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ARTICLE INFO ABSTRACT

Keywords: Autoimmune disorders have risen to be among the most prevalent chronic diseases across the globe, affecting
Nanomedicine approximately 5-7% of the population. As autoimmune diseases steadily rise in prevalence, so do the number of
Autoimmunity

potential therapeutic strategies to combat them. In recent years, fundamental research investigating autoimmune
pathologies has led to the emergence of several cellular targets that provide new therapeutic opportunities.
However, key challenges persist in terms of accessing and specifically combating the dysregulated, self-reactive
cells while avoiding systemic immune suppression and other off-target effects. Fortunately, the continued
advancement of nanomedicines may provide strategies to address these challenges and bring innovative auto-
immunity therapies to the clinic. Through precise engineering and rational design, nanomedicines can possess a
variety of physicochemical properties, surface modifications, and cargoes, allowing for specific targeting of
therapeutics to pathological cell and organ types. These advances in nanomedicine have been demonstrated in
cancer therapies and have the broad potential to advance applications in autoimmunity therapies as well. In this
review, we focus on leveraging the power of nanomedicine for prevalent autoimmune disorders throughout the
body. We expand on three key areas for the development of autoimmunity therapies — avoiding systemic
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immunosuppression, balancing interactions with the immune system, and elevating current platforms for
delivering complex cargoes — and emphasize how nanomedicine-based strategies can overcome these barriers
and enable the development of next-generation, clinically relevant autoimmunity therapies.

1. Autoimmune diseases: current therapies and limitations

Autoimmune disorders have risen to be among the most prevalent
chronic diseases across the globe, affecting approximately 5-7 % of the
world’s population [1]. These disorders, which include over 80 different
diseases, have been thought to be a product of the synergy between
genetic predisposition and environmental factors [2,3]. In autoimmune
disease, the immune system aberrantly attacks the body’s own tissues as
though they are foreign pathogens. The resulting irreversible tissue
damage leads to chronic, debilitating, and potentially lethal disease.
While there are no cures for autoimmune diseases, treatments generally
aim to suppress the immune system and compensate for the function of
damaged tissues [4,5]. These therapies are insufficient, requiring life-
long compliance and often imposing unmanageable healthcare costs on
patients. Further, systemic immunosuppression leaves patients vulner-
able to infectious diseases and cancer, compounding the complications
associated with autoimmune disease [6-8]. Nanomedicine has the po-
tential to offer paradigm-shifting solutions for autoimmune disease
through the design of multimodal therapeutics and capacity to selec-
tively target relevant tissues.

While all individuals exhibit immune self-recognition, autoimmune
diseases are generally characterized by an abundance of self-reactive
lymphocytes, or T and B cells [9-11]. Normally, self-reactive lympho-
cytes are deleted through a process of positive and negative selection in
the thymus and bone marrow known as central tolerance [12]. Any self-
reactive lymphocytes that do escape central tolerance become anergic
when exposed to autoantigen without inflammatory cues — a process
known as peripheral tolerance [13]. As a result, during normal immune
homeostasis, lymphocytes that recognize self-antigens are primarily
tolerogenic and prevent immune responses against healthy tissues [12].
However, self-reactive lymphocytes in autoimmune disorders evade
anergy, proliferate beyond control and propagate pro-inflammatory and
cytotoxic pathways [14]. Their self-reactivity often leads to the
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destruction of healthy tissues and release of self-antigens, leading to
reactivity to self-neoantigens and causing pathogenic epitope spreading
[15].

Immune homeostasis is also maintained by regulatory T (Tyeg) cells,
which suppress immune responses to self-antigens [16,17]. Treg cells can
develop in the thymus or in peripheral tissues and exert their effects by
producing immunosuppressive cytokines (IL-10, TGF-f, IL-35) to sup-
press effector T cell functions, inducing apoptosis in self-reactive anti-
gen-presenting cells (APCs) or T cells, or by upregulating the surface
receptor CTLA-4, which inhibits inflammatory signaling between APCs
and T cells [17]. A key goal for nanomedicine in autoimmune disease is
to restore immune homeostasis by boosting internal tolerogenic path-
ways and inducing self-tolerance.

Current FDA-approved therapies for autoimmune disorders cannot
restore immune homeostasis, but instead aim to reduce the resultant
inflammation (Fig. 1) [4]. One large classification of therapies includes
small molecule drugs as well as corticosteroids (Table 1). Through both
intracellular and extracellular mechanisms, these therapies suppress
various components of the inflammatory cascade found in most auto-
immune diseases. Small molecules such as methotrexate—commonly
prescribed for RA—are within a large class of disease-modifying anti-
rheumatic drugs (DMARDs) that act by inhibiting nucleotide synthesis
and parts of the NF-kB and JAK-STAT pathways [6,18]. Similarly, cor-
ticosteroids like prednisolone, hydrocortisone, triamcinolone and
dexamethasone are drugs that block inflammation by inducing transient
lymphocytopenia and modulating T cell activity by blocking molecular
interactions of cells and cytokines [19,7,8].

More recently, the FDA has approved several monoclonal antibodies
(mAbs) as biological therapeutics, or ‘biologics’, for autoimmune dis-
ease (Table 1) [20-22]. mAbs have antigen-specific binding sites,
making them a therapeutic strategy for achieving more targeted ther-
apy. mAbs targeting inflammatory soluble factors and cell surface re-
ceptors are used clinically to suppress autoimmune inflammation. For
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Fig. 1. Nanomedicine can prevent the progression of autoimmune diseases. Autoimmune disease stems from self-reactive lymphocytes escaping checkpoints of
central tolerance in primary lymphoid organs. After recognizing self-antigens, the self-reactive lymphocyte act in concert with other immune cells to propagate the
inflammatory cascade. Depending on the disease, this propagation can be local or systemic. Current therapies in the clinic, including small molecules, corticosteroids,
and monoclonal antibodies, are able to combat inflammation by broadly suppressing the immune system. On the other hand, nanomedicine-based therapies have the
potential to act before the inflammatory cascade has taken effect, reverse autoimmune disease phenotype and restore immune homeostasis at the fundamental level.
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Table 1

Overview of current FDA-approved therapies for prevalent autoimmune dis-
eases. Table includes the names and trade names of common therapies, the class
or type of therapy, the implicated immunological target and pathway, and the
autoimmune disease that the therapy is prescribed for.

Therapy Class Implicated Immune Autoimmune Disease
Target/ Pathway Indication
Adalimumab Antibody TNF-alpha Crohn’s Disease,
(Humira) Plaque Psoriasis,
Infliximab Psoriatic Arthritis,
(Remicade) Ankylosing
Certolizumab Spondylitis,
(Cimzia) Rheumatoid Arthritis
[22,209,210]
Ustekinumab IL-12 and IL-23 Crohn’s Disease,
(Stelara) Plaque Psoriasis,
Risankizumab-rzaa 1L-23 Psoriatic Arthritis
(Skyrizi) 211,[212]
Secukinumab IL-17 Plaque Psoriasis,
(Cosentyx) Psoriatic Arthritis,
Ankylosing
Spondylitis [213]
Ixekizumab (Taltz) Psoriatic Arthritis,
Ankylosing
Spondyloarthritis
[214]
Tocilizumab IL-6 Rheumatoid Arthritis
(Actemra) [215]
Sarilumab
(Kevzara)
Belimumab B-Lymphocyte Lupus, Lupus
(Benlysta) Stimulator Nephritis [216]
Anifrolumab-fnia Type I Interferon Lupus [199]
(Saphnelo) Receptor
Ofatumumab CD20 Multiple Sclerosis
(Kesimpta) [217]
Etanercept (Enbrel) Fusion TNF-alpha Ankylosing
Protein Spondylitis, Plaque
Psoriasis, Psoriatic
Arthritis, Rheumatoid
Arthritis [200]
Interferon beta-1b Cytokine Broad (T and B cell Multiple Sclerosis
(Extavia/ function, MHC-I [201]
Betaseron) expression)
Anakinra (Kineret) Synthetic IL-1 Receptor Rheumatoid Arthritis
Protein [202]
Apremilast (Otezla) Small PDE4/cAMP Plaque Psoriasis,
Molecule Psoriatic Arthritis
[203]
Baricitinib JAK Rheumatoid Arthritis
(Olumiant) [218]
Upadacitinib Rheumatoid Arthritis,
(RINVOQ) Psoriatic Arthritis,
Ankylosing
Spondylitis, Crohn’s
Disease [219]
Tofacitinib Rheumatoid Arthritis,
(Xeljanz) Psoriatic Arthritis,
Ankylosing
Spondylitis [220]
Methimazole Thyroid Graves’ Disease [204]
Stimulating
Immunoglobulin
Methotrexate Adenosine Rheumatoid Arthritis,
signaling pathway Psoriasis, Lupus [6]
Methotrexate NF-kB, ATIC Broad inflammation
(el
Glucocorticoids Glucocorticoid Broad inflammation
(Prednisone, receptor, AP-1, NF- [221]
Betamethasone, kB
Dexamethasone,
etc)
Retinoids Nuclear retinoid Plaque Psoriasis [205]
(Tazarotene, receptors, MRP-8,
Acitretin, AP-1 (in epidermal

Tretinoin, etc)

Table 1 (continued)
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Therapy Class Implicated Immune Autoimmune Disease
Target/ Pathway Indication
keratinocytes)

Azathioprine Purine synthesis Rheumatoid Arthritis

(Imuran) (DNA, RNA, protein [222]
synthesis)
Sulfasalazine NF-kB, Broad (T Rheumatoid Arthritis

and B cell function)

[206]

example, the TNFo-targeting mAbs infliximab and adalimumab (trade
names Remicade and Humira) sequester the pro-inflammatory cytokine
TNFa [22,23]. mAbs against lymphocyte receptors such as teplizumab
(anti-CD3) and rituximab (anti-CD20) have also proven beneficial for
autoimmune disease [24-26]. Teplizumab blocks inflammatory T cell
receptor signaling to delay the progression of new onset type 1 diabetes
(T1D). Rituximab, which was initially used to treat lymphomas, acts by
depleting B cells and improves outcomes in a myriad of autoimmune
diseases including rheumatoid arthritis (RA), systemic lupus erythe-
matosus (SLE), and vasculitis [26].

Although the FDA-approved therapies have seen clinical success,
they have major drawbacks stemming from their delivery route and
mechanisms of action. Small molecules and corticosteroids are generally
administered orally, resulting in a sharp decrease in bioavailability due
to first pass metabolism and other gastrointestinal barriers [7].
Furthermore, these therapies are extremely non-specific and result in
systemic immunosuppression [6,7]. Though advantageous in suppress-
ing autoimmune pathologies, this systemic suppression can leave the
body susceptible to other ailments, including bacterial infections, viral
infections, allergies, and even cancer. mAbs are inherently more spe-
cific; however, systemic administration of mAbs results in the systemic
inhibition of specific cell-cell or cell-cytokine interactions, leading to
similar concerns of systemic immunosuppression [27]. Furthermore, all
of these therapies require frequent dosing, which has proven to be costly
and problematic in cases where patients have developed immune re-
sponses against the administered agents.

With the goal of overcoming these longstanding limitations, the
development of next-generation autoimmunity therapies has been
focused on three main objectives: (1) targeting specific cells/organs to
avoid systemic suppression; (2) balancing the interactions with the im-
mune system; and (3) utilizing multi-faceted and multiplexed ap-
proaches to improve therapeutic outcomes. In this review, we outline
how nanomedicine-based strategies can be leveraged to develop next-
generation autoimmunity therapies. We highlight how nanomedicine
is advantageous in that nanoparticles are large enough to incorporate
multiple functionalities such as tissue targeting and protecting encap-
sulated cargo for controlled release at the desired site of action while
remaining small enough to traverse biological barriers. Furthermore, we
discuss how the physical properties of nanoparticles can be engineered
to elicit biological responses that act synergistically with that of the
therapeutic cargo. Finally, we provide future directions and perspectives
on the field and how nanomedicine fits into the larger narrative of
autoimmunity therapies.

2. Considerations in nanomedicine for autoimmune diseases

The ideal nanomedicine for autoimmune disease will promote im-
mune homeostasis by reducing inflammation and subsequent tissue
destruction without the need for systemic immunosuppression. Current
autoimmunity therapies fail to achieve these goals in part due to poor
bioavailability stemming from drug properties including size, charge,
and hydrophobicity [27,6,7]. Consequently, these drugs are cleared
rapidly and require high and frequent dosing to achieve therapeutic
effects [7,27]. Nanomedicine offers unique advantages to overcome
these challenges because of their ability to incorporate multiple
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functionalities through rational combination of core biomaterial, ar-
chitecture, active pharmaceutical ingredients and routes of adminis-
tration. The size, shape, surface chemistry, and degradation of
nanoparticles are readily tunable to encapsulate and release cargo
spanning a wide range of chemical structures and to interact with
desired cell types [28,29]. These advantages not only improve the
bioavailability and pharmacological activity of drugs, but they can also
decrease off-target toxicity and alleviate systemic effects by enabling
spatiotemporal control over drug release. Here, we will discuss how
nanoparticle properties can be leveraged to improve the activity of
existing therapeutics, modulate inflammation, and enable the delivery
of new drug classes for autoimmune disease. While existing literature
provides in-depth commentary on nanomedicine for broad therapeutic
applications, this review will highlight research that has successfully
applied technology across the nano- and microscale to animal models of
autoimmune disease and may therefore enable future implementation of
next-generation interventions for autoimmune disease [30-32]. It is
important to note that although we will isolate individual characteristics
of nanomedicines (used interchangeably with nanoparticles) for dis-
cussion, these properties are highly interconnected and dependent on
each other. For more in-depth discussion about individual characteris-
tics, we refer readers to other published works [29,33-37].

2.1. Physical characteristics of nanoparticles determine their utility for
treating autoimmune diseases

2.1.1. Size

Nanomedicine can be engineered over a wide range of sizes to elicit
specific cellular interactions, control the release of encapsulated drug, or
ensure their retention in a physiological depot [29,30]. Therapies for
autoimmune disease require drug or biologic delivery to cells of the
innate and adaptive immune system present in lymphoid tissues, such as
the spleen and lymph nodes [38,39]. Larger particles (0.5-2 pm)
generally remain localized at the site of injection and associate with
dendritic cells (DCs), whereas smaller particles (20-200 nm) effectively
drain to lymph nodes and interact with lymph node-resident dendritic
cells and macrophages [29,40]. Within the 20-200 nm size range, one
study found that ultra-small polymeric (polypropylene sulfide) nano-
particles infused into the tip of mouse tail skin drain more efficiently
through lymphatic capillaries and undergo uptake by ~ 50 % of lymph
node-resident dendritic cells, whereas under the same conditions, 100
nm nanoparticles are found within only 6 % of dendritic cells [41].
Moreover, the ultra-small nanoparticles were retained within the lymph
node for at least 120 h after injection, while the 100 nm particles were
cleared within 24 h [41]. To highlight the interdependence of nano-
particle properties on biological outcomes, a study investigating the
delivery of gold nanoparticles to dendritic cells and their subsequent
clearance reported the opposite: 50-100 nm gold nanoparticles were
retained by follicular dendritic cell networks for over 5 weeks, while
5-15 nm gold nanoparticles were cleared within 48 h [42].

In addition to determining biodistribution and cellular uptake,
nanoparticle size also influences the resulting immune response. A study
using antigen-coated nanoparticles to elicit immune responses found
that 40-50 nm particles induced primarily type 1 responses as evidenced
by IFN-y production, while 90-120 nm particles favored a type 2
response characterized by IL-4 [43]. Nanoparticle size also influences
the magnitude of the resulting immune response, where ~ 200 nm
nanoparticles were found to induce greater antigen presentation and
antibody responses in mice than smaller nanoparticles [44,45]. Notably,
one study found that all lipid nanoparticles ranged ~ 50-150 nm
induced comparable prophylactic vaccine responses in non-human pri-
mates, while another study shows that the ideal particle size for intra-
venous RNA delivery to non-human primates (50-60 nm) may actually
be smaller than the ideal size for rodents (70-80 nm), suggesting that the
ideal nanoparticle size may further depend on species-specific physi-
ology [44,46].
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2.1.2. Charge

It is widely accepted that cationic biomaterials can be immunogenic
and inflammatory [33,34,47]. Numerous studies associate this toxicity
with the adsorption of serum proteins and the activation of toll-like
receptor 4 (TLR4), leading to an increased production of inflammatory
cytokines [48-50]. In contrast, negatively charged nanoparticles are of
great interest for their ability to blunt inflammatory signaling, a prop-
erty that appears to hold for anionic biomaterials of diverse classes
[51,52]. The past several years have yielded an increased interest in how
nanoparticles incorporating anionic materials can selectively deliver
cargo to macrophages and dendritic cells, particularly in the spleen
[53-59]. Moreover, this trend appears to hold for nanoparticles con-
taining cationic components but with an overall negative charge. Spe-
cific examples of how charge manipulation results in altered tropism are
discussed in the section below on physicochemical targeting. While
negative charge is a property common to many biomaterials useful for
combatting inflammation, the mechanisms governing this response
remain poorly understood. One proposed mechanism is that anionic
materials mimic apoptosis, which is inherently tolerogenic [60]. This is
discussed further in the section below on liposomes and lipid nano-
particles. Interestingly, anti-inflammatory and tolerizing responses have
also been attributed to negatively charged nanoparticles without
obvious apoptotic mimicry, such as gold and silica nanoparticles
[61,62]. Alkyl-terminated gold nanoparticles have been shown to
possess self-therapeutic properties and reduce psoriatic symptoms [61].
The nanoparticles were shown to deliver to keratinocytes when topically
administered, and the gold core of the nanoparticles was shown to be the
source of therapeutic effect [61].

2.1.3. Surface chemistry

Nanoparticles can be readily functionalized with chemical and
bioactive groups that can render their surfaces hydrophilic or hydro-
phobic, with a range of immunological outcomes [35,63]. For nano-
particles injected into the bloodstream, it is well understood that
hydrophilic nanoparticles exhibit increased circulation times and are
therefore more likely to reach extrahepatic target cells, such as immune
cells [28]. Perhaps the most popular strategy to achieve this is PEGy-
lation, or coating the surface of nanoparticles with the hydrophilic
polymer polyethylene glycol (PEG) [64,65]. The conformation of PEG
on nanoparticle surfaces depends on its density, with highly dense PEG
layers exhibiting a “brush-like” conformation and sparse PEG layers
exhibiting a “mushroom-like” conformation [66]. PEG provides stability
to nanoparticles in physiological environments by preventing aggrega-
tion and reducing the passive adsorption of proteins. Of particular
relevance to immune cell targeting, nanoparticles with dense PEG layers
traffic most efficiently across lymphatic endothelial cells to reach im-
mune cells within lymph nodes [67]. However, PEG can also decrease
the ability of nanoparticles to interact with cells, indicating that the
degree of PEG functionalization needs to be carefully tuned to elicit the
desired biological response [68].

PEG is widely regarded as immunologically inert, though this has
recently been called into question, reviewed elsewhere [69]. There are
several PEGylated protein, small molecule, nucleotide, and nanoparticle
drugs already in clinical use, including the PEGylated protein drugs
Cimzia (anti-TNFa Fab) and Plegridy (IFN-f la) for RA and multiple
sclerosis (MS), respectively [70-72]. This indicates the safety and effi-
cacy of PEGylated therapeutics in treating autoimmune diseases. How-
ever, some individuals who have never received PEGylated therapeutics
have anti-PEG antibodies in systemic circulation, possibly due to the
presence of PEG in hygiene and cosmetic products, and many others who
receive PEGylated drugs develop anti-PEG antibodies [73]. These anti-
bodies are predominantly IgM and IgE isotypes, which tend to exist at
higher levels in individuals with autoimmune diseases, though their
precise roles in diverse autoimmune contexts remain to be elucidated
[74,75]. Nonetheless, as anti-PEG antibodies can facilitate accelerated
blood clearance, complement activation, and hypersensitivity reactions,
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it is critical that research continues to investigate the immunological
implications of PEGylated nanomedicine in autoimmune disease.

Finally, hydrophobicity also contributes to the immunological ac-
tivity of nanoparticles, though this appears to depend on the source of
the hydrophobicity. For example, hydrophobic nanoparticles have been
leveraged as vaccine carriers for their endogenous inflammatory adju-
vant activity [76]. However, a growing number of reports indicate that
nanoparticles decorated with hydrophobic peptides are capable of
blocking TLR signaling to reduce inflammation [77,78].

2.2. Leveraging biomaterials with tolerogenic properties

In nanomedicine, the core biomaterial often serves as a scaffold to
encapsulate, conjugate, or adsorb small molecule drugs and biologics
with pharmacologic activity. However, these biomaterials also interact
with the immune system and are capable of eliciting diverse immuno-
logical outcomes [56,79]. Because autoimmune diseases are character-
ized by aberrant inflammation, it is critical to choose biomaterials that
are immunologically inert or exhibit inherent tolerogenic properties to
avoid exacerbating pre-existing inflammation. Although a multitude of
biomaterials have been developed as nanomaterials, this section will
focus on major biomaterials with known tolerogenic properties that may
be particularly useful for autoimmunity therapies.

2.2.1. Poly(p,1-lactide-co-glycolide) (PLGA)

PLGA is an aliphatic polyester that has been widely investigated and
FDA-approved for drug delivery because of its excellent degradability
and safety profile [52,80,81]. It is especially well-suited for encapsu-
lating diverse therapeutic cargo because the porosity and degradation
rate of the matrix can be tuned via the molecular weight and lactide:
glycolide copolymer ratio [80]. In physiological environments, PLGA
degrades by bulk erosion as water diffuses into the matrix and hydro-
lyzes ester bonds until the polymer dissolves into its original lactic acid
and glycolic acid monomers, which are naturally-occurring metabolic
by-products [82]. Numerous preclinical studies have successfully used
PLGA nano- and microparticles as vehicles for autoantigens and
immunoregulatory cues, indicating that it may have innate tolerogenic
properties [58,83-85]. One study that exemplifies this demonstrated
that drug-free PLGA particles without any active pharmaceutical
ingredient or targeting ligand reduced clinical scores in experimental
autoimmune encephalomyelitis (EAE), a mouse model of MS [86]. This
effect was greatest for particles containing high molecular weight PLGA.
A T1D study reported a similar finding: while PLGA microparticles
encapsulating insulin peptide best delayed hyperglycemia onset in
nonobese diabetic (NOD) mice, PLGA microparticles alone also signifi-
cantly delayed disease onset [87]. While the exact relationship remains
controversial, many studies have found that the size of PLGA particles
greatly influences immune outcomes [82]. Immune responses to PLGA
may further depend on the lactide:glycolide copolymer ratio. While the
aforementioned EAE and T1D studies both employed 50:50 PLGA (the
most commonly used ratio), two studies found that 75:25 PLGA induces
maturation in cultured dendritic cells, which indicates a propensity for a
pro-inflammatory response [88,89]. Thus, PLGA NPs have the ability to
be anti- or pro-inflammatory depending upon their specific composition,
and thus are suitable or unsuitable, respectively, for autoimmunity
therapies.

2.2.2. Lipids

Lipid-based delivery systems, including liposomes and lipid nano-
particles (LNPs), are among the most widely investigated nanoparticle
classes for drug delivery [90-92]. From the FDA approval of liposomal
doxorubicin (Doxil) in the 1990s to the more recent approval of mRNA
LNP vaccines during the SARS-CoV-2 pandemic, they are also the most
clinically advanced [93-96]. Liposomes and LNPs are composed of
mixtures of lipids that are structurally similar to those in the cell
membrane. These lipids generally include cholesterol and phospholipid,
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which provide structure, rigidity and fluidity to the nanoparticle
[90,97,98]. Liposomes consist of a single aqueous core surrounded by a
lipid bilayer, while LNPs contain a solid lipid core with smaller hydro-
philic compartments [99]. The immunological activity of liposomes and
LNPs is extremely tunable depending on the specific lipid composition
[99,100]. Cationic and ionizable cationic lipids produce liposomes and
LNPs with potent and inflammatory adjuvant activity, while negatively
charged lipids impart these particles with tolerogenic properties
[101,53,54,57]. In particular, phosphatidylserine and phosphoglycerol
have been widely studied as tolerogenic lipid components [56]. Phos-
phatidylserine is thought to induce tolerogenic activity through
apoptotic mimicry [102,56,57,60]. During apoptosis, phosphatidylser-
ine is exposed on the outer leaflet of the cell membrane, presenting an
“eat me” signal to the immune system [60]. Phosphatidylserine pre-
sentation triggers efferocytosis, the process by which phagocytes clear
apoptotic cells. Phagocytes release anti-inflammatory cytokines such as
IL-10 and TGF-B during engulfment to resolve local inflammation and
promote tissue repair [103]. Antigens contained within the phagocy-
tosed, apoptotic cells are in turn processed and presented on MHC
complexes to T cells, which induce a tolerizing response in the presence
of anti-inflammatory cytokines [57,102,104]. Phosphatidylserine has
been incorporated into liposomes and LNPs delivering antigen to induce
antigen-specific immune tolerance in animal models of MS, T1D, RA,
and myasthenia gravis [101,102,105-108]. Phosphoglycerol-containing
lipids have also been exploited to induce similar anti-inflammatory ef-
fects in a mouse model of atherosclerosis [101]. This study showed a
tolerizing mechanism similar to that of phosphatidylserine; it identified
the complement protein Clq as a critical component of the protein
corona bound to phosphoglycerol-containing liposomes, which in turn
also binds to phosphatidylserine exposed on apoptotic cells [101,109].

3. Avoiding systemic suppression via tissue targeting and
controlled drug release

Systemic immunosuppression is the standard of care in autoimmune
disorders, which increases the risk of the body acquiring other immu-
nological disorders such as bacterial infections, viruses, and can even
lead to the formation of tumors [110]. This is partially because although
pathological cell and tissue types in autoimmune disease have been
identified, specifically targeting these cells and tissues with current
therapies without observing off-target effects is extremely difficult
[110]. Additionally, the common cell types implicated across various
autoimmune etiologies are immune cells such as macrophages, dendritic
cells, neutrophils, T cells and B cells, all of which have multi-faceted
physiological functions [110]. Maintaining the physiological function
while hindering the pathological function of these cells upon therapeutic
delivery is an important consideration. Thus, lack of specificity remains
a major challenge in the development of autoimmunity therapies.

Though nanomedicines result in the efficient intracellular delivery of
therapeutic cargo, achieving this delivery in specific cell populations can
be challenging. Most nanomedicines that are administered intrave-
nously are susceptible to hepatic clearance [30,111]. As blood is filtered
by the liver, nanoparticles in the blood are filtered into the liver as well
[111,112]. The fenestrated epithelium of the liver facilitates this as well
by reducing physiological barriers to nanoparticle uptake by hepato-
cytes [112]. This decreases the potential therapeutic benefit of nano-
medicines in extrahepatic tissues. To overcome this challenge and
achieve cell-specific targeting of nanomedicines, several strategies can
be employed. Targeting can be achieved by modulating the physico-
chemical properties of nanomedicines to dictate tropism or through
molecular targeting accomplished by modifying the surfaces of nano-
medicines with ligands such as peptides, proteins, or mAbs that target
specific molecular receptors on cells and tissues [113,114,53]. These
strategies, when synergized with a specific route of nanoparticle
administration (e.g., intravenous, intraperitoneal, intramuscular), can
result in extrahepatic tropism and fine control over cell- and tissue-
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specific delivery [53].

3.1. Physicochemical targeting

Nanomedicines are highly modular and tunable, allowing for
changes to their physicochemical properties such as size, charge and
composition. This modularity allows for control of tissue tropism and
delivery to specific cell types (Fig. 2A) [115]. For example, lipoplexes
and LNPs containing cationic lipids enable efficient nucleic acid delivery
to the lung endothelium and epithelium [53,116]. In contrast, LNPs
including anionic lipids effectively deliver cargoes to the spleen instead,
underscoring the importance of charge modification in dictating organ
tropism of nanomedicines [53,54,56]. As splenocytes are primarily
either immune cells or support cells involved in maintaining peripheral
tolerance, spleen-tropic LNPs hold great promise in being utilized for
autoimmunity therapies. Modulating the charge of nanoparticles can
also enable control over drug release within a specific cell or tissue
target of interest. For example, nanoparticles constructed through layer-
by-layer (LbL) assembly of oppositely charged polymers, lipids, metals
or other materials of interest exhibit multi-faceted control over cargo
delivery: the outer layer can dictate which cell type the nanoparticle is
delivered to, and the inner layers can control the release of the encap-
sulated drug upon delivery to the cell of interest [117,118]. LbL nano-
particles with anionic outer layers have been shown to effectively
accumulate and deliver cargo to ovarian cancer cells both in vitro and in
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vivo [119]. Thus, utilizing charge to dictate nanoparticle tropism could
be a viable strategy in autoimmunity therapies as well.

Interestingly, the specific material composition of nanoparticles can
also dictate physicochemical targeting. For example, ferritin-
nanoparticles have been shown to target APCs in secondary lymphoid
tissues. These ferritin-nanoparticles, composed of self-assembling Spy-
Tag-ferritin and SpyCatcher-antigen components, have been utilized to
deliver the pre-S1 antigen to dendritic cells and macrophages as a vac-
cine strategy against hepatitis B virus (HBV) [120]. As a result, these
nanoparticles could potentially be used for tolerizing vaccines in the
context of autoimmune disorders. The tissue tropism of lipid-based
nanomedicine can be determined by the structure of ionizable lip-
ids—the primary excipient that becomes charged in cellular endosomes
and allows for endosomal escape and release of cargo within cells. LNPs
with different ionizable lipids demonstrate differing tissue tropism and
delivery efficacy both in vivo and in vitro [121,122,97]. Depending on
the ionizable lipid, LNPs differentially transfect T cells, liver cells,
pancreatic cells, placental cells, splenic cells and peripheral blood
mononuclear cells, resulting in the use of different LNP formulations for
specific applications [121,122,97]. Modifying the other excipient lip-
ids—cholesterol, helper lipid, and PEG-lipid—also alters tissue tropism
and delivery efficacy [100,122-124]. For example, optimizing LNP ex-
cipients using a design of experiments (DoE) approach led to the iden-
tification of top-performing LNPs that resulted in a significant
improvement in mRNA delivery to placental cells in vitro and also
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Fig. 2. Modulating characteristics of nanomedicines to achieve cell- or organ-targeting. (A) Strategies for altering the physicochemical properties as well as the
surface chemistry of nanomedicines to achieve cell- or organ-specific delivery. (B) Several cellular targets, including immune and non-immune cells, that nano-
medicines can engineer for therapeutic applications. These cells not only have the potential to reduce inflammation but can also maintain and propagate peripheral
tolerance, leading to a more durable autoimmune disease therapy. (C) Differential formation of the protein corona around intravenously administered nanoparticles
(NPs) in normal versus inflamed conditions. The altered protein corona has the power to redirect nanoparticle tropism and alter expected therapeutic outcomes. DC,

dendritic cell; EC, endothelial cell; LSEC, liver sinusoidal endothelial cell.
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enhanced extrahepatic delivery to the placenta in vivo [122,125,126].
The DoE approach for optimizing formulations has also been shown to
increase LNP delivery efficacy in immune cells, establishing potential for
this strategy to be utilized in nanomedicine-based autoimmunity ther-
apies [100]. Thus, the specific nanoparticle composition along with the
biomaterial of choice can control tropism and delivery efficacy of
nanoparticles in physiological systems.

3.2. Molecular targeting

Molecular targeting can also be used to target specific cell types by
functionalizing nanoparticles with bioactive components (i.e., a sugar,
peptide, protein or antibody) that bind specific cell surface receptors
(Fig. 2A) [127]. This heightened specificity from the receptor-ligand
interaction results in more ‘active’ control of cell and tissue tropism
[127]. Targeting ligands can be conjugated to the surface of nano-
medicines using various conjugation chemistries, including but not
limited to maleimide-thiol, gold-thiol, DBCO/BCN/alkyne-azide, biotin-
streptavidin, and EDC/NHS [113,114,61]. The conjugation technique
can be chosen based on choice of biomaterial, encapsulated cargo, and
intended biological application.

One of the most crucial advantages of molecular targeting is the
ability to increase organ-specific accumulation and delivery of nano-
medicine and their cargoes. For example, intercellular adhesion mole-
cule 1 (ICAM)-targeted nanoparticles resulted in increased delivery of
lipid-based and polymer-based nanoparticles to the lungs and brain in
a mouse model of acute brain inflammation [128]. Within organs, mo-
lecular targeting can also allow for control of cell-specific delivery — an
important advantage because different cell types are therapeutically
relevant across different diseases. A prime example highlighting the
importance of this is cell-specific delivery within the liver. Intravenous
administration of nanomedicines generally results in delivery and
accumulation in hepatocytes [112]. However, liver sinusoidal endo-
thelial cells (LSECs) have emerged as an important cell type in gener-
ating and maintaining peripheral tolerance. LSECs, which play a role in
the scavenger clearance system, have also been found to function as
tolerogenic APCs and interact with and promote Tyeg cell expansion
(Fig. 2B) [129,130]. To achieve preferential delivery to LSECs over he-
patocytes, mannose ligand-decorated nanoparticles have been employed
[130,131]. These mannose ligand-decorated nanoparticles were used to
deliver peanut allergen-encoding mRNA to LSECs, thereby sensitizing
the system to the allergen and resulting in reduced symptoms of
anaphylaxis when challenged with crude peanut allergen extract [130].
Similarly, LSECs could be targeted using nanomedicine for inducing
tolerogenic responses in autoimmunity therapies.

Besides specific cell types in the liver, targeting immune cells as well
as neighboring cells that provide signals to propagate the inflammatory
cascade is crucial [132,133]. Fortunately, several nanomedicine-based
approaches to actively target these cell types have been established.
For example, mRNA LNPs have been functionalized with anti-CD4 as
well as anti-CD5 or anti-CD7 mAb fragments using thiol-maleimide
chemistry to specifically target CD4" T cells or T cells in general,
respectively (Fig. 2B) [113,134,135]. LNPs have also been functional-
ized with anti-podoplanin mAbs using azide-DBCO chemistry to target
lymphatic endothelial cells—an important and understudied cell type in
maintaining immune homeostasis—to achieve siRNA delivery [114]. On
the polymeric side, alginate-based nanoparticles have been functional-
ized with tuftsin protein to specifically target macrophages with the
objective of repolarizing them from pro-inflammatory M1 to anti-
inflammatory M2 macrophages in RA [136]. The nanoparticles were
loaded with plasmids encoding IL-10, which is a known cytokine that
facilitates macrophage repolarization and induces Treg cell responses
[136]. Interestingly, a polymer-lipid hybrid nanoparticle decorated with
CD22L—a B cell inhibitory co-receptor—was used to specifically sup-
press B cell activation and antigen recognition in a mouse model of RA
[137]. Therefore, targeting the various immune cells that act in concert
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with one another using molecular targeting strategies can be a viable
strategy in tackling autoimmune diseases.

3.3. Emerging prospect: protein corona

An interesting challenge that both physicochemical and molecular
targeting approaches face is the formation of the protein corona around
nanomedicines (Fig. 2C) [138]. When nanomedicines are intravenously
administered in physiological systems, they are immediately enveloped
by various plasma proteins that adsorb to nanoparticle surface based on
nanoparticle physicochemical characteristics (e.g., size, charge, curva-
ture, biomaterial), protein characteristics (e.g., structure, size, charge,
affinity), and physiological conditions (e.g., pH, ionic strength, con-
centration) [139]. This envelope around nanoparticles, termed the
‘protein corona’, has been shown to strongly influence cell/tissue
tropism. For example, several LNP studies demonstrate that the
adsorption of Apolipoprotein E (ApoE) to LNP surfaces results in
enhanced delivery to the liver, especially in the case of nanoparticles
administered intravenously [140,141]. These results have been
corroborated by supplemental studies using ApoE knockout mice,
highlighting that LNP delivery to the liver was significantly reduced
when ApoE was not present [140,141].

The protein corona around nanoparticles also largely dictates
extrahepatic tropism. As mentioned previously, lipid-based nano-
particles with charge alterations can result in extrahepatic delivery;
specifically, nanoparticles with cationic lipids tend to accumulate in the
lungs in healthy mice [53,142]. An interesting corollary to this study
found that lipid-based nanoparticles accumulated in the lungs primarily
due to the altered protein corona formed around them [54]. Another
recent study showed that fibrinogen in the bloodstream adsorbed to
cationic LNPs and initiated clotting, leading to thrombosis and severe
lung toxicity in mice [143]. This effect was exacerbated in the presence
of pre-existing inflammation [143]. Thus, nanoparticles with perma-
nently cationic components may cause severe toxicity and potential
worsening of any existing inflammation in an autoimmune disease state.
In summary, the design of nanomedicine for autoimmunity therapies
must account for the protein corona forming around nanoparticles to
create the most clinically translational and useful nanomedicine-based
therapies.

4. Establishing balance between immune interaction and
evasion

The acute and chronic inflammation found in autoimmune disorders
results in aberrant changes in the immunological landscape of the body.
As a result, therapies for autoimmune disorders can become ineffective
due to interactions with the patient’s altered immune system [109,144].
For example, in several cases where mAbs are administered, B cells
generate antibodies against these therapies, causing their clearance and
potentially leading to complement activation and increased inflamma-
tory cytokines [27]. The occurrence and severity of these adverse re-
actions also depends on route of mAb administration (e.g., local vs
systemic delivery), source and clone of mAb (e.g., mouse vs human) and
frequency of treatment [145]. Overactive inflammatory macro-
phages—stemming from a generally overactive mononuclear phagocytic
system (MPS)—may also result in the excessive clearance of any
administered therapies, including nanomedicines [146].

A key challenge when designing nanomedicines for autoimmune
disease is that nanomedicines are often inherently inflammatory [147].
When nanomedicines are taken up by cells through various endocytic
pathways, they must escape the endosome to avoid degradation and
release their contents intracellularly to achieve their therapeutic effect
[148]. However, endosomal damage triggers activation of TLRs and
other receptors that propagate the inflammatory cascade and result in
the heightened immunogenicity that is observed for nanomedicine-
based approaches [149]. In applications for cancer immunotherapy or



A.S. Thatte et al.

vaccines where adjuvant activity to boost immune responses is neces-
sary, this property of nanomedicines is highly beneficial. However, this
can quickly become detrimental in the context of pre-existing inflam-
mation, such as in autoimmune diseases. For example, systemically
administered LNPs were shown to drastically worsen inflammation in a
mouse model of systemic LPS-induced inflammation compared to a non-
inflamed system [143,150]. Therefore, nanomedicines must balance the
interaction with and evasion of the immune system by delivering their
cargo while simultaneously avoiding immune cell activation (Fig. 3).

4.1. Immune evasive and anti-inflammatory nanomedicine

Autoimmunity therapies can be excessively cleared or be hindered by
immune responses against the therapies themselves. Therefore, using
immune evasive or anti-inflammatory nanomedicine-based therapies in
autoimmune diseases is key. As discussed previously, one popular
strategy to disguise nanomedicines from the immune system is coating
them with PEG, a strategy also employed by several mAbs used in the
clinic (Fig. 3) [69,71]. One potential drawback is the generation of anti-
PEG antibodies by the body that may lead to accelerated clearance and,
in extreme cases, anaphylaxis [73]. While this presents challenges for
any PEG-containing drug, it is especially crucial to consider anti-PEG
antibodies when developing nanomedicines for conditions character-
ized by pre-existing inflammation. Another strategy to develop immune
evasive nanoparticles is to coat nanoparticles with cell membrane-
derived or exosome membrane-derived coatings [151-154]. The outer
layer of the nanoparticles is naturally derived from cells or cell products;
as a result, the outer layer contains ‘self’ markers, preventing immediate
clearance by the MPS [151,154]. Macrophage membrane-coated or

Degradable

materials
(e.g. PLGA)

PEGylation

Tolerogenic
materials

(e.g. lipids)

Self-markers

Anti- _ Nanomedicine Cell
inflammatory membrane-

materials (e.g. derived coat
corticosteroids)

Ex vivo cell-
based
therapies

patlent cells englneered cells

Harvest ? 4/Moptlvely transfer

Fig. 3. Avenues for controlling interactions of nanomedicines with the
immune system. Nanomedicines can be engineered to be anti-inflammatory by
incorporating tolerogenic or anti-inflammatory materials into their composi-
tion. Nanomedicines can also be coated with PEG, self-markers, or even cell
membrane-derived coatings, prolonging their circulation time to allow them to
reach the cell type of interest. Finally, nanomedicines can also be employed in
ex vivo cell engineering applications to generate adoptive cell therapies such as
CAR Tieg cells or anti-inflammatory monocytes. Importantly, all three strategies
can be used to engineer tolerogenic vaccines for combatting autoim-
mune diseases.
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macrophage-derived nanoparticles can target sites of RA by leveraging
ligand-specific macrophage binding to inflamed synovial tissue [155].
Engineered, macrophage-derived extracellular vesicles loaded with
exogenous pDNA encoding the anti-inflammatory cytokine IL-10 or with
tacrolimus-containing PLGA nanoparticles can reduce inflammation in a
mouse model of collagen-induced arthritis [156,157]. Thus, this strategy
not only achieves the same cloaking benefits as PEG, but can further
specifically target inflamed tissue using a naturally derived coating.

Rather than evading the immune system altogether, nanoparticles
can also be engineered to be anti-inflammatory and actively suppress the
immune system. In addition to leveraging anti-inflammatory or tolero-
genic biomaterials (as described previously), anti-inflammatory nano-
particles can enable tissue-specific delivery of immunosuppressants
(Fig. 3) [158,159]. Nanoparticle encapsulation has the advantage of
enhancing the delivery of immunosuppressants to the relevant inflamed
tissues while simultaneously reducing their systemic delivery, which can
be toxic [158,159]. For example, dexamethasone and rapamycin-loaded
nanoparticles have been widely investigated for alleviating inflamma-
tion and inducing antigen-specific tolerance in models of RA, MS, and
T1D [158,160,161]. Further, LNPs containing dexamethasone can both
enhance mRNA delivery relative to LNPs without dexamethasone and
reduce inflammatory cytokine levels in mice [162]. Extrapolating this
idea, several other nanomedicine-based approaches could be used to
deliver other anti-inflammatory drugs such as DMARDs and other cor-
ticosteroids in a more controlled fashion. Thus, nanomedicines can be
rationally designed based on the chosen biomaterial and encapsulated
cargo to evade or antagonize the immune system.

4.2. Tolerogenic vaccines

Tolerogenic vaccination has become a promising therapeutic strat-
egy for autoimmunity therapies [163,164]. Tolerogenic vaccines bypass
the need for global immunosuppression and directly address the need for
restoring physiological tolerance. While traditional vaccines require
immune stimulation and propagation of the inflammatory cascade for
therapeutic effect, tolerogenic vaccines aim to target autoantigen-
specific pathology while leaving the rest of the immune system intact
[163]. Although the immune pathways of antigen presentation and
subsequent adaptive immune system induction are common between
traditional and tolerogenic vaccines, tolerogenic vaccines rely on the
presence of suppressive or anti-inflammatory cues to skew the devel-
opment of APCs towards a tolerogenic state [165]. These tolerogenic
APCs allow for the generation of antigen-specific Treg cells that are able
to induce peripheral tolerance, similar to a normal immune homeostatic
state.

Tolerogenic vaccines have explored the use of autoantigen peptides
as well as DNA and mRNA encoding autoantigens to achieve vaccination
[166-169]. To control the tropism, release profile and delivery efficacy
of these autoantigens, nanomedicine-based strategies have been uti-
lized. For example, mesoporous silica nanoparticles (MSNs) encapsu-
lating MOG autoantigen demonstrated reversal of autoimmune
phenotype in EAE mice [166]. Intravenous delivery of autoantigen
resulted in induction of peripheral tolerance in the spleen, indicated by
the increase in Treg cells, as well as prevented inflammatory dendritic
cells from migrating into the central nervous system to propagate
demyelination [166]. In another study, autoantigen conjugated to a
glycosylated polymer (pGal) was shown to result in similar induction of
tolerance via delivery to liver sinusoidal endothelial cells in an EAE
mouse model as well as an antigen-specific non-human primate (NHP)
model [167]. This study also demonstrated that the administration of
pGal resulted in the upregulation of co-inhibitory receptors (PD-1,
CTLA-4) on tolerized T cells, indicating that the tolerized T cells were
capable of inducing anergy in autoantigen-specific pathogenic T cells
[167]. Thus, nanomedicine-based tolerogenic vaccines for autoimmune
disease show great potential in addressing the root problem of autoim-
mune diseases.
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4.3. Adoptive cell therapies

Adoptive cell therapies also hold great promise for treating autoim-
mune diseases (Fig. 3). Cells for adoptive transfer therapies are typically
engineered ex vivo using retroviral vectors [170]. However, because
viral vectors are limited in DNA cargo capacity, batch-to-batch vari-
ability, and increased regulatory requirements, nanoparticle-based cell
engineering is becoming increasingly popular [97,170-172]. Further, by
engineering immune cells in an ex vivo setting, the interaction between
nanomedicine and immune cells can be carefully controlled, and the risk
of systemic inflammation exacerbation is greatly reduced. For example,
PLGA and PVA-heparin nanodiscs or ‘backpacks’ containing dexa-
methasone and IL-4 were conjugated to monocytes ex vivo to generate a
myeloid cell-based therapy for MS [173]. Dexamethasone and IL-4
served as agents to maintain the monocytes in a suppressive rather
than inflammatory state—similar to the anti-inflammatory cues needed
for tolerogenic DC generation—resulting in improved CNS-related
symptoms in an EAE mouse model [173].

Immune cells can also be engineered to be antigen-specific in an ex
vivo setting. For example, chimeric antigen receptor (CAR)-functional-
ized immune cells have demonstrated high antigen specificity and great
clinical efficacy in the context of cancer [97,100]. Although tradition-
ally done through viral vectors, inducing CAR expression in immune
cells can also be achieved through nanomedicine. Using nanomedicine
to induce CAR expression avoids the potential genotoxicity and cyto-
toxicity associated with viral vectors and allows for safer outcomes
[97,100]. For example, LNPs have been explored to deliver mRNA to T
cells and generate chimeric antigen receptor (CAR) T cells ex vivo [97].
These CAR T cells strongly express anti-CD19 CAR and demonstrate
specific killing of cancer cells expressing CD19. Interestingly, these
cancer therapies are being explored in autoimmune disease with several
anti-CD19 and anti-BCMA CAR T cell therapies targeting B cells in
clinical trials to treat SLE [174].

The idea of antigen-specific immune cells—specifically antigen-
specific Treg cells—can be further applied in the context of autoim-
mune diseases. For example, biodegradable microparticles loaded with
rapamycin and functionalized with an IL-2 fusion protein were
employed to expand Tyeg cells that had an MHC loaded with a myelin
peptide [175]. Expanding these myelin-specific Treg cells allowed for
generation of a high number of antigen-specific Tyeg cells, which when
administered in vivo were able to reverse the MS phenotype in EAE mice
[175]. This approach aimed at restoring tolerance through harnessing
the innate tolerogenic potential of Treg cells — a strategy that has quickly
become an emerging prospect.

4.4. Emerging prospect: CAR Treg cells

Borrowing from the cancer research space, tolerogenic Treg cells can
also be endowed with CARs to improve their honing ability to specific
cells and induce antigen-specific immunosuppression [176,177]. For
example, CAR Ty cells were engineered ex vivo to recognize the allo-
antigen Bw6 and were adoptively transferred into a non-human primate
with a Bw6+ allograft. These CAR Tyeg cells demonstrated increased
trafficking to the graft site and exhibited an immunosuppressive
phenotype, which prevented rejection of the transplanted graft [177].
Extrapolating this idea, CAR Trg cells could be engineered using
nanomedicines to be antigen-specific to autoimmune disease-related
antigens (e.g., myelin peptide in MS) and achieve therapeutic effect.

Since 2018, several biotechnology companies have turned their
attention to engineering Treg cells for applications in organ trans-
plantation, allergies, and, importantly, autoimmune disorders [178].
Excitingly, nanomedicine has already demonstrated success in deliv-
ering a plethora of cargoes to achieve efficient ex vivo immune cell en-
gineering. Thus, the combination of nanomedicines and T cells
provides a promising next step in the development of next-generation
cell-based therapies for autoimmunity. Furthermore, other immune
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cells, such as tolerogenic dendritic cells, B cells or monocytes, could also
be engineered in a similar fashion to create a wide variety of immune
cell-based therapies to tackle different types of autoimmune diseases.

5. Elevated delivery platforms for challenging cargoes

Current therapies for autoimmune disease, such as mAbs or corti-
costeroids, focus on mitigating one specific step in the inflammatory
cascade. However, the complexity of autoimmune disorders results in
pathologies that, oftentimes, cannot be solved by such a linear approach
[2]. Thus, therapies for autoimmune disorders necessitate strategic ap-
proaches that further existing therapies to elevate the current standard
of care while tackling more than one autoimmune disease pathology.

5.1. Direct delivery of peptides, proteins and mAbs

One strategy is to use nanomedicine to facilitate the delivery of
complex cargoes such as peptides, proteins, and mAbs, which cannot
easily traverse the cell membrane to achieve an intracellular effect
(Fig. 4A) [179-181]. In cancer immunotherapy, delivery of proteins and
mADbs can be used to target ‘undruggable’ targets or even metastasizing
tumors. For example, LNPs encapsulating designed ankyrin repeat pro-
teins (DARPins) that inhibit mutated RAS proteins were shown to
improve intracellular DARPin delivery and subsequently reduce tumor
burden in an HTVI-induced mouse model when compared to freely
administered DARPins [180]. This strategy can be used to deliver
autoantigen peptides as well as full proteins in the context of tolerogenic
vaccines. Another study encapsulated the mAb Rituximab within a
zwitterionic polymer nanoparticle to allow for its sustained release and
improve delivery to metastasized tumor in the CNS by tenfold when
compared to free antibody [182]. This is especially useful in autoim-
mune disorders where currently FDA-approved antibody-based thera-
pies can be packaged into delivery vehicles to improve the safety and
circulation time of these therapies.

In the context of controlling inflammation, complex cargo delivery
can result in desirable modulation of the local physiological microen-
vironment. For example, intraocular delivery of Connexin43 mimetic
peptide (Cx43 MP) using hyaluronic acid-coated albumin nanoparticles
showed reduced retinal damage in a rat model of retinal ischemia [183].
The sustained release of Cx43 MP reduced retinal thinning and was able
to suppress nearby inflammation, resulting in preservation of the retinal
vasculature [183]. These strategies to directly deliver proteins, mAbs
and peptides could be leveraged to address inflammation in autoim-
munity therapies as well.

5.2. Co-delivery of therapeutics

Another strategy to combat the several facets of autoimmune disease
is to co-deliver two or more therapeutics. There are several consider-
ations when combining therapeutics, including dosage, timing, in-
teractions of the therapeutics, and potential side effects resulting from
the combined therapy [184,185]. Fortunately, nanomedicine can be
used to co-deliver therapeutics in a synergistic fashion (Fig. 4B). Nucleic
acids such as messenger RNA (mRNA), small interfering RNA (siRNA),
single guide RNA (sgRNA), plasmid DNA (pDNA) and single-stranded
DNA (ssDNA) have been co-delivered using various types of nano-
medicines [184,185]. mRNA and siRNA, for example, have been co-
delivered using LNPs and have demonstrated synergistic effects in the
functionality of both. In T cells, co-delivery of CAR mRNA and PD-1
siRNA led to improved expression of CAR and greater knockdown of
PD-1, respectively, resulting in CAR T cells that were highly functional
and also resisted exhaustion [184]. This finding is beneficial to auto-
immunity therapies, as CAR T cells are now also being explored to
achieve B cell depletion in the context of autoantibody-mediated auto-
immune disorders.

Nanomedicines can also be used to co-deliver different types of
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Fig. 4. Employing nanomedicine-based platforms for delivery of complex cargoes. (A) Peptides, proteins and monoclonal antibodies, which do not cross the
cell membrane readily and are easily cleared by the scavenger system, can be packaged inside nanomedicines to prolong their circulation time and achieve intra-
cellular delivery. (B) Different types of cargoes can be co-encapsulated inside nanoparticles to achieve a simultaneous and synergistic therapeutic effect. Cargoes like
mRNA and siRNA or even mRNA and corticosteroids can be packaged into nanoparticles and be co-delivered. (C) Gene editing technologies that are able to tackle the
genetic basis of autoimmune disease can also be elevated using nanomedicine. Next-generation autoimmunity therapies can focus on using nanoparticles to dictate
tropism to specific cell types and deliver the gene editing machinery intracellularly, enabling the editing of autoimmunity-associated genes and addressing the

biological basis of disease.

cargoes simultaneously. Emulsions made from incomplete Freund’s
adjuvant were used to co-deliver dexamethasone (corticosteroid) and
proteolipid protein autoantigen (antigen) in an EAE mouse model,
resulting in increased humoral responses and a shift away from
inflammation [186]. Similarly, PLGA and PVA-heparin nanodiscs or
‘backpacks’ containing dexamethasone (corticosteroid) and IL-4 (cyto-
kine) were latched onto monocytes ex vivo to generate a cell-based
therapy for MS [173]. The backpacks resulted in co-delivery of dexa-
methasone and IL-4, which induced anti-inflammatory phenotypes in
monocytes [173]. Upon adoptive transfer, the monocytes were able to
retain their anti-inflammatory properties due to the combined effect of
both cargoes and were able to improve neurologic symptoms in an EAE
mouse model. Thus, the ability of nanomedicines to co-encapsulate and
co-deliver different cargoes simultaneously is an important benefit that
can be leveraged in the realm of autoimmunity.

5.3. Emerging prospect: gene editing

Since the early 2000s, genetic engineering using gene editing tech-
nologies such as base editors and CRISPR-based systems has revolu-
tionized therapeutic avenues across a plethora of diseases [173,187].
These strategies can target genetic defects that lead to disease pathology
and thus address the root cause of the disease with permanent genome
editing. Autoimmune diseases have been known to arise from an inter-
play between genetic predisposition as well as environmental factors
[2,188]. Thus, the associated genetic changes can be visualized and

analyzed using several sequencing techniques, including single cell
RNA-seq (scRNA-seq), high-depth RNA-seq, ATAC-seq, ChIP-seq, and
One-seq. [189,207,208] With these gene editing and sequencing tools
established, tackling the genetic arm of autoimmune diseases is a
promising therapeutic avenue for the reversal of these disease pheno-
types. However, achieving precise, timely and functional delivery of
complex gene editing machinery presents a major challenge.
Nanomedicines have been widely explored to deliver gene editing
cargoes to a variety of different cell types (Fig. 4C). Specifically, LNPs
have been explored to deliver mRNA encoding base editors or even
sgRNA and mRNA encoding SpCas9 in applications for congenital brain
disease, cardiovascular disease, and even organ transplant applications
[189-191]. For example, LNPs encapsulating an adenine base editor
targeting PCSK9 were delivered in nonhuman primates to lower
cholesterol levels, reducing the risk of cardiovascular disease [189].
Similarly, genes that are known to be mutated in autoimmune and
autoinflammatory disorders could be corrected using nanomedicine-
based gene editing technology. For example, the NLRP3 gene is
known to be mutated in neonatal-onset multisystem inflammatory dis-
ease, which is a condition that causes damage in the skin, joints and
nervous system [192]. Gene editing machinery can be used to correct
NLRP3 gene and the subsequent protein cryopyrin, resulting in proper
assembly and control of the inflammasome [192,193]. On the other
hand, gene editing technology can be used to engineer therapies with
utility in autoimmune disorders ex vivo. CAR T cells as well as chimeric
autoantibody receptor (CAAR) T cells are currently being explored for
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achieving B cell depletion in autoantibody-mediated autoimmune dis-
orders [5,194]. One major limitation of this approach is that the patient
could have adverse reactions to the adoptively transferred T cells due to
HLA mismatch [195]. By going one step further in the CAR or CAAR
engineering process, T cell membrane proteins such as beta-2 micro-
globulin (B2M), endogenous T cell receptor (TCR) and PD-1 can be
knocked out using gene editing to make these cells allogeneic and
resistant to exhaustion [196,197].

One of the major concerns with gene editing technologies is editing
in off-target cells and tissues as well as off-target editing in on-target
tissues, which could result in unpredictable adverse events [198]. Tar-
geting strategies for nanomedicines discussed previously can be
employed to mitigate off-target effects and result in more on-target de-
livery of gene editing cargoes. For example, poly(beta-amino ester)
(PBAE) polymeric nanoparticles coated in a macrophage-derived
membrane encapsulating pDNA encoding for destabilized Cas9
(dsCas9) protein and sgRNA were used to induce editing [153]. The cell
membrane coating on the nanoparticle allowed for preferential tropism
towards sites of inflammation. Additionally, the outer layer of the
nanoparticle was functionalized with a reactive oxygen species (ROS)-
responsive component that, upon exposure to ROS in an inflamed
environment, resulted in cleavage from the nanoparticle surface and
stabilized the expressed dsCas9 protein. The combination of ROS-
responsive moieties as well as dsCas9 that only edited upon stabiliza-
tion resulted in editing only at sites of inflammation [153]. Overall,
nanomedicines can be combined with gene editing technologies to
tackle the multi-faceted nature of autoimmune disorders and develop
next-generation therapies for autoimmune diseases.

6. Future outlook and perspective

Autoimmune diseases represent a massive burden on global health-
care, with numbers rising every day. Furthermore, chronic autoimmune
conditions require regular and frequent therapy administration, result-
ing in patients also facing an immense economic burden. These issues
persist because current autoimmunity therapies simply mitigate
inflammation systemically and target components of the inflammatory
cascade. The development of next-generation autoimmunity therapies
should focus on restoring immune homeostasis rather than ameliorating
downstream inflammation — a strategy that works well with the appli-
cation of nanomedicines.

Unfortunately, current nanomedicine-based approaches face chal-
lenges that hinder their rapid clinical translation. Polymer-based NPs,
lipid-based NPs and cell membrane-coated or derived NPs have issues
relating to stability in solution over time as well as premature cargo
release and cargo degradation. Polymeric NPs such as PLGA NPs have
hydrophobic cores, which limit their utility to primarily hydrophobic
cargoes. Thus, depending on the cargo of choice, either the polymers
themselves or the cargoes must be engineered. For lipid-based systems,
including cationic components in the formulation increases delivery
efficacy but can exacerbate toxicity. LNPs tend to have innate adjuvant
activity; therefore, utilizing them for autoimmunity therapies is chal-
lenging. Finally, cell membrane-coated or derived particles are limited
by the availability of cells, the heterogenous expression of membrane
proteins and the amount of membrane that can be derived from the cells
at once.

While there are limitations pertaining to individual classes of
nanomedicines, nanomedicines broadly pose several advantages in
terms of restoring tolerance in autoimmune diseases. Nanomedicines
have tunable physicochemical and surface modification properties that
can be modulated to result in cell- and tissue-specific delivery. This
property can be leveraged to specifically deliver auto-antigens to regu-
latory T cells and tolerogenic dendritic cells, which are cells that are
capable of propagating peripheral tolerance. Nanomedicines can also be
carefully engineered to control their interactions with the immune sys-
tem and generate therapies suited for the inflamed physiological
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environment found in autoimmune diseases. This property can be
employed to avoid the inflammation exacerbation that accompanies
nanomedicine-based therapies. Moreover, nanomedicines can tackle
autoimmune disease pathologies on multiple fronts, resulting in holistic
and multi-faceted therapeutic avenues. This property can be utilized to
multiplex novel nanomedicine-based approaches with currently FDA-
approved therapies, potentially expediting clinical translation.

Besides the physiological advantages, one pivotal advantage of
nanomedicine-based therapies is the relative ease with which they can
be scaled up to achieve clinical translation and impact. The most
pertinent example is the scale up of the mRNA LNP COVID-19 vaccines
developed by Moderna and Pfizer BioNTech [93-95]. When vaccines
were in dire need to prevent the global spread of COVID-19 in
2020-2021, the production of the LNP vaccines was immensely scaled
up. More importantly, this unprecedented scale up demonstrated
consistent physicochemical properties and delivery efficacy of LNPs
with low batch-to-batch variability, resulting in a reliable and rapid
distribution of vaccines worldwide. Thus, the scalability along with
other physiological advantages make nanomedicines an attractive
platform to be used in next-generation autoimmunity therapies.

Despite the benefits outweighing the limitations, nanomedicines are
severely underutilized in autoimmunity therapies. This is primarily due
to nanomedicines being extremely understudied in the context of
autoimmune disease conditions, causing a broad lack of scientific con-
fidence in the medical community. As such, more resources must be
given to fund autoimmune disease research, specifically fundamental
autoimmunity research, to identify pathogenic antigens that can be
leveraged to develop nanomedicine-based antigen-specific autoimmu-
nity therapies. Better animal models closely mimicking human auto-
immune disease pathogenesis are needed to improve preclinical
evaluation of nanomedicine-based therapies. Further research must also
be conducted to elucidate the structure-function relationships of
nanomedicine-based therapies across the varied pathologies of autoim-
mune diseases. Additionally, more light must be shed on the mecha-
nisms governing nanoparticle delivery to immune cells and inflamed
tissues. By employing the aforementioned strategies, nanomedicines can
substantially reduce the global healthcare burden and revolutionize the
development of next-generation autoimmunity therapies.
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