of IL-17 and IFN-γ in spleen T cells induced by MOG35-55, significantly 
ameliorating the course of EAE21 (Table 1). Hunter et al prepared a nanovaccine (PLP139-151-PLG-PEMA) against 
EAE mice using PLGA nanoparticles modified with poly (ethylene-co-maleic acid) (PEMA) as a surfactant and coupled 
myelin peptide to PLG-PEMA. PLP139-151-PLG-PEMA can significantly reduce the CNS infiltration of encephalitogenic 
Th1 (IFN-γ) and Th17 (IL-17a) cells as well as inflammatory monocytes/macrophages, and the use of these nanovaccines 
at the onset of MS can significantly improve persistent disease and prevent recurrence at the peak of acute disease22 

(Table 1). Similarly, Al-Ghobashy et al loaded recombinant human myelin basic protein (rhMBP) onto poly (ε- 
caprolactone) (PCL) NPs to construct nanovaccine rhMBP PCL NPs. The PCL NPs are hydrophobic and provide an 
improved drug delivery system for rhMBP, allowing rhMBP to cross the BBB to the mouse brain. The nanovaccine 
composed of rhMBP and PCL NPs significantly enhanced the efficacy of rhMBP as a therapeutic vaccine and 
ameliorated EAE symptoms in an EAE animal model23 (Table 1).

The mechanism by which nanovaccines induce immune tolerance involves several aspects, including increased 
expression of programmed cell death ligands, downregulation of APC-positive costimulatory molecules, inhibition of 
T-cell activity, and immune regulation of hepatic sinusoidal endothelial cells (LSECs). McCarthy et al constructed 
a nanovaccine composed of Ag-encapsulated NPs composed of poly(lactide-co-glycolide) [PLG(Ag)] to treat autoim-
mune model mice with Th1/17 dysfunction-relapse-remitting experimental EAE (R-EAE). The results showed that 
PLG(Ag) increased programmed death ligand 1 (PD-L1) expression on APCs, while programmed cell death receptor 
1 (PD-1) blocking reduced tolerance induction. Therefore, PD-1/PD-L1 was confirmed to be involved in restoring 
immune tolerance.41 Another study also demonstrated that PLGA(Ag) downregulates the positive costimulatory recep-
tors CD86, CD80, and CD40 on the surface of APCs and inhibits the proliferation of T cells.42 In addition, Kishimoto 
et al found that codelivery of antigen and rapamycin using PLGA NPs led to durable antigen-specific immune tolerance 
in mice with EAE.43 They also studied PLGA tolerance nanovaccines containing RPM, chicken OVA, and MHC-II- 
restricted OVA323-339 peptide, which inhibited T-cell activation and induced antigen-specific Tregs and regulatory B cells 
(Breg cells) after subcutaneous or intravenous administration24 (Table 1). They were surprised to find that the PLGA 
tolerance nanovaccines induced durable antigen-specific immune tolerance in EAE model mice for at least 200 days, 
even after repeated antigen attacks. Moreover, neither free RPM nor nanoparticle-encapsulated antigens nor nanoparticles 
containing only RPM had this effect.24 This may be because PLGA nanoparticles can encapsulate drugs or antigens in 
nanoparticles, which can not only protect drugs or antigens from enzymatic hydrolysis but also enable long-term slow 
release of drugs or antigens to achieve the purpose of long-term drug action or durable immune protection of antigens.

The size of PLGA NPs can affect the pathway into cells and the type and strength of immune response mediated by 
PLGA NPs. Therefore, the size of the PLGA nanovaccine can be adjusted to effectively promote DC-targeting 
phagocytosis. For example, An et al prepared three NPs with particle sizes of 20 nm, 40 nm and 100 nm based on 
PLGA NPs and compared the lymph node transport efficiency and effective targeting of DCs in LNs with different 
particle sizes.44,45 Among the three kinds of NPs, 20 nm NPs entered the LNs the fastest and were efficiently taken up 
by DCs, thus rapidly inducing an effective immune response. NPs with a size of 40 nm can also enter LNs quickly, but 
the uptake efficiency of DCs is lower than that of 20 nm NPs, so the induced immune response is weaker than that of 
the former. However, although 100 nm NPs took longer to enter LNs, their immune duration was stronger than that of 
the previous two NPs. The time and way of the three NPs entering LNs were different, so the strength and duration of 
the mediated immune response were different. NPs with a diameter of 20–100 nm can enter LNs directly through the 
paracellular pathway, deliver vaccines to LNs, and generate a strong immune response. However, NPs larger than 100 
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nm were recruited at the injection site through the cell carrier pathway, and after the uptake of a large number of 
APCs, the vaccine migrated to the KNs and produced a durable immune response.46 In addition, cationic modification 
of PLGA NPs enhanced the antigen loading rate of the nanoparticles.47 Commonly used cationic modifiers are 
chitosan, polylysine, polyvinylimine, polydopamine and liposomes containing cationic dimethyl dioctadecyl ammo-
nium bromide.48 These cations can be directly modified by electrostatic adsorption to improve the antigen loading rate 
of PLGA nanoparticles. After cationic modification, the surface of nanoparticles can not only load more antigens 
through electrostatic adsorption but also induce the body to produce strong cellular immune activity.48 The surface 
charge of NPs plays an important role in cell uptake. Positively charged NPs are more susceptible to cell internaliza-
tion because positively charged NPs are more readily taken up by cells due to electrostatic interaction with negative 
charges in the plasma membrane. Moreover, after the positively charged NPs enter the lysosome, they can rapidly 
scavenge a large amount of H+ in the lysosome, thus causing the influx of a large number of salt ions in the cytoplasm, 
leading to the breakdown of the lysosome and the escape of the effective lysosome. The escaped NPs are then 
presented by MHC-I molecules, which can effectively induce the activation of Th1 cells and produce a strong cellular 
immune response.

Chitosan is a kind of natural polysaccharide cationic polymer material that has the advantages of good biocompatibility and 
biodegradability, as well as low toxicity. Chitosan is also widely studied and applied in the field of nanomedicine.49 Chitosan NPs 
as immune adjuvants can significantly enhance the local response and the antibody response of the system. As adjuvants, chitosan 
nanoparticles have the properties of mucosal absorption, immune stimulation, osmotic promotion, slow release and control, and 
specific targeting. Many studies have shown that chitosan is an effective mucosal vaccine adjuvant for a variety of antigens, such 
as ovalbumin protein (OVA).50 In addition, chitosan can temporarily open intercellular tight junctions, facilitating the passage of 
drugs through the intercellular space, thereby improving tissue penetration and enhancing humoral and cellular immunity.51 

Chitosan-loaded antigen NPs can be absorbed by APCs, epithelial cells and M-cells and transported by these cells to lymphoid 
tissues to stimulate the immune response.52,53

Nanomicelles are amphiphilic molecules with a hydrophobic core and a hydrophilic shell that can self-assemble to form 
spherical particles similar to a core-shell structure. Nanomicelles can carry lipophilic drugs within their core. As a drug delivery 
carrier, nanomicelles have the advantages of good stability, long retention time in vivo, high drug loading capacity and wide drug 
loading range.54 In recent years, nanomicelles have attracted much attention as vaccine delivery adjuvants. Depending on the 
chemical properties of the nanomicelles and the size and properties of the antigens, the nanomicelles can deliver vaccine 
candidates in two different ways. One method is to covalently link the antigen to the hydrophilic group of micelles. The combined 
product can induce APCs to generate a strong immune response to antigen stimulation. Another approach is to produce 
amphiphilic polypeptides consisting of peptides attached to the tails of hydrophobic alkyl groups that self-assemble into micellar 
structures in aqueous medium. For example, Li et al designed an amphiphilic diblock copolymer that can penetrate into lymphatic 
vessels and reach draining lymph nodes quickly after subcutaneous injection and then deliver antigen OVA and immune- 
stimulating adjuvant (CL264) to DCs. This amphiphilic diblock copolymer, to a certain extent, enhances antigen uptake by DCs, 
cytokine production and cross-presentation of antigen to T cells and promotes strong cellular immunity in animals.55

Liposome-Based Nanoparticles
Liposome carrier systems are considered to be one of the most flexible and successful drug delivery systems due to their 
advantages of biocompatibility, strong encapsulation capacity, high loading capacity and variable surface modification 
methods. Liposomes consist of a biocompatible and biodegradable bilayer of phospholipids, which are amphiphilic and 
characterized by a lipophilic tail and a hydrophilic head on the same molecule. Antigens or adjuvants can be inserted into 
the hydrophilic core of the liposome or into the amphiphilic lipid bilayer to protect the antigen from degradation during 
transport and thus efficiently deliver the antigen to immune cells. The size, lamellar property, surface charge and bilayer 
fluidity of liposomes influence the efficacy of liposome-based nanovaccines in vivo. Smaller liposomes with particle 
sizes <100 nm were more likely to activate Th2 responses, while larger liposomes with particle sizes >400 nm were more 
likely to activate Th1 responses.56 Nanovaccines based on cationic liposomes can better encapsulate negatively charged 
antigenic substances and significantly enhance humoral and cellular immune responses. In addition, monolayer lipid 
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nanomaterials have limited stability in serum, while the stability of multilamellar vesicle (MLV) NPs has improved, as 
well as enhanced stable antigen embedding in the hydrophilic core or lipid bilayer.57

