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Dendritic cells (DCs) are a subset of antigen-presenting cells 
(APCs) that initiate and regulate the functions of the adap-
tive immune system1. Their ability to activate cytotoxic 

and helper T cells to control infections and cancer is well known, 
however DCs also function to restrain inappropriate autoreactive 
responses such as those observed in autoimmune diseases (Fig. 1). 
As highly phagocytic immune surveillance cells, DCs are a particu-
larly attractive target for nanomedicines, with increasing interest 
in therapeutics designed to elicit tolerogenic phenotypes in these 
cells. Importantly, tolerogenic DCs (tolDCs) may be capable of 
quelling the aberrant cytotoxic and inflammatory responses in an 
antigen-specific manner2–4, offering a precision approach to treat-
ment of many refractory autoimmune diseases.

An effective therapeutic designed to elicit tolDCs will need 
to achieve two major objectives: (1) deliver a disease appropriate 
‘self-antigen’ to the correct population of DCs for processing and 
presentation, and (2) modulate or override the expression profile 
of these DCs to present the right signals to T cells to induce tolero-
genic outcomes (Box 1). These complex prerequisites can be met 
with a nanomedicine approach. Nanoparticles provide a delivery 
vehicle capable of carrying multiple stabilized therapeutic cargos 
with the promising ability to generate tolDCs. Here, we examine 
how the optimization of the physicochemical attributes of nanopar-
ticles can make them especially effective in designing DC-targeting 
nanomedicines for immune tolerance, with a focus on organ trans-
plantation and autoimmune diseases such as type 1 diabetes mel-
litus (T1D) and multiple sclerosis (MS).

Central and peripheral tolerance
T cells are a major mediator of damage in autoimmune disease when 
they aberrantly recognise and react against innocuous self-antigens 
in the same way as infected or cancerous cells5–7. In health, this is 
prevented by multiple tolerance mechanisms, including those found 
centrally in thymus and mediated peripherally by DCs8. ‘Central’ 
tolerance is enforced during T  cell development in the thymus, 
where autoreactive T  cells are removed in a process that involves 
thymic DCs. However, this coverage is insufficient and thus requires 

a second layer of regulation provided by DCs (and other APCs) in 
the periphery8.

DCs located throughout the body continually survey their sur-
roundings by constantly phagocytosing nearby material9. If this 
sampling detects ‘foreign’ material such as viral RNA or bacterial 
membrane lipids10, a transcriptional and phenotypical transforma-
tion of the DCs termed ‘maturation’ occurs. Maturing DCs cease 
sampling their environment, present their captured antigens on 
major histocompatibility complex (MHC)-II, and express surface 
receptors that authorize the activation of antigen-specific T  cells. 
These DCs then migrate to secondary lymph organs to present their 
collected antigens and co-stimulatory receptors to T cells and initi-
ate the secondary immune response11. This combination of antigen 
and lymphocyte co-receptor stimulation is the basis of peripheral 
tolerance. If the DC-T cell encounter occurs in the absence of 
co-stimulatory signalling or in an environment where other signals 
override co-stimulation (including interaction with tolDCs), T cells 
can lose their effector functions and become ‘anergized’. These cells 
either differentiate into regulatory T cells (Tregs), which play a role 
in regulating or suppressing other immune cells, or are directed to 
undergo apoptosis (also known as ‘deletion’) (Box 1). This ‘licens-
ing’ of T cell activity by mature DCs occurs only in the presence 
of foreign material, and the muting of responses in their absence 
restricts the activity of self-reactive T cells that have escaped central 
tolerance mechanisms8.

Generating antigen-specific tolerogenic DCs
TolDCs for therapeutic use can be generated using methods adapted 
from DC vaccination. Ex vivo purified DCs are commonly cultured 
with tolerance-inducing pharmacological agents such as rapamycin 
or dexamethasone, and/or cytokines such as transforming growth 
factor (TGF)-β and interleukin (IL)-10, to induce a tolerogenic phe-
notype12. These ‘induced’ tolDCs can then be reintroduced into the 
body. Depending on the induction method, these cells exhibit inter-
mediate phenotypes that feature properties from both immature 
and activated mature DCs, including differences in migratory activ-
ity, anti-inflammatory cytokine release and the type of tolerogenic  
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response induced in T  cells. Induced tolDCs can provide 
non-specific immunosuppression, however generating tolDCs to 
target specific autoimmune conditions requires the loading of these 
DCs with disease-specific autoantigens13.

In DCs, the exogenously encountered antigen is typically pre-
sented on MHC-II, with which only a cluster of differentiation 
(CD)4+ T cells are able to interact. For recognition by CD8+ T cells, 

exogenous antigens must be presented on MHC-I, a process that 
only occurs on specific DC subsets, referred to as cross-presenting 
DCs. Cross-presenting DCs are able to sample and load peptides 
onto both MHC-I and II. Cross-presentation is critical in the 
induction of adaptive immune responses against tumours and 
viruses, as well as in the induction of peripheral tolerance14. In 
cancer immunity, cross-presentation allows the DCs to present 
exogenous self-antigens to tumour-specific T cells on both MHC-I 
and II, priming anti-tumour responses in CD4+ and CD8+ T cells. 
Conversely, tolDCs generated from cross-presenting DCs interact 
with T cell subtypes to generate CD4+ Tregs and induce anergy in 
autoreactive CD4+ and CD8+ T cells. Importantly, cross-presenting 
tolDCs can also present exogenously encountered self (for example, 
proteins from other cells) or other innocuous antigens (for example, 
dietary) on MHC-I. These additional epitopes may be important for 
the effective control of autoimmune diseases by tolDCs in the same 
way multi-epitope, cross-presented antigen responses are critical in 
viral and cancer immunity14–16.

