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a Department for Immunology and Immunoparasitology, Institute for the Application of Nuclear Energy, University in Belgrade, Serbia 
b Medical Faculty Foča, University of East Sarajevo, Bosnia and Hercegovina 
c Serbian Academy of Sciences and Arts, Belgrade, Serbia   

A R T I C L E  I N F O   

Keywords: 
Trichinella spiralis 
autoimmunity 
tolerogenic dendritic cells 
regulatory T cells 
extracellular vesicles 
nanomaterials 

A B S T R A C T   

The rapid increase in the prevalence of autoimmune diseases in recent decades, especially in developed coun
tries, coincided with improved living conditions and healthcare. Part of this increase could be ascribed to the lack 
of exposure to infectious agents like helminths that co-evolved with us and display potent immune regulatory 
actions. In this review we discussed many investigations, including our own, showing that Trichinella spiralis via 
its excretory-secretory products attenuate Th1/Th17 immunopathological response in autoimmunity and 
potentiate the protective Th2 and or regulatory T cell response, acting as an effective induction of tolerogenic 
dendritic cells (DCs), and probably mimicking the autoantigen in some diseases. A recent discovery of T. spiralis 
extracellular vesicles (TsEVs) suggested that inducing a complex regulation of the immune response requires 
simultaneous delivery of different signals in nano-sized packages. Indeed, different artificial nanomedical ap
proaches discussed here suggested that co-delivery of multiple signals via nanoparticles is the most promising 
strategy for the treatment of autoimmune diseases. Although a long way is ahead of us before we could 
completely replicate natural nano-delivery systems which are both safe and potent in restoring self-tolerance, a 
clear path is being opened from a careful examination of parasite-host interactions.   

1. Introduction 

The prevalence of autoimmune diseases increased in recent decades, 
especially in developed countries, which represents a large health- 
related socio-economic and societal challenge. This rapid increase 
cannot be explained by genetic changes, but is, most likely, influenced 
by changes in the environment that could cause improper regulation of 
the immune system [1], which leads to adverse inflammatory responses 
and the loss of self-tolerance. Treatment that would restore the balance 
of the immune system, thereby influencing the mechanisms underlying 
the disease initiation and development, would be a major advance over 
existing disease-modifying therapies. 

Given that there is no cure for autoimmune diseases and that 
currently available therapies cannot restore self-tolerance and provide 
only temporary remission, we put our efforts into designing therapeutic 
approaches that will result in triggering immune regulatory mecha
nisms, reflected in the induction of regulatory T cells (Tregs), regulatory 
B cells (Bregs), tolerogenic dendritic cells (tolDCs) and other myeloid 

regulatory cells, as well as anti-inflammatory and regulatory cytokine 
production, in the aim to restore tolerogenic immune response and 
silence already established autoimmune processes. Induction of tolero
genic functions was accomplished by Trichinella spiralis infection, its 
excretory-secretory products, or its extracellular vesicles (EVs), as well 
as by various nanomaterials. The combination of the most potent 
products from T. spiralis and their most efficient delivery via nano
medical approaches seems the most promising strategy for the treatment 
of autoimmunity diseases and hope for the suffering patients. 

1.1. Trichinella spiralis and autoimmune diseases 

Helminths coevolved with humans and are thought to be involved in 
the development of immune regulatory mechanism, necessary for 
keeping a balanced immune response [2]. Once spread all over the 
globe, helminths almost completely vanished from the developed 
countries due to improved living conditions and health care, which 
coincided with the increased incidence of autoimmune diseases in the 
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last decades of the 20th century [3]. It is assumed that lack of exposure 
to infectious agents, like helminths, is one of the causes for dysregulation 
of the immune system and consequently increased susceptibility to 
immune-mediated diseases, such as multiple sclerosis (MS), diabetes 
mellitus type 1 (T1D), and rheumatoid arthritis (RA) [4]. A concept of 
helminth therapy in a variety of autoimmune disease exists for quite 
some time, and a large body of epidemiological, experimental, and 
clinical data goes in favor of the hypothesis that helminth infections 
influence the immune system in a way that could enable protective 
pathways against the autoimmune diseases [4]. Since the usage of the 
infection itself raises many safety and ethical issues, the potential of 
helminth products to ameliorate autoimmune diseases has been 
explored to develop a new therapeutic approach for inflammatory dis
orders [5-7]. 

Many studies are suggesting that T. spiralis is a good candidate for 
induction of immunomodulation that could result in alleviation of 
symptoms of different autoimmune diseases like experimental colitis as 
a model of inflammatory bowel disease (IBD), experimental autoim
mune encephalomyelitis (EAE) as a model of multiple sclerosis (MS), 
experimental diabetes mellitus type 1 (T1D), and experimental rheu
matoid arthritis (RA) [8]. T. spiralis infection exerts its long-lasting 
impact on the host immune system through its excretory-secretory 
products (ES L1) released from muscle larvae encapsulated in a trans
formed muscle cell, called nurse cell [9]. Besides induction of Th2 im
mune response which dominates over Th1 in T. spiralis infection, ES L1 
products activate regulatory responses which suppress the host immune 
response against the parasite itself to survive, but also mitigates the 
unwanted immune responses, like those to autoantigens [8,10]. The 
complex interplay between the parasite and the host immune system 
provides an overwhelming source of potential immunomodulatory 
mechanisms which could be harnessed for modulating autoimmunity. 

