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Abstract
Autoimmune diseases are caused by breaking the central and/or peripheral tolerance against self, leading to uncontrolled 
immune response to autoantigens. The incidences of autoimmune diseases have increased significantly worldwide over the 
last decades; nearly 5% of the world’s population is affected. The current treatments aim to reduce pain and inflammation to 
prevent organ damage and have a general immunosuppressive effect, but they cannot cure the disease. There is a huge unmet 
need for autoantigen-specific therapy, without affecting the immune response against pathogens. This goal can be achieved 
by targeting autoantigen-specific T or B cells and by restoring self-tolerance by inducing tolerogenic antigen-presenting 
cells (APC) and the development of regulatory T (Treg) cells, for example, by using autoantigenic peptides bound to nano-
particles. Transferring in vitro manipulated autologous tolerogenic APC or autologous autoantigen-specific Treg cells to 
patients is the promising approach to develop cellular therapeutics. Most recently, chimeric autoantibody receptor T cells 
have been designed to specifically deplete autoreactive B cells. Limitations of these novel autoantigen-specific therapies 
will also be discussed.
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Novelty and innovation

The main function of the immune system is to differenti-
ate between self and non-self and to destroy pathogenic 
microbes, while leaving self-tissues intact. The accidental 
immune response against self is under the control of cen-
tral and peripheral tolerances, which are influenced by both 
genetic and environmental factors. The loss of tolerance may 
lead to the development of autoimmune disorders (Goodnow 
et al. 2005).

Autoimmune diseases are chronic, and debilitating dis-
eases, sometimes with fatal outcomes, affect about 5% of 
the adult population worldwide and are currently incurable. 
Traditional therapies are not antigen or disease specific, 
based on general immunosuppressive and anti-inflammatory 
effect. They can slow down the progression of the disease 
and even significantly alleviate symptoms but require life-
long treatment and often have life-threatening side effects. 

Additionally, these immunosuppressant therapies make the 
patients more susceptible to infections and may lead to reac-
tivation of latent pathogens (Rosenblum et al. 2012). Conse-
quently, there is a huge unmet need for the development of 
antigen-specific, long-term effective tolerogenic therapies.

In the last two decades, biological therapies have emerged 
in clinical practice representing significant advances over 
general immunosuppression. These are mostly antibodies or 
recombinant proteins that selectively suppress different ele-
ments of the unwanted immune response to self-antigen, e.g. 
inhibit of proinflammatory cytokines. Cytokine therapy basi-
cally influences memory B cell function, particularly in the 
post-switch B cell compartment. Biologics such as tumour 
necrosis factor-α (TNF-α) inhibitors and interleukin-6 (IL-6) 
receptor antibodies are considered highly efficacious thera-
peutic agents. The migratory and homing capacity of B cells 
might also be altered during cytokine inhibition (Mahmood 
et al. 2020).

Antigen receptors of autoreactive T and B lymphocytes 
escaping from the control of central and/or peripheral toler-
ance may target epitopes on multiple self-molecules, some 
of which are ubiquitously expressed and some are altered 
by posttranslational modifications. Additionally, due to 
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epitope spreading the number of self-epitopes recognized 
by the immune cells is increasing with disease progression 
(Vanderlugt and Miller, 2002). Thus, it is exceptionally dif-
ficult to identify the ideal epitope(s) that can be applied in 
autoantigen-specific therapy.

In this minireview, we aimed to summarize the most 
promising autoantigen-specific therapeutic approaches cur-
rently developed and under clinical testing, and we will dis-
cuss their advantages and the limitations.

Background

Autoantigen-specific therapy is based on the strategy called 
“inverse vaccination”, that is to restore unresponsiveness of 
the immune system towards self-antigen (Passerini and Gre-
gori 2020). Induction of tolerance diminishes self-antigen-
specific responses without affecting protective immunity. 
This can be achieved by manipulating the immunomodula-
tory function of antigen-presenting cells, deleting or inhibit-
ing self-antigen-specific T cells or B cells and by inducing 

self-antigen-specific regulatory T cells (Tregs) that have the 
capacity to suppress the immune response and to induce and 
maintain the immune tolerance against self.