Despite showing promising results in clinical trials, the broader 
implementation of ex vivo tolDCs therapies remains challenging. 
Isolation, purification and culture of autologous primary DCs (or 
more commonly, their progenitor cells) requires extensive han-
dling and can be prohibitively expensive, while tolDCs generated 
in this manner are also typically bespoke for the patient due to 
histocompatibility issues. An emerging alternative that overcomes 
both of these limitations is the in situ induction of tolDCs, where 
a tolerogenic payload is delivered to DCs in vivo17. Nanoparticles 
offer the possibility of delivering controlled amounts of self-antigen 
and tolerogenic agents simultaneously to individual DCs, directed 
by DC-specific targeting ligands. This approach would allow tolDC 
therapies to be accessible to a much wider range of patients and can 
be readily adapted for many different autoimmune diseases. Such 
nanoparticle-based approaches have precedents not only in the DC 
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Fig. 1 | Dendritic cell function in autoimmunity versus tolerance. Dendritic cells (DCs) specifically interact with T cells through major histocompatibility 
complex (MHC)-I and II. However, the balance of signalling through co-receptors and cytokines determines the outcome of antigen recognition.  
Activated, pro-inflammatory DCs presenting self-antigen can prime auto-reactive killer clusters of differentiation (CD)8+ and CD4+ helper T cells  
(left panel). Tolerogenic DCs (tolDCs) express different co-receptors and cytokines, and can induce regulatory T cells (Tregs) (upper right), as well as 
disarm autoreactive CD4+ and CD8+ T cells (lower right).

Box 1 | Anergy, tregs and deletion

The therapeutic objective of tolDC induction is the quelling of 
cellular autoimmune responses through the induction of periph-
eral tolerance mechanisms. For peripheral autoreactive T  cells 
exposed to tolDCs, these outcomes are one of (1) anergy, (2) 
conversion to a Treg phenotype or (3) T cell deletion2–4. Aner-
gized T cells enter a hyporesponsive, non-dividing and function-
ally inactive state. For peripheral naïve T cells, this is thought to 
be non-reversible, effectively disarming the T cell and prevent-
ing autoimmune damage8. Autoreactive T  cells encountering 
self-antigen in the presence of sufficient tolerogenic and/or envi-
ronmental signals (including those from tolDCs) may instead 
activate the transcriptional regulator Foxp3105, which results in 
functional differentiation into Tregs. Tregs can mediate further 
tolerogenic responses by secreting anti-inflammatory cytokines, 
including transforming growth factor-β and interleukin-1015. 
Lastly, autoreactive T cells chronically exposed to self-antigen in 
the absence of co-stimulation are signalled to undergo apopto-
sis by ‘death receptors’ such as cluster of differentiation (CD)95 
expressed on immature DCs, simply removing them from the 
immune repertoire16.
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vaccination field but also in other therapeutic or clinical applica-
tions18,19, with their development offering useful insight into the 
challenges of developing tolDC inducing therapeutics.

tuning nanoparticle properties to maximize DC 
modulation
Nanoparticles injected into the circulatory or lymphatic systems are 
predominantly captured by macrophages and organs in the reticu-
loendothelial system (for example, liver, spleen)1,20. Nanoparticles 
can also be captured by precursor DCs present in the blood and 
immature DCs residing in peripheral tissues (for example, kid-
neys, skin) in a similar way to pathogens21. These discoveries 
sparked interest in using nanoparticles to control DC functions in 
immunotherapy, such as in cancer21 and viral vaccines22 and treat-
ing allergies23 and may in future provide utility in the treatment of 
immune phenomena such as cytokine storms, a potential sequela 
of viral infections such as influenza24 and SARS-CoV225. The use of 
nanoparticles to manipulate DCs offer significant advantages over 
conventional DC-targeting tools such as the (1) protection of anti-
gen cargo from protease degradation, (2) co-delivery of multiple 
therapeutic moieties to enhance the immune response, (3) ability 
to control the release of the cargo and (4) reduction of off-target 
effects21,26. Driven by the initial success in DC-targeting nanomedi-
cines for cancer immunotherapy, promising strategies to modulate 
the immune system to treat autoimmunity are staring to be adapted 
and developed.

When using nanoparticles to regulate immune responses, sev-
eral physicochemical parameters can be optimized to boost DC 
targeting and response (Fig. 2). These design factors will dictate 
not only how the immune system will respond but also the qual-
ity of this response3,26. Typically, nanoparticles are endocytosed 
into endo/lysosomal compartments, where the antigen is loaded 
onto MHC-II. Of particular interest in the induction of tolerance is 
delivery of the antigen to the cytoplasm of DCs using nanoparticles, 
ensuring additional loading of antigen onto MHC-I. Delivering 
antigen for presentation through both pathways is desirable, as 
access to the broadest range of epitopes and the ability to interact 
with CD4+ and CD8+ autoreactive T  cells will likely produce the 
most tolerogenic impact14. There are two main strategies to enable 
loading onto MHC-I: (1) target nanoparticles to cross-presenting 
DCs, which have the native ability to take exogenous antigen and 
load it onto MHC-I (see ‘Targeting DC subtypes’ section); or (2) 
engineer nanoparticles to escape from the endosome and deliver 
their therapeutic cargo directly to the cytosol, where it can be 
loaded onto MHC-I27,28.

Selection of suitable material. There is a plethora of materials 
used in the development of DC-targeting nanomedicines for both 
activation and suppression of immune responses. These materials 
must fulfil three main requirements: they must be biocompatible, 
non-toxic and easy to manipulate in size, shape and surface chem-
istry. Promising results have been obtained with nanoformulations 
made of organic materials such as liposomes17,29,30, polymers includ-
ing poly(lactic-co-glycolic acid) (PLGA), polylactide, poly(β‐amino 
esters) and polyethylene glycol (PEG)13,26,31–33, or inorganic materials 
including Au34,35 and porous Si (pSi)36,37. The bulk material form-
ing the nanoparticles is important because it may itself influence 
the development of subsequent immune responses. Some materials 
have certain properties that can make them immunogenic, which 
make these materials ideal carriers for vaccines, but equally unde-
sirable if the goal is to induce tolerance38.

Among all materials used for nanoparticle design, polymers 
are ubiquitously used in the therapeutic applications as they can 
be engineered in a way that enables (i) the encapsulation and 
therefore more effective protection of the cargo, (ii) control of the 
release kinetics, and (iii) the delivery of the cargo to the cytosol by  

providing endosomal escape mechanisms, all of which are critical 
to ensure effective delivery to DCs38. PLGA is the most commonly 
reported polymer largely because it has been approved by the FDA 
for a number of drug delivery applications19. The by-products gener-
ated after the degradation of PLGA can lead to the downregulation 
of MHC-II molecules. This potentially useful immunosuppressive 
effect is in contrast to other polymer-based nanoparticles that have 
an adjuvating effect, highlighting the importance of the properties 
of the polymeric carrier used to promote tolerance39,40.

Other notable materials used in the design of DC-targeting 
nanomedicines are Au41,42 and pSi43,44 nanomaterials, as they are bio-
compatible and offer the ability to easily customize the size, shape 
and surface chemistry in order to fine-tune cellular responses. Some 
studies suggest that Au nanoparticles do not induce DC activa-
tion despite high cellular uptake, suggesting that Au is minimally 
immunogenic34,35. pSi is a material that has been extensively used for 
cancer therapy given its high drug loading capacity and biodegrad-
ability43. We have demonstrated that pSi nanoparticles alone do not 
stimulate DC maturation and can therefore be another good candi-
date to actively deliver immunosuppressive drugs to DCs36,37.

The material forming the nanoparticle, however, is only one 
parameter to be considered when designing DC-targeting nano-
medicines as the nanoparticle size and shape will also affect the 
DC–nanoparticle interaction.

Optimization of nanoparticle size and shape. Immature DCs 
actively sample their local environment for antigens and are able to 
take up a wide range of exogenous materials such as viruses, bacteria 
and other particulates via a variety of internalization mechanisms9,18. 
Nanoparticles with a diameter under 100 nm can be effectively 
internalized by clathrin-mediated endocytosis26,45, and DCs are also 
capable of internalizing larger material via phagocytosis or micropi-
nocytosis. Nanoparticle size may not prove to be a critical parameter 
in terms of uptake as nanomaterials ranging from a few nanometres 
up to more than a micrometre have been documented to be success-
fully internalized by DCs18,46. However, nanoparticle size is impor-
tant in dictating the transport kinetics of the antigen, affecting the 
ability of nanoparticles to drain to the lymph nodes and induce an 
adaptive immune response46. This transport to the lymph nodes has 
been found to be restricted to nanoparticles with a diameter under 
200 nm, allowing them to reach lymph-node-resident DCs for anti-
gen presentation within hours of injection46–48. Nanoparticles larger 
than 200 nm either reach the lymph nodes through migratory DCs, 
which after internalizing nanoparticles—most likely in the blood, 
spleen, liver or injection site—traffic to the lymph nodes46,49, and/
or remain at the injection site46,50. As a result, direct antigen pro-
cessing by DCs within the lymph nodes through small nanopar-
ticles could lead to early T cell activation, which might result in an 
enhanced adaptive response compared to the one achieved from 
migratory DCs transporting larger nanoparticles51. The differences 
in nanoparticle biodistribution within the lymph nodes could also 
impact the immune response due to the nanoparticle association 
with different DC subpopulations by favouring for example, lymph 
node-resident DCs over migratory DCs.

By fine-tuning nanoparticle size, interactions with other 
immune cell populations could also be minimized given the dif-
ferences in biodistribution and lymph drainage of nanoparticles52. 
Nanoparticles with virus-like sizes (20–200 nm) have a higher pro-
pensity to interact with B cells46 as free-draining nanoparticles may 
predominantly access B cell-resident areas within the lymph nodes. 
Conversely, larger nanoparticles are more likely to remain in the 
interstitial space before entering the lymphatics with an increased 
chance to be phagocytosed by barrier cells—mainly DCs and mac-
rophages. Moreover, virus-like particles (<200 nm) are likely to be 
eliminated faster by the liver given their tendency to associate with 
liver sinusoidal endothelial cells, instead of APCs53.
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Furthermore, the nanoparticle size could affect the amount of 
antigen loaded54, with larger nanoparticles enabling higher payload 
capacity that could be leveraged for optimal tolerance induction55. 
However, it is apparent that antigen dosage is not the only para-
meter leading to increased immune tolerance56.