In a mouse model system of colitis, induced by trinitrobenzesulfonic 
acid (TNBS) and oxazolone (OXZ), T. spiralis muscle larvae, adminis
trated upon chemical induction of the disease, successfully increased the 
survival rate of mice and lessen the gut tissue damage. Reduced gran
ulocyte infiltration, as well as overall lower macroscopic and histolog
ical damage score resulted in the recovery of gut mucosa [11]. The 
authors suggested that the increase in IL-4 and IL-10 induced by 
T. spiralis infection, and consequent delay in IFN-γ and IL-2 increase, 
both in the target tissue and on the systemic level, are responsible for the 
lower tissue damage observed in T. spiralis-infected mice with colitis. In 
addition to therapeutic, other authors examined the prophylactic effect 
of infection on the development of colitis in an animal model. Several 
studies indicated that T. spiralis infection can mitigate the severity of the 
disease more profoundly if it preceded the induction of colitis, regardless 
of the mode of disease induction (TNBS or acetic acid). When the colitis 
was induced by TNBS [12], the authors showed the decrease of disease 
score, as well as microscopic and macroscopic colon damage, an in
crease of IL-4, lower IFN-γ expression, and lower expression of NF-kB in 
colon tissue, accompanied by increased percentage of 
CD4+CD25+Foxp3+ Tregs on local and systemic levels. These results 
implied that pre-infection with T. spiralis balanced the Th1 type of in
testinal inflammation by the induction of Th2 and regulatory type of 
immune response. Another study performed by Ashour et al. [13] 
showed that the amelioration of acetic acid-induced colitis was related 
to prophylactic T. spiralis induced recruitment of Foxp3+ Tregs to the 
areas of inflammation. In contrast, the recent study of Zheng et al. [12] 
on experimental colitis induced by dextran sodium sulfate (DSS) showed 
that the lower inflammation rates, increased level of regulatory cyto
kines (IL-10 and TGF-β), but down-regulated Th1 and Th2 responses 
were responsible for the therapeutic effects of T. spiralis infection and 
that this approach has a better potential to restrain the intestinal 
inflammation in experimental colitis compared to the prophylactic 
treatment. Altogether it seems that both prophylactic and therapeutic 
approaches are plausible for T. spiralis infection, but the underlining 
mechanisms and the overall immunological effects could differ 

depending on the mode of colitis induction, the dose of infection, animal 
model and, depending on the genetic background, even the animal 
strain used in the study. 

Another model of autoimmune disease that has been quite frequently 
used for the research of the capacity of T. spiralis infection to modulate 
the course of the disease is EAE. First results on this phenomenon have 
been reported by our group [13] demonstrating that the infection with 
T. spiralis ameliorates EAE in a model system of Dark Agouti (DA) rat in a 
dose-dependent manner. Namely, modulation of the severity of EAE by 
the infection with 500 muscle larvae was reflected in the lower cumu
lative index and maximal severity score, as well as in the reduction of 
illness duration and the number of mononuclear cells infiltrations in the 
central nervous system (CNS). T. spiralis infection introduced before the 
induction of EAE increased the levels of Th2 and regulatory cytokines 
(IL-4 and IL-10) and decreased Th1 and Th17 responses in draining 
lymph nodes [14]. Protective effects of T. spiralis infection in EAE were 
also confirmed by transferring splenic T cells from T. spiralis infected rats 
into EAE immunized rats without infections, implicating that T cells, 
particularly IL-10-producing CD4+CD25+Foxp3+ T regs, were pre
dominantly responsible for the observed suppressive effects in EAE. So, 
prophylactic application of T. spiralis infection showed that this parasite 
can create an unfavorable environment for the development of EAE by 
Th2-switch and induction of regulatory immune response [13-15]. 

The potential of T. spiralis infection to attenuate the severity of 
autoimmune disease was also demonstrated on the model of collagen- 
induced arthritis (CIA) in mice. It was shown that the effect of infec
tion, reflected in the induction of Th2 bias and activation of a regulatory 
T cell response, is dependent on programmed death 1 (PD-1), as an 
important inhibitory receptor engaged in the balance of host immune 
responses [16]. On the other hand, the study of Osada et al. [17] has 
shown that T. spiralis capacity to mitigate CIA and its potential thera
peutic application is independent of Th2 response and that infection 
provides anti-arthritic effects by other mechanisms, implicating that the 
regulatory arm of immune response is more important in restraining CIA 
then Th2 response itself. Additionally, T. spiralis infection effect on the 
course of T1D in NOD mice was studied upon the infection with this 
helminth and the results revealed that the infection alters the severity of 
T1D by Th2 immune response bias which proved to protect the mice 
from the response leading to beta cells destruction [18]. 

In general, studies on the effect of T. spiralis infection on mitigation of 
different autoimmune disorders on animal model systems showed that 
the balanced immune response provoked by this infection i.e. Th2 slight 
predominance over Th1, as well as the engagement of the regulatory T 
cells, provided the environment which prevents autoimmunity. 
Although tempting, the deliberate prophylactic or therapeutic infections 
with T. spiralis in clinics are neither ethical nor medically justified due to 
risks of complications and potential adverse effects. Therefore, careful 
evaluation of the mechanisms utilized by T. spiralis to modulate auto
immunity opens the perspective to their safe and controlled usage in 
clinics. 

1.2. T. spiralis effects in autoimmune diseases and its potential 
mechanisms 

The application of total ES products (originating from muscle larvae 
or adult parasites), as well as individual components (in native form or 
recombinant), showed that they exert strong immunomodulatory effects 
and can act prophylactically or therapeutically on animal models of 
autoimmune diseases [2]. T. spiralis infective muscle larvae (L1) have a 
critical role in the invasion of the host, establishment, and maintenance 
of the parasitism, as well as in the induction of the host’s immune 
response [8]. Hence, the products of chronic, muscle life-cycle stage of 
the parasite, ES L1, are in the focus of several studies relating to the 
potential of T. spiralis products to reproduce the effect of the infection 
itself in the alleviation of autoimmune diseases. ES L1 products repre
sent a complex mixture of 43 glycoproteins, identified as 13 proteins and 
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their isoforms which occurred due to post-translational modifications 
and protein processing [19]. ES L1 contains proteinases and their in
hibitors, heat shock proteins, kinases, phosphatases, glycosidases, en
donucleases, DNA-binding proteins, and others [8]. Some of the 
molecules within ES L1 have been investigated in sense of their impor
tance for the activation of immune response characteristics for T. spiralis 
infection. Proteins of 45, 49, and 53 kDa, that bear the immunodo
minant epitope, unique for the muscle larvae of the whole genus 
Trichinella are recognized in Western blot by sera obtained from 
different T. spiralis-infected species (humans, pigs, dogs, horses, and 
rats) [20]. Components of this glycoprotein triplet, together or indi
vidually (as 53 kDa protein), are good candidates for the creation of 
anti-inflammatory milieu and modulation of autoimmune diseases since 
it has been shown that they can largely reproduce the effect of the native 
ES L1 on the phenotype and function of DCs [21]. The 
excretory-secretory products of the adult life stage (AES) of T. spiralis 
also represent a heterogeneous group of proteins, some of which might 
be considered as early diagnostic markers of trichinellosis [22]. Com
ponents of AES recognized by sera of patients with trichinellosis or from 
animals with Trichinella infection may contain antigens responsible for 
triggering the host immune system. So far, the capacity of the native 
T. spiralis products derived from adults and muscle larvae, and some of 
their components to modulate the course and severity of autoimmune 
diseases have been explored in several model systems. 

A few studies pointed out that AES exhibit a therapeutic potential to 
mitigate DSS-induced colitis in mice in sense of Th2/Treg cytokines 
increase in gut-associated lymphoid tissue (GALT), mesenteric lymph 
nodes, and spleen [23,24]. On the other hand, a total soluble antigen of 
T. spiralis muscle larvae had a beneficial prophylactic effect on 
TNBS-induced colitis if applied locally (rectal submucosal administra
tion) i.e. myeloperoxidase activity was down-regulated, as well as IL-1β 
and iNOS expression, while the production of Th2 and Treg cytokines 
(IL-13 and TGF-β) were elevated [25]. In addition to whole T. spiralis 
products either from adults or muscle larvae, which provided evidence 
on the potential of a complex mixture of antigens to inhibit experimental 
colitis in mice, isolated components with a role in the invasion of the 
host immune response and parasitism establishment, particularly pro
teinase inhibitors present both in T. spiralis adults and muscle larvae 
antigens, were individually tested for immunomodulatory capacities. 
Namely, T. spiralis cysteine proteinase inhibitor in a form of recombinant 
protein (TsCystatin) showed beneficial prophylactic effects on 
TNBS-induced colitis by reducing microscopic and macroscopic damage 
in colon tissue, decreasing IFN-γ and NF-κB expression while increasing 
IL-4 [26]. Since the percentage of CD4+CD25+Foxp3+ T cells wasn’t 
elevated on a systemic level, the authors concluded that TsCystatin al
leviates experimental colitis through the induction of Th2 type of im
mune response, thereby opposing the pathogenic effects of 
Th1-mediated inflammation. The same impact on alleviation of experi
mental colitis, with the addition of significant CD4+CD25+Foxp3+
Treg population role in the phenomenon, was observed upon prophy
lactic treatment of mice with both Kazal-type and adult type of T. spiralis 
serin protease inhibitors (serpins), which are engaged in parasites᾿ 
evasion of host᾿s immune mechanisms [27], and the phenomenon was 
confirmed by using recombinant T. spiralis adult serin protease as well 
[28]. One of the potentially protective agents for IBD, experimental 
colitis mouse model, is 53 kDa immunodominant component of muscle 
larvae products - ES L1, which induce strong Th2 response and IgG1 type 
of antibodies. Recombinant 53 kDa protein reduced the disease activity 
index, microscopic and macroscopic score, decreased local and systemic 
levels of Th1 cytokines (IFN-γ, THF-α) while increasing the systemic 
level of Th2 cytokines (IL-4, IL-13) and regulatory cytokines (IL-10, 
TGF-β) in colon tissue [29]. 

Immunomodulatory properties of T. spiralis products were demon
strated in the EAE model system, either used alone or via treated DCs. 
Total soluble muscle larvae extract decreased the production of Th1 
cytokines (TNF-α and IL-12) in DCs activated with type-1 stimulus, while 

increased the expression of OX40L, which most contributes to the 
development of Th2 and regulatory immune responses [30]. The 
observed mechanisms were probably involved in the suppression of 
symptoms in the mouse EAE model by prophylactic application of ES L1. 
Our group has shown that ES L1 induces semi-matured DCs phenotype 
which displays a low capacity for IL-12 production and an increased 
capacity to produce IL-10, all of which proved to be a successful pro
phylactic toll in the amelioration of EAE in the DA rat model system 
[31]. Rats with EAE, induced upon the application of ES L1-treated DCs, 
exhibited lower production of IL-17 and IFN-γ, and elevated production 
of IL-4, IL-10, and TGF-β both on a systemic level and in CNS as target 
tissue. The increased percentage of CD4+CD25+Foxp3+ Treg cells on 
the local and systemic level, together with elevated IL-10 and TGF-β are 
likely to be the key players in restraining the immune response that leads 
to autoimmunity. We also investigated the capacity of ES L1 itself to 
modulate the severity of EAE if administrated prophylactically and 
demonstrated that ES L1 induces the shift of immune response towards 
Th2 type both on the local and systemic level, as well as the activation of 
the regulatory arm of response, but surprisingly, the majority of Tregs 
did not express CD25 [32]. The important finding of that study is the 
potential of ES L1 in vitro to modulate the activity of existing autor
eactive T cells, as well as to induce anti-inflammatory phenotype of 
MOG-pulsed DCs, implying that ES L1 can act therapeutically by 
modulating both innate and adaptive immune cells. In a human model of 
DCs, we found that ES L1 induces tolDCs by engaging TLR2, TLR4 [33] 
as well as DC-SIGN [34]. The effects of ES L1 on up-regulation of CD40 
and CCR7 required only DC-SIGN, whereas all three receptors were 
involved in the induction of Th2 and Treg, suggesting that ES L1 pro
vides unique tolerogenic signals for the host immune system via DCs 
(Fig. 1). Hence, T. spiralis ES L1 presents a potent immunomodulator of 
EAE course and severity, with the potential for prophylactic and ther
apeutic use. 

1.3. Extracellular vesicles as biological nanostructures for modulation of 
immune response by T. spiralis 

To harness the full potential of T. spiralis in the therapy of autoim
mune diseases it is necessary to investigate all its components involved 
in mechanisms of its immunomodulatory effects. A recent discovery that 
helminths produce EVs and that EVs are part of helminths’ excretory- 
secretory products (ES) [35] shed new light on the mechanisms by 
which T. spiralis deliver information to the host immune system. EVs are 
nano-sized membrane-enclosed vesicles (30-1000 nm) released from all 
cells to the intercellular space [36]. They can originate from the endo
somal compartment of the cell, starting as ‘intraluminal vesicles’ within 
the multivesicular body (MVB) and being released as ‘exosomes’, upon 
fusion of MVB and plasma membrane. The second type of EVs are 
formed by budding of the plasma membrane and are designated as 
‘microvesicles’ upon detachment. Exosomes are generally smaller than 
microvesicles and different populations of EVs carry different assemblies 
of molecules. However, since both size and composition may overlap 
between different types of EVs and currently available techniques do not 
allow their absolute separation, the International Society for Extracel
lular Vesicles (ISEV) recommends the use of the term EVs [37]. EVs can 
carry all types of biomolecules (proteins, lipids, RNA, fragments of DNA, 
metabolites, small molecules) which are packaged in a selective process 
and can be carried either as luminal cargo or can compose integral 
membrane constituents [36]. EVs released from one cell can interact 
with proximate cells or be transported by biofluids to distant cells (i.e. in 
different organs). Such interaction implies the transfer of bio informa
tion and causes a change in the physiology of target cells. Since all cells 
use this mechanism, EVs represent the third fundamental mode of 
intercellular communication, along with direct cellular contact and ex
change of soluble molecules. In the last decade, numerous studies 
showed EVs’ involvement in all (patho)physiological processes in all 
organisms [36]. Furthermore, EVs are involved in communication 
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between different organisms and even different species [36]. Such is the 
case of EVs-mediated interaction of parasites and their hosts [35]. 

