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General Introduction

The immune system is incredibly fine-tuned and impeccably designed to protect the body from foreign
and dangerous invaders while ensuring that it doesn’t respond to self-antigens®2. This is called immune
tolerance. When self-tolerance mechanisms fail, your immune system will respond to self-antigens,
possibly resulting in the development of a plethora of autoimmune diseases, such as rheumatoid
arthritis.

The Immune System

The immune system protects the body against a myriad of invading pathogens. It consists of the innate
and adaptive immune systems that work collaboratively to detect, neutralize, and generate
immunological memory against exogenous and endogenous pathogens®. Furthermore, the immune
system is very adept at recognizing our own antigens, called autoantigens, thereby avoiding
unwarranted immune responses®?. The two parts of the immune system are very distinct from each
other, yet serve the same goal of maintaining immune homeostasis and fighting off pathogens. The
innate immune system is non-specific, acts rapidly, and does not require previous exposure to the
pathogen to become activated*, whilst the adaptive immune system provides a specific response to
pathogens®. This immune response is more deliberate and requires the recognition of pathogenic
antigens, either due to prior exposure or vaccination. Immunological memory is another remarkable
feat of the adaptive immune system, allowing for a rapid immune response upon subsequent
encounters with a pathogen.

The first physical barriers pathogens encounter are the skin and mucosal membranes that in most
cases prevent them from entering the body®’. The protective functions of these barriers are supported
by various chemical substances that have antimicrobial properties, such as saliva® and tears®. These
chemical barriers contain, for example, lysozyme?'?, defensin'!, complement proteins'**3, and
antimicrobial peptides (AMPs)**1, However, certain pathogens are extremely adept at evading these
first barriers and can invade the host. In the body, the pathogen encounters the innate immune
system’s cellular defense, including natural killer (NK) cells'®*® and phagocytes. The main cells that can
phagocytose are neutrophils'®*? and antigen-presenting cells (APCs), such as macrophages and
dendritic cells (DCs)*%. The recognition of a pathogen by phagocytes happens through the binding

of the pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns
(DAMPs) with pattern recognition receptors (PRRs) on the cell surface of APCs. PAMPs and DAMPs are
conserved molecular patterns that are present in pathogens but absent in the host**?. Toll-like
receptors (TLRs) are a class of PRRs that can be found on the surface of phagocytes, or, in the case of
TLR3, TLR7, and TLR9, within endosomes of these cells?**2°. TLRs can recognize a wide variety of PAMPs,
including bacterial lipopolysaccharides (LPS)*° or viral ribonucleic acid (RNA)3L. TLR activation triggers
intracellular signaling pathways, resulting in the production of pro-inflammatory signaling molecules
called cytokines and interferons, which in turn promote immune cell activation and recruitment.

The presence of PRRs on the surface of DCs not only allows these cells to detect invading pathogens or
cellular stress, thereby rapidly initiating an immune response?®, but it also enhances the DC’s ability to
capture and process foreign antigens, something they are extremely adept at. For the

presentation of antigens, DCs make use of major histocompatibility complex (MHC) molecules. MHC
molecules are glycoproteins and in humans are also known as human leukocyte antigens (HLA)®. There
are two classes of MHC molecules, MHCI and MHCII. MHC class | molecules are found on the surface of
most nucleated cells in the body. The peptide-binding groove of MHCI molecules is typically 8-10
amino acids in length, accommodating peptides derived from endogenous proteins.
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Antigens presented on MHCI can activate CD8* cytotoxic T cells. MHC class Il molecules are
predominantly expressed on professional APCs. Unlike MHCI, MHCII molecules have both an a and B
transmembrane chain, making their peptide-binding groove more extensive. This allows them to
present longer peptides, typically 13-25 amino acids in length, that are generally derived from
exogenous proteins. Antigens presented on MHCII can activate CD4* T cells3.