Similarly, shape influences not only the way DCs recognise 
nanoparticles but also the characteristics of the subsequent immune 
response, and should be considered together with size57. Niikura 
et al., reported that spherical, rod-shaped and cubic Au nanopar-
ticles with the same surface chemistry and protein loading gener-
ated different profiles of cytokine secretion in APCs, with differing 
antibody titres following vaccination in mice41. The former could 
not be explained solely through differential uptake, suggesting that 
DCs may be able to distinguish nanoparticles based on their shape. 
Rod-shaped nanoparticles elicited a pro-inflammatory response 
possibly due to lysosomal rupture—suggesting that nanorods have 
a greater potential as adjuvants to elicit immunity rather than tol-
erance. However, the influence of the nanoparticle geometry may 
well be size dependent, with different immune responses observed 
depending on the size range of the differently shaped nanoparti-
cles57. Nevertheless, drawing distinct conclusions between these dif-
ferent studies is challenging, as there are a number of differences 
in the experiential set-up and analysis. Multiple parameters can be 
normalized (for example, keeping total antigen dosage57 or total sur-
face area41) which can influence the findings.

The importance of size and shape in the design of DC-targeting 
nanomedicines for optimal response cannot be fully under-
stood without looking at the nanoparticle’s surface chemistry.  

The nanoparticle characteristics at the surface remain a crucial 
player since it is the nanoparticle surface that the biological fluids, 
cells and tissues ultimately sense and interact with.

Modification of nanoparticle surface and charge. Different sur-
face modifications of nanoparticles can affect their interaction and 
internalization into DCs. Controlling these factors is a key step in 
engineering nanomedicines for DC-targeting and immune modu-
lation. The nanoparticle’s surface chemistry provides properties 
such as hydrophilicity and charge that may facilitate or hamper the 
uptake and response in DCs. Highly charged nanoparticles (posi-
tive or negative) are colloidally stabilized because of electrostatic 
repulsion. However, in a biological setting, proteins can adsorb onto 
their surface—known as a protein corona—based on their surface 
chemistry58,59, which can lead to aggregation, macrophage uptake 
and rapid clearance56,58. Moreover, studies have shown that cationic 
nanoparticles are more prone to be internalized by cells, including 
DCs34, but can also be highly immunogenic60. On the other hand, 
negatively charged particles have been reported to reduce acute 
inflammation in immune disorders39,61. Fytianos et al. studied the 
uptake, pro-inflammatory effects and immunological response 
in DCs of Au nanoparticles (15 nm) with different surface func-
tionalities (PEG, PVA (polyvinyl alcohol) and a mixture of both) 
and charge (positive and negative). They demonstrated that posi-
tively charged PVA–Au nanoparticles had an increased DC uptake 
and a more prominent necrotic effect34. The significant decrease 
in cell viability of positively charged PVA–Au nanoparticles was 
not observed in the PEGylated counterparts, suggesting that  
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cytotoxicity is depended on the combination of both the nanopar-
ticle surface chemistry and charge. Surprisingly, among all the for-
mulations tested, only negatively charged PEG-Au nanoparticles 
and positively charged PVA and PVA/PEG-Au nanoparticles pro-
moted pro-inflammatory responses. Other studies have also shown 
that PVA-coated nanoparticles can induce increased co-stimulatory 
molecules and activation of DCs, suggesting a preference of immu-
nity over tolerance62.

In cases where the antigen is attached to the nanoparticle surface, 
the number of anchoring points determines the final antigen dose 
administered, which has an important effect in their immunomod-
ulation properties26,56. However, slower uptake by DCs was observed 
when nanoparticles were coated with the antigen on the surface as 
opposed to those loaded into the particle interior62. Moreover, when 
antigens are anchored on the nanoparticle surface, the interac-
tion with B cells might be favoured given the resemblance of the 
antigen-coated nanoparticle to a pathogen structure63.

The ligands employed to attach antigens to nanoparticles could 
also be used as linkers to attach targeting moieties, such as antibod-
ies, that are specific for DC receptors. PEG linkers are commonly 
used for this purpose, as their flexibility can be easily fine-tuned 
by manipulating the chain length to maximize cell recognition and 
uptake. For example, Cruz et  al. showed that antigen-loaded and 
antibody-coated PLGA nanoparticles, PEGylated with shorter PEG 
chains (2–3 kDa) exhibited not only higher DC association than 
those modified with larger PEG chains (6–20 kDa) but also a more 
effective T cell proliferation64. Apart from the importance of the sur-
face chemistry, this study also highlighted the role of actively target-
ing DCs with antibodies against specific receptor proteins.

Targeting DC subtypes. We and others have demonstrated how 
the incorporation of ligands targeting specific cell-surface receptors 
onto nanomedicine-based formulations improve internalization 
and localized delivery of nanotherapeutics44,65,66. Likewise, target-
ing specific receptors on DCs using nanomedicines not only has the 
potential to enhance internalization but also the ability for antigen 
cross-presentation, which promotes peripheral tolerance. DCs are 
generally broken down into four subsets based on developmental 
origin, surface marker and function: plasmacytoid DCs, type 1 
and 2 conventional DCs, and monocyte-derived DCs. DC subsets 
express specific C-type lectin receptors that are in charge of anti-
gen recognition. The specific surface markers expressed by various 
DC-subsets are summarized in Table 167,68.

When nanoparticles are targeted to C-type lectin receptors, 
they are internalized by different cellular pathways, depending on 
the targeted surface receptor, and initiate a response in which DCs 
mature and prime the cells responsible for the adaptive response64,69. 
For example, polymeric particles targeted to CD11c, a generic DC 
marker, on cross-presenting CD8+ DCs show efficient internaliza-
tion into cells, however the same sized particles targeted to DEC-
205 (type 1 conventional DC specific surface marker) show limited 
uptake. This is despite both receptors showing rapid internaliza-
tion69. The mechanism by which particles are internalized by cells 
is often the subject of debate, however it has yet to be established 
if the mechanism of uptake plays a role in the subsequent fate and 
therapeutic effect of the cargo27. While there is significant potential 
to exploit DC-receptor mediated targeting and modulation, most 
nanoformulations developed to date with in  vivo applications in 
immunotherapy do not employ active targeting strategies.

Ideally, when engineering nanomaterials to induce tolerance, the 
receptor used for DC active targeting should be as neutral as possi-
ble; meaning that it should mediate uptake by DCs without instruct-
ing them to prime a particular immune response70. White et  al. 
confirmed that targeting DCs through mannosylated-liposomes 
increased the uptake of the nanoparticles without leading to the 
enhancement of T  cell activation29. Though anti-Clec9A and 

anti-DEC-205 monoclonal antibodies have also been shown to 
enhance DC internalization while priming Treg activation over 
cytotoxic T cells, they have been insufficient to promote DC activa-
tion and maturation71,72.

Dendritic cell-specific intercellular adhesion molecule-3- 
grabbing non-integrin (DC-SIGN) is less commonly studied as a 
DC target than other C-type lectin receptors due to difficulties in 
fully recapitulating its function in currently available in vivo mod-
els73. Nonetheless, Stead et al. showed that pSi nanoparticles coated 
with anti-DC-SIGN monoclonal antibodies are capable of target-
ing human/non-human primate DC-SIGN in marmoset monkeys37. 
Cruz et al. showed that anti-DC-SIGN antibody-coated Au nanopar-
ticles induced higher levels of cytokines ex vivo as opposed to Au 
nanoparticles without antibody or with the isotype control, suggest-
ing that the processing of anti-DC-SIGN antibodies also induces an 
immune response64. Because DC-SIGN is a carbohydrate-specific 
receptor that recognizes glycans, other studies have used carbohy-
drate systems such as fucosylamide ligands to target DC-SIGN, pro-
moting internalization without any immune responses35.

In addition to cell-surface phenotype, the anatomical location 
of targeted DC subpopulations must be considered. Plasmacytoid 
DCs reside in the bone marrow and peripheral lymphoid tissues 
while type 1 and 2 conventional DCs are found in peripheral tis-
sues and eventually migrate to the lymph nodes or the spleen, 
respectively, upon maturation74. Thus, the localization efficacy of 
the DC receptor-targeted nanoparticles is highly dependent on 
the route of administration. To illustrate the effect of the admin-
istration route on nanoparticle internalization by certain DC sub-
types, Hunter et al. reported that the same dose of disease-specific 
antigen-coupled nanoparticles were more effective at preventing 
clinical experimental autoimmune encephalomyelitis (EAE), a MS 
model, symptoms when administered intravenously compared to 
intraperitoneally; offering negligible protection following subcuta-
neous or oral routes56.

It is therefore crucial to understand the surface markers of the 
DC subpopulations, their locations and the physiological cues that 
trigger their maturation and recruitment from the peripheral tissues 
to the lymphatic system to be able to then optimize the nanoparticle 
and its cargo for immunological response.

Selection of therapeutic cargo. Immunosuppressive drugs used 
in the clinic are a common choice to be loaded into and delivered 
by nanoparticles. Soluble administration of these drugs can induce 
tolDCs, but their non-specific delivery can dampen overall immu-
nity, increasing patient susceptibility to infections and other side 
effects75. Nanoparticles offer the possibility to deliver these drugs to 
the site of action, avoiding high systemic drug concentrations and 
drug exposure in healthy tissues.

Rapamycin, a macrolide used to suppress T  cell activation  
and promote Treg expansion, was delivered using different 
nanoparticle-based carriers with the aim to induce tolDCs, espe-
cially in PLGA-based nanoparticles given their sustained drug 
release performance13,76. Kishimoto et al. demonstrated that rapamy-
cin had a more durable immunological tolerance when delivered via 
PLGA nanoparticles than when administered on its own, likely due 
to a higher amount of drug internalized by DCs76.

The choice of tolerogenic agent packaged into nanoparticles is 
not limited to small molecule drugs. Other combinations or novel 
tolerogenic agents (for example, small interfering RNA77 and other 
oligonucleotides49) can be loaded into nanoparticles and may 
deliver a superior tolerogenic outcome—an area well worth further 
investigation. In a similar manner, autoantigens can be co-delivered 
in nanoparticles. Antigen-specific tolDCs have been reported to 
induce superior tolerogenic responses compared to standard immu-
nosuppressive treatments, with increased deletion of autoreactive 
T cells and conversion to Tregs13. The effectiveness of autoantigens 
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has been demonstrated using the widely used chicken ovalbumin 
model13,37, as well as in disease models such as proteolipid protein 
in MS56. Importantly, several studies have reported immunogenic 
responses when the antigen is delivered by nanoparticles in the 
absence of immunomodulatory agents32,54,78. Combined delivery 
of tolerogenic agents and autoantigen within a single nanopar-
ticle is likely critical to ensure that an individual DC receives all 
the necessary signals to induce an optimal tolerogenic response 
and stimulate Treg proliferation32,37. Co-delivery will be particu-
larly important where an inflammatory environment already exists 
and can override the induced tolerogenic response32. Interestingly,  
others have reported tolerogenic activity using nanoparticles  
coupled with antigen alone30,32. A possible explanation could be 
that a combination of large (500–1000 nm) and highly negatively 
charged (–10 to –60 mV) nanoparticles resemble apoptotic bodies 
which may inhibit immunostimulatory activation of DCs and thus 
induce tolerance54,78,79. These discrepancies highlight the impor-
tance of the interplay between different physicochemical character-
istics of nanoparticles in their interaction with DCs.

Engman et al., on the other hand, demonstrated that the delivery  
of an antigen was not a prerequisite to generate Tregs by deliver-
ing stimulatory protein-targeted antisense oligonucleotides49. This  
strategy was able to successfully promote tolDCs and in  vivo  
generation of antigen-specific Tregs.

Applying nanoparticles in transplantation tolerance
Allograft transplantation is often the only available alternative 
for patients who face end-stage organ disease, with the rejec-
tion of donor organs by the host remaining a major clinical chal-
lenge80. Rejection is initiated when the donor antigens in the 
transplant are recognized by the immune system of the recipient. 
Immunosuppressants can reduce chronic graft rejection, but their 
prolonged administration leaves the patient vulnerable to opportu-
nistic infections and cancer81. DCs are critical players in the rejec-
tion or survival of transplants given their capacity to internalize 
and cross-present alloantigens and thus are considered a logical 
target to modulate immunity after transplantation82. As represented 
in Fig. 3, several nanoparticle-based formulations have shown 
promise in fighting transplant rejection. The delivery of rapamy-
cin via intradermally injected PEGylated micelles has, for example, 
shown significantly prolonged survival of skin allografts31. This 
study suggests that nanoparticles could potentially prevent some of 
the long-term implications related to the non-specific delivery of 
immunosuppressants.

However, the ‘Holy Grail’ of transplantation has been the induc-
tion of donor-specific immune tolerance without generalized 
immunosuppression83. This approach induces immunological tol-
erance against specific antigens while maintaining an otherwise 
functional immune system. Nanoparticles can be used to induce 
donor-specific tolerance that is long-lasting. For instance, Bryant 
et al. investigated the ability of PLGA-based nanoparticles to deliver 
allogeneic donor antigens in a mismatched islet cell transplantation 
model84. They demonstrated how nanoparticles loaded with donor 
antigens offer long-term protection of transplanted islet allografts 
when combined with low doses of rapamycin. In a follow-up study, 
they observed how intravenously administered nanoparticles 
loaded with a tissue-specific antigen induced donor-specific toler-
ance in a mismatched bone marrow transplant model85.

Despite being still relatively underexplored, using nanoparticles 
as a platform to produce tolDCs in organ transplantation appears to 
be a promising strategy as a co-therapy for cell and tissue transplan-
tation by extending the durability of cell therapies without the need 
of high doses of systemic immunosuppressants.

Potential for nanoparticles in immunomodulation of 
autoimmune disorders
Autoimmune disorders such as T1D, MS, rheumatoid arthritis and 
inflammatory bowel disease result from failure to sustain tolerance 
to self-antigens. We have discussed how tolerogenic nanoparticles 
can induce tolDCs, which can be leveraged to treat autoimmune 
diseases (Fig. 3). DC-targeting nanoparticles have shown potential 
in treating T1D and MS and could be further employed to impro-
vise already proven cargos and targets.

Type 1 diabetes mellitus. T1D is an autoimmune disorder char-
acterized by an immune response against β cell antigens, in which 
the host immune system induces a targeted CD4+ and CD8+ T cell 
response against insulin-producing β cells in the pancreas86. The 
resulting dysregulation of insulin secretion, maintenance and 
eventual loss of controlled blood glucose variability facilitates 
the onset of severe complications such as diabetic retinopathy, 
neuropathy, cardiovascular disease and renal failure. The cur-
rent treatment of administering long-term pharmacologic insulin 
supplementation prolongs the onset of diabetes-associated patho-
physiology but does not address the rapid fluctuations in blood 
glucose levels, nor does it address the underlying autoimmune 
pathophysiology of the disease. Concurrently, broad immunosup-
pression or immunoablation followed by bone marrow or islet 

Table 1 | Surface markers on dendritic cell subsets

DC Subsets Plasmacytoid DC type 1 conventional DC type 2 conventional DC Monocyte-derived DC

Mouse 
surface 
markers

SiglecH, BST2, B220 Clec9A, XCR1, DEC205, CD103  
(heterogeneous), CD8 
(heterogeneous), BST2  
(mature cells), CD207

CD11b, Sirp-α, BST2 (mature 
cells), MR
DCIR2 (heterogeneous)

CD11b, Sirp-α, BST2 (mature cells), MR, 
FcεRI, CD64, CD14

Human 
surface 
markers

CD123, BDCA‐2, BDCA‐4 XCR-1, Clec9A, BDCA‐3 BDCA‐1, CD11b, Sirp-α BDCA‐1, CD11b, Sirp-α, CD1a, MR, 
DC-SIGN (heterogeneous), FcεRI,  
CD64, CD14

Location Bone marrow and 
peripheral lymphoid 
tissues

Lymph nodes and peripheral 
tissues

Spleen and peripheral tissues Recruited from the bone marrow to the 
lymphoid and peripheral tissues in an 
inflammatory setting

Function IFN-I and III production, 
priming of NK cells

Antigen uptake and presentation, 
priming CD8+ T cells

Antigen uptake and 
presentation, priming CD4+ 
T cells

Induction of pro-inflammatory cytokines 
during inflammation

SiglecH, sialic acid binding Ig-like lectin H; BST2, bone marrow stromal cell antigen 2; CD, cluster of differentiation; PDCA-1, plasmacytoid dendritic cell antigen-1; Clec9A, C-type lectin domain family 
9-member A; XCR-1, chemokine XC receptor-1; Sirp-α, signal regulatory protein alpha; MR, mannose receptor; DCIR2, dendritic cell immunoreceptor 2; DC-SIGN, dendritic cell-specific intercellular adhesion 
molecule-3-grabbing non-integrin; FcεRI, the high affinity receptor for immunoglobulin E. Markers designated as ‘heterogeneous’ are tissue-specific.
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transplantation has been demonstrated to be effective in animal 
models, but in the clinical setting, patients continue to encoun-
ter some level of tissue rejection in addition to other limitations 

such as high cost and availability of donor islet cells87. TolDCs 
represent a promising approach for the treatment of T1D where 
long-term, antigen-specific immune tolerance is achieved by 

tolDC

Induction of
transplantation

tolerance

Reversion of
autoimmune

disease

(i)
(iv)

(ii) (v)

(iii) (vi)

OlionucleotideImmunosuppressive
agent (drug, cytokine)PeptideTargeting

moietyNanoparticle

Material Nanoparticle
size (nm)

Therapeutic cargo Disease Ref.

(i)

(ii)

(iii)

(iii)

(iv)

(iv)

pSi

PEG-bl-PPS

PLGA

PS-Liposomes

PLGA and polylactide

PLGA

200

50

450

450

1,000

500

(iv) PLGA and polylactide

(v) PLGA

(v) PLGA

(v) PLGA

(vi) PLGA

(v) Au

(v) Au

500

N/A

60

60

1,000 and 30,000

1,000–1,800

200

Dexamethasone, mometasone furoate,
rapamycin and tacrolimus

Allogenic donor antigen and free rapamycin

Insulin A and B peptides

Transplantation

Transplantation

Transplantation

Transplantation

T1D

T1D

MS

37

31

84

85

30

39

32

78

92

T1D

T1D

50

49

MS

MS

MS

97MS

30, 39, 56, 98

OVA323–339 and/or rapamycin

OVA323–339 and/or rapamycin

OVA323–339 and PLP139–151

OVA323–339 and PLP139–151

PLP139–151 and rapamycin

MOG35–55 and ITE

MOG35–55 and IL-10

ITE and proinsulin

CD40, CD80 and CD86 oligonucleotides

Vitamin D3 and insulin B9–23 (1 µm) and
GM-CSF and TGF-β1 (30 µm)

Fig. 3 | Summary of nanoformulations developed to promote tolerogenic dendritic cells through dendritic cell–t cell interactions to either combat  
transplantation rejection (green) or autoimmune diseases (blue). Nanomedicines enabling: (i) active targeted delivery of antigens and immunosuppressive 
agents (this study does not use a transplantation model per se, but proves that nanoparticles actively target dendritic cells (DCs) in vivo inducing 
tolerogenic DCs (tolDCs) in murine and non-human primate models for potential transplantation tolerance induction)37; (ii) administration of immuno-
suppressive drugs loaded into nanoparticle formulations31; (iii) delivery of antigen-loaded nanoparticles together with free immunomodulatory agents84,85; 
(iv) administration of antigen–nanoparticle conjugates30,39,56,98; (v) co-delivery of immunosuppressive drugs loaded into nanoparticles32,50,78,92,97; and 
(vi) delivery of oligonucleotides49. OVA, chicken egg albumin; MOG, myelin oligodendrocyte glycoprotein; ITE, 2-(1′H-indole-3′-carbonyl)-thiazole-
4-carboxylic acid methyl ester; GM-CSF, granulocyte-macrophage colony-stimulating factor.
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inducing T cell anergy or selective apoptosis and simultaneously 
stimulating subpopulations of Tregs and regulatory B cells, which 
in turn transfer the immunoregulatory properties to naïve T cells 
in a feedback loop88. Like Tregs, regulatory B cells participate in 
the suppression of immune responses primarily via the production 
of IL-10, TGF-β and IL-3589. Deficits in pancreatic Foxp3+ Tregs, 
in both number and functionality, have been described in T1D 
patients88,89. Nanoparticles can prove to be vital in such instances 
where it is essential to co-deliver the disease-specific autoantigen 
and other tolerogenic agents to modify a tissue microenvironment. 
Lewis et al. exploited the immunosuppressive capabilities of PLGA 
and generated a system to co-deliver protolerogenic agents via 
large, nonphagocytosable particles that release DC chemokine in 
the extracellular space and insulin using the smaller, phagocytos-
able particles that recruit and tolerize DCs. With this approach, 
they not only observed an increase in Tregs but also an upregu-
lation of the protein, programmed cell death protein-1, a marker 
for self-tolerance, on CD4+ and CD8+ T cells and reverse hyper-
glycemia50. Similarly, a diverse range of other immunosuppressive 
and tolDC inducing agents have also been reported to induce a 
tolerogenic phenotype, some of which are already being applied 
in nanoparticle-based combination therapies90–92. IL-2, IL-3, IL-10, 
IL-12, IL-21, type I interferons, tumour necrosis factor alpha, 
adenosine deaminase, protein tyrosine phosphatase non-receptor 
type 22 and B lymphocyte-induced maturation protein-1 have all 
been closely associated with DC phenotype in non-obese diabetic 
mice86,91 but their induction or suppression, as a part of combina-
tion therapy, remains to be tested.

Another major advantage of using nanoparticles in T1D is its 
ability to target DC surface markers. Antibody-based approaches 
have been successful in inducing tolerogenic responses in pre-
clinical models, but have not progressed due to unfavourable 
pharmacokinetics and interactions with the immune system90,91. 
Surprisingly, nanoparticles functionalized with antibodies against 
DC-surface markers have rarely been used for this application 
and thus provide an avenue for well-established nanoparticle 
platforms to further improve their effectiveness in treating T1D. 
Interestingly, Engman et  al. demonstrated that untargeted tolero-
genic nanoparticles could be delivered to the pancreas by injecting 
them into the associated draining lymph nodes. Resident DCs in 
these sites obtained autoantigens in situ, generating antigen-specific 
Foxp3+ Treg with nanoparticles providing only tolerogenic stimuli 
(knockdown of co-stimulatory molecules)49. This non-targeted 
approach exploits the facile lymphoid accessibility of the pancreas, 
but for more anatomically complex or diffuse autoimmune condi-
tions such an approach may not be effective. A broadly successful 
nanoparticle-based therapeutic is likely to comprise a DC subset 
targeting delivery of the disease antigen in parallel with one or more 
tolerogenic agents.

Multiple sclerosis. MS is an autoimmune disease characterized 
by chronic inflammation of neuronal roots that causes demyelin-
ation in the central nervous system resulting in motor, sensory 
and cognitive deficits93. Though the precise cellular mechanisms 
involved in the immune deregulation are not known, in MS, the 
DC-activated CD4+ T  cells in the peripheral draining lymph 
nodes cross the blood brain barrier and infiltrate the central ner-
vous system where they are restimulated by local DCs resulting 
in inflammation of the myelin and axonal cells93. Ablation of DCs 
in the EAE model did not alter disease incidence but exhibited 
amelioration of disease severity, indicating that DCs play a role in 
priming pathogenic T cells or generating the inflammatory milieu. 
Subsequently, Treg induction and stimulation of CD11b+ and 
CD11c+ DCs have been directly associated with a tolerogenic phe-
notype in EAE mice94,95. Conventional therapies for MS include 
oral or intravenous immunomodulatory/immunosuppressive 

treatments supplemented with cytokine or monoclonal antibod-
ies. These approaches not only fail to address MS symptoms rather 
than the immune cell dysregulation, but have also been reported 
to have significant side effects after prolonged use96; factors that 
emerging antigen-specific immunotherapies have successfully 
overcome via a targeted suppression of the immune responses32,78,97. 
Nanoparticle properties such as bulk biomaterial39, antigen cou-
pling56,98 and co-delivery of tolerogenic agents (Fig. 3) have been 
studied to improve the disease antigen administration. For exam-
ple, Maldonado et al. (delivering MS autoantigen and rapamycin), 
and Capellano et al. (delivering disease antigen with IL-10, a CD4+ 
T  cell tolerance inducing cytokine), showed that administration 
of PLGA nanoparticles with combinatory cargo localized to DCs 
in draining lymph nodes and improved clinical scores in EAE 
mice32,97. Similarly, nanoparticles can prove crucial in increasing 
the effectiveness of tolerogenic response where immunosuppres-
sive and immunoprotective agents (for example, interferon β, 
IL-17, IL-23, vitamin D3) have already shown a strong association 
with Treg induction and lower MS incident6,99–101. Lastly, just as in 
T1D, there have been attempts made to deliver the autoantigens 
with antibodies targeting DEC-205102,103, dendritic cell immuno-
receptor 2103 and sialic acid binding Ig-like lectin H104 receptors, 
which have achieved some immunological tolerance. The versatil-
ity of nanoparticles can be greatly expanded by conjugating these 
or other antibodies with DC surface markers in addition to the 
optimized cargo.

Nanoparticles conjugated with autoantigens and/or in combina-
tion with tolerogenic agents have also been implemented in other 
autoimmune disease models such as inflammatory bowel disease 
and rheumatoid arthritis and the suggestions to improvise the 
nanoparticle design can be applied to them61,76.

Conclusions and outlook
The use of nanoparticles to target DCs in vivo represents a promis-
ing strategy to modulate immune responses in patients with auto-
immune disorders or following organ transplantation. Nanoparticle 
properties can be fine-tuned to deliver multiple therapeutics 
in order to maximize their DC-targeting, internalization and 
cross-presentation while reducing unwanted side effects. We have 
reviewed different possible approaches involving nanoparticles that 
can facilitate the induction of tolDCs and have assembled a set of 
fundamental design rules that could lead to better therapeutic out-
comes. Surprisingly, there is a conspicuous lack of studies focus-
ing on DC-targeting nanoparticles for autoimmunity, making this 
approach a technology still in its infancy. Despite the substantial 
potential, the complexity associated with the immune system and 
the multiple mechanisms of action has probably limited the devel-
opment of this approach. The durability of the immune tolerance 
induced by nanoparticles has not yet been thoroughly evaluated, 
and a sustained response may possibly require multiple rounds of 
nanoparticle administration. Study of the long-term implications 
of tolerogenic nanoparticles, in terms of safety and side effects, 
is also required. Nanoparticles with complex compositions may 
experience difficulties in manufacture and regulatory approval. 
These are all important challenges that need to be addressed before 
nanoparticle-mediated tolerance induction is ready for clinical 
evaluation.

To control autoimmunity and advance the field, next-generation 
nanoparticles will require a convergence between immunolo-
gists, cell biologists and nanotechnologists to identify the best 
nanoparticle design; based on the optimal choice of therapeutics 
and route of administration, animal model and long-term valida-
tion techniques.
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