Helminths generally produce EVs as part of their excretory/secretory 
products but in the case of Platyhelminthes, EVs could be also released 
from the tegument [35,38]. Both larval and adult stages of helminths 
were found to release EVs [39]. EVs were found to be produced by flukes 
Fasciola hepatica [38], Echinostoma caproni [40], Schistosoma mansoni 
[41], and S. japonicum [42], Opisthorchis viverrini [43], and Dicrocoelium 
dendriticum [44]. EVs are also produced by cestodes, i.e. Echinococcus 
granulosus [45]. Among nematodes, Heligmosomoides polygyrus [46], 
Trichuris suis [47] and T. muris, Teladorsagia circumcincta [48], Hae
monchus contortus [49], Brugia malayi [50] and Ascaris suum [51] are all 
found to produce EVs. EVs released by parasites are involved in 
host-parasite communication [52,53]. It was shown that EVs of 
E. caproni and H. polygyrus are internalized by rat intestinal cells [38,46]; 
murine macrophages internalize B. malayi EVs [50]; murine colonic 
organoids can take up EVs from T. muris [54]; mice macrophages 
internalize EVs from H. polygyrus [55]; DCs take up E. granulosus’ EVs 
[56]; EVs from O. viverrini are taken up by cholangiocytes [57] while EVs 
from S. mansoni are taken up by both DCs [58] and endothelial and 
monocytic cell lines [39]. Interaction of helminths’ EVs with host cells 
influences their physiology and may cause immunomodulatory effects 
on cellular and systemic level [53,54]. It was demonstrated that EVs 
from H. polygyrus suppress allergen-induced Type 2 innate responses and 
eosinophilia in mice [46] as well as macrophage activation [55]. EVs 
from N. brasiliensis were shown to protect mice against experimental 
colitis [28]. EVs from F. hepatica prevented experimental ulcerative 
colitis in mice by interfering with MAPK and NF-kB pathways and 
reducing pro-inflammatory cytokines, independently of T and B cells 
[59]. Additionally, EVs from F. hepatica were shown to induce mixed 
Th1/Th2 response in mice, lower the capacity of DCs to secrete TNF-α, 
but an enhance the expression of cell surface markers (CD80, CD86, 

CD40, OX40L, and SIGNR1) and elevation of SOCS1 and SOCS3, which 
can suppress IL-2 secretion from T cells in mice [60]. However not all 
EVs display beneficial immunomodulatory effects for potential appli
cation in the therapy of autoimmunity. Namely, EVs from S. japonicum 
increased the production of iNOS and TNF-α by macrophages and 
increased their expression of CD16/32, thus polarizing them towards 
M1 phenotype [61]. 

Our group was the first one who discovered that nematode T. spiralis 
also produces EVs [62]. Similar to other nematode’s EVs, EVs found in 
ES L1 products of T. spiralis muscle larvae (TsEVs) are spherical, 30-80 
nm in size, and of electron-lucent appearance under transmission elec
tron microscopy (Fig. 2). Furthermore, it was found that TsEVs carry a 
selection of known ES L1 immunomodulatory proteins recognizable by 
7C2C5 antibody which recognize 3 immunodominant epitopes in ES L1, 

Fig. 1. Potential mechanisms of restoring self-tolerance by T. spiralis muscle larvae excretory-secretory (ES L1) products. ES L1 components with immunomodulatory 
potential induce semimatured DCs, with low capacity for IL-12 production and an increased capacity to produce IL-10. These cells are capable of naïve T cell po
larization towards Th2 and regulatory type of responses. Induced Tregs and elevated IL-10, TGF-β and IL-4 release impair Th1/Th17 response development and 
suppress autoimmune diseases (Design AGM, Artwork MK). 

Fig. 2. Transmission electron microscopy image of extracellular vesicles iso
lated from T. spiralis ES L1 products (TsEVs) 
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two of which were detected in TsEVs. In analogy to EVs of several other 
helminths, which were found to be active immunomodulatory compo
nents of their ES products [54,63,64], we have shown that TsEVs are 
capable to exert some of the immunomodulatory effects by themselves. 
Namely, in cultures with human peripheral blood mononuclear cells 
(PBMC), TsEVs elevated IL-10 and decreased IL-17 production by PBMC, 
similarly to the effect of ES L1 [10,62]. This finding indicates that TsEVs 
are an active component of T. spiralis ES L1 and could be used for the 
design of a new therapeutic approach in fighting autoimmune diseases. 
Indeed, Yang et al. [37] have shown that T. spiralis derived EVs (TsEVs) 
have a great potential to mitigate TNBS-induced colitis by reducing Th1 
and Th17 type of immune response and enhancing Th2 and regulatory 
arm of response. These findings suggest that in addition to soluble 
proteins in ES L1, TsEVs represent a new way by which T. spiralis can 
control host immune response, thereby revealing novel potential ap
proaches that could be harnessed for the treatment of autoimmune 
diseases. 