Two main strategies have been proposed for inverse vac-
cination: cell-free approaches and cell-based therapies, each 
of which has limitations (Passerini and Gregori 2020). In 
cell-free therapies, gene vaccination (antigen-encoding plas-
mid or viral vectors), antigen-derived proteins/peptides, pep-
tide–MHC complexes, and various antigen-loaded particles 
(antigen-loaded apoptotic cells or liposomes, antigen-cross-
linked erythrocytes or antigen-conjugated/encapsulated nan-
oparticles) can be applied (Kishimoto and Maldonado 2018). 
For cell-based therapies, ex vivo induced Treg cells or 
manipulated tolerogenic dendritic cells (DCs) are exploited. 
Upon Treg cell therapies, antigen-specific, allospecific or 
polyspecific Treg cells and chimeric antigen receptor (CAR) 
Treg cells might be applied (Romano et al. 2019; Roncarolo 
et al. 2018; Zhang et al. 2018). As dendritic cell therapies, 
immature tolerogenic DCs, either induced by anti-sense oli-
gos targeting costimulatory molecules or treated with NFkB 
inhibitor, can be used (Fig. 1).
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Fig. 1  Cell-free and cell-based strategies to induce antigen-specific tolerance in autoimmune diseases. See text for details. (APL: altered peptide 
ligand, Treg: regulatory T, CAR: chimeric antigenic receptor, CAAR-T: chimeric autoantibody receptor). Passerini and Gregori (2020)
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Autoreactive B cells play a pathogenic role in many 
autoimmune diseases; they generate autoantibodies that 
target different cells and tissues. The B cell antigen recep-
tors (BCR) directly bind antigen and present the intracel-
lularly processed antigenic peptides to T cells; additionally, 
via their costimulatory molecules they contribute to T cell 
activation inducing inflammatory cytokine production. 
Regulatory B cells (Bregs) also produce the anti-inflam-
matory cytokines, IL-10 and transforming growth factor 
beta (TGFβ) and express the immune checkpoint molecule, 
programmed death-ligand 1 (PD-L1) contributing to B cell 
tolerance (Mauri and Menon 2017). Thus, due to their patho-
genic role associated with autoantibody and inflammatory 
cytokine production, B cells are also considered as thera-
peutic target in certain systemic autoimmune diseases such 
as rheumatoid arthritis (RA), myasthenia gravis (MG) and 
pemphigus vulgaris (PV). Recently, therapeutic approaches 
focusing mainly on specific depletion or inhibition of autore-
active B cells by genetically modified monoclonal antibodies 
or by chimeric autoantibody receptor T cells (CAAR-T) have 
been proposed (Pozsgay et al. 2016; Lee et al. 2020; Zhang 
et al. 2020).

Cell‑free strategies

The aim of the inverse gene vaccination is the induction of 
tolerance to relevant autoantigen by transiently expressing 
the protein or its epitopes from DNA or RNA vectors in the 
absence of proinflammatory signals. The coding sequence 
in DNA vectors is transcribed in the nucleus followed by 
translation in the cytoplasm and the presentation of the anti-
genic peptides on MHCI molecules to CD8 + T cells. Profes-
sional APC may take up antigens and process as exogenic 
antigens and present the peptides to CD4 + T cells on MHCII 
molecules. The activation state of APC has a decisive role 
regarding the type of response, whether it is immune protec-
tion or immune tolerance.

Plasmid DNA

Intramuscular plasmid DNA delivery is the most often stud-
ied, but in case of some vaccine gene delivery to the liver 
is preferred because of its tolerogenic properties. Induc-
tion of tolerance is controlled by several factor, such as 
the route of administration, target tissue and vector design. 
This approach was first tested in experimental autoimmune 
encephalomyelitis (EAE), the mice model of sclerosis mul-
tiplex (MS). The plasmid encoding for the myelin basic pro-
tein (MBP) prevented the disease. This strategy was also 
tested in type I diabetes (T1D) model.

Several DNA vaccines were tested in human, e.g. a DNA 
vaccine encoding MBP in patient with multiple sclerosis, 

and an insulin-encoding plasmid in patient with type 1 dia-
betes, albeit with controversial results. Vaccination of newly 
diagnosed T1D patients with an insulin-encoding plasmid 
reduced the frequency of insulin reactive CD8 + T cells and 
preserved C-peptide levels (Roep et al. 2013). In a Phase I–II 
trial, a DNA vaccine encoding MBP was well tolerated and 
reduced the frequency of cognate TH1 cells in MS patients; 
furthermore, in Phase II trial it reduced the progression of 
MS lesions, but failed to reach the primary endpoint (Bar-Or 
et al. 2007, Garren et al. 2008). In a Phase I trial, a combined 
effect of a plasmid for T1D antigen and co-encoded TGF-
β1, IL-10 and IL-2 cytokines is tested. This combination is 
expected to sustain the antigen-specific Treg induction and 
thus may lead to stabile tolerance.

Advantages of this technique are the low cost and easy 
handling; limitations are the activation of endogenous APC 
and the poor evidence for clinical efficacy. The combina-
tion of plasmid DNA with inhibitory cytokines is expected 
to improve tolerance induction. Ongoing clinical trials will 
show the value of this approach.

Viral vectors

Recombinant adeno-associated virus (AAV) vectors and the 
lentiviral vectors (LVs) are used for targeted gene expres-
sion in hepatocytes. The advantage of the viral vectors is 
the expression of the autoantigen in specific tissues and the 
avoidance of APC activation. Liver gene therapy with an 
AAV vector encoding for the myelin oligodendrocyte glyco-
protein (MOG) prevented development of EAE and reversed 
the pre-existing disease by the induction/expansion of anti-
gen-specific FoxP3 + Tregs (Keeler et al. 2018).

Others used LVs to deliver furin-cleavable human insu-
lin to the livers in several animal models of diabetes. This 
resulted in the reversal of diabetes, restoration of glucose 
tolerance and pancreatic trans-differentiation (Gerace et al. 
2015). The authors concluded that further development is 
required before the system can be used for gene therapy of 
T1D.

Protein and peptide delivery

Repetitive administration of autoantigen in noninflamma-
tory conditions to induce tolerance has been investigated 
thoroughly on mice models of MS and T1D. The idea behind 
this is that continually applied high dose of proteins or pep-
tides without proinflammatory adjuvants will be taken up 
and presented to T cells by tolerogenic APCs and thus may 
induce deletion or clonal anergy of autoreactive effector T 
cells and the differentiation of antigen-specific Tregs (Pozs-
gay et al. 2017; Zhang et al. 2018).

The first antigen investigated for the protein-based immu-
notherapy was insulin, the antigenic target in non-obese 
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diabetic mice (NOD) model of T1D (Nakayama et al. 2005). 
After the initial positive results in mice, insulin was added 
orally or intranasally to T1D patients in different settings 
(Fourlanos et al. 2011; Bonifacio et al. 2015). None of the 
trials have achieved the clinically desirable result thus far. 
Intramuscular injection of Insulin B with incomplete Fre-
und’s adjuvant induced InsB-specific Tregs, but did not alter 
C-peptide level (Orban et al. 2010). Similarly, the long-stud-
ied oral tolerization with myelin antigens in MS, although 
modulated the antigen-specific immune response, showed 
no therapeutical efficacy (Hafler et al. 1997).

Beside the protein-based approaches, peptide epitopes 
from autoantigens were also tested both in T1D and in MS. 
For a successful peptide therapy in the treatment of autoim-
mune diseases, it is essential to know the major autoanti-
gens responsible for initiating the disease. The presence of 
autoantibodies and/or antigen-specific T cells would help to 
select the disease-relevant peptides that can be applied in 
therapy. The initial peptide-based trials have not shown clin-
ically relevant results, most probably because autoimmune 
diseases are triggered by many T cell clones with different 
specificity due to epitope spreading (Vanderlugt et al. 2002). 
Therefore, in recent trials a mixture of peptides from mul-
tiple autoantigens has been applied in T1D (MulipepT1De 
(NCT02620332) and the IMCY-0098 trial (NCT03272269) 
(Alhadj et al. 2017) and in relapsing MS patients (MBP-
derived peptide cocktail ATX-MS-1467). In the latter case, 
an association was found between the treatment and the 
reduction in MRI lesions (Chataway et al. 2018). NexVax2, 
composed of three immunodominant gliadin peptides, has 
been tested in Phase I clinical trial in celiac disease (CD) 
patients. The treatment was safe and well tolerated, and T 
cells did not respond to gluten challenge after the treatment, 
indicating tolerance induction. A Phase II clinical trial is 
underway (Yoosuf et al. 2019).

The increasing amount of information on MHC bind-
ing and TCR interacting residues of T cell epitopes made 
the design of altered peptide ligands (APL) possible. APL 
carried amino acid substitutions at contact positions with 
MHC or TCR and could trigger altered TCR signalling 
resulting in different functional outcome. This raised the 
possibility that APL might modulate autoimmune response 
by triggering the expansion/induction of Tregs upon peptide 
recognition (Candia et al. 2016). APLs were tested in MS 
and T1D patients (Bielkova et al. 2000, Walter et al. 2009), 
but they induced hypersensitivity and antibody production 
cross-reacting with the native peptide in several patients, 
while other APL induced TH1 skewing of CD4 + cells cross-
reacting with the native peptide or had no effect on T1D. 
Thus, despite the promising results in mice, clinical trials 
with APL have not been successful so far.

Since the activation state of the host APC critically 
influences whether the consequence of peptide recognition 

will be tolerance or cell activation, one of the strategies to 
exclude APC is the application of peptide–MHC complexes 
to directly activate T cells. Vaccination with peptide -MHC 
complexes without co-stimulation is predicted to induce 
tolerance. This strategy was tested in preclinical models of 
experimental autoimmune encephalomyelitis (EAE) (Sinha 
et al. 2007) and NOD mice (Lin 2010) and resulted in unre-
sponsiveness of T cells. Further clinical trials are neces-
sary to see if peptide–MHC complexes have therapeutic 
significance.

Nanoparticle‑ and cell‑based approaches

Because of the limitations of soluble protein and peptide 
delivery into the organism to induce tolerance, several 
strategies were developed to use various particles or cells 
as vehicles to deliver antigens/peptides to APCs, for direct 
triggering of Treg cells, as immunoregulatory device, or as 
T cell tolerance inducing APCs.

Antigens‑/peptides‑coupled carrier cells

A promising strategy is the induction of T cell anergy by 
using carrier cells coupled to autoantigenic peptides. In 
this method, autoepitope peptides chemically cross-linked 
to syngeneic splenocytes or peripheral blood mononuclear 
cells (PBMC) using 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (ECDI), which promotes antigen coupling and 
induces apoptosis of the carrier cells (Getts et al. 2013). 
Such apoptotic cells are taken up by APC that directly 
present peptides–MHCII complexes to CD4 + T cells, and 
in the absence of co-stimulation signal trigger IL-10 and 
TGFβ secretion, and the upregulation of PD-L1 resulting 
in the apoptosis of pathogenic T cells and the induction of 
Tregs. The efficacy of this strategy was proven in preclini-
cal models such as EAE and NOD mice (Getts et al. 2013). 
Furthermore, an MS-related seven-peptide mix coupled to 
autologous peripheral blood cells was administered into MS 
patients in a Phase I–II clinical trial. The results have proven 
the safety and tolerability of the treatment that also reduced 
the antigen-specific T cell response (Lutterotti et al. 2013).

Antigenic peptides can also be loaded to erythrocytes imi-
tating the tolerization mechanism of dying red blood cells. 
In this case, the peptides must contain glycophorin A or 
sortase A binding sequences to fix the peptide to erythro-
cytes. This approach was found to be effective in EAE and 
NOD mice and resulted in the depletion of antigen-specific 
T cells in vivo (Cremel et al. 2013). Applying a similar 
strategy in a Phase Ib trial, a reduced myelin-specific T cell 
response and increased frequency of Tregs (Tr1 and mTreg) 
were observed, indicating the induction of immune tolerance 
(Lutterotti 2019).
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Peptide‑loaded nanoparticles

Fragments of apoptotic cells are taken up by professional 
APCs in the absence of activation signals that induce tol-
erance. This mechanism is mimicked by in vitro modified 
apoptotic spleen or blood cells carrying an autoantigen 
(Hunter et al., 2014). However, isolating, manipulating and 
returning autologous cells to the patient is an expensive and 
cumbersome procedure. Nanoparticles can be synthetic 
alternatives to autologous apoptotic cells, whose beneficial 
properties include, in addition to simpler production, their 
well-defined and reproducible physiochemical characteris-
tics, as well as the precise controllability of their antigen 
content and its release (Pearson et al. 2019).

Nanoparticles loaded with autoantigenic peptides can 
specifically target autoreactive cells and induce their anergy 
or apoptosis, thereby achieving antigen-specific immunosup-
pression (Pozsgay et al. 2016; Feng et al. 2020). Although 
immunosuppression-based approaches represent important 
therapeutic options, the primary goal in the treatment of 
autoimmune diseases is to prevent the formation of auto-
reactive effector cells and to restore long-term tolerance to 
self-antigen. This can be achieved primarily through the 
presentation of the autoantigen in question in a tolerance-
promoting manner. Nanoparticles containing a disease-
relevant autoantigen (and possibly an immune modulator 
agent) are selectively taken up by antigen-presenting cells 
(APC) that induce a tolerogenic phenotype of APC, so that 
the introduced antigen is presented in a tolerogenic man-
ner, resulting in the development of regulatory T and B 
cells (Pearson et al. 2019; Feng et al. 2020). Alternatively, 
artificial APC (aAPCs) can be fabricated by applying pep-
tide–MHC decorated nanoparticles that directly trigger 
antigen-specific Tr1-like T cells (Feng et al. 2020). Thus, 
tolerant nanoparticles (tNPs) act directly or indirectly on 
lymphocytes and induce the expansion of regulatory cells, 
the function of which leads to the elimination or inhibition 
of activation of naïve and effector cells specific for the target 
antigen (Kishimoto and Maldonado 2018).

For tolerance induction, the use of polymer-based parti-
cles is predominant, of which poly-(lactic-co-glycolic acid) 
(PLGA) biodegradable nanoparticles (NPs) have proven to 
be the most suitable. The goal is to produce particles that 
are selectively taken up only by APCs, primarily DCs and 
macrophages. The accumulation of particles at appropriate 
sites within the body and their phagocytosis by target cells 
are primarily influenced by their size, shape and surface 
charge (Kishimoto and Maldonado 2018). The efficiency of 
nanoparticle uptake by APCs can be increased by various 
structural modifications, the most obvious is to fine-tune 
the surface properties of the particles. Hunter et al. modi-
fied the surface of the PLG particles with a poly(ethylene 
maleic acid) (PEMA) surfactant layer and showed that the 

Ag–PLG–PEMA particles carrying surface-conjugated anti-
gen were more efficient to induce tolerance than Ag–PLG 
particles (Hunter et al. 2014). Ag–PLG–PEMA particles 
were protective when pre-administered in a mouse model 
of relapsing–remitting experimental autoimmune encepha-
lomyelitis (R-EAE) and resulted in complete remission and 
prevention of relapse after induction (Hunter et al. 2014).

The tolerogenic effect of NPs can also be favourably 
affected if, in addition to the antigen, the particles also con-
tain immunomodulatory agents, such as rapamycin. Rapam-
ycin acts on the mTOR signalling pathway that regulates cel-
lular metabolism, and it is an allosteric inhibitor of mTOR 
serine–threonine kinase. Administration of rapamycin into 
the nanoparticles provides selectivity, since only APCs can 
take them up. Inhibition of the mTOR pathway in these cells 
initiates autophagic processes, leading to a decrease in the 
expression of costimulatory molecules, and thus results in 
a tolerogenic phenotype (Kishimoto and Maldonado 2018).

More recently, NPs coated with MHCI and MHCII 
molecules in complex with antigenic peptides have been 
extensively studied in different preclinical models (Serra 
and Santamaria 2019). Treatment of NOD mice with NPs 
coated with the prevalent islet glucose 6-phosphatase-related 
protein (IGRP) epitope (IGRP206-214)–MHCI complexes 
protected the NOD mice from diabetes, and this was associ-
ated with the deletion of the pathogenic high-avidity auto-
reactive T cells and the expansion of memory-like CD8 + T 
cells with regulatory properties (Tsai et al. 2010).

Disease-relevant peptide–MHCII NPs were tested in 
different mice models of T1D, MS and arthritis. These 
MHCII–peptide–NP complexes consistently reversed the 
established disease, while induced expansion and differen-
tiation of pathogenic CD4 + effector T cells into disease-sup-
pressing TR1 cells, differentiation and recruitment of Bregs, 
and suppression of antigen presentation (Clemente-Casares 
et al. 2016, Serra and Santamaria 2019). The peptide–MHC-
coated NPs have been validated in several preclinical models 
of autoimmunity and are currently under clinical tests.

Cell‑based therapies

Cell-based approaches to promote or restore tolerance in 
autoimmune diseases can lead to control the unwanted 
immune response. Therapies based on adoptive transfer of 
regulatory T cells (Tregs) or dendritic cells (DCs) are now 
under clinical trials to study the safety and feasibility of the 
approach.

Treg‑based approaches

Tregs are small but essential subset of lymphocytes which 
can suppress immune response and maintain immune 
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homeostasis by preventing inflammation and development of 
autoimmune diseases (Sharabi et al. 2018). Tregs in patients 
with systemic or organ specific autoimmune diseases have 
lower number and/or impaired function as compared to 
healthy controls. Thus, expanding the pools of patient’s 
Tregs ex vivo or in vivo is a promising way to restrain auto-
immune diseases (Sharabi et al. 2018; Ferreira et al. 2019). 
Tregs have shown an increasing diversity and are generally 
divided into two main populations, thymus-derived Treg and 
peripheral CD4 + Treg cells. Peripheral Tregs are constitu-
tively expressing CD25 and FoxP3 + ,;the latter is necessary 
for the suppressive functions (Sharabi et al. 2018). Another 
subset is called regulatory type I (Tr1) cells that are charac-
terized by CD49b and LAG3 expression and the ability to 
produce IL-10 and TGFβ (Levings et al. 2001, Roncarolo 
et al. 2018). Treg cells are responsible for dampening auto-
immune response; thus, Tregs have been considered as liv-
ing drugs for autoimmune and inflammatory diseases (Fer-
reira et al. 2019). CD25 + FoxP3 + Tregs are easy to expand 
in vitro, and thus they have been used in several clinical tri-
als including the treatment of T1D patients (Battaglia et al. 
2006; Roncarolo et al. 2018). The infunded cells remained 
stable and detectable for about 1 year in some cases, but in 
other cases the effect was transient and had no therapeutic 
benefit. This can be explained by the fact that the transferred 
cells were not selected for antigen specificity and therefore 
contained a very low number of autoantigen-specific Tregs.

FoxP3 + Tregs constitutively express CD25, the alfa chain 
of IL-2 receptors and low dose of IL-2, especially if its bind-
ing affinity to CD25 is artificially increased and was con-
sidered to selectively expand Tregs without affecting T and 
NK cells (Abbas et al. 2018). Indeed, low dose of IL-2 has 
shown an acceptable safety profile and is currently tested in 
several clinical trials. The in vivo expanded polyclonal Tregs 
were expected to contain high number of antigen-specific 
Tregs; however, since the cells were not selected for antigen 
specificity, the risk of the general immunosuppression may 
also be true for this situation. A possible solution to avoid 
broad immunosuppression could be the local application of 
IL-2.

Polyclonal and antigen-specific Tr1 cells have also been 
used in clinical trials, but similarly to CD25 + T cells they 
had limited survival capacity in vivo (Desreumaux et al. 
2012). To overcome this problem, conventional CD4 + T 
cells were generated, that were converted to Tr1 cells by 
lentiviral transduction of IL-10 (Andolfi et al. 2012, Gregori 
et al. 2018). An alternative possibility to solve the issue of 
antigen selectivity is to develop regulatory chimeric antigen 
receptor T (CAR-Treg) cells (Fransson et al. 2012, Zhang 
et al. 2018). In this case, a single-chain variable fragment 
(scFv) of a monoclonal antibody recognizing myelin oli-
godendrocyte glycoprotein (MOG) is engineered in a chi-
meric antigen receptor molecule that expresses intracellular 

domain of CD28 and CD3 molecules. CD4 + T cells were 
modified by a lentiviral vector system to express CAR in 
trans with the murine FoxP3 gene that drives Treg differ-
entiation. The stable expression of FoxP3 by genetic engi-
neering blocks Treg conversion into effector cells. The 
CARαMOG receptor attaches the Tregs to the vicinity of 
MOG + oligodendrocytes. The CNS-targeting Tregs effi-
ciently suppressed ongoing inflammation in EAE, the mice 
model of MS, and diminished disease symptoms (Fransson 
et al. 2012). CAR-Tregs are promising, if the cells maintain a 
stable phenotype, and more specific and potent as compared 
to polyclonal Tregs, but there are several issues to be solved 
before it can be used in clinic. It is not known that CAR-
Tregs can induce adverse reactions like cytokine storm and 
neuronal cytotoxicity. Moreover, selection of autoantigen to 
be targeted by CAR and the development of specific antibod-
ies is challenging in some autoimmune diseases. Finally, 
CAR-Treg exhaustion may limit their therapeutical efficacy 
(Zhang et al. 2018).

CAR-T cells have also been used recently to specifically 
target and kill autoantigen-specific B cells. In pemphigus 
vulgaris (PV), a life-threatening autoimmune blistering 
disease caused by autoantibodies to the keratinocyte adhe-
sion protein desmoglein 3 (Dsg3), the pathogenic memory 
B cells express Dsg3-specific B cell receptors (BCRs). A 
chimeric autoantibody receptor (CAAR) was created using 
the autoantigen Dsg3 as the CAAR extracellular domain. 
The CAAR-T-dependent depletion of Dsg3-specific B cells 
had therapeutic effects in a murine model of PV (Ellebrecht 
et al. 2016). Recently, preclinical studies were published that 
have supported an investigational drug application enabling 
a Phase I trial to evaluate the safety and preliminary efficacy 
of DSG3-CAAR-T as a targeted precision therapy in patients 
with anti-DSG3 mucosal PV (Lee et al. 2020).

The main limitation of CAR-T cell therapy is the hetero-
geneity and complexity of systemic autoimmune diseases: 
the autoantigen profiles of individual patients are different, 
and due to the epitope spreading the specificity also varies as 
the disease progresses. Therefore, to address these issues, a 
universal anti-fluorescein isothiocyanate (FITC) CAR-T cell 
has been recently developed that in combination with FITC-
labelled RA immunodominant citrulline-containing peptide 
is able to kill patient-derived autoreactive B cells (Zhang 
et al. 2020). This universal CAR-T cell system provides a 
direction for customized therapies that might be applied to 
other systemic autoimmune diseases as well (Fig. 2).

DC‑based therapies

DCs are professional antigen-presenting cells with phe-
notypic heterogeneity, and they play a critical role in the 
maintenance of tissue homeostasis and in promoting tol-
erance, thus acting as regulatory cells (Raker et al. 2015). 
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The regulatory capacity of DCs depends on their immature 
state and distinct subsets, yet not restricted to this. The 
tolerogenicity of DC is controlled by a complex network 
of environmental signals and cellular intrinsic mechanisms. 
DCs with regulatory properties are called tolerogenic 
DC (tolDC); they present antigen to T cells, while down-
regulating costimulatory molecules and proinflammatory 
cytokines and upregulating inhibitory/modulatory receptors 
and anti-inflammatory cytokines, resulting in the induction 
of antigen-specific Tregs. DC can be differentiated relatively 
easily from macrophages, and these ex vivo generated DC 
can be differentiated into tolDC by different manipulations, 
such as inhibiting NFkb, silencing costimulatory molecules 
or inducing the expression of immunoregulatory molecules 
such as IL-10, IL-4 and indoleamine 2,3-dioxygenase (IDO) 
(Liu et al. 2015). A better understanding of the biology 
and the in vitro generation of tolDC opened the way for 
the application of autologous tolDC as immunotherapy in 
clinical trials for autoimmune diseases (Ten Brinke et al. 
2015). Autologous TolDCs generated ex vivo from mac-
rophages can induce, enhance or restore antigen-specific 
tolerance in vivo by several mechanisms, such as T cell dele-
tion or inhibition, induction of T cell anergy, generation of 

Tregs and expansion of pre-existing Tregs and modulation 
of APCs.

Several tolerogenic approaches have been used: in the 
first-in-man clinical trial, autologous tolDC treated with 
anti-sense oligonucleotides silencing CD40, CD80 and 
CD86 to keep their immature state was infused to T1D 
patients (Giannoukakis et al. 2011). Another study aimed 
to explore the safety and biological and clinical effects of 
autologous DCs modified with a nuclear factor κB (NF-κB) 
inhibitor, exposed to a mixture of four citrullinated peptides, 
designated “Rheumavax”, in a single-centre, open-labelled, 
first-in-human Phase I trial on RA patients (Benham et al. 
2015). Vitamin D3-induced TolDC–MOG peptide treatment 
showed a beneficial effect in EAE, the mice model of MS, 
not only decreasing the incidence of the disease but also 
reducing the severity of the clinical signs mediated by induc-
tion of Tregs, as well as IL-10 production and reduction 
in Ag-specific lymphoproliferation. These results support 
VitD3–TolDC–peptide(s) treatment as a potential strategy 
to restore tolerance in autoimmune diseases such as MS 
(Mansilla et al. 2015). More recently, DCs differentiated 
with vitamin D3 alone or in combination with dexametha-
sone have been used in several clinical trials in patients with 
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2. Preparation of universal
(anti-FITC) CAR-T cells

isolated T cells anti-FITC CAR-T

FITC-labelled
autoantigenic peptide

3. Specific elimination
of autoreactive B cells
by peptide-mediated

cytotoxicity B Cell

VH
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Fig.2  Graphic illustration of the main steps leading to the elimina-
tion of autoreactive B cells mediated by universal (anti-FITC)-CAR-T 
cells and FITC-labelled autoantigenic peptides. (1) Identification of 
the autoantibody specificity and determination of autoantigenic pep-

tides by ELISA, (2) preparation of anti-FITC CAR-T cells and FITC-
labelled peptides, (3) elimination of corresponding autoreactive B 
cells recognizing the peptide through FITC–peptide-mediated CAR-T 
cytotoxicity. Zhang et al. (2020)
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autoimmune diseases such as RA, type 1 diabetes, MS and 
Crohn’s disease. The results are highly encouraging in terms 
of both safety and clinical efficacy in all the clinical stud-
ies completed to date; tolDC administration is tolerated and 
appears to be safe (Kim et al. 2019). However, numerous 
questions remain to be addressed prior to generalized and 
successful application of tolDCs in clinical settings. The 
major challenges are the optimization of the protocol to 
obtain a maximum number of tolDCs with stable tolerogenic 
properties and optimization of the dose, route and frequency 
of administration of each type of tolDC. As the successful 
ongoing clinical studies indicate, tolDC-based treatment 
of autoimmune diseases is now a reality and could provide 
innovative cellular therapy in future.

Conclusion

The enormous progress in our understanding of the patho-
genesis and complexity of autoimmune diseases in recent 
years has led to the development of new in vivo and ex vivo 
approaches to induce antigen-specific tolerance. Antigen-
specific approaches can only be achieved by active induc-
tion of immunoregulation by recruiting, eliciting and/or 
expanding autoantigen-specific regulatory T and B cells, in 
contrast to non-autoantigen-specific strategies that suppress 
inflammation, but also diminish protective immune response 
against microbial antigens. Antigen-specific therapies may 
enable restoration of immune homeostasis to the healthy 
steady state; thus, they may be curative, an outcome that 
non-antigen-specific approaches cannot deliver. Results 
obtained in Phase I/II trials demonstrated the safety and tol-
erability of these approaches. Phase II/III clinical trials will 
define whether the antigen-specific strategies would reach 
the goal of completely reversing the course of autoimmune 
diseases.

The results obtained thus far have underlined common 
requirements for achieving the effectiveness of the antigen-
specific therapies including either peptide or protein deliv-
ery, antigen delivery via vehicles and regulatory cell-based 
approaches. The repetitive administrations of these and the 
use of multiple antigens are necessary to activate the tolero-
genic arm of the immune response and to tackle the epitope 
spreading, respectively. The selection of the most suitable 
epitope/s to be used might be challenging, because different 
patients may display preferential response to specific anti-
gens. Therefore, there is a huge need for the identification 
of antigenic peptides that can be used across different HLA-
type patients.

Tolerogenic therapies should promote long-lasting 
effects, and this can be achieved by different mode of action, 
including the conversion of pathogenic Teff cells into Tregs 
or the de novo induction of Tregs. Modulated DC or APCs 

represent the population of cells able to prevent activation of 
pathogenic Teff cells, to promote de novo induction of Tregs 
and to re-educate Teff cells to become Tregs, thus maintain-
ing long-term tolerance.

Several issues remain to be clarified for each of the 
approaches in the pipeline. Regardless of the tolerogenic 
approach used, one of the open questions in the field of tol-
erance induction is the definition of common parameters to 
monitor the response to treatment and to allow comparison 
of different approaches.

Major current outstanding issues

The main challenges for future research are as  follows:

• Identification of autoantigens and hidden self-antigens
• Optimization of route of administration, dose and fre-

quency of treatment
• Discovery of biomarkers for patient’s stratification and 

therapeutic outcome
• Determination of the optimal disease stage for antigen-

based therapies
• Development of the new generation of CAR-T cells, such 

as the universal chimeric antigen receptor (UniCAR)-T 
cells

• Development of donor-derived or third-party T cells that 
may be used to modularly generate CAR-T or CAR-Treg 
cell banks with batch production and improved safety.

Where could we be in 5–10 years?

It is expected that antigen-specific therapies for autoimmune 
diseases will continue to evolve. They will (1) incorporate 
new target specificities, (2) enhance efficacy and reduce 
adverse effects, and (3) gain acceptance as a first-line treat-
ment option.

Antigen-specific therapeutics will offer patients the 
anticipated superior benefits of tissue- and disease-specific 
immunosuppressive effects that the monoclonal antibody 
revolution cannot deliver. We believe that the universal 
CAR-T cell system provides a direction for precision therapy 
to treat RA and can likely be applied to other systemic auto-
immune diseases.

Cell-based personalized therapies might find their niche 
soon for the treatment of autoimmune diseases. However, 
their development will require substantial improvements to 
accelerate production, combine efficacy features, incorpo-
rate safety switches and reduce costs. It is expected that one 
or several of these strategies will succeed in delivering the 
long-awaited curative solution for patients with autoimmune 
diseases.
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