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ARTICLE INFO ABSTRACT

Keywords: The high prevalence and rising incidence of autoimmune diseases have become a prominent public health issue.
Vaccine Autoimmune disorders result from the immune system erroneously attacking the body’s own healthy cells and
Immunotherapy tissues, causing persistent inflammation, tissue injury, and impaired organ function. Existing treatments pri-
Autoimmune . . . . . . . o .

Infl i marily rely on broad immunosuppression, leaving patients vulnerable to infections and necessitating lifelong
nrlammation

treatments. To address these unmet needs, an emerging frontier of vaccine development aims to restore immune
equilibrium by inducing immune tolerance to autoantigens, offering a potential avenue for a cure rather than
mere symptom management. We discuss this burgeoning field of vaccine development against inflammation and
autoimmune diseases, with a focus on common autoimmune disorders, including multiple sclerosis, type 1
diabetes, rheumatoid arthritis, inflammatory bowel disease, and systemic lupus erythematosus. Vaccine-based
strategies provide a new pathway for the future of autoimmune disease therapeutics, heralding a new era in
the battle against inflammation and autoimmunity.
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1. Introduction

Approximately 5 to 8 % of the United States population has been
reported to have autoimmune diseases [1]. Similarly, a recent
population-based study of 22 million individuals in the United Kingdom
estimated that about 1 out of 10 people were affected by one of the 19
most common autoimmune disorders [2]. Despite such high prevalence
and incidence rates, the race to develop the first cures for autoimmune
diseases is still ongoing. General treatments for patients with autoim-
mune diseases include immunosuppressants, such as anti-inflammatory
agents, corticosteroids, and monoclonal antibodies, which work to
suppress inflammatory cells and pathways. While these approaches may
delay disease progression, the broad immunosuppression or immuno-
depletion can the body more vulnerable to serious infections and ma-
lignancies. Even monoclonal antibodies are not selective enough to
prevent binding to cells that are not of interest but display the targeted
molecule. Additionally, these therapies require prolonged periods of
treatments, as they do not address the loss of immune tolerance [3].
Thus, novel approaches are needed for the treatment of inflammation
and autoimmunity.

Aberrant T cell and/or B cell reactivity drives the development of
autoimmunity. Naturally, the immune system maintains tolerance
against the body’s own tissues as self-recognizing T cells and B cells
undergo deletion, anergy, differentiation, or receptor editing in the
thymus for T cells and bone marrow for B cells (central tolerance), and in
the periphery (peripheral tolerance) [4-7]. Diverse regulatory T cells
(Treg) and regulatory B cells (Breg) in the periphery play a critical role
in restraining autoreactivity through multiple mechanisms, including
production of immunosuppressive cytokines and contact-dependent in-
teractions [8,9]. These mechanisms collectively lead to a state of
immunological non-responsiveness or self-tolerance. Notably, the self-
reactive cells are not completely eliminated in central tolerance and
can escape into the periphery [10]. Such “leakiness” is essential to
maintain host defense in that T cell and B cell repertoires need to be
broad enough to respond to foreign antigens while being restricted to
prevent self-reactivity. Escaped autoreactive cells can promote the
development of autoimmune diseases if they erroneously mount an in-
flammatory response against host cells [3]. Dysregulation of immune
tolerance leads to tissue destruction that begins when antigen-
presenting cells (APCs) process and display antigens in the major his-
tocompatibility complex (MHC) to T cells in the presence of inflamma-
tory signals. Such dysregulated responses can occur through multiple
mechanisms, including formation of neoepitopes, molecular mimicry,
inflammatory conditions, dysregulated co-stimulation, and dysfunction
of regulatory cells [11]. The ability of autoreactive T cells to induce
inflammation and subsequent tissue destruction is dictated by their
effector functions towards target cells, provision of T cell help to
autoreactive B cells, and engagement of body’s innate immune arm
[12,13]. Upon interaction with target cells, autoreactive T cells produce
pro-inflammatory cytokines that initiate inflammation, and create a self-
propagating cascade recruiting macrophages, neutrophils, and other
immune cells [12,13]. Multiple subsets of CD4+ T helper (Th) cells and
CD8+ cytotoxic T cells (CTLs) play critical roles in tissue damage, which
can be counterbalanced by Treg-mediated suppression [14,15]. How-
ever, dysregulated responses, or tolerance breakdown, can occur
through multiple mechanisms, including formation of neoepitopes,
molecular mimicry, inflammatory conditions, dysregulated co-
stimulation, and dysfunction of regulatory cells [11]. For instance, mi-
croorganisms, a notable environmental trigger of many autoimmune
diseases, can provide foreign antigens with sequences homologous to
human (molecular mimicry) and can stimulate the innate immune sys-
tem for inflammation and thereby potentiate adaptive immune re-
sponses via pathogen-associated molecular patterns (PAMPs) [16-21].
Thus, eliminating the pathogenic microorganisms may be a potential
strategy to address inflammation and autoimmunity.

To restore the body’s homeostasis, immune tolerance needs to be
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generated to allow recognition and initiation of a proper immune
response against disease-related antigens. Therefore, vaccine-based
tolerance-inducing immunotherapies against autoimmune diseases are
gaining attention to accomplish those goals [22-24]. With such vac-
cines, the targeted autoantigen and co-loaded immune-modulating
components are delivered to APCs, which present the autoantigen to T
cells in the context of regulated costimulatory or coinhibitory signals.
With the use of nanoparticles (NPs) or microparticles (MPs), the physi-
cochemical properties of autoantigens and immunomodulators can be
fine-tuned for optimal delivery to APCs. Other strategies include pre-
sentation of peptide-bound MHC class I or class II molecules for direct
modulation of autoreactive T cells, or targeting of specific receptors or
disease-related inflammatory mediators. While communication of
exciting, novel ideas for antigen-specific immunotherapies are endless,
the diverse pathways that are targeted commonly aim towards pro-
duction of anti-inflammatory cytokines, induction of tolerogenic DCs or
Treg cells, restriction of APC-T cell interaction, anergy or deletion of
pathogenic T cells specific for autoantigen epitopes, reduction of infil-
trating autoreactive T cells in inflamed tissues, deletion of autoantibody-
producing plasma cells, and eventually, an established tolerance to
autoantigens demonstrated by disease prevention or regression.

With these potential multiple mechanisms of action in mind, in this
review, we discuss recent studies that aim to restore immune tolerance
against inflammation and autoimmune diseases by the use of vaccine
technologies that induce antigen-specific immune tolerance. In partic-
ular, we will focus on vaccine strategies in the context of the following
common autoimmune disorders based on their high prevalence, our
mechanistic understanding of the pathophysiology, and availability of
preclinical models to evaluate drug candidates: multiple sclerosis (MS),
type 1 diabetes mellitus (T1D), rheumatoid arthritis (RA), inflammatory
bowel disease (IBD), and systemic lupus erythematosus (SLE).

2. Multiple sclerosis (MS)

Multiple sclerosis (MS) is the most frequent neurodegenerative dis-
order of the central nervous system (CNS) affecting 2.8 million people
worldwide [25]. Complex gene-environment interactions contribute to
this chronic, heterogenous, demyelinating disease, which can give rise
to symptoms, including difficulties in movement and visual, learning, or
memory impairment [26,27]. In MS, numerous immune cells, including
IFN-y-producing Th1 cells, IL-17-producing Th17 cells, CD8+ T cells, B
cells, and myeloid cells, are involved in the pathogenesis, breakdown of
the blood brain barrier, CNS infiltration, and injury of oligodendrocytes
and neurons [26,28]. Myelin proteins that are encephalitogenic and
immunodominant, including myelin oligodendrocyte glycoprotein
(MOG), myelin proteolipid protein (PLP), and myelin basic protein
(MBP), have been identified and used to establish CD4+ T-cell-mediated
animal models that resemble MS referred to as experimental autoim-
mune encephalomyelitis (EAE) [29-32]. In EAE, infiltrating CD4+ T
cells are re-activated in the CNS by APCs, which results in monocyte
recruitment and naive CD4+ and CD8+ T cell activation through
epitope spreading [33,34].

Extensive research has been performed with the EAE model to study
and develop therapeutics aimed to induce antigen-specific immuno-
logical tolerance. A widely used approach for antigen-specific immu-
notherapeutics focuses on the delivery of antigens for antigen
presentation in the absence of costimulatory or inflammatory signals or
for processing of the antigen with innate mechanisms (e.g., apoptotic
clearance that leads to tolerance) [23,35]. In this regard, tolerogenic
APCs, particularly immature DCs, or scavengers such as Kupffer cells
(KCs), liver sinusoidal endothelial cells (LSECs), and macrophage re-
ceptor with collagenous structure (MARCO)-positive macrophages, have
become attractive targets for improving antigen-specific immune toler-
ance induction [36-38]. Stemming from studies that report poly-
ethylene glycol (PEG) on NPs can reduce protein adsorption and
complement activation, which often accompany administration of
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biomaterials, Li et al. prepared PEGylated poly(lactide-co-glycolide)
(PLGA) NPs loaded with auto-antigen peptide MOGss 55 (Fig. 1)
[39-41]. MOG-PLGA-PEG-NPs induced significant reduction in clinical
scores of EAE mice as well as in expression of costimulatory molecules (i.
e., CD80, CD86, and CD40) on DCs in C57BL/6 J mice compared to
MOG-PLGA-NPs [41]. Furthermore, MOG-PLGA-PEG-NPs prompted
significantly lower concentrations of complement byproducts C4d and
C5a in vitro compared to MOG-PLGA-NPs as measured by ELISA and a2’
chain (40 kDa) of C3 in vivo as measured by Western blot analysis. Getts
and colleagues decorated 500 nm polystyrene beads (PSB) with immu-
nodominant myelin proteolipid protein PLP;39 151 epitope and showed
the prophylactic and therapeutic efficacy of these particles in a
relapsing-remitting EAE (R-EAE) model [42]. Ag-PSB were taken up by
MARCO scavenger receptor-expressing macrophages via passive tar-
geting, and Ag-PSB induced long-term antigen-specific T-cell tolerance.
The PSB MPs were succeeded by simple myelin antigen-coupled PLGA
NPs (430 nm in diameter) capable of more robust therapeutic effects
[43]. In accordance with complete remission and continuously reduced
clinical scores in R-EAE mice, there were significantly reduced levels of
encephalitogenic Thl (IFN-y") and Th17(IL-17A™) CNS-infiltrating T
cells. These examples have demonstrated that tolerance can be induced
by particles loaded or surface-coupled with autoantigens and by har-
nessing tolerogenic APCs or scavengers destined for clearance of nano-
and micro-particles.

Other innate mechanisms have been explored to enhance active
targeting to APCs. For example, mannose- or N-acetylglucosamine-
decorated NPs or autoantigens that target mannose receptors on DCs
have been evaluated for treating EAE [44,45]. Triantafyllakou et al.
conjugated glucosamine to the C-terminal of MOGss 55 and further
encapsulated the peptide into PLGA NPs [44]. The resultant NPs
demonstrated a stable release over three weeks in vitro and suppressed
the symptoms of the disease in a therapeutic setting. Attempts have also
been made to target tissue-specific APCs. Lung APCs are highly phago-
cytic and may process NPs at a higher rate than liver and spleen APCs,
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allowing for lower doses and changing migration and activation patterns
of CD4+ T cells to prevent antigen encounter in the CNS [46]. Intra-
tracheal administration of PLP-loaded PLGA particles for direct delivery
to the lung, where autoreactive T cells travel through in EAE before
reaching disease sites, promoted disease amelioration, and reduced
autoreactive CD4+ T cell proliferation [46,47].

While the effectiveness of therapeutic approaches was mostly eval-
uated by immunizing and treating the mice with the same antigen (one
predominant, disease-causing autoantigen), we should note that the
evolving antigen specificity during disease progression, or “epitope
spreading”, is a prominent feature in both human MS patients and EAE
mice [32-34,48]. For instance, in SJL/J mice immunized with
PLPy39 151 (spread epitope), autoreactive PLP-specific CD4+ T cells
caused primary acute disease phase followed by remission, but the
resultant tissue damaged promoted the activation of T cells recognizing
a second PLP epitope PLPy7g.191 (subdominant epitope) [42]. Treatment
with the spread epitope can prophylactically prevent relapsing-
remitting EAE. Casella et al. showed that oligodendrocyte-derived
extracellular vesicles (Ol-EVs), which naturally contained multiple
myelin antigens, were effective in treating three models of EAE,
including chronic (MOGss_ss-immunized C57BL/6 mice and MBPj,
(1-11)/B10.PL mice) and relapsing-remitting (PLP;39_151/SJL) diseases
upon intravenous injection [49]. Ol-EVs induced immunosuppressive
monocytes as characterized by upregulation in Argl+, PD-L1 and IL-10,
which was correlated with apoptotic T cells (caspase3+ PD-1+ CD4+ )
but not increased Foxp3+ Treg. Moreover, tolerization with multiple
myelin epitopes was proposed to have better clinical potential [50,51].
A first-in-human trial using a single infusion of autologous peripheral
blood mononuclear cells coupled with seven myelin peptides (MOG;_2,
MOGss.55, MBP13_32, MBPg3.99, MBP111-129, MBP146.170, and
PLP;39_154) was shown to be effective in reducing T cell responses to four
of the seven myelin epitopes three months post treatment [51]. As an
alternative approach to peptide-based strategies, Krienke and colleagues
utilized lipid NPs to deliver mRNAs encoding myelin antigens (called

Inject Inject
NP NP/PBS NP/PBS

A

>

5

— PBS

Mean Clinical Score

C57BL/6 Day Day Day Disease DO+5d

10 onset (DO)

* |250kDa
150kDa
100kDa
75kDa
50kDa
37kDa

25kDa
20kDa

15kDa

~*= MOG-PLGA-PEG-NP before onset
- MOG-PLGA-PEG-NP after onset

@ — ———"———r

a2 -
Unidentified _
band

-——

10 20

CD80

8 24h
| 48h

J

Dendritic cell

© # W I

Antigen Antigen MHC  Costimulatory Molecule
PLGANP PLGA-PEG-NP  TCR and Recoptor

o h
Protein  Complement
Corona Component

Days Post Immunization

CD8é

CD40

mm 24h
m 48h

w®

Fig. 1. A, Subcutaneous injection of MOG-PLGA-PEG-NPs can induce antigen-specific immune tolerance in EAE. Tolerance is induced upon reduction of NP-mediated
complement activation and expression of costimulatory molecules. b, Clinical scores of EAE mice comparing treatments with MOG-PLGA-PEG-NPs administered
before or after onset of disease. Statistics are shown for the last data point using two-way ANOVA with post-hoc Tukey test. ***p < 0.001. ¢, Expression of cos-

timulatory molecules CD80, CD86, and CD40 on BMDCs treated with PEGylated NPs in vitro. Data are represented as mean + S.D. (n = 3). *

plement activation in vivo (representative western blot analysis of C3 activation as
supernatant; 2. MOG-PLGA-NP supernatant; 3. MOG-PLGA-PEG-NP supernatant; 4.
Reproduced with permission from [41]

“*p < 0.01. d, Com-
determined by intensity of band representing a2’ chain, right). 1. Tissue control
Tissue control pellet; 5. MOGPLGA-NP pellet; 6. MOG-PLGA-PEG-NP pellet.
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nanoparticle-formulated 1 methylpseudouridine-modified messenger
RNA, or m1¥ mRNA) (Fig. 2) [52]. Lipid NPs containing m1¥ mRNA
were able to induce bystander suppression, where m1¥ mRNA encoding
either PLP139 151 or MOGss_s5 suppressed EAE in C57BL/6 x SJL mice
immunized with PLP;39 151 peptide. Moreover, lipid NPs carrying m1¥
mRNA encoding four autoantigens were effective in a complex EAE
model driven by multiple pathogenic T cell clones (MOGss.55, PLP139.

a Translated antigen
Encephalitogenic T cells
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151, PLP178.191, MBPg4.104, and MOBP15.3¢). Interestingly, m1¥ mRNA
encoding a single MOGs3s5_55 peptide was as effective as that encoding
four epitopes, suggesting a strong bystander tolerance was induced that
protected against polyclonal autoreactive T cells. Nevertheless, ques-
tions remain regarding the breadth, duration, and capacity of the
induced bystander suppression.

To address the concern that antigen delivery alone to an
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Fig. 2. A, Schematic illustration of anti-inflammatory lipid nanoparticles containing myelin oligodendrocyte glycoprotein (MOG) m1¥ mRNA. b, Disease severity in
MOG35-55-induced EAE (n = 6 to 8 C57BL/6mice per group) treated with m1YmRNA or saline (control) on days 7 and 10 after disease induction. ¢, Frequency of
CD4+ T cell and MOG35-55-specific CD4+ T cells in the spinal cord of mice as treated in b.Thy1l.1+ 2D2 CD4+ T cells were transferred 1 day before EAE induction
into Thy1.2+ recipient mice and analyzed on day 16 after disease induction. d, Treatment with m1¥ mRNA leads to therapeutically effective bystander tolerance.
PLP139-151-induced EAE mice (C57Bl/6xSJL mice) were treated with MOG35-55 m1¥,PLP139-151 m1Y, irrelevant m1¥ mRNA, or saline (control) twice per week
starting on days 7 and 10 after disease induction with 40 mg of m1¥ mRNA. Expansion of endogenous MOG35-55-specific CD4+ T cells and frequency of tetramer+
Foxp3+ Treg cells in spleen on day 28 were shown. e, Induction and maintenance of antigen-encoding m1¥ mRNA-induced tolerance is independent of the EAE
disease model and mediated by bystander immunosuppression. EAE model based on autoreactivity concurrently against MOG35-55, PLP139-151, PLP178-191,
MBP84-104 and MOBP15-36 induced in F1 C57BL/6 x SJL mice. Disease was scored after treatment with either MOG35-55 m1¥ mRNA alone, with a mixture
of m1¥ mRNA encoding MOG35-55, PLP139-151, PLP178-191 and MBP84-104 autoantigen epitopes or irrelevant m1¥ mRNA. Panel a and b-g are reproduced with
permission from [196] and [52], respectively.
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inflammatory microenvironment found in MS could adversely trigger an
immune response that augments the disease, antigens have also been co-
delivered with immunomodulators for antigen presentation in a tol-
erogenic microenvironment in animal models of MS. Rapamycin is one
such immunomodulator, more specifically, an inhibitor of the mecha-
nistic target of rapamycin (mTOR). Rapamycin has been shown to affect
the immune system through various pathways, including induction of
tolerogenic DCs and Tregs, T cell anergy or inhibition of proliferation,
and CD8+ T cell differentiation [53-56]. Maldonado and colleagues
developed tolerogenic NPs (tNPs) composed of PLGA, pegylated poly-
lactic acid (PLA-PEG), rapamycin, and protein or peptide antigens that
modify adaptive immune responses and produce a lasting tolerance able
to protect against multiple immunogenic challenges with antigen [57].
They first showed that OVAsa3 339-loaded tNPs were able to target and
block humoral immunity in mice immunized with OVA and CpG by
inhibiting anti-OVA antibody responses upon challenge with OVA. tNPs
also prevented antibody hypersensitivity responses previously seen in
mice that received multiple intravenous injections of an immunogenic
particulate form of OVA (pOVA). The encapsulation of rapamycin was
crucial in these studies as free rapamycin did not affect the anti-OVA
response. Mechanistically, tNPs were shown to inhibit the prolifera-
tion of Ag-specific effector CD4+ T cells while expanding the proportion
and number of Ag-specific Foxp3+ CD4+ T cells [58]. Treatment of
PLP;39_151-l0oaded tNPs at the peak of disease led to complete remission
and inhibited disease relapse in a R-EAE model. Furthermore, mice
treated with tNPs on days —14 and —21 prior to adoptive transfer of
encephalitogenic T cells from PLPj39 151/CFA immunized mice were
completely protected from disease, showing a durable endogenous
regulatory response.

The aryl hydrocarbon receptor (AhR) is a transcription factor re-
ported to promote Treg differentiation by augmenting TGF-f signaling
or inducing anti-inflammatory DCs that secrete retinoic acid [59,60].
Mitigation of disease in preclinical MS and T1D studies have demon-
strated the therapeutic potential of AhR-targeting ligands [60,61]. For
induction of antigen-specific tolerance, Kenison et al., evaluated nano-
liposomes co-loaded with an AhR agonist 2-(1'H-indole-3'-carbonyl)-
thiazole-4-carboxylic acid methyl ester (ITE) and MOG35-55 peptide
(NLPirg+Mog) in mouse models of EAE [62]. A single IV injection of
NLPirg moc 15 d after disease induction effectively suppressed disease
development. Notably, in C57Bl/6 x SJL F1 mice immunized with
PLP139-151 peptide, subcutaneous treatment with either NLPrg prp or
NLPirgMmoc ameliorated EAE, reduced proliferative recall response to
PLP;39.151 and increased IL-10+ CD4+ T cells in CNS, suggesting NLPs
induce bystander suppression against pathogenic immune responses
towards other autoantigens expressed in the same tissue. The authors
also showed that NLPirg,mog suppressed chronic progressive EAE in
NOD mice immunized with MOGs3s.55, which was associated with
increased MOG-specific IL-10+ CD4 T cells and downregulated proin-
flammatory activities in astrocytes, microglia, and monocytes in the
CNS.

Several groups have investigated the co-loading of autoantigen and T
cell-modulating agents. Wang et al. designed PLGA NPs encapsulating
inhibitory peptide LABL, which binds with ICAM-1 to block signal-2in T
cell activation and decorated the surface with antigenic peptide
MOGss_55 for signal-1 [63]. Inhibition of symptoms in EAE mice,
reduced expression of MHC-II and CD86 on DCs, and diminished levels
of infiltrating Thl and Th1l7 cells in the CNS indicated successful
antigen-specific immune tolerance via abortive T-cell activation. Casey
and colleagues conjugated tolerogenic cytokine transforming growth
factor beta 1 (TGF-p) onto the surface of Ag-loaded PLGA NPs, which
enhanced Ag-specific tolerance with lower doses and enabled subcu-
taneous injection, which is more clinically accessible than intravenous
injection [64]. Cappellano and colleagues encapsulated PLGA NPs with
either MOG35.55 (MOG-PLGA) or rhIL-10 (IL10-PLGA), which showed
sustained in vitro release for several weeks with similar kinetics [65].
Subcutaneous vaccination with both MOG-PLGA and IL10-PLGA
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ameliorated the course of EAE in MOGg3s5_s5-immunized C57Bl/6 mice.
While the approach deviates pathogenic T cell activation, it remains to
be elucidated whether the approach generates antigen-specific Treg cells
in the inflamed CNS.

Multiple particle systems have also been examined. For instance,
Keselowsky’s group investigated the efficacy of dual-sized PLGA-based
MP MPs (dMPs) for delivery of MOGss_s5 in addition to TGF-B1, GM-CSF,
and vitamin D3. The rationale behind the design was that non-
phagocytosable MPs (~30 um) lead to the extracellular release of DC
chemokines (GM-CSF) and protolerogenic cytokines (TGF-p1) in sub-
cutaneous tissue whereas phagocytosable MPs (~1 um) are engulfed by
locally recruited APCs for antigen presentation and for vitamin D3 de-
livery to its nuclear receptor. Early treatment with dMPs with MOGg3s_s5
prevented disease progression, which was associated with decreased
Th1/Th17 cells and MHCII+ CD86+ DCs [66]. The same group also
systematically evaluated the design principles of dMP system in treating
EAE and found combined FMS-like tyrosine kinase 3 ligand (FLT3L, for
DC differentiation) and stromal cell derived factor 1 (SDF-1, for immune
cell recruitment) is equivalent to GM-CSF to achieve maximal efficacy,
highlighting the multifaceted role of GM-CSF in both DC recruitment
and differentiation [67]. Interestingly, the group also showed that
reversing the sizes of phagocytosable and non-phagocytosable dMPs
abrogated treatment effects.

Reactive oxygen species (ROS) have been implicated as mediators of
inflammatory cytokine production and inflammation-induced tissue
injury and has been explored as a therapeutic target for many inflam-
matory diseases. However, its modulation for reestablishing antigen-
specific immune tolerance is still emerging [68]. Nguyen et al. pre-
pared an immunosuppressive therapeutic vaccine with mesoporous sil-
ica nanoparticles (MSN) loaded with MOGs5_55 and decorated on the
surface with ROS-scavenging cerium oxide nanoparticles (CeNP) [69].
Upon intravenous injection with MSN-MOG (without CeNP), EAE mice
had significantly increased the frequency and number of Tregs, dimin-
ished levels of CNS-infiltrating APCs and autoreactive CD4+ T cells, and
suppressed the disease in EAE mice. However, after Treg depletion, the
vaccinated mice lost protection against EAE, shown by a rebound in
clinical scores as well as levels of CNS-infiltrating APCs and CD4+ T
cells. CeNPs, which help reduce intracellular ROS of APCs and suppress
maturation, were able to enhance the therapeutic efficacy of MSN-MOG
and treat mice in the chronic phase of EAE.

3. Type 1 diabetes mellitus (T1D)

T1D is an autoimmune disorder characterized by immune-mediated
destruction of insulin-producing f cells in the pancreas [70]. The
resultant dysregulation of insulin secretion and blood glucose control
facilitates complications, including diabetic retinopathy, and kidney and
cardiovascular diseases [71]. The current treatment involves lifelong
exogenous insulin supplementation and delays onset of diabetes-
associated complications but does not address the underlying autoim-
mune pathophysiology. In November 2022, a century after the first use
of insulin, the US FDA approved teplizumab as the first disease-
modifying therapy in T1D, highlighting the potential of immuno-
therapy in treating T1D. An alternative to broad T cell modulation is
antigen-specific immunotherapy. Multiple T1D-specific autoantigen
candidates have been tested in clinical trials, yet limited efficacy has
been reported [72-74]. Applying the wealth of knowledge gained from
neo-epitope discovery (i.e., hybrid insulin peptide), biomaterials and
micro/nanoparticle delivery, various research groups have sought to
improve antigen delivery to induce antigen-specific immune tolerance
[75-77].

In order to provide proof-of-concept of new therapies and to optimize
delivery platform, studies typically resort to transferred T1D models
initially where p-cell specific, diabetogenic CD4+ or CD8+ T cells from
TCR-transgenic mice are transferred to immunodeficient hosts (i.e., the
NOD-severe combined immunodeficiency (NOD-SCID) strain) [78].
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These mono-/oligo-clonal T cell-transferred T1D models provide a use-
ful tool to validate new therapeutic approaches that modify disease
progression in an antigen-specific manner. Moreover, the delivery
platform may be tailored for individual antigenic epitopes, given
different requirements for CD4+ and CD8+ T cell modulation [79]. For
example, Prasad and colleagues formulated PLGA NPs that encapsulated
either a CD4 (p31) or a CD8 (NRPA?7) peptide epitope (Ag-PLGA) [80].
Intravenous delivery of Ag-PLGA blunted diabetogenic activities of the
p31-recognizing BDC2.5 CD4+ and NRPA7-recognizing NY8.3 CD8+ T
cells in NOD.SCID recipients, respectively. The therapeutic efficacy was
mediated by antigen-specific Tregs and depended on PD-1 and CTLA-4,
as antibody blockade of either molecule during induction or mainte-
nance phase abrogated the protective effects of p31-PLGA. Jamison et al.
encapsulated a hybrid insulin peptide (2.5HIP), consisting of an insulin
C-peptide fragment fused to a peptide from chromogranin A (ChgA), into
PLGA NPs [77]. Intravenous injection of the 2.5HIP-PLGA prevented
disease progression in about 80 % of NOD.SCID mice transferred with
BDC2.5 T cells and significantly reduced islet infiltration. 2.5HIP-PLGA
treatment resulted in a higher frequency of Ag-specific Treg in the
pancreas that downregulated CD127 and upregulated CD103 at a late
time point. Yet, we should note that these mono-/oligo-clonal T cell-
transferred T1D models do not faithfully reflect the complexity in the
pathogenesis of human T1D, such as epitope spreading that expands the
pathogenic T cell repertoire [81].

On the other hand, the NOD mouse model, which is poly-antigenic
and exhibits spontaneous autoimmune-mediated diabetes, closely re-
capitulates human T1D [82]. For achieving a broader coverage of
autoantigens or islet-reactive T cell clones, delivering disease initiating
or perpetuating peptide or delivering multiple antigens appear to be an
attractive strategy. For example, Liu et al. reported subcutaneous de-
livery of insulin B chain 9-23 peptide (insBg.23) autoantigen loaded
PLGA MPs suppressed islet inflammation and diabetes incidence in NOD
mice, which were associated with decreased splenic bulk CD4+ T cells
and increased Tregs [83]. Interestingly, the authors also reported an
increase in the size of the thymic CD4+ T cell pool. Considering the low
frequency of insBg_33-specific T cells, it remains to be elucidated whether
these MPs can have a direct impact on negative selection in central
tolerance. Qu et al. loaded insBg_»3 peptide into mannosylated sodium
alginate NPs via Fe?>"-Fe>* coprecipitation (MAN-ALG(PEP)) [84]. The
resultant NPs (~300 nm) led to 60 % of T1D protection when subcu-
taneously administered into 4-week-old NOD mice. The author also
noted a similar increase in total CD4+ and total CD8+ T cells as well as
Tregs after MAN-ALG(PEP) treatment compared to control. Notably, the
Miller group has developed PLGA-based NPs (COUR CNPs) that encap-
sulate multiple diabetogenic proteins (recombinant insulin, GAD65, and
ChgA) [85]. The authors noted targeting individual peptide epitopes
(p31, p31-NRPA7-insulinB9:23, ProinsC19-A3, or intact insulin) failed
to inhibit T1D development in NOD mice, whereas CNPs with all three
diabetogenic proteins significantly inhibited T1D progression. In line
with these in vivo results, an ex vivo recall culture experiment with
various peptides revealed that CNPs with all three components induced
the broadest tolerogenic phenotype in the self-reactive T cells,
increasing IL-10 and decreasing IFN-y secretion.

In addition to the PLGA-based platform, other biopolymers have
been used for the delivery of autoantigens. For example, Firdessa-Fite
et al. prepared soluble antigen arrays (SAgAs) using either stable click
chemistry (cSAgA) or hydrolysable linker (hSAgA) to attach multiple
peptide copies on hyaluronan backbone [86]. SAgAs were loaded with
the hybrid peptide 2.5HIP, a hybrid insulin peptide and natural ligand of
BDC2.5 CD4 T cells, or with its more potent p79 mimotope [76]. SAgAs
loaded with both epitopes delayed diabetes in 8-week NOD mice upon
subcutaneous injection whereas SAgAs loaded with individual epitope
did not. Interestingly, SAgAs delivering 2.5HIP expanded Foxp3+ Treg
whereas SAgAs delivering its more potent p79 ligand induced IL-10+
Trl. In addition, tetramer staining revealed few cross-reactive T cells
recognizing both epitopes. These results suggest 2.5HIP-reactive and

Advanced Drug Delivery Reviews 203 (2023) 115140

p79-reactive T cells were distinct populations and SAgAs treatment
triggered divergent differentiation programs in them. The cSAgAs
formulation afforded stronger induction of CD73/FR4, PD-1, and IL-10
and better protection against diabetes compared to hSAgAs. In an
elegant strategy, Wilson et al., attached p-linked polymeric N-acetylga-
lactosamine or N-acetylglucosamine to antigens for targeting multiple
tolerogenic cells upon intravenous injection, including hepatic DCs, KCs,
LSECs, and hepatocytes via C-type lectin receptors [87]. The p(GalNAc)
and p(GluNAc) polymers were attached to antigens via a reduction-
sensitive self-immolating linker, which allowed for liberation of the
antigen for antigen presentation upon endocytosis. In a BDC2.5 trans-
ferred T1D model, p31-p(GluNAc) treatment protected mice from dia-
betes and increased Foxp3+ Treg in the spleen compared to free p31
peptide. This antigen delivery platform was applied to other autoim-
mune diseases, as the same group has shown the efficacy of pGalNAc-
antigen in encephalitogenic T cell transferred EAE and relapsing-
remitting EAE [88]. Another example of novel polymer being used for
the delivery of antigens is acetalated dextran (Ac-Dex) [89-91]. Ac-Dex
is prepared by modifying the hydroxyl groups with pendant acetals,
which are sensitive to acidic conditions [92]. Therefore, Ac-Dex MPs
degrade in low pH or enzymatic conditions in the lysosomes of APCs and
release antigenic proteins or peptides. Chen et al. co-loaded p31 peptide
and rapamycin into Ac-Dex MPs and demonstrated its efficacy in a
BDC2.5 transferred T1D model [90]. Mechanistically, Ac-Dex MPs
delayed effector CD4 T cells expansion in periphery and increased
Foxp3+ Treg: IFN-g+ Teff ratio in pancreatic lymph nodes. Notably, the
same group also showed utility of the particle formulations in encap-
sulating both rapamycin and PLP or dexamethasone and MOG for the
treatment of EAE [89,91].

As an alternative to delivering antigens to APCs, direct modulation of
autoreactive T cells can be achieved using peptide-bound MHC class I- or
class II-decorated NPs (termed pMHCI-NPs or pMHCII-NPs) [93,94]. The
NP matrices were composed of crosslinked dextran or pegylated iron
oxide (CLIO- or PFM-NPs, respectively) and surface-decorated with
PMHCII molecules. For T1D models, IA%-NPs containing 2.5mi, IGRP4.
22 or IGRP;35.145 and Kd-NPs containing IGRPyg6.214 or NRP-V7 were
used [93,94]. pMHCII-NPs exhibited an extremely short half-life,
cleared by phagocytes within 1-5 min depending on the organs, or
captured by cognate T cells within 10 min upon injection [95]. However,
the pMHC-NPs also showed extremely fast pharmacokinetics, leading to
assembly of antigen receptor microclusters, sustained T cell signaling
and reprogramming [95,96]. Systemic treatment triggered expansion of
cognate TR1 cells from antigen-experienced, pathogenic follicular T
helper cells (Tfh), and reversed disease in all three models without
compromising systemic immunity [93,97,98]. The authors highlighted
the potential of this approach for inducing immune tolerance in multiple
autoimmune diseases.

Co-delivery of tolerogenic agents with autoantigen is another
appealing approach to re-establish immune tolerance and achieve
maximal efficacy. For example, Phillips et al. incorporated human in-
sulin B9-23 peptide, all-trans retinoic acid (RA) and transforming growth
factor beta 1 (TGF-p1) into PLGA NPs and showed a single subcutaneous
injection of NPs prevented disease onset in 11-week-old NOD mice in 65
% of animals [99]. Interestingly, the authors did not detect an upregu-
lation of Treg but instead observed an increase in regulatory B cells in
mesenteric lymph nodes, suggesting a possible involvement of regula-
tory B cells in tolerance induction. Alternatively, Yeste and colleagues
designed PEG-coated gold NPs that co-delivered proinsulin and an Ahr
ligand 2-(1'H-indole-3"-carbonyl)-thiazole-4-carboxylic acid methyl
ester (ITE) [100]. The resultant NPs induced a tolerogenic phenotype in
mouse and human DCs by inducing AhR-dependent Socs2 expression
and prevented diabetes in more than 70 % of treated 8-week-old NOD
mice. Nucleic acid delivery and genome editing can also be useful tools
to precisely manipulate APCs, compared to small molecules [101]. For
example, a CRISPR-Cas9 plasmid and three guide RNAs targeting cos-
timulatory molecules (CD40, CD80, and CD86) were encapsulated along
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with 2.5mi, a T1D-related peptide, into cationic lipid-containing PEG-
PLGA NPs [102]. The resultant NPs genetically edited DCs into tolero-
genic phenotype and expanded antigen-specific Tregs and prevented
diabetes incidence in NOD mice when administered at a late prediabetic
stage.

Modular design strategies have been developed to further incorpo-
rate chemotactic agents together with pro-tolerogenic and antigen
components. Keselowsky’s group evaluated the effectiveness of dual-
sized PLGA-based MP (dMP), which was composed of two ~ 1 um
phagocytosable MPs (loaded with vitamin V3 and insulin peptide) and
two ~ 30 pm nonphagocytosable MPs (loaded with TGFp1 and GM-CSF)
[103,104]. In vitro studies confirmed the dMPs reduced maturation
markers on DCs [103,104]. The original formulation, which contained
insBo.g3 peptide, protected 40 % of the 4-week-old NOD mice from
diabetes up to 32 weeks of age after subcutaneous injection [103]. More
recently, the same group re-engineered the dMPs to encapsulate dena-
tured insulin in place of insBg.o3 peptide with the goal of expanding the
presented peptide library [104]. The re-engineered dMPs treatment
protected against disease onset in 60 % of 8-week-old NOD mice, and the
reversal of diabetes was observed in 36 % of the mice by 8 weeks. The
efficacy was associated with increased tolerogenic DCs in the injection
site draining lymph nodes and increased frequency of Treg in the
pancreatic LN and spleen. In another example, Chen et al. designed a
modular immune-homeostatic microparticle (IHM) that rapidly released
monocyte chemotactic protein-1 (MCP-1) for T cell migration (tpmax = 5
h) and induced T cell apoptosis via surface immobilized Fas ligand
(FasL) (Fig. 3) [105]. The authors further loaded diabetes-related glu-
tamic acid decarboxylase 524-543 (GADs24.543). Intravenous injection
of GAD peptide loaded IHM (IHMgap) increased Treg frequency in
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pancreatic lymph nodes, restored islet numbers and reversed hyper-
glycemia in NOD mice for up to 12 weeks. It remains to be elucidated
how the MP coordinated activated T cell apoptosis and Treg formation
and its effects on normal immunity.

The route of administration plays an important role in immune
tolerance induction [106]. From a standpoint of immune modulation,
tolerogenic tissue environment can be harnessed or remodeled by tar-
geting therapeutics to specific areas. For example, attempts have been
made to modify the antigen presentation process directly in lymph
nodes. Gammon et al. reported an intra-lymph node injected micro-
particle that co-encapsulated either p31 or NRPV7 with rapamycin into
PLGA MP [107]. The MP was designed as a diffusion limited depot
because it was sufficiently large not to drain out of lymph nodes. The
authors showed both the antigen and rapamycin are needed for maximal
efficacy, and p31/rapamycin MP expanded significantly higher ratios of
antigen-specific Treg in the treated lymph nodes and early draining
lymph nodes, compared with p31 MP or rapamycin MP. Interestingly,
the authors showed that MP treatment promoted tolerogenic micro-
domains in LN stroma, which were characterized as an increased ratio of
laminin a4 to laminin o5 in areas surrounding high endothelial venules
and cortical ridge. Tolerogenic stromal architecture may also be
modeled and applied in vivo using hydrogel network. Tegou et al.
tethered secondary lymphoid chemokine CCL21 and p31 peptide to PEG
hydrogel via click-chemistry and further incorporated IGRPyg6.214 Via
PEG-poly(propylene sulfide) (PEG-PPS) nanovesicles [108]. The loading
of IGRP peptide into nanovesicles preserved its bioactivity compared to
tethering it onto the gel. Interestingly, implantation of p31 and CCL21
combination gel under the kidney capsule of NOD mice promoted for-
mation of LN-like stromal networks in the proximity containing gp38+

Modul " A bl
A g y:

* MOG,, (, for EAE model
« GAD,, .54 for NOD model
= No antigen for colitis model

% Annexin V*PI*

Antigen-specific Tregs

3. Immune Tolerance Induction

Macrophages

c d PBS

6009 —o- pBS Above the detection range

s

400 1

250
2001

Blood glucose (mg/dl)

0O 1 2 3 4 5 6 7 8 9 1011 12
Time after treatment (week)

per slide
N w S
o o o

Number of islets
>

Fig. 3. A, Schematic illustration of IHMs induced antigen-specific immune tolerance via an apoptosis and reestablishment strategy. b, Frequencies of apoptotic
CD3+ T cells in the blood 6 h after injection of PBS or IHMs in NOD mice. ¢, Blood glucose was measured to monitor diabetes progression in the NOD mice treated
with PBS, IHMoya and IHMgap. d, Insulitis as measured by H&E staining. Three sections were taken from each tissue for H&E staining, and the average number of

islets on each slide was calculated.
Reproduced with permission from [105]



A. Kim et al.

fibroblastic reticular cells. Tolerance may also be induced by skin resi-
dent APCs. Arikat et al. fabricated steel microneedle arrays consisting of
thirty 500 pm projections with > 30 pg of proinsulin coating, with the
aim of targeting Langerhans cells residing in the epidermis and dermal
dendritic cells [109]. Upon intradermal injection, the proinsulin-coated
microneedles rapidly release proinsulin (77.5 % released in 1 min) and
efficiently engaged adoptively transferred G9 CD8+ T cells, which
recognize the InsBjs 23 fragment of proinsulin. It remains to be seen
whether the technology can desirably deliver immunological signals
that induce tolerance in sites of inflammation.

Oral administration may present an alternative route of immuno-
therapy for T1D, as oral mucosa is populated with tolerogenic DCs that
can promote Treg differentiation [110]. Chen et al encapsulated the
antigen heat shock protein 65-6Xp277 (H6P) into RGD- and mannose-
modified chitosan NPs [111]. Oral vaccination of NOD mice increased
uptake of H6P by DCs in the Peyer’s patches, compared with the solution
form and prevented diabetes in NOD mice when treated at 4 weeks of
age. More recently, Mao and colleagues designed oral vaccines using
lactic acid bacteria bacterium-like particles that deliver either a single-
chain insulin analog (insulin B- and A-chain with a linker peptide), an
intracellular domain of insulinoma-associated protein 2, or both
[112-114]. The authors showed the antigen-carrying bacterium-like
particles induced Th2 and Treg differentiation and led to reduced dis-
ease incidence and islet protection in NOD mice.

4. Rheumatoid arthritis (RA)

Rheumatoid arthritis is an autoimmune disease driven by Thl or
Th17 pro-inflammatory T cell responses and mediated by various anti-
bodies against autoantigens, such as rheumatoid factors, citrullinated
proteins, and heat shock proteins (HSPs) [115]. Pathogenesis is unclear,
but it likely starts upon a divergence in thymic selection or peripheral
tolerance, and with infiltration of inflammatory cells into affected tis-
sues, including the synovial membrane, cartilage, and bones, it leads to
the destruction of joints and bones [115-117]. In RA patients, anti-
citrullinated protein antibodies that recognize post-translationally
modified citrullinated host proteins are often produced, followed by
immune reactions and infiltration of immune cells into the joints [118].
Additionally, patients have high incidence rates of antibodies and T cells
specific for type II collagen (CII), a protein solely expressed in the
articular cartilage of joints, designating CII as one of the major auto-
antigens of human RA [119]. Inducing anti-CII immunity in animals
leads to a collagen-induced arthritis (CIA) model that has a pathogenesis
and symptoms that resemble human RA, including inflammation and
bone erosion in the arthritic joints. Thus, this CIA model has been widely
used for the evaluation of RA therapeutics.

While current treatments include disease-modifying antirheumatic
drugs, like nonsteroidal anti-inflammatory drugs (NSAIDs) and metho-
trexate, which can mitigate symptoms, these drugs cannot completely
abolish symptoms and they may come with severe side effects, including
infection or gastrointestinal problems. The goal to reestablish immu-
nologic tolerance in patients remains unmet, and exploration of antigen-
specific immunotherapies that can immunologically reset the body to a
healthy state is underway [120]. One approach to induce antigen-
specific immune tolerance is to deliver antigens to APCs with immune-
modifying agents. Chen et al. prepared a tolerogenic polypeptide vac-
cine (tPvax) by loading a multiepitope citrullinated peptide (Cit-ME)
and rapamycin onto lipid-coated calcium phosphate NPs with core—shell
structures [121]. Upon administration of tPvax to Wistar rats induced
with CIA, ClI-specific antibody titers and IFN-y levels were significantly
reduced, Treg cell and IL-10 levels were significantly increased, and paw
thicknesses and clinical scores were notably decreased, showing clear
therapeutic effects. Loading rapamycin provided a tolerogenic envi-
ronment for DCs and promoted downregulation of costimulatory mole-
cules and inflammatory cytokines, while Cit-ME, which consists of major
epitopes of citrullinated type II collagen, fibrinogen, vimentin, and
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fibronectin, targeted the epitope spreading tendency of experimental
arthritis to citrullinated antigens. In another example, rapamycin and
CitP, a citrullinated multiepitope autoantigen derived from citrullinated
filaggrin, p-fibrinogen, vimentin, and collagen type II, were loaded onto
nanoemulsions (NEs) [122]. The NEs were targeted to ectopic lymphoid
structures, which consist of T cells, B cells, and follicular dendritic cells
that are formed with the help of APCs and are often present in the
inflamed synovium of RA, to promote direct interaction with the im-
mune cells. Administration of the NEs resulted in protection of CIA and
adjuvant-induced arthritis (AIA) mice from chronic and acute arthritis,
respectively, as shown by significantly reduced paw thicknesses and
clinical scores. Additionally, proinflammatory cytokine levels (i.e.,
tumor necrosis factor alpha (TNF-a), IL-17A, and IL-1p in CIA, and IFN-y,
TNF-a, IL-1B, and IL-6 in AIA) were significantly reduced, while anti-
inflammatory cytokine levels (e.g., TGF-f1 in CIA and IL-10 in AIA)
were notably increased. Thus, targeting ectopic lymphoid structures
with NEs carrying rapamycin and CitP significantly alleviated RA
symptoms, demonstrating the potential of their delivery system co-
deliverubg multiepitope self-antigen and rapamycin. As an alternative
strategy, Srivastava and colleagues coadministered rapamycin-loaded
PLGA NPs (PLGA-R) with Siglec-engaging tolerance-inducing antigenic
liposomes, which are liposomal NPs decorated with a target antigen and
ligands of the B cell Siglec, CD22 [123]. These NPs were previously
engineered to induce antigen-specific B cell tolerance, and co-
engagement of CD22 and the B cell receptor would send an apoptotic
signal promoting antigen-specific B cell deletion and tolerance
[124-126]. Upon coadministration, naive mice exhibited strong toler-
ance to multiple antigen challenges, and the onset of disease in K/BxN
mice, which develop spontaneous arthritis to glucose-6-phosphate-
isomerase (GPI), was delayed, with some mice being disease free
[123]. Later on, the two NPs were combined to form a hybrid delivery
system with a rapamycin-loaded PLGA core and a lipid monolayer with
protein antigen and CD22L on the surface (Fig. 4) [127]. Hybrid NPs
loaded with GPI as the target antigen significantly delayed the disease
onset and prevented arthritis in K/BxN mice. Successful induction of
tolerance to self-antigen was shown by decreased levels of anti-GPI
IgG1, increased levels of Treg cells, and diminished levels of antibody
secreting plasma cells and GPI-specific plasma cells. Overall, codelivery
of rapamycin and autoantigens induced immune tolerance and amelio-
rated symptoms in RA animal models in addition to the EAE and T1D
models mentioned previously, further showing the therapeutic potential
and universality of combining immunomodulatory signals and auto-
antigens for antigen-specific immunotherapy.

Moreover, antigen-presenting DCs can be modulated by targeted
delivery of inhibitors. Galea et al., synthesized liposomes encapsulating
an antigen and a NF-xB inhibitor, calcitriol, to exploit DC antigen pre-
sentation and target antigen-specific memory T cells [128]. The lipo-
somes reduced DC MHC class II expression, suppressed the
differentiation and function of Teff cells, induced antigen-specific Treg
cells in a programmed cell death ligand 1 (PD-L1)-dependent manner,
and expanded programmed cell death 14+ (PD-1+ ) antigen-specific T
cells in vivo [128,129]. Therapeutic efficacy in a RA mouse model was
shown by a significant reduction in disease severity [128]. Recently, the
same group loaded liposomes with calcitriol and RA joint-specific self-
peptide collagen II359.273 and treated anti-citrullinated protein antibody-
positive RA patients on methotrexate [130]. Dose-associated immuno-
regulatory effects and remission of disease were observed in this phase I
trial. Specifically, antigen-specific and bystander immune responses
were displayed by increased levels of type II collagen-specific and
bystander Cit64vimentinsg.71-specific T cells, decreased levels of mem-
ory B cells and inflammatory myeloid populations, reduced citrullinated
protein antibody V domain glycosylation, and upregulation of T cell
transcripts associated with tolerogenic TCR signaling and exhaustion.
Mangal et al. metabolically reprogrammed pro-inflammatory DCs in the
presence of self-antigens with MPs loaded with PFK15 (a glycolytic in-
hibitor), alpha-ketoglutarate (aKG, an immunosuppressive Krebs cycle
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metabolite), and bovine collagen type II (bc2, a CIA-specific antigen)
[131]. These MPs promoted antigen presentation along with inhibition
of DC glycolysis, which is necessary for pro-inflammatory antigen-spe-
cific immune responses. Treated CIA mice had significantly reduced paw
thickness and arthritis scores along with lower levels of activated DCs in
draining lymph nodes and proliferation of bc2-specific Tregs in joint-
associated popliteal lymph nodes. These studies have shown that
inhibiting the development of pro-inflammatory DCs generated anti-
inflammatory T cell responses in CIA mice.

A different immunization strategy utilizing natural, self-assembling
nanostructures was demonstrated by Zampieri and colleagues, who
engineered immunomodulatory self-assembling plant virus nano-
particles (pVNPs) comprised of tomato bushy stunt virus to function as
both a peptide scaffold and an adjuvant [132]. Tomato bushy stunt virus
was genetically engineered to express immunodominant peptides for
RA. Upon administration, CIA mice had a significant reduction in the
severity of disease symptoms, with increased serum levels of IL-10. The
strategy was also applicable to the T1D model, as NPs prepared from
cowpea mosaic virus expressing the immunodominant peptide p524
were capable of inducing partial protection from the onset of diabetes in
NOD mice. The genetically encoded peptides can be modified for
incorporation of new sequences associated with different autoimmune
diseases although the characteristics and underlying mechanisms of the
different plant virus systems may be more suitable for specific disease
models and would need to be further considered in designing pVNPs for
other therapeutic applications.

TNF-a is a proinflammatory cytokine that acts against the suppres-
sive activity of Treg cells and plays a key role in RA pathogenesis, and
anti-TNF-a antibodies, like infliximab, have been shown to induce Treg
cell populations in RA patients [133]. However, extended anti-TNF-«
therapies may lead to opportunistic infections and malignancies’. Bua-
nec et al. sought to design a safer alternative and engineered human
TNF-a kinoid (hTNF-K) to target TNF-a through the novel approach of
inducing autoimmune protection against a human cytokine [134].
hTNF-K is a heterocomplex of keyhole limpet hemocyanin and

immunogenic hTNF-a derivative, and immunization in hTNF-a trans-
genic mice mimicking RA led to a safe induction of anti-TNF-a Abs that
neutralized hTNF-a bioactivities but did not result in significant T cell
responses. Kinoid-immunized hTNF-a transgenic mice were protected in
both an acute model of hTNF-a-galactosamine lethal shock and a chronic
model of arthritis. The studies highlighted the potential of active im-
munization against an endogenous cytokine for therapeutic application
in high-TNF-a producing diseases.

Notably, there are a number of promising RA-associated antigen
peptides that are yet to be explored in the context of vaccine delivery
systems. For instance, HSPs are highly expressed proteins at sites of
inflammation, like inflamed synovium, and are presented by MHC class
II molecules [135]. Immunization with mycobacterial HSP70 was shown
to induce an anti-inflammatory HSP-specific T-cell response, and B29, a
HSP70-derived peptide, induced antigen-specific Tregs expressing
Lymphocyte Activation Gene-3 (LAG-3), a molecule that binds MHCIL
and can send inhibitory signals to APCs [136]. When LAG-3+ B29-
induced Tregs were adoptively transferred into mice with proteoglycan-
induced arthritis, an experimental RA model, it was found that the
transferred Tregs migrated to sites of Inflammation, remained active for
up to 50 days and suppressed the disease activity. In HLA-DQ8-trans-
genic mice, which can develop arthritis upon immunization with human
proteoglycan, immunization with B29 and restimulation with proteo-
glycan in combination with B29 ex vivo, led to a suppressed response
towards proteoglycan [137]. When naive human T cells were primed
and restimulated with B29, there was a significant increase in B29-
specific CD4+ T cells, showing the clinical potential of this peptide.
Another example of a therapeutic HSP-derived peptide is dnaJP1, a
synthetic peptide that mimics a “shared epitope” common to HLA class II
alleles associated with RA [138]. Immune tolerization to this proin-
flammatory T cell epitope was induced in patients, resulting in a
phenotypic change in effector T cells, from a proinflammatory to a tol-
erogenic phenotype. Oral administration in RA patients reduced TNF-
a-producing T cells, increased IL-10-secreting T cells, and led to clinical
improvements as assessed by ACR20 and ACR50 responses. RA patients
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with increased levels of PD-1 (programmed death 1), CTLA-4, and their
ligands had successful antigenic tolerization, suggesting that PD-1 and
CTLA-4-expressing T cells may be regulating the epitope-specific
effector T cells involved in pathogenic inflammatory responses. While
other immune-tolerizing studies have utilized disease-stimulating anti-
gens as the tolerogen, such as MOG in EAE models, HSP is not linked to
any initial cause of autoimmune inflammation. Therefore, these studies
also shed light upon targeting components that amplify rather than
trigger the disease in antigen-specific immunotherapy although com-
parison of the proportion of responsive patients would need to be further
assessed.

5. Inflammatory bowel disease (IBD)

Inflammatory bowel disease is characterized by the chronic inflam-
mation of the gastrointestinal tract. It can be subdivided into two cate-
gories: Crohn’s disease (CD) and ulcerative colitis (UC). While they
share many of the same symptoms, they have unique pathologies and
clinical signs. The exact pathogenesis of IBD is unknown, but many
factors are involved such as diet, genetics, dysregulated immune system,
and the gut microbiome [139]. Research for treatments of IBD has been
growing as the prevalence of the disease has increased by 85.1 % from
1990 to 2017, reaching 1.6 million Americans and 6.8 million cases
globally [140,141]. Current treatments have focused on general
immunosuppression, such as aminosalicylates, corticosteroids, and anti-
inflammatory cytokine antibodies, such as infliximab (anti-TNF-a) or
ustekinumab (anti-IL-12/23). More recently, engineered nanoparticle
carriers that can deliver drugs locally to inflamed regions in IBD have
gained interests [142,143].

Antibodies against inflammatory cytokines, such as anti-TNF-a,
require frequent dosing and may trigger anti-drug antibodies. Thus, as
an alternative approach, vaccination against inflammatory cytokines
have been explored. One such vaccine was against IL-12 and IL-23 by
immunizing against the shared p40 subunit using the peptide
S8TPDAPGETV*® and was shown to result in high titers of IgG that were
also highly specific [144,145]. This vaccine was tested in the 2,4,6-trini-
trobenzenesulfonic acid (TNBS)-induced actuate and chronic colitis
models. Treatment for the acute model increased the production of
immunosuppressive cytokine IL-10 and suppressed inflammatory cyto-
kines, such as IFN-y, IL-17, TNF-a, p40, and IL-12. For the chronic
model, the levels of p40, IL-23, IL-17, IL-10, TNF-a, and TGF-f1
decreased compared to controls, inhibiting intestinal inflammation and
fibrosis, and improving animal body weight. The percentages of CD4+
IFN-y+ Thl and CD4+ IL-17+ Th17 cells decreased in the mesenteric
lymph nodes, indicating that the vaccine was also effective at inhibiting
the differentiation of Thl and Th17 cells. The vaccine was capable of
inducing antibodies that lasted for 4 months, and this phenomenon was
reversible and adjustable based on the immunization frequency. Addi-
tionally, while the cytokine levels were reduced, they did not fall below
the baseline, allowing cytokines to function normally. The research
group also engineered a vaccine against the unshared subunit IL-23 p19
to neutralize IL-23 and not IL-12 and still achieved similar results [146],
suggesting IL-23 can be exclusively targeted as it plays a larger role in
IBD pathogenesis. Kinoid immunization for the induction of anti-TNF-a
antibodies previously discussed in RA can also be applied to IBD and
would likely yield similar results. Another example is the vaccine against
IL-18 [147]. Guan and colleagues selected antigenic peptides from
mouse IL-18 and formulated virus-like particle (VLP) vaccines for indi-
vidual peptides based on hepatitis B core antigen. Immunization of
Balb/c mice with the VLP encoding the sequence EMDPPENIDDIQS
(84-96) elicited high levels of serum IL-18 specific IgG, and sera har-
vested from the mice partially inhibited IFN-y secretion in splenocytes
after in vitro stimulation. In addition, mice immunized with the VLP
ameliorated both acute and chronic colitis after repeated TNBS
challenges.

Another vaccine that has been studied for IBD is against the mucin
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MUCI, a glycoprotein that is expressed on the colonic epithelium and is
responsible for defending against pathogenic bacteria while also hy-
drating and lubricating the epithelia [148]. MUC1 contains an extra-
cellular domain composed of a variable number of tandem repeat
(VNTR) region with 80-200 repeats of the 20 amino acid sequence
HGVTSAPDTRPAPGSTAPPA which have O-glycosylation sites that are
significantly glycosylated. However, in IBD and adenocarcinomas,
MUC1 is overexpressed and hypoglycosylated, exposing the protein
backbone [149]. Additionally, the chronic inflammation from IBD can
also lead to colitis-associated colon cancer. Since mouse MUC1 only has
34 % homology to the human protein, the human MUCI1 transgene
needed to be expressed in mice, with similar low and high expression in
healthy and unhealthy cells, respectively. Beatty et al. looked at two
common C57BL/6 mouse models of IBD with the new human MUC1
expression: IL-10 knockout (IL-1 0~/7) and dextran sulfate sodium (DSS)-
induced colitis [150,151]. They administered glycopeptide
TnMUC1-100mer, a peptide to elicit immunity against the abnormal
MUCI1, along with adjuvant E6020 via the intranasal route and boosted
twice after 2 weeks. The anti-MUC1 vaccine was shown to develop a
MUC1-specific CD8" T-cell response, production of anti-MUCI1 IgG,
reduce colonic inflammation, and prevent colitis-associated colon can-
cer in both mouse models without inducing autoimmune side effects. We
envision that targeting tissue-specific antigens can be a promising
strategy for IBD.

Although not using vaccines, some pilot studies have shown prom-
ising results using chimeric antigen receptor-Treg (CAR-Treg) or
antigen-specific Treg for treating murine colitis. A pioneering study
designed a CAR specific for 2,4,6-trinitrophenol (TNP) model antigen,
which is commonly used for the induction of mouse colitis [152]. Using
a colitis model induced by cyclophosphamide and 2,4,6-trinitrobenzene
sulfonic acid (TNBS), the authors showed transfer of 1x10° TNP-CAR
Tregs conferred protection from colitis compared with wild-type
Tregs. CAR-Tregs directed against carcinoembryonic antigen (CEA), an
over-expressed tissue antigen in both colitis and colorectal cancer, was
later developed [153]. Infused CEA-specific CAR-Tregs accumulated in
the inflamed colon and suppressed disease severity in T cell-transferred
colitis compared with irrelevant CAR Tregs. There has recently been
evidence that CAR-T cells can be boosted with vaccines against cancer.
They achieved this by linking albumin-binding phospholipid polymers,
which traffic to lymph nodes, to a CAR ligand, and these “amph-ligands”
are taken up by resident APCs and serve as a booster for the CAR-T cells
[154,155]. A similar booster approach may be applied towards the CAR-
Treg therapy described. Open questions remain as to identifying
candidate antigens for human IBD and effectively eliciting gut targeting,
antigen-specific Tregs.

Antibodies against gut microbial antigens are common in IBD pa-
tients [156-160]. It is predominantly accepted that chronic intestinal
inflammation in the gut is at least in part due to the breakdown of im-
mune tolerance of commensal bacteria. For example, they may develop
increased antibody titers against E. coli membrane porin C (OmpC),
which is also associated with increased disease severity [161]. Inter-
estingly, most UC patients (~70 %) and some CD patients (~25 %)
develop peri-nuclear anti-neutrophil cytoplasmic antibodies, which is
cross-reactive with OmpC [162-165]. This indicates that antigens from
the gut microbiome can lead to autoreactivity and be involved in the
pathogenesis of the disease. Glycoprotein-2 is a receptor on M cells
involved in translocating FimH bacteria across the intestinal epithelium
[166-168]. Additionally, glycoprotein-2 is a known antigen for
pancreatic autoantibodies [169]. While anti-neutrophil cytoplasmic
antibodies appear to be a unique characteristic in identifying UC, anti-
glycoprotein-2 antibody levels are significantly higher in CD patients
compared to UC, irritable bowel syndrome, and healthy controls
[166,168]. Vermeulen et al. have also screened for autoantigens in IBD
patients and identified FAM84A (family with sequence similarity 84,
member A) to be found in 20 % of CD patients, 11 % of UC patients, and
0 % of the healthy controls [165]. Antibodies against FAM84A have also
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been identified in MS patients, indicating potential overlap in autoim-
munity. While vaccines have not been developed for these autoantigens
in the treatment of IBD, they may function as potential targets for certain
manifestations of the disease.

There has been evidence that exposure to helminths can attenuate
IBD and other autoimmune diseases [170]. Researchers have used
molecules such as P28GSTs (schistosome enzymes with glutathione S-
transferase activity) from multiple sources to create vaccines against
schistosomiasis, a disease caused by the worms [171]. AP28GST vaccine
from Schistosoma haematobium (Sh28GST) has been shown to promote
Th2 cells and prevent intestinal inflammation in TNBS-induced colitis
model as seen in Fig. 5a, and completed Phase 2a clinical trials
[172,173]. They prepared multiple W/O/W formulations of PLGA-based
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MPs loaded with ShP28GST (P28GST-PLGA) and tested the optimized
formulation that provided constant release over several weeks in vivo
[174]. Their P28GST-PLGA formulation had lower Wallace scores
(measure of colitis severity based on macroscopic lesions) compared to
P28GST-free PLGA MPs with as low as one injection. Surprisingly, it
required 3 injections of their formulation resulted in significantly
elevated levels of anti-P28GST IgG antibodies but had no effect on the
Wallace score, indicating that the vaccination was likely not reliant on
an IgG response, shown in Fig. 5b [174]. They did not look at the IgE
response, which may have played a role in this anti-inflammatory effect.
This strategy presents a unique approach of vaccination for IBD by
taking advantage of the immune response against helminths as opposed
to any involved disease-causing antigens.
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Fig. 5. Immunization with a helminth protein can reduce inflammation through a Th2-type response. a, BALB/c mice with acute TNBS colitis were protected by
P28GST immunization by decreasing weight loss, restoring colon length, decreased clinical/histological scores, and MPO. Immunizations of mice by three subcu-
taneous injections were administered 2 weeks apart, with the last injection occurring 1 week before colitis induction. b, Performance of P28GST-PLGA MPs in vivo,
including Wallace Score and anti-P28GST IgG production. MPs were prepared with recombinant P28GST and lactose, with 11.9 % theoretic drug loading, 0.6/2/200
mL of W/O/W phases, and 1500/500 rpm primary/secondary emulsion stirring speeds. BALB/c mice were split into four treatment groups: 3 injections of drug-free
PLGA MPs, 3 injections of P28GST-PLGA MPs, 1 injection of drug-free PLGA MPs, or 1 injection of P28GST-PLGA MPs, with TNBS induction 35 days after the first
injection and sacrificing the mice on day 37. Panel a and b are reproduced with permission from [172] and [174], respectively.
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Alternatively, Mycobacterium avium ss. Paratuberculosis (MAP) has
been considered a somewhat controversial suspect for causing Crohn’s
disease in humans [175]. This was linked due to a similar disease in
cattle, Johne’s disease, which has similar symptoms, results in ~$250
million annually in losses due to the associated reduction of milk yield,
and is estimated to affect about 90 % of the herds in the US [176].
Vaccines for Johne’s disease have been developed but with limited
effectiveness. Additionally, MAP infection has been proposed to be an
environmental risk factor for other autoimmune diseases like MS, RA,
lupus, T1D, and Parkinson’s [175]. It has been challenging to study MAP
due to the difficulty in diagnosing infection of the disease because like
Mycobacterium tuberculosis (TB), it is typically a latent infection that
evades an immune response. There has been some evidence of cross-
reactivity between MAP and intestinal proteins, as one study found
30 % of a cohort of 50CD patients had significant double reactivity
against human gastrointestinal glutathione perocidase (GPg)111-125 and
MAP glycosyl transferase d (gsd)230.244 [177]. They determined that the
antibodies had greater affinity towards the MAP mimic than human
sequence, indicating that MAP likely initiated immunity towards the
autoantigen. Therefore, although MAP is an infectious disease, it ap-
pears to be involved in tolerance breakdown for CD and could benefit
from the development of a vaccine. Researchers have found that the
deletion of relA in MAP prevented it from having a persistent infection in
cattle and goats [178]. To develop an effective attenuated vaccine
against MAP, researchers compared this live ArelA mutant with the 35
kDa membrane protein MMP, a virulence protein that enhances
epithelial cell invasion in the intestines. They encapsulated MMPs into a
PLGA and monophosphoryl lipid A (PLGA/MPLA) NP vector ex vivo and
in vivo in steers, with MPLA being used to stimulate CTLA-4 for antigen
uptake [179]. They found that ArelA, MMP alone, and PLGA/MPLA-
MMP NPs were all able to elicit a proliferative response of CD4 and
CD8 T cells, with greater CTL activity with PLGA/MPLA-MMP NPs.
While this study focused on creating a new peptide-based NP MAP
vaccine for Johne’s disease, these strategies can be further investigated
in models of Crohn’s disease to determine its effectiveness. However,
improvements in technology for diagnosing MAP will better elucidate its
clinical therapeutic efficacy.

6. Systemic lupus erythematosus (SLE)

SLE is a complex disease with symptoms varying from patient to
patient, but a common characteristic is high titers of autoantibodies
reactive to molecules found in the nucleus like ds-DNA and extractable
nuclear antigens, such as Ro, La, Smith, and ribonucleoprotein
[180,181]. Anti-dsDNA antibodies bind to DNA structures and form
immune complexes, which activate dendritic cells and consequently B
cells and T cells. This leads to overexpression of IFN-1, which promotes
autoreactive B-cell and Th17 differentiation and Treg suppression [181].
Current treatments for SLE include non-steroidal immunosuppressants
like cyclophosphamide, which depletes less mature B-cells, and bi-
ologics like belimumab, which bind to soluble B lymphocyte stimulator
(BlyS), a costimulator for B-cell survival and function [182]. However,
the available treatments are intended for initiation and maintenance of
therapy rather than complete remission of disease, and they may come
with adverse events (e.g., gastrointestinal or hematological problems
and infections). While belimumab was a major breakthrough for lupus
treatments as it the first drug FDA-approved specifically for lupus, it is
administered to patients in combination with standard therapy
[182,183]. Thus, there is high demand for more efficacious and safer
lupus therapeutics with long-term protection.

Therapeutic development for lupus has been challenging due to its
complexity and the variability of symptoms among lupus patients. While
there are less accounts on antigen-specific immunotherapies for lupus
models, compared to the aforementioned autoimmune diseases, there
have been a couple propitious reports on the therapeutic efficacy of
immunogenic SLE-related peptides. P140, a peptide derived from an
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epitope of the small nuclear ribonucleoprotein U1-70 K, can be recog-
nized by IgG antibodies and CD4+ T cells in SLE mouse models [184].
P140 has been shown to reduce proteinuria and anti-dsDNA IgG titers
and increase the survival rate in lupus-prone MRL/lpr mice [185]. As
this immunomodulating peptide reduces autophagic flux, hinders
MHCII stability, and weakens T cell responses against certain peptides
that encompass T cell autoepitopes, it may be inhibiting presentation of
autoantigens and interfering with the activation of autoreactive T cells.
This leads to reduced T cell help for autoreactive B cell differentiation
and autoantibody production. The peptide sequence is identical in mice
and humans, so therapeutic application was easily transferred to
humans. In vitro P140 studies with cells from healthy donors and pa-
tients resulted in dose-dependent downregulation of HLA class II
expression in human lupus B cells, hampered proliferation of CD4+ T
cells, prevented the differentiation of B cells, and reduced IgG levels
(Fig. 6) [186]. Promising results in early clinical trials, including
reduction of marker anti-native DNA antibodies and disease regression
as defined by the Systemic Lupus Erythematosus Disease Activity Index,
has led to FDA approval for phase III clinical trials with a “Fast Track”
designation [185,187,188].

In lupus patients, Th cells that drive production of anti-DNA auto-
antibodies can recognize immunodominant epitopes of nucleosomal
histones [189-192]. Major epitopes of lupus-nephritis-inducing Th cells
and autoimmune B cells were reported to be localized in histone regions,
and tolerization with these peptides led to protection against disease.
Interestingly, while low-dose tolerance therapy with nucleosomal his-
tone peptide epitopes H1'55_42, H416_39, and H477_g4 can control disease
in lupus-prone SNF1 mice [193], H47;.94 monotherapy was found to be
more effective than a cocktail of the three epitopes in delaying the onset
of severe nephritis and prolonging survival of mice [189]. H471.94 single-
peptide treatment resulted in reduced titers of IgG class anti-ssDNA,
anti-nucleosome, and anti-histone autoantibodies, suppressed IFN-y
and IL-17 responses to nucleosomal histone peptide epitopes, induced
CD8+ Tregs, and promoted DCs to produce increased levels of TGF-p
while inhibiting IL-6 production upon stimulation. Favorable traits of
H471.94 include high potency at low doses; the capacity to suppress re-
sponses against other pathogenic epitopes, whole nucleosomes, and
ribonucleoprotein; and recognition by autoimmune T and B cells of most
lupus patients [189,194,195]. However, more in vivo studies are needed
to assess its therapeutic efficacy for clinical application.

7. Perspectives and conclusions

Autoimmune diseases are unmistakably complex. In such circum-
stances, trying to target a single autoantigen may seem irrational, but
many studies have shown that there are promising vaccine candidates
that can induce antigen-specific immune tolerance along with bystander
suppression. These disease-specific vaccines aim to restore the body’s
homeostasis and potentially offer a cure for autoimmune diseases. This
is a drastically different approach than simply treating the symptoms,
such as in the case of immunosuppressants that suppress the immune
system as a whole and need to be administered for life.

Nevertheless, the capacity, breadth, and durability of immune
tolerance by antigen-specific vaccines have yet to be thoroughly inves-
tigated. Timing and dosing of the autoantigen delivery may possibly
require individual evaluation for different autoreactive T cells, which
can be activated and expanded at different stages or flare-ups of the
disease. Disease perpetuating and spread epitopes are attractive candi-
dates and have shown great potential in treating experimental autoim-
mune models with adoptive transfer or active immunization. However,
in spontaneous autoimmune diseases, the presence of other autoantigen-
reactive T cells, emergence of hybrid peptide neoepitopes, and multiple
mechanisms of tolerance breakdown may probably compromise the
therapeutic efficacy. In this regard, approaches capable of inducing
multiple Treg clones that elicit strong bystander suppression will be
beneficial. Study of combinatorial regimens, including combinatorial
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