Another important aspect of the assessment of TsEVs as a potential 
therapeutic agent is the investigation of their composition i.e. determi
nation of their active molecules. In general, EVs can interact with target 
cell in three major ways: 1. interaction of surface molecules on EVs and 
target cell leading to signal transduction; 2. phagocytosis of EVs by a 
target cell, leading to fusion of EVs with the membrane of early endo
some and release of their content to the cytoplasm and 3. fusion of EVs 
with the plasma membrane and release of its cargo to the cytoplasm. 
While the interaction of surface molecules is often dependent on pro
teins, in two other types of interaction miRNAs are often found to be 
important active molecules. As for proteins as active molecules, we and 
others found known immunomodulatory proteins to be part of 

helminths’ EVs [50,56,62,65]. However, it needs to be clarified whether 
particular proteins are able to induce the desirable immunomodulatory 
effects on their own, or if cooperation with other proteins/RNA is 
necessary. Studies also confirmed the presence of miRNA in helminths’ 
EVs [44,66-68]. Those miRNAs are either similar to human miRNA with 
known immunomodulatory function, or possibly possess immune 
response-related targets, according to bioinformation analysis. Young 
et. al. [23] analyzed miRNA content of TsEVs and their bioinformatics 
analysis showed that some of these miRNA could regulate genes 
involved in immune response in humans. However, no experimental 
evidence was offered to date. Therefore, there is a need to identi
fy/confirm specific proteins responsible for targeting immune cells as 
well as both protein and RNA effectors in order to better understand 
mechanisms by which TsEVs exert their immunomodulatory functions 
and ultimately to use them in novel therapeutic approaches to autoim
mune diseases. 

1.4. Nanomedicine for autoimmune diseases 

EVs, as nano-sized communication systems capable of simultaneous 
transfer of multiple biomolecules, probably evolved as the most efficient 
way of targeted exchange of complex information necessary for efficient 
synchronization of numerous processes in multicellular organisms. In 
line with this, we witness the expansion of nanotechnology offering 
extraordinary possibilities of artificial nanoparticle or microparticle 
(NMP) use for the treatment of autoimmune diseases. There are several 
approaches for alleviating autoimmunity with NMPs [69,70] and all of 
these represent state-of-the-art knowledge on immune regulating 
mechanisms of immune response (Fig. 3). 

Fig. 3. Nanomedical approaches for restoring self-tolerance in autoimmunity. 1) Tolerogenic NMPs for the induction of tolerogenic DCs leading to antigen- 
independent modulation of T cell response towards Th2/Tregs, 2) Auto-antigen-conjugated NMPs for the induction of antigen-specific Tregs via DCs. 3) NMPs 
carrying both immunomodulatory agents and auto-antigen for the induction of antigen-specific Tregs via tolDC and, 4) Nanoscafolds, which release both DC 
attracting chemokines and tolerogenic NMPs, 5) Artificial APC - NMP carrying MHC-peptide complexes, for a direct induction of anergic and regulatory T cells 
(Design ST, Artwork MK). 
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The first approach includes the use of NMPs to deliver immuno
modulatory molecules to DCs for the induction of tolDCs [70]. The 
methodology modulates broadly immune functions in an 
antigen-non-specific manner, and in this context, several studies re
ported successful amelioration or inhibition of EAE, by down-regulating 
the Th1 and Th17 responses, or by increasing the number of Treg cells 
[70]. This strategy was supported in the in vitro experiments [71], as 
well as in vivo in the EAE mice model [72-74]. Similar encouraging re
sults have been published for T1D. In this regard, NPs delivering plasmid 
encoding mouse IL-10 [75], or anti-sense oligonucleotides for CD40, 
CD80, and CD86 were shown to block the activation of DCs and 
ameliorate the disease in mouse models of T1D [76]. Some NMPs display 
intrinsic immunomodulatory properties which could act via different 
mechanisms, such as the activation of scavenging receptors on mono
cytes and macrophages [77]. In this context, Allen et al. reported that 
MPs of low molecular weight PLGA posed an immunosuppressive effect 
on DCs, as judged by a reduced capacity for IL-12 secretion even after 
additional stimulation with lipopolysaccharide (LPS) [78]. Our studies 
identified several types of nanoparticles with intrinsic immunomodu
latory properties, including spherical gold GNPs [79], cellulose nano
fibers (CNF) [80–82], and graphene quantum dots (GQD) [83]. These 
NPs displayed inhibitory effects on TLR-induced phenotypic maturation 
of DCs, IL-12/IL-10 production ratio, and the polarization of Th1/Th17 
response, but potentiating effects on the induction of Th2 response and 
regulatory T cells, although via different mechanisms [80,82-84]. It is 
especially important to emphasize that size, shape, and surface charac
teristics of NPs have significant effects on the interaction with DCs [85]. 
In line with this, smaller GNPs and GQDs (10-30nm in size) displayed 
stronger tolerogenic potential on DCs [79,83]. Both GNPs and GQDs 
were described as excellent photo-responsive delivery systems due to 
reactive surface chemistry [86,87], which could be easily harnessed to 
potentiate the immunomodulatory effects of specific T. spiralis compo
nents. In this context, the delivery of immunomodulatory agents via NPs 
displays better targeting effects on antigen-presenting cells and poten
tiates accumulation in inflammatory tissue due to enhanced perme
ability and retention (EPR) effect [88,89]. Moreover, the delivery of 
immunomodulatory molecules via NPs allows the potentiation of their 
effects due to accumulation and longer persistence in specific cellular 
compartments [90,91]. Besides NPs, nanofibrils are particularly attrac
tive in delivering T. spiralis products due to the large surface available 
for modification, and slower biodistribution compared to spherical NPs. 
The surface of CNF is enriched with hydroxyl groups, so different 
components of ES L1 could be attached by using the same chemistry, 
thereby allowing their prolonged exposure in local tissues. Also, the 
induction of a specific anti-inflammatory response could be expected on 
infiltrating DCs, as we showed that CNF induces frustrated phagocytosis 
in DCs [80,82]. Besides, the surface of CNFs could be easily adjusted to 
potentiate a particular kind of regulatory T cell response, as we found 
that native CNF induces predominantly IDO-1-dependent induction of 
FoxP3+T cells, whereas ApA-CNF potentiated ILT-4/ILT-3-dependent 
induction of Tr-1 and suppressor CD8+ T cells [82]. However, the role 
of each of these regulatory T cell subsets in autoimmune diseases is yet 
to be defined. 

The second approach for using NMPs in autoimmune diseases in
cludes the delivery of autoantigen for presentation by DCs [70]. It is 
known that MPs with diameters of about 500 nm can serve as a surrogate 
to induce immune tolerance. In the absence of costimulatory signals, 
such MPs deliver autoantigenic epitopes to DCs without activating these 
cells [85]. The antigens are presented to autoreactive T cells and induce 
immune tolerance. Getts et al. reported that encephalitogenic myelin 
epitopes conjugated to carboxylated polystyrene MPs of 500 nm in 
diameter prevented the inflammatory cell infiltration into the CNS and 
induced T-cell tolerance in a relapse-remitting (RR) EAE mice model 
[77]. Similarly, PLGA-based NMPs carrying myelin antigen caused 
T-cell anergy, antigen-specific Tregs and ameliorated the ongoing RR 
EAE by reducing the infiltration of Th1 and Th17 cells, as well as 

inflammatory immune cells in the CNS [85,92]. Although ES L1 prob
ably acts predominantly as an immunomodulatory agent via 
antigen-presenting cells, the finding that sera from multiple sclerosis 
patients cross-react with some ES L1 components suggests that ES L1 
could potentially act as a mimicking antigen as well [93]. However, it is 
still unknown whether MPs conjugated with ES L1 could induce anergy 
in autoreactive T-cells from MS patients. 

NMPs are attractive for other autoimmune diseases as well. Namely, 
the use of iron oxide NMPs coated with the islet-specific peptide glucose- 
6-phosphatase catalytic subunit-related protein (IGRP13-25)-MHCI or II 
reduced diabetes in NOD mice. Mice showed an increased number of 
type 1 regulatory (Tr1) cells expressing CD49b, LAG-3, ICOS, and TGF-β 
[94]. An interesting experiment showed that NPs loaded with a heat 
shock protein (65–6xP227), could prevent T1D when delivered orally to 
NOD mice [95]. The finding that ES L1 contains various immunomod
ulatory molecules, including proteinases and their inhibitors, heat shock 
proteins, kinases, phosphatases, glycosidases, endonucleases, 
DNA-binding proteins, and others [8], and engages different surface 
receptors on DCs [33,34], suggest that common mechanisms could be 
triggered by ES L1 delivered via NPs. 

An alternative strategy, i.e. encapsulation of antigen, was developed 
to avoid the induction of antibody response to the surface-bound antigen 
[96]. In this context, encapsulation of recombinant human basic myelin 
protein (rhMBP) in poly ε caprolactone NPs reduced the disease score in 
MOG–induced EAE, when administrated subcutaneously, in a prophy
lactic manner [97]. Our results confirm that the delivery of NPs via 
degradable poly-ε caprolactone MPs enables quite efficient accumula
tion of the NPs to the infiltrating myeloid cells in vivo [98]. Intrave
nously delivered PLGA NMPs encapsulating BDC2.5 mimotope peptide 
prevented hyperglycemia for up to 50 days post transfer in NOD/SCID 
mice and the mechanisms included the development of intra-islet 
Foxp3+ Treg cells and increased expression of coinhibitory molecules 
PD-1 and CTLA-4 [99]. Besides PLGA NPs, PLGA nanofibers prepared by 
electrospinning technique represent an attractive delivery system. PLGA 
nanofibers enabled a precise release dynamic of a model drug, which 
could be controlled by thickening layers of PLGA nanofibers or via the 
inclusion of polycaprolactone around the PLGA nanofibers, thus allow
ing a delayed drug release onset [100]. Our preliminary results on ES L1 
encapsulated into PLGA nanofibers prepared as subcutaneous implants, 
suggested that this system allows a slow release of ES L1 over longer 
periods. Moreover, ES L1-PLGA implants ameliorated symptoms in a rat 
model of EAE, unlike the equivalent doses of soluble ES-L1 and PLGA 
nanofiber implants themselves. 

The third approach for using NMPs in autoimmunity is based on 
simultaneous delivery of both immunomodulators and antigens, to tol
erize DCs which will then present the autoantigen in a tolerogenic form 
[70]. Examples of using tolerogenic molecules for delivery via NMPs 
include 2-(1H-indole-3-carbonyl)-thiazole-4-carboxylic acid methyl 
ester (ITE) delivery that binds the aryl hydrocarbon receptor (AHR) on 
DCs and enhances their potential to trigger the differentiation of Foxp3+
Tregs [101]. DCs incubated with gold NPs loaded with ITE and myelin 
oligodendrocyte glycoprotein (MOG) peptide had tolerogenic properties 
and promoted FoxP3+ Treg differentiation [101]. Our findings on 
ESL1-induced IDO-1 expression on DCs and their increased capacity for 
the induction of FoxP3+ Tregs [33], also suggested that the AHR acti
vation via the kynurenine pathway [102] is an important mechanism for 
tolerance induction. In line with this, NMPs carrying components of ES 
L1 could act in a combined way due to ES L1’s both immunomodulatory 
[32] and autoantigenic properties [93]. One research group used PLGA 
nanoparticles carrying the complex of antigenic peptide together with 
rapamycin or rapamycin-loaded NPs co-administered with soluble an
tigen. Rapamycin was chosen because it induces regulatory DCs by 
inhibiting the mTOR pathway. In vivo experiments showed that SJL/J 
mice were protected from PLP- induced EAE, and that the relapse in 
mice with the established disease was inhibited [103]. Our finding that 
GQD by themselves could inhibit mTOR pathway and induce autophagy 
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in DCs, seems even better strategy for inducing a tolerogenic response in 
DCs [83] without using rapamycin. Generally, it is important to use 
appropriate NMP formulations that utilize antigen in combination with 
low doses of tolerogenic factors thus avoiding systemic immune sup
pression [70]. In this context, T. spiralis strategy for immune modulation 
is optimal since the infection does not compromise immune response to 
common pathogens [104] while protecting from the development of 
autoimmune diseases. 

The fourth approach is based on the delivery of NMPs with the ability 
to increase DC recruitment to the injection site where autoantigen is 
taken up. Such cells are capable of trafficking to draining lymph nodes 
where they induce antigen-specific tolerance [70]. Cho et al. [105] 
delivered subcutaneously the combination of phagocytosable 
antigen-MPs together with the phagocytosable vitamin D3 MPs for the 
treatment of EAE. The MPs combination allowed intracellular delivery 
of antigen and vitamin D3 to induce tolerization of DCs. Additionally, 
when non-phagocytosable MPs coupled with GM-CSF and TGF-β were 
added simultaneously, they also allowed the recruitment of DCs and 
their precursors to the inflammation site (via GM-CSF) and simultaneous 
tolerization on the recruited DCs (via TGF-β) [105]. In line with this 
strategy is our finding that ES L1 upregulates CCR7 expression on DCs 
[33,34], which is involved in their migration towards lymph nodes, 
while still displaying tolDC properties [33,34,106]. However, it is still 
not clear which ES L1 components are responsible for the observed 
phenomenon. 

The fifth approach is based on direct targeting or reprogramming of 
autoreactive T cells by NMPs [69]. In contrast to T-cell epitopes 
administrated in a soluble form leading to failure of tolerance induction 
and even severe impediments, the use of NPs has enabled the selectivity 
and efficiency of immune tolerance in comparison with current immu
notherapies [69]. In this context, Otomo et al. [107] have used nano
lipogels incorporated with an anti-CD4 mAb and a 
calcium/calmodulin-dependent protein kinase IV (CaMK4) inhibitor in 
order to inhibit CD4+ T cells. This NP complex inhibited the progression 
of EAE and suppressed the progression of lupus-like disease in MRL/lpr 
mice, possibly via blockade of Th17 differentiation, but without 
inducing general CD4+ T-cell depletion [107]. A more specific strategy 
includes the direct effects of nanomaterials against disease-relevant 
T-cells. An example is a use of NPs coated with T1D-relevant pepti
de–MHC class I with the capability to trigger the expansion of preex
isting cognate memory-like low avidity regulatory CD8+ T cells. These 
cells were able to suppress diabetes in NOD mice by killing auto
antigen-loaded professional APCs in the affected tissue(s) and draining 
lymph nodes [108]. The use of peptide-MHC class II coated NPs was 
shown to induce the differentiation of cognate effector/memory CD4+ T 
cells into Tr1-like cells with high expansion capabilities [109]. When 
these cells encounter costimulation-competent autoantigen-loaded APC 
expressing co-stimulatory molecules, they up-regulate the production of 
immunoregulatory cytokines, leading to the suppression of antigen 
presentation, autoreactive T-cell activation and recruitment, secretion 
of proinflammatory mediators, and formation of IL-10-producing Bregs 
[69,94]. The generation of artificial (a)APC is another example to 
directly modulate autoreactive T cells [85]. In this regard, 
disease-relevant peptide-MHC attached to aAPC (NP coated with 
anti-CD3 monoclonal antibody without anti-CD28 mAb) increased the 
adhesion with T cells and promoted the transition of autoreactive T cells 
into antigen-specific Tregs [94]. In contrast to soluble peptide-MHC 
complexes which trigger T-cell deletion, peptide-MHC complexes 
loaded onto aAPC expand memory-like autoregulatory T cells which 
suppressed the antigen-presenting ability of autoantigen-loaded APCs to 
T cells [108]. It has been shown that NPs coated with antigen-MHC-II 
molecules induced the expansion of antigen-specific Tr1 cells from 
T-cell precursor pools against multiple autoimmune diseases in mice, 
including T1D, EAE, and collagen-induced arthritis, without affecting 
systemic immunity [85,94]. These cells induce the production of regu
latory cytokines which stimulate autoantigen-loaded APCs to present 

peptide-MHC complexes specifically to these Tr1-like cells and thus 
suppress the autoimmune response in a disease- and organ-specific 
manner. 

2. Future perspectives 

All of the reported studies regarding in vivo treatment with T. spiralis 
products implicated that the immunomodulatory capacity of these 
products and nanoparticles rely on the creation of an anti-inflammatory 
environment by the induction of Th2 and regulatory immune responses. 
Although some individual components of T. spiralis products were tested 
in the modulation of autoimmunity, future studies should shed more 
light on the immunomodulatory properties of different molecules from 
the composition of T. spiralis antigens that may be good candidates for 
the creation of recombinant molecules or artificial EVs with the poten
tial to restrain the autoimmune diseases. The isolation of individual 
T. spiralis components would allow a better understanding of the 
underlining mechanisms involved in modulation of DCs, T cells, and 
other immune cells, their migration, antigen presentation, mimicking of 
autoantigen, as well as the possibility to recombine these components 
into an artificial system that would allow the complex multilevel control 
of the host immune response. The finding that T. spiralis, like other 
parasites, uses EVs to deliver information to the host immune system 
justifies the use of nanomedicines in the reconstruction of a nano de
livery system that would enable precise control of immune response in 
humans. EVs in general have important properties that make them a 
suitable foundation for new therapeutic approaches: they carry complex 
bioinformation, pass blood-tissue barriers, they are targeted and can be 
altered through bioengineering. The biggest challenge in terms of using 
TsEVs as a therapeutic in the treatment of autoimmune diseases is their 
large-scale production from ES L1. This could be overcome by designing 
artificial/biomimetic EVs consisting of specific NMPs with targeting 
molecules on the surface and selected cargo of active protein/miRNA 
combination. 

Another approach in using TsEVs for the development of novel 
therapy for autoimmune diseases would be to integrate them with 
NMPs. In that respect, three major directions should be explored: 1. 
Whether NPs and TsEVs, as two independent but simultaneous thera
pies, have synergistic effect; 2. Whether NPs interact with EVs during 
simultaneous therapy and if so, how does it reflects on their therapeutic 
efficacy; and 3. Could TsEVs be reengineered using NPs to be more 
efficient as therapeutics? However, the relationship between EVs and 
therapeutic NPs, in general, is a virtually unexplored field. There is 
almost no data on simultaneous EVs and NPs therapy. Few studies that 
tackle this field state that EVs might be a mechanism of disposal of NPs 
after their uptake by macrophages [110] and that positively charged 
iron oxide-based NPs can influence cells to increase the production of 
EVs [111]. As for how EVs can be engineered by NPs to increase their 
efficacy, there is somewhat more data. EVs can be protected by encap
sulation with a nanofilm of supramolecular complexes of ferric ions 
(Fe3+) and tannic acid which is controllably degraded [112]. Carbide 
quantum dots (V2C QDs) photothermal agents could be packed within 
EVs to increase the efficacy of its delivery to the nucleus [113]. Also, the 
therapeutic efficacy of gold NPs can be increased by using EVs for 
enhanced blood-brain barrier penetration [114]. Having in mind the 
considerable therapeutic potential of both ES L1 soluble proteins, EVs 
and NPs it will be remarkably interesting to see how this new field will 
evolve in directions of specific targeting, lower toxicity, and increased 
efficacy for the benefit of patients for whose diseases there is still no 
cure. 

Cumulatively, T. spiralis display protective effects in autoimmunity 
via potentiation of Th2 and regulatory T cell response, predominantly, 
but not limited to, induction of stable tolerogenic DCs. The complex 
effects of T. spiralis are mediated by a vast number of products, including 
the extremely potent TsEVs, which carry multiple information packed in 
nanosized particles. Indeed, numerous independent data confirmed that 
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nanomedical approaches carrying complex information for the induc
tion of tolerance are the most promising for the treatment of autoim
mune diseases. Although a long way is ahead of us before we could 
completely replicate natural nano-delivery systems build through evo
lution, a clear path is being opened from a careful examination of the 
parasite-host interactions. 
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[79] S. Tomić, J. Đokić, S. Vasilijić, N. Ogrinc, R. Rudolf, P. Pelicon, D. Vučević, 
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[82] S. Tomić, N. Ilić, V. Kokol, A. Gruden-Movsesijan, D. Mihajlović, M. Bekić, 
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N. Ilić et al.                                                                                                                                                                                                                                      

https://doi.org/10.1371/journal.pntd.0008626
https://doi.org/10.1007/s00436-015-4373-7
https://doi.org/10.1007/s00436-015-4373-7
https://doi.org/10.1111/pim.12665
https://doi.org/10.1371/journal.pntd.0006438
https://doi.org/10.1016/j.vetpar.2017.01.022
https://doi.org/10.3402/jev.v5.30741
https://doi.org/10.3402/jev.v5.30741
https://doi.org/10.1093/infdis/jiw539
https://doi.org/10.1093/infdis/jiw539
https://doi.org/10.1038/s41598-018-21587-4
https://doi.org/10.1371/journal.ppat.1007817
https://doi.org/10.1371/journal.ppat.1007817
https://doi.org/10.1002/eji.201747059
https://doi.org/10.1002/adhm.202000164
https://doi.org/10.1016/j.jconrel.2016.12.003
https://doi.org/10.4049/jimmunol.1303258
https://doi.org/10.1016/j.jconrel.2015.05.277
https://doi.org/10.1016/j.jconrel.2015.05.277
https://doi.org/10.1016/j.nano.2016.04.001
https://doi.org/10.1016/j.nano.2016.04.001
https://doi.org/10.1007/s11095-008-9710-4
https://doi.org/10.1007/s11095-008-9710-4
https://doi.org/10.2337/db07-0507
https://doi.org/10.2337/db07-0507
https://doi.org/10.1038/nbt.2434
https://doi.org/10.1021/acsbiomaterials.7b00831
https://doi.org/10.1021/acsbiomaterials.7b00831
http://refhub.elsevier.com/S0165-2478(21)00120-6/sbref0079
http://refhub.elsevier.com/S0165-2478(21)00120-6/sbref0079
http://refhub.elsevier.com/S0165-2478(21)00120-6/sbref0079
http://refhub.elsevier.com/S0165-2478(21)00120-6/sbref0079
http://refhub.elsevier.com/S0165-2478(21)00120-6/sbref0080
http://refhub.elsevier.com/S0165-2478(21)00120-6/sbref0080
http://refhub.elsevier.com/S0165-2478(21)00120-6/sbref0080
https://doi.org/10.1016/j.imlet.2020.04.004
https://doi.org/10.2147/IJN.S183510
https://doi.org/10.2147/IJN.S183510
https://doi.org/10.1016/j.biomaterials.2017.08.040
https://doi.org/10.1016/j.biomaterials.2017.08.040
https://doi.org/10.1155/2017/9365012
https://doi.org/10.2217/nnm-2020-0102
https://doi.org/10.3389/fchem.2018.00102
https://doi.org/10.1007/s40820-017-0166-0
https://doi.org/10.3389/fimmu.2020.571897
https://doi.org/10.3389/fimmu.2020.571897
https://doi.org/10.2217/nnm.15.45
https://doi.org/10.2217/nnm.15.45
https://doi.org/10.1016/j.carbon.2010.04.043
https://doi.org/10.1016/j.carbon.2010.04.043
https://doi.org/10.1016/j.carbon.2013.09.090
https://doi.org/10.1021/nn405033r
https://doi.org/10.1016/j.imbio.2020.151954
https://doi.org/10.1016/j.imbio.2020.151954
https://doi.org/10.1038/nature16962
https://doi.org/10.1007/s00125-018-4593-3
https://doi.org/10.1007/s00125-018-4593-3
https://doi.org/10.1073/pnas.1505782113
https://doi.org/10.1073/pnas.1505782113
https://doi.org/10.1016/j.ymthe.2017.03.032
https://doi.org/10.1016/j.msec.2018.11.073
https://doi.org/10.1016/j.jaut.2017.12.010
https://doi.org/10.1016/j.jaut.2017.12.010
https://doi.org/10.1038/s41598-020-68117-9
https://doi.org/10.1038/s41598-020-68117-9


Immunology Letters 238 (2021) 57–67

67

suppresses experimental autoimmune encephalomyelitis, Proc. Natl Acad. Sci. 
109 (2012) 11270–11275, https://doi.org/10.1073/pnas.1120611109. 

[102] J.D. Mezrich, J.H. Fechner, X. Zhang, B.P. Johnson, W.J. Burlingham, C. 
A. Bradfield, An Interaction between Kynurenine and the Aryl Hydrocarbon 
Receptor Can Generate Regulatory T Cells, J.I 185 (2010) 3190–3198, https:// 
doi.org/10.4049/jimmunol.0903670. 

[103] R.A. Maldonado, R.A. LaMothe, J.D. Ferrari, A.-H. Zhang, R.J. Rossi, P.N. Kolte, 
A.P. Griset, C. O’Neil, D.H. Altreuter, E. Browning, L. Johnston, O.C. Farokhzad, 
R. Langer, D.W. Scott, U.H. von Andrian, T.K. Kishimoto, Polymeric synthetic 
nanoparticles for the induction of antigen-specific immunological tolerance, Proc. 
Natl Acad. Sci. 112 (2015), https://doi.org/10.1073/pnas.1408686111. 
E156–E165. 

[104] B. Tang, X. Liu, M. Liu, X. Bai, Y. Wang, J. Ding, X. Wang, Effects of TLR agonists 
on immune responses in Trichinella spiralis infected mice, Parasitol Res 119 
(2020) 2505–2510, https://doi.org/10.1007/s00436-020-06747-8. 

[105] J.J. Cho, J.M. Stewart, T.T. Drashansky, M.A. Brusko, A.N. Zuniga, K.J. Lorentsen, 
B.G. Keselowsky, D. Avram, An antigen-specific semi-therapeutic treatment with 
local delivery of tolerogenic factors through a dual-sized microparticle system 
blocks experimental autoimmune encephalomyelitis, Biomaterials 143 (2017) 
79–92, https://doi.org/10.1016/j.biomaterials.2017.07.029. 
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