However, to improve the effects of lipid nanoparticles within the body, a series of challenges, such as the easy 
degradation of antigens or mRNAs, the renal retention of nanoparticles, difficulty in specifically targeting tissues, 
challenges in achieving nuclear escape, and issues related to adjuvant-induced inflammation or toxicity, still needs to 
be addressed.58 Research on approaches to increase the stability and blood retention of nanoparticles has suggested that 
modifying lipid nanoparticles with polyethylene glycol (PEG) can enhance their stability by reducing particle aggrega-
tion and increasing particle hydrophilicity, thereby decreasing their clearance by the mononuclear phagocyte system 
(MPS) and extending their circulation time.59

Biomembrane-Based Nanoparticles
Biomimetic membrane-cloaked nanoplatforms can deliver antigens to the target site efficiently due to their diverse 
functions and have the advantages of high biocompatibility, long-term circulation in vivo, unique antigen characteristics, 
good flexibility and so on. At present, many studies have been conducted on preparing vaccines using biomimetic 
membrane nanomaterials.

Biomembranes exhibit a bilayer structure, mainly composed of lipids, proteins and a small amount of sugars, which undertake 
the important tasks of material exchange and information transmission between cells.60 In addition, the surface of the biomem-
brane retains the important molecular structure and physical and chemical properties of the surface of living cells. For example, the 
erythrocyte cell membrane expresses the CD47 molecule and signal-regulatory protein α (SIRPα) receptors to send the “don’t eat 
me” signal to the body, thus easily escaping phagocytic immune cell-controlled clearance and degradation.61 Nanodrug delivery 
systems based on erythrocyte membranes have been widely studied and applied [9]. Therefore, the encapsulation and assembly of 
biomembranes and drugs into biomimetic drug-carrying nanoparticles can not only increase the biocompatibility of nanoparticles 
but also greatly reduce the probability that nanoparticles will be recognized and cleared by reticuloendothelial tissue or mono-
nuclear phagocytes in the human immune system after entering the blood and effectively inhibit the formation of protein coronas 
on the surface of nanoparticles.62 Natural biomimetic nanocarriers have the following characteristics: natural biomimetic 
nanoparticles retain the basic physical and chemical properties and biological activity of the cell membrane surface, have good 
biocompatibility, are safe and degradable, and have low immunogenicity. Natural biomimetic nanocarriers can evade blood 
clearance and realize long-term circulation and slow drug release. The surface of natural biomimetic nanoparticles can be 
genetically modified to facilitate the display of targeted peptides, functional proteins and antibodies. In addition, the preparation 
cost of natural biomimetic nanocarriers is low, and cell engineering preparation can be realized.63

Biomembrane-based nanovaccines shown promise as the mainstay of the next generation of nanovaccines. However, 
their widespread clinical application is limited by challenges, such as complex preparation processes, difficulties in large- 
scale production, complex product compositions, and high production costs.

Strategies of Nanovaccines for the Treatment of Autoimmune Diseases
Loading Self-Antigens to Generate Tolerogenic Dendritic Cells
The tolerogenic DCs for therapeutic use can be generated using methods adapted from DC vaccination. In general, when 
the vaccine enters the body from the injection site, the foreign antigens it carries are recognized by pattern recognition 
receptors (PRRs) on the surface of APCs, such as peripheral macrophages or DCs, and transported to immune organs, 
such as draining lymph nodes (LNs) or the spleen. Depending on the antigens contained in vaccines, they can be 
recognized directly by B cells to activate humoral responses or presented to T cells in immune organs by antigenic 
macrophages or DCs.64 Induced tolerogenic DCs can provide non-specific immunosuppression, so loading disease- 
specific autoantigens on DCs can produce tolerogenic DCs that are specific to specific autoimmune diseases.

For example, Nguyen et al constructed a therapeutic vaccine based on immunosuppressive biomaterials that carry autologous 
antigens and tolerance-inducing inorganic nanoparticles (NPs) for the treatment of multiple sclerosis (MS). MS is an autoimmune 
disease characterized by white matter demyelination of the central nervous system, which is mainly caused by the targeted attack 
of autoreactive CD4+ T cells on the myelin sheath. They took advantage of the high antigen-loading capacity of mesoporous silica 
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NPs (MSNs) and loaded myelin oligodendrocyte glycoprotein antigen (MOG35-55 peptide) onto MSNs to generate antigen- 
specific immune tolerance. Injecting MOG35-55 peptide-loaded MSNs maintained the expression of MHC-II but did not 
upregulate the expression of CD86 on APCs in the spleen, thus inducing tolerance in APCs. In addition, immunization with 
mesoporous NPs loaded with autoantigens produced Tregs in the spleen and generated systemic immune tolerance in the 
experimental autoimmune encephalomyelitis (EAE) mouse (a mouse model mimicking human MS), resulting in a reduction in 
central nervous system infiltrated APCs and autoreactive CD4+ T cells. Furthermore, they introduced reactive oxygen species 
(ROS)-scavenging cerium oxide NPs (CeNPs) into specific antigen-supported nanovaccines to inhibit APC activation in the 
inflammatory setting of chronic MS through ROS clearance, increasing Treg cell frequency, and inhibiting self-reactive CD4+ 

T cells in the CNS, thus improving the therapeutic effect of restoring motor function. Therefore, nanovaccines carrying 
autoantigens show great potential in the treatment of MS and potentially other autoimmune diseases through immune 
tolerance20. Park et al also reported a tolerogenic nanovaccine for the treatment of autoimmune encephalomyelitis. The 
nanovaccine (AbaLDPN-MOG) consists of a phospholipid layer (LDPN) containing dexamethasone wrapped around the core 
of polydopamine NPs (PN), and the surface was modified with abatacept and myelin oligodendrocyte glycoprotein (MOG) 
autoantigen peptides. AbaLDPN-MOG can be targeted and endocytosed by DCs and then transported to lysosomes due to the 
modification of abatacept. AbaLDPN-MOG can block the interaction between CD80/CD86 and CD28 in APCs and T cells, 
resulting in decreased IFN-γ secretion. In addition, AbaLDPN-MOG treatment reduced the expression levels of CD86, CD80, and 
MHC-II in DCs, suggesting that these particles were effective in inducing DC tolerance. At the same time, AbaLDPN-MOG 
treatment significantly decreased the production of the proinflammatory factors tumor necrosis factor (TNF)-α, IL-1β, IL-6 and 
IL-12 and significantly increased the production of IL-10 and TGF-β. In experimental EAE mice, subcutaneous administration of 
AbaLDPN-MOG induced a high proportion of Tregs and reduced the proportion of IFN-γ-secreting CD4+ T cells and IL-17A- 
expressing CD4+ T cells, thereby reducing immune cell invasion. Furthermore, AbaLDPN-MOG increased the integrity of the 
myelin sheath, significantly alleviating symptoms in the EAE mouse model. Therefore, AbaLDPN can be used to deliver MOG 
peptides in EAE models and is expected to be widely used to prevent and alleviate other autoimmune diseases25 (Figure 3, 
Table 1).

Enhancing DC Targeting
Adjusting the Size of the Nanovaccine
Prolonging antigen persistence or reducing unnecessary antigen degradation will enhance the immune response. The persistence 
of antigens at injection sites, lymphatic tissues, and even APCs is enhanced by binding or loading antigens in nanomaterials. 
Currently, only a small amount of antigen from the injection site can be delivered to the lymph nodes (LNs) via APCs. To improve 
the efficiency of delivery to LNs, a variety of physical properties of NPs can be adjusted, such as charge, shape, and size; 
moreover, different nanomaterials may have different optimal sizes for LN delivery. Thus, the physical properties of NPs (such as 
charge, shape, and size) can be modulated to facilitate the absorption of antigens by APCs, resulting in a strong immune response.

The size of the nanovaccine is also a key parameter in determining whether the NPs present in the tissue fluid enter the 
lymphatic capillaries and remain in the LNs. For example, NPs with sizes of 20–200 nm are free to enter the lymphatic system 
without being taken up by APCs, resulting in direct contact between NPs and T or B cells in LNs. NPs smaller than 50 nm can be 
transported more efficiently than those larger than 100 nm. However, NPs with sizes of 200–500 nm could not enter lymphatic 
capillaries effectively and needed active transport of DCs to the LNs. Meanwhile, NPs larger than 500 nm were mainly absorbed 
by macrophages rather than DCs. Therefore, the optimal particle diameter effectively captured by DCs is 200–500 nm.65,66

Surface Modification to Enhance DC Targeting
The surface of the nanovaccine was modified to enhance DC-specific delivery. Studies have shown that the formation of 
the protein corona is inhibited by surface modification of hydrophilic poly-(ethylene glycol) (PEG), thereby reducing 
nonspecific uptake by other phagocytes.67

The protein corona is a structure composed of one or more layers of protein adsorbed on the surface of nanomaterials after they 
enter the biological environment, such as serum-containing medium or body fluids such as blood. The formation of a protein 
corona can mediate the absorption and rapid clearance of nanomaterials by macrophages.68,69 Therefore, the surface modification 
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Figure 3 Loaded with autoantigens to generate tolerant dendritic cells. AbaLDPN-MOG nanovaccine induced tolerogenic DCs. (A) The composition of AbaLDPN-MOG 
tolerogenic nanovaccine, and the mechanism of antigen-specific tolerance induction in lymph nodes. (B) The nanoparticles induced tolerogenic DC and detected the 
expression of related CD molecules and inflammatory factors. All statistical data are presented as mean ± SD (n = 5; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
Adapted with permission from Park J, Le QV, Wu Y, Lee J, Oh YK. Tolerogenic nanovaccine for prevention and treatment of autoimmune encephalomyelitis. Adv Mater. 
2023;35(1):e2202670;25 © 2022 Wiley-VCH GmbH.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S440612                                                                                                                                                                                                                       

DovePress                                                                                                                         
379

Dovepress                                                                                                                                                           Tang and Li

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


of nanomaterials with PEG can effectively reduce the adsorption of proteins on the surface of nanomaterials to enhance 
nanovaccine targeting.

In addition, different PEG linker length modifications also show different DC-targeting capabilities. For example, 
Cruz et al compared the PEG linker length of antigen-loaded and antibody-coated PLGA NPs, showing that shorter PEG 
constructors (2–3 kDa) interact more strongly with DCs and induce higher T-cell proliferation than longer PEG 
constructors (6–20 kDa).70 Brückner et al studied the effect of surface modification of NPs with PEG linker lengths of 
different molecular weights (0.65, 2 and 5 kDa) on DC targeting. They found that antibody-functionalized NPs with 
a shorter PEG linker length of 0.65 kDa showed the best DC targeting in DC2.4 cell lines, while NPs with a longer PEG 
linker length of 5 kDa specifically accumulated in bone marrow-derived dendritic cells (BMDCs) and conventional type 
1 DCs (cDC1) from the spleen.71 Therefore, these key aspects need to be considered when targeting the subpopulation of 
DCs, which has important implications in the field of autoimmune disease treatment and vaccine development.

The targeted delivery of NPs to DCs can be achieved by modifying the DC-specific surface receptor ligand onto the 
surface of the nanovaccine. These ligands include Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), such as 
DEC-205, Clec9A, the mannose receptor, and dendritic cell inhibitory receptor 2 (DCIR2), which present antigens 
directly to DCs.72 Studies have shown that anti-Clec9A and anti-DEC-205 monoclonal antibodies enhance DC inter-
nalization and prime Treg activation over cytotoxic T cells.73,74 In addition, White et al demonstrated that targeting DCs 
with mannosylated liposomes increased nanoparticle uptake without increasing T-cell activation.75

However, nanovaccines can be directed to internalization by different DCs by modification with the ligands of different 
surface receptors. Studies have shown that the expression of CLRS in different DC subtypes leads to different targeting and 
antigen-processing abilities of DC subtypes. For example, CD8+ DCs express DEC-205, leading to cross-presentation of antigens 
to CD8+ T cells and initiating cellular immune responses. DCIR2 is expressed on CD8− DCs, and the antigens targeting DCIR2 are 
preferentially presented to CD4+ T cells via MHC-II.72,76,77 Compared with other C-type lectins and most DC marker molecules, 
the expression of Clec9A appears to be more tightly restricted to DCs. For example, in mice, Clec9A expression is restricted by the 
subtype of DCs and is limited to the CD8+ CD24+ Sirpα− cDC subtype. CD8+ DCs are effective activators of CD4 T cells, thus 
enhancing the antibody response. In humans, the expression of CLEC9A is also restricted to the DC subtype. For example, 
CLEC9A is expressed in a small subset of DC blood and is consistent with the expression of BDCA-3. However, it does not seem 
to be expressed in plasmacytoid DCs (pDCs).73

The treatment of autoimmune diseases requires inducing immune tolerance rather than initiating a cellular immune response. 
Therefore, it is necessary to be selective about the DC subtypes that present the antigen. For example, Price et al used chimeric 
antibodies specific for DCIR2 or DEC-205 to target self-antigens to CD11b+ (cDC2) DCs and CD8+ (cDC1) DCs in autoimmune- 
prone nonobese diabetic (NOD) mice to determine which subsets of DCs can induce tolerance in the context of chronic 
autoimmunity. They found that antigen presentation by DCIR2+ DCs, but not DEC-205+ DCs, elicited a tolerogenic CD4+ 

T-cell response. Furthermore, delivery of beta-cell antigen to DCIR2+ DCs delayed diabetes induction and induced increased 
apoptosis of T cells, as well as in the absence of IFN-γ or sustained expansion of autoreactive CD4+ T cells. DCIR2+ DCs inhibited 
T-cell differentiation by stimulating T cells to not produce IFN-γ but increased zinc finger and BTB domain 32 (Zbtb32) 
expression. Thus, they demonstrated that DCIR2+ DCs can induce antigen-specific immune tolerance in the face of persistent 
autoimmunity and identified Zbtb32 as an inhibitory transcription factor controlling T-cell-mediated autoimmunity.78 Tabansky 
et al fused αDCIR2 antibodies with the highly encephalitogenic peptide 139–151 of myelin-derived proteolipid protein 
(PLP139-151) to target CD11c+ CD8− DCs with a DEC-205-DCIR2+ phenotype in vivo. The αDCIR2-PLP139-151 fusion 
monoclonal antibody immunization can significantly improve the clinical symptoms of EAE mice induced by PLP139-151, 
while free PLP139-151 fusion monoclonal antibody immunization failed to produce a protective effect, suggesting that the 
protective effect of fusion monoclonal antibody may be mediated by DC targeting. In addition, αDCIR2-PLP139-151 fusion 
monoclonal antibody-mediated EAE protection relies on targeting the immature state of DCIR2+ DCs, eliminating IL-17- and 
IFN-γ-producing pathogenic T cells, and enhancing Foxp3+ Treg activity. These results indicate that different DC subsets and 
targeted receptors can mediate different immune responses. Therefore, the selection of certain ligand modifications, such as 
DCIR2, can allow the targeting of immune tolerogenic DCs, thereby inducing anergic effector T-cell or Treg activation to produce 
immune tolerance for the treatment of autoimmune diseases (Figure 4).79
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Figure 4 Pretreatment with αDCIR2-PLP139–151 mAb reduces activity of pathogenic T helper cells. The numbers of IL-17 producing cells (pathogenic Th17) and IFN-γ producing cells 
are significantly reduced in mice treated with αDCIR2-PLP139–151 mAb. All statistical data are presented as mean ± SD (n =2; *p < 0.05, **p < 0.01, ****p = 0.0001). Adapted with 
permission from Tabansky I, Keskin DB, Watts D et al. Targeting DEC-205(-)DCIR2(+) dendritic cells promotes immunological tolerance in proteolipid protein-induced experimental 
autoimmune encephalomyelitis. Molecular medicine. 2018;24(1):17.79 Creative Commons.
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In addition, several studies have shown that NPs with a positive surface charge are generally more easily absorbed by DCs than 
NPs with a neutral or negative surface charge.80 However, positively charged NPs are not effective vaccine vectors, and their 
delivery efficiency depends on the model system used. For example, the lipid composition of liposomes not only affects the 
surface charge and uptake efficiency of APCs but also determines whether liposomal content is released in early or late endosomal 
compartments, which has an important effect on the presentation of different peptide epitopes. Positive surface charges may 
immobilize the vaccine carrier through electrostatic interactions with negatively charged components present in the extracellular 
matrix, thus impeding the efficacy of the vaccine by reducing tissue penetration. When charged liposomes come into contact with 
plasma, they interact with complementary proteins and are rapidly phagocytosed and cleared by macrophages of the reticuloen-
dothelial system. For polymer NPs, hydrophobicity appears to be a key factor in regulating interactions. Although the rapid 
clearance of this process is generally considered a negative feature of drug delivery systems, complement activation as a signal to 
activate DCs may benefit vaccination strategies.

Nanovaccines Modified with Cell-Penetrating Peptides Enhance Antigen Delivery 
Efficiency
Cell-penetrating peptides (CPPs) are a large class of short peptides composed of 10–30 amino acids and have the ability to 
penetrate cell membranes. CPPs, also known as protein translocation domains (PTDs), are carriers that can carry proteins, small 
molecules, siRNA, and other peptides into cells. The CPP-mediated transmembrane mechanism mainly includes clathrin-, 
caveolae-, and jutunyin-mediated endocytic pathways, and CPPs direct intracellular transport of substances.

CPPs are mainly divided into cationic peptides, hydrophobic peptides and amphoteric peptides. Cationic peptides are 
generally rich in arginine and need to contain at least eight positively charged residues to be effectively taken up by cells, mainly 
R9, TAT and penetration.81 Hydrophobic CPPs contain KGF and FGF sequences, such as the signal sequences in integrin β3 and 
carbozi fibroblast growth factor, but their applications are rarely studied.82,83 Amphiphilic CPPs consist of a hydrophilic domain 
and a hydrophobic domain, usually covalently linked to nuclear localization sequences (NLS) by hydrophobic domains, including 
MPG, VP22, and Pep-1, which have also been successfully used for vaccine delivery.84,85 Many studies have shown that CPP- 
mediated nanovaccines can penetrate the plasma membrane of cells and release the vaccine encapsulated in the endosome, 
mediating immune responses by enhancing antigen processing and immunogenicity. Nanotechnology-based CPP-mediated 
vaccines can actively or passively target APCs and stimulate APCs such as DCs through CPP-mediated delivery systems to 
improve vaccine efficiency and extend vaccine circulation time in the body. CPP-modified nanovaccines easily interact with 
biomolecules on the cell surface and penetrate cells due to their small size and large specific surface area. After CPP modification, 
the drug delivery system changes, which is conducive to the induction of the immune response. With the assistance of CPPs, NPs 
are used to deliver encapsulated vaccines to DCs, where soluble antigens are taken up by cells more efficiently.

For example, Liu et al linked antigens (ovalbumin, OVA) to MPGΔNLS, which were subsequently encapsulated in poly 
(lactide-co-glycolide) acid (PLGA) NPs to produce nanovaccines. MPGΔNLS promotes antigen escape from the lysosome into the 
cytoplasm, increases the amount of processed antigens in the cytoplasm, enhances antigen cross-presentation via MHC-I 
molecules, and induces cytotoxic CD8+ T-cell responses. The results showed that MPGΔNLS-OVA-loaded PLGA NPs improved 
the release of OVA into the cytoplasm of BMDCs and promoted the maturation and activation of BMDCs. In vivo, MPGΔNLS 

modification has also been shown to stimulate OVA-specific T-cell expansion, OVA-specific IgG antibody production, and OVA- 
specific memory T-cell proliferation. CPPs can affect the intracellular localization of antigens encapsulated in nanovaccines, 
promote antigen cross-presentation and stimulate antigen-specific immune responses. Therefore, CPP modification of antigens is 
an innovative way to improve the immunotherapeutic effect of nanovaccines.86

CPPs may be an attractive strategy for delivering macromolecules to immune cells, but most CPPs, including TAT, are less 
efficient for primary lymphocyte delivery. Therefore, some newly discovered CPPs can replace previously discovered CPPs, such 
as TAT, which can directly target T cells to induce an immune response and be applied in the treatment of autoimmune diseases.87 

For example, Lim et al identified a novel CPP dNP2 from the human novel LZAP-binding protein (NLBP), which is a lysine-rich 
tandem repeat sequence. The cell-penetrating ability of dNP2 was at least twofold greater than that of TAT or R9 and was able to 
deliver antigen molecules to primary T cells in mice and humans with very high efficiency, inhibiting the activity of T effector 
cells. dNP2 has the ability to cross the blood‒brain barrier (BBB) and localize in the central nervous system (CNS), which could 
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be effective in the treatment of CNS autoimmune diseases. Treatment of EAE mice with recombinant DNP2-ctCTLA-4 protein 
produced by dNP2 fusion with cytotoxic T-lymphocyte antigen 4 (ctCTLA-4) significantly decreased the expression levels of 
IFN-γ and IL-17A in activated splenocytes, decreased demyelination and CNS-infiltrating T helper 1 and T helper 17 cells, and 
consistently improved the symptoms of EAE mice.88 In another study, Koo et al constructed the recombinant protein dNP2-LRR 
produced by fusion of dNP2 with the leucine-rich repeat domain (LRR) of the NOD-like receptor family member X1 (NLRX1) 
protein, which exhibited high T-cell delivery efficiency. dNP2-LRR treatment of EAE mice can alleviate tissue inflammation and 
disease severity, reduce the number of infiltrating T cells producing inflammatory cytokines such as IFN-γ, and significantly 
inhibit T-cell activation, cytokine production, and Th1 differentiation (Figure 5).89 Lee et al also demonstrated the high T-cell 

Figure 5 Cell-penetrating peptide-modified nanovaccines can improve antigen delivery efficiency. (A) The intracellular delivery efficiency of dNP2-LRR is increased compared with LRR 
alone. Reproduced with permission from Koo JH, Kim DH, Cha D, Kang MJ, Choi JM. LRR domain of NLRX1 protein delivery by dNP2 inhibits T cell functions and alleviates autoimmune 
encephalomyelitis. Theranostics. 2020;10(7):3138–3150.89 Creative commons. (B) dNP2-LRR inhibits T cell activation and specifically inhibits Th1 differentiation. n=3 per group and error 
bars indicate S.D. Reproduced with permission from Koo JH, Kim DH, Cha D, Kang MJ, Choi JM. LRR domain of NLRX1 protein delivery by dNP2 inhibits T cell functions and alleviates 
autoimmune encephalomyelitis. Theranostics. 2020;10(7):3138–3150.89 Creative commons. **P<0.01 and ***P<0.001. N.S., not significant.
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delivery efficiency of dNP2. They used dNP2-conjugated VIVIT to synthesize a peptide (dNP2-VIVIT) that can selectively 
inhibit the interaction between NFAT and calcineurin. dNP2-VIVIT treatment inhibited the differentiation of Th1 and Th17 cells 
and significantly reduced disease severity in EAE model mice.90 Therefore, dNP2 has been shown to be an effective CPP that can 
be used for T-cell regulation and potential applications in autoimmune diseases by fusing dNP2 to enhance its effectiveness in 
delivering antigens directly to the cytoplasm of T cells.

Combination of Nanovaccines and Immune Checkpoint Agonists
Immune checkpoints, such as the CTLA4-B7 and PD-1/PD-L1 pathways, are negative regulatory molecules that prevent 
excessive T-cell activation to maintain immune tolerance in the body. PD-1/PD-L1 plays a crucial role in inhibiting T-cell 
signal transduction, thus mediating immune tolerance and maintaining immune homeostasis. Dysregulation of PD-1/PD- 
L1 can occur during the development of various autoimmune diseases. The PD-1/PD-L1 pathway is involved in T-cell 
activation, proliferation, and apoptosis, and it inhibits T-cell-mediated cellular immune responses. This pathway regulates 
the induction and maintenance of peripheral tolerance and, under physiological conditions, protects tissues from 
autoimmune attack. Tregs that are activated by the PD-1 pathway may contribute to the maintenance of immune 
homeostasis by maintaining sufficiently high T-cell activation thresholds that prevent autoimmunity.91 For example, in 
a mouse model of EAE, increased expression of PD-1 and PD-L1 in the central nervous system blocked PD-1, leading to 
the activation of antigen-specific T cells, the production of proinflammatory cytokines, and further worsening of EAE 
symptoms.92 Therefore, enhancing PD-1/PD-L1 signaling is a promising strategy for treating autoimmune diseases; such 
approaches include the indirect activation of PD-1 signaling, the administration of extracellular agonist antibodies, the 
mimicking of PD-L1 function with small molecules/proteins, the activation of intracellular signals downstream of PD-1 
with small-molecule compounds, and the depletion of PD-1+ cells.

Encapsulating immune checkpoint agonists in nanoparticles not only enhances the immune therapeutic response but 
also reduces off-target effects.93 Additionally, nanoparticles are recognized as versatile delivery platforms that are 
capable of encapsulating vaccines or drugs for chemotherapy, photothermal therapy, etc. Combining immune checkpoint 
agonists with nanoparticles carrying different types of drugs can enhance immune tolerance and be used to treat 
autoimmune diseases. For instance, Hou et al constructed nanovaccines (PRM NDs) by encapsulating PLGA nanopar-
ticles within a macrophage membrane (PRM) with high PD-L1 expression. These nanoparticles were designed to treat 
autoimmune diseases by targeting multiple factors. IFN-γ treatment induces the overexpression of PD-L1 on macrophage 
membranes and increases the expression of various proinflammatory cytokine receptors and adhesion molecule receptors. 
Thus, PRM NDs exhibit strong inflammatory factor-targeting and proinflammatory cytokine-clearing capabilities, as well 
as immune inhibitory properties. These cells mimic the PD-1/PD-L1 inhibitory axis and suppress CD4+ T-cell activation, 
ultimately restoring immune tolerance. Consequently, in mouse models of Zymosan A-induced arthritis and dextran 
sulfate sodium-induced ulcerative colitis, PRM NDs exerted strong synergistic anti-inflammatory and immune inhibitory 
effects, alleviating autoimmune damage.94

Conclusion and Prospects
The optimal strategy for treating autoimmune diseases is to modify the host immune system to restore tolerance. The 
ideal effect of treating autoimmune diseases is to eliminate the autoantigen-specific spontaneous immune response 
without interfering with the immune response to other antigens. Therapeutic vaccines that generate immune tolerance 
conform to this principle. Nanomaterials are emerging as novel tools for improving the effectiveness of subunit vaccines 
or other types of vaccines. Nanovaccines are a new generation of vaccines based on nanotechnology that can induce 
long-term and effective immune responses through vector design, surface ligand modification, etc., which provide 
promising clinical application prospects. We have reviewed the advances in the development of nanovaccines for the 
treatment of autoimmune diseases. These nanovaccines, based on the design rules that promote the induction of tolerant 
DCs, promote DC-targeting absorption and internalization, and promote antigen delivery efficiency, can lead to better 
treatment outcomes.

However, there are still many difficulties and challenges in realizing the wide and safe clinical application of 
nanovaccines. For example, how to achieve specific targeting of target cells such as APCs without triggering negative 
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regulation within cells or suppressing immune signals is a major challenge for nanovaccine research. Second, some 
nanomaterials will accumulate in cells, leading to long-term retention of nanomaterials in the body, which may cause the 
formation of blood clots. In addition, the differences between animal models and the human immune system, combined 
with the complexity of clinical conditions, mean that the results of animal experiments and clinical effects may be far 
from each other. For example, some therapies may cause the same effects in mice as in humans but may be accompanied 
by important side effects that cannot be predicted by animal models in humans. At the same time, there are also high 
production and preservation costs.

Although the construction of nanovaccines is in its infancy, with only a handful in early clinical stages, this new 
generation of vaccines has great potential to prevent and treat a wide range of diseases. In the future, the design of 
nanovaccines will focus on improving biosafety and biocompatibility. We further explored the mechanism of interaction 
between nanoparticles and organisms and constructed more in vivo models to further improve the performance of nano 
adjuvants. Nanovaccines are expected to achieve the organic unity of safety and efficacy.
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