Specialized subsets of DCs can present exogenous antigens on MHCI molecules through a process
called cross-presentation®=’. This leads to the activation of CD8* cytotoxic T cells by DCs that are not
infected themselves. CD8* T cells, also known as cytotoxic T cells, can directly kill infected or

abnormal cells by releasing vesicles containing perforin and granzyme, inducing cell death, also known
as apoptosis in target cells®®. CD8*T cells are involved in cellular immune responses against
intracellular pathogens but also cancer cells. Cross-presentation of autoantigens that are naturally
occurring in the host is essential for the depletion of auto-reactive cytotoxic CD8* T cells that have
escaped central tolerance mechanisms3%1,

CD4*T cells, also known as helper T cells, also play an important role in coordinating the adaptive
immune response. They can regulate and support both cellular and humoral immune responses®.
Upon activation by an APC, naive CD4* T cells can differentiate into different types of T helper cells,
depending on the cytokines, such as interferons (IFN) and interleukins (IL), secreted by the APC in
response to antigen recognition*?*>. The main subsets are T helper 1 (Th1), Th2, Th17, and regulatory
T cells (Tregs). Th1 cells are induced through the release of IL-12 and support cellular immunity by
activating macrophages (through IFNy) and CD8* T cells, enhancing their ability to clear
intracellular pathogens. Th2 cells are induced through the release of IL-4 and promote humoral
immunity by boosting antibody production by plasma cells, which in turn can target extracellular
pathogens. Th17 cells are induced through the release of IL-17 and play a role in inflammation and
protection against extracellular bacteria and fungi*®4’.

Tregs are a specialized subset of CD4*T helper cells. These are essential for the inhibition of
(exaggerated) immune responses and for promoting and maintaining immune tolerance towards
self-antigens, thereby preventing autoimmune diseases*®*. They can achieve immunosuppression
through various mechanisms, including the secretion of anti-inflammatory cytokines such as IL-10 and
transforming growth factor B (TGFB), cell-to-cell-contact through surface receptors, and metabolic
disruption of effector T cells, for example through indoleamine 2,3-dioxygenase (IDO)-mediated
depletion of tryptophan. Tregs can be broadly divided into two main subsets: natural Tregs (nTregs)
and induced Tregs (iTregs). nTregs are commonly CD4*and are generated in the thymus during T cell
development. They arise from the positive selection of thymocytes with high-affinity T cell receptors
(TCRs) for self-antigens that are presented in the thymus. nTregs express high levels of CD25 (IL-2Ral),
L-Selectin (CD62L), glucocorticoid-induced TNFR-related protein (GITR), and low levels of CD127. iTregs
exert the same functions as nTregs, with the main difference between both subsets being that iTregs
differentiate from naive CD4*T cells in secondary lymphoid tissues, such as the spleen and lymph
nodes. The activation of iTregs can occur in a variety of ways such as 1) by encountering an antigen

in the presence of immunomodulators or the absence of co-stimulation®®°?, 2) via signals secreted by
activated DCs and naturally occurring tolerogenic DCs localized in the lamina propria of the small
intestine or mesenteric lymph nodes, and 3) during chronic inflammation. The transcription factor
forkhead box protein P3 (FoxP3) is the master regulator of conventional nTreg and iTreg development
and function and therefore is a good discriminatory protein to identify the abovementioned Tregs®?>*,
However, there is another subset of iTregs that does not require FoxP3 for their activation or function,
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known as Type 1 regulatory T (Tr1) cells. Trl cells are a subset of iTregs that transiently express FoxP3
and produce high levels of the immunosuppressive cytokine IL-10°°. IL-10 is vital for the regulation of
a variety of immune processes, including the downregulation of co-stimulatory molecules and MHCII,
modulation of APCs, prevention of the secretion of inflammatory mediators, inhibition of cytokine
secretion by effector T cells, inducing T cell anergy, and promoting B cell differentiation and

survival®®. Furthermore, these cells secrete high levels of TGFB, an intermediate amount of IL-5, and

a low amount of IL-2 and IFNy*’. Upon Tr1 cell activation through their TCRs, these cells are able to
express CD28, CD69, CTLA4, CD25, IL-2RBy, and CD40L in normal amounts®®. Trl cells can also express
chemokine receptors that are normally associated with Th1 cells (CXCR3 and CCR5) and Th2 cells
(CCR3, CCR4, and CCR8), allowing them to migrate to the same tissue sites as effector T cells, resulting
in a localized suppressive immune response>>®. The polarization of T cells upon activation by

dendritic cells is visualized in figure 1.
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Figure 1. Antigen-presentation by dendritic
cells and the subsequent T cell
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CD40-CD40L) and cytokines are necessary for
the activation of naive CD4'T cells. T-cell
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The immune system goes rogue

The immune system maintains a delicate balance between recognizing and attacking foreign antigens
whilst ignoring the host’s self-antigens. However, when this intricate protection system malfunctions,
the immune system will start to treat self-tissues as pathogens and will respond to them accordingly,
resulting in autoimmune and chronic inflammatory diseases, such as multiple sclerosis (MS), Type 1
Diabetes (T1D) and rheumatoid arthritis. The precise causes of autoimmune diseases are not fully
understood, but it is believed to result from a combination of genetic®%4, environmental®>*’, and
hormonal factors®®7°.

The HLA system plays a fundamental role in the immune system’s regulation and identification of
self and non-self antigens. This system is controlled by genes located on chromosome 6 and encodes
cell surface molecules that are specialized in presenting antigens to TCRs on T cells™. HLA types have
significant implications for the immune system’s ability to recognize and respond to foreign antigens.
Previous studies have shown that variations in HLA genes are linked to increased susceptibility to
autoimmune diseases’*’3. Genome-wide association studies (GWAS) have emerged as a powerful tool
to better understand the genetic basis of many autoimmune diseases, allowing researchers to look
further than HLA genotypes. GWAS is a high-throughput genotyping method focusing on single-
nucleotide polymorphisms (SNPs) scattered throughout the human genome. In these studies, the
genetic profiles of healthy individuals are compared to those of patients with autoimmune diseases,
allowing for the identification of genetic variants that are more prevalent in patients suffering from
autoimmune diseases’".

Whilst genetics predispose to the development of autoimmune diseases, environmental triggers often
result in the exhibition of the disease. Environmental factors vary and include diet, stress, pollution,
smoking, medications, and infections®>®’. Infections, and in particular viral infections, have been linked
to the development of autoimmune diseases through a process called molecular mimicry’s7°,
Molecular mimicry is the phenomenon in which similar structures are shared between self and
non-self antigens, resulting in the immune system’s inability to distinguish between the two. Together,
these factors contribute to increased susceptibility to the development of autoimmune diseases.

Rheumatoid Arthritis

One of the most common autoimmune diseases is rheumatoid arthritis, affecting approximately 0.5-
1% of the global adult population. Rheumatoid arthritis is a chronic autoimmune disease characterized
by inflammation of the synovial lining of the joints, leading to stiffness, swelling, musculoskeletal pain,
and joint deformity. The exact cause of rheumatoid arthritis is not yet fully understood®®-#2,

When looking at genetic factors, it has been shown that HLA-DRB1, HLA-DRB1*04 in particular, is
strongly associated with increased susceptibility to rheumatoid arthritis. HLA-DR is equivalent to the
mouse MHC class 118378, As with most autoimmune diseases, environmental factors play a major role
in the development of rheumatoid arthritis®’. Several environmental stressors, such as smoking and
infections, can affect the activity of peptidyl arginine deiminases (PAD) enzymes. These enzymes are
responsible for a post-translational modification called citrullination, in which the positively charged
amine groups from arginine are removed, forming citrulline®®. In rheumatoid arthritis, the immune
system can mistakenly recognize some citrullinated proteins as non-self, leading to the activation of
autoreactive Th1l and Th17 cells and the production of autoantibodies such as anti-citrullinated protein
antibodies (ACPAs) by B cells. When autoantibodies bind to citrullinated proteins they form immune
complexes, which perpetuate the inflammatory response and contribute to the joint destruction
observed in rheumatoid arthritis®®°2,

ANTIGEN-SPECIFIC IMMUNE TOLERANCE THROUGH DENDRITIC CELL MODULATION



Treatment for Rheumatoid Arthritis

Current treatments for rheumatoid arthritis focus on symptom management, prevention of joint
damage, and improving the patient’s quality of life. Treatment strategies often involve a combination
of medication, lifestyle changes, and, in some cases, surgical interventions®>%3. The most commonly
used treatment modalities are nonsteroidal anti-inflammatory drugs (NSAIDs)***, disease-modifying
anti-rheumatic drugs (DMARDs)**2, and glucocorticoids'®-1%, Glucocorticoids, including
dexamethasone, exhibit rapid and potent immunomodulatory effects upon administration. This makes
glucocorticoids particularly interesting for acute rheumatoid arthritis flare-ups, where quick pain relief
is required. They also benefit patients who are waiting for the prescribed DMARDs to reach their
maximum efficiency, a process that might take weeks or months. Hereafter, the concentration of
glucocorticoids is lowered or glucocorticoid treatment is discontinued, to prevent unwanted side
effects!”’, such as skeletal muscle atrophy?®,

Contemporary treatment strategies for rheumatoid arthritis, such as those mentioned above,

provide much-needed relief for patients, however, they do come with some disadvantages. Due to the
heterogeneous nature of rheumatoid arthritis, patients respond differently to the available treatment
options'®122 highlighting the need for personalized approaches. Even when an effective treatment
strategy has been found, some patients might develop resistance to certain medications over time,
rendering them ineffective!***%, This leads to a constant search for new drugs. However, the major
disadvantage of current treatment modalities is the non-specific immunosuppression, leaving treated
patients with an impaired immune response and therefore a higher susceptibility to infections.

Taking this into account, there is a clear need for antigen-specific immune interventions. This not
only increases the efficacy of rheumatoid arthritis treatment but also reduces systemic side effects.
Antigen-specific therapies can be customized to fit each patient, maximizing the chance of successful
treatment. For the generation of antigen-specific therapies, interest is being shown in DCs. DCs are
fundamental to the activation of (autoreactive) T and B cells, as their antigen-presentation abilities
allow for antigen-specific autoimmune responses to occur''’. Simultaneously, DCs can influence T cell
differentiation based on the environmental cues they have received, which makes them key players in
the induction of either a pro-inflammatory or an anti-inflammatory immune response®.

The exact triggers for DC activation in rheumatoid arthritis are not yet fully understood, however,
several key causes have been identified. First is the inflammatory nature of rheumatoid arthritis, in
which DCs will become activated by inflammatory environmental triggers in the joints. This creates a
positive feedback loop, where activated DCs will produce and secrete pro-inflammatory cytokines, in-
cluding IL-1, TNFa, and IL-6, that further fuel the inflammatory environment. Second, DCs can present
self-antigens and citrullinated peptides to T cells, resulting in a pool of autoreactive T cells®117-119,

Tolerogenic Dendritic Cells

Given the fundamental role of DCs in the regulation of the immune response, they have emerged as
promising targets for novel therapeutic interventions. Various strategies focus on the modulation of
DCs, with the ultimate aim of inducing immune tolerance to self-antigens. A specialized subset of DCs,
known as tolerogenic DCs (tolDCs) are of particular interest in this field. These cells possess
immunosuppressive properties and can actively induce immune tolerance. They are characterized by
the expression of low levels of co-stimulatory molecules, reduced production of pro-inflammatory
cytokines and an increase in the secretion of anti-inflammatory cytokines, resulting in the induction
of Tregs and activation of immune regulatory pathways?>*%, TolDCs are generated through various
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methods, such as pharmacological modulation!*'3 genetic engineering®®, or ex vivo culture
protocolst®*$137, These interventions collectively aim to boost the ability of tolDCs to dampen immune
responses and promote tolerance. The immunomodulators that are most discussed in the context of
this thesis are retinoic acid, dexamethasone, and vitamin D3.

Retinoic Acid

Retinoic acid (RA) is a naturally occurring metabolite of Vitamin A (retinol). RA plays an important role
in regulating a wide variety of biological processes, including cell growth, differentiation, and
homeostasis. Within a cell, RA is derived from retinol via a two-step enzymatic pathway. In the first
step, retinol is oxidized to retinaldehyde (retinal). This requires alcohol dehydrogenases (ADH-1,-4,-5).
Subsequently, retinal is oxidized to RA by retinal dehydrogenases (RALDH). In the cytoplasm,
synthesized RA is catabolized by the CYP26 class of P450 enzymes!38140,

The presence of RA promotes a tolerogenic phenotype in DCs, as identified by a reduced

expression of co-stimulatory molecules (e.g., CD40, CD86) and increased expression of inhibitory
molecules (e.g., programmed death-ligand 1 (PD-L1)) that promote immunosuppression. RA-induced
tolDCs tend to produce anti-inflammatory cytokines IL-10 and TGF-B, while producing lower levels of
pro-inflammatory cytokines, such as IL-12 and IL-6'%*!4!, Together these changes help to suppress
effector T cell responses and promote the differentiation and expansion of Tregs!*%?, which are
essential for maintaining immune homeostasis and preventing autoimmune diseases such as
rheumatoid arthritis. RA-treated tolDCs also upregulate metabolic molecules that contribute to their
tolerogenic function, including indoleamine 2,3-dioxygenase (IDO)*. IDO activity results in the
depletion of tryptophan and the subsequent accumulation of tryptophan metabolites, such as
kynurenine. This tryptophan depletion directly affects the survival of effector T cells, which are
dependent on tryptophan for survival and function, whilst leaving Tregs unaffected, as these cells are
less dependent on tryptophan for their function. This helps create an immunosuppressive environment
that favors Treg expansion#*145, Additionally, the tryptophan metabolite kynurenine has immuno-
suppressive functions in itself}®. It can act as an endogenous ligand for the aryl hydrocarbon receptor
(AHR), a transcription factor that can regulate immune responses. When kynurenine binds to AHR, it
forms an active complex that can translocate to the nucleus and induce the expression of target genes,
including genes that encode pro-apoptotic factors, resulting in T cell apoptosis!*’**%, RA-induced tolDCs
also produce retinaldehyde dehydrogenases (RALDHSs), enzymes responsible for the synthesis of reti-
noic acid, which further reinforces the generation of tolDCs**°.

Dexamethasone

Dexamethasone (dex) is a synthetic glucocorticoid, that has been widely used for its potent
anti-inflammatory and immunosuppressive effects. To assert its effect, dex binds to glucocorticoid
receptors (GRs), which are a type of nuclear hormone receptor, consisting of several domains,
including the N-terminal domain, the DNA-binding domain, the hinge region, and the ligand-binding
domain. GRs are intracellular proteins that are located in the cell cytoplasm in an inactive state'®. In
this state, they’re bound to chaperone proteins, including heat shock proteins (HSPs) such as HSP90,
forming an inactive complex®*®**1, When dex enters the cytoplasm and encounters this complex, it will
bind to the ligand-binding domain with high affinity, which induces a conformational change in the
GR, leading to dissociation from its chaperone proteins and thereby activating the GR allowing the
GR to translocate to the nucleus. Here, the activated GR homodimerizes, resulting in the formation of
a complex that binds to specific DNA sequences, known as glucocorticoid response elements (GREs)
in the promoter regions of target genes. This interaction facilitates the recruitment of transcriptional
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co-activators or co-repressors, which help determine whether a target gene is activated or
suppressed?®. These dex-induced transcriptional effects result in the suppression of pro-
inflammatory genes, such as those encoding cytokines (like IFNy and TNFa), chemokines, and
adhesion molecules!®**%, At the same time, dex can induce the upregulation of anti-inflammatory
molecules and proteins that mediate immunosuppression, such as IL-10%°°.

Dex-induced tolDCs show a reduced expression of MHCIl molecules on their cell surface, impairing
the capacity to present antigens to T cells®’, which is beneficial when DCs are presenting auto-
antigens in the context of rheumatoid arthritis. Additionally, co-stimulatory molecules are down-
regulated in dex-induced tolDCs, limiting their ability to fully activate T cells and resulting in effector

T cell anergy?**>8, Dex also suppresses the production of pro-inflammatory cytokines by DCs, further
dampening the immune response. Furthermore, dex-induced tolDCs can efficiently induce regulatory
T cells through the production of anti-inflammatory cytokines, such as IL-10 and TGFp. Together with
the elevated expression of PD-L1 and IDO seen in dex-induced tolDCs, this contributes to the differen-
tiation and expansion of Tregs'>*%2, Furthermore, dex can interact with the AHR pathway. As both AHR
and GR are ligand-activated transcription factors, their binding to specific co-activators determines the
transcriptional outcomes. GRs that have bound dex could outcompete AHR for shared co-activators,
reducing AHR-mediated gene transcription and activation. Additionally, dex may

promote the degradation of AHR protein through AHR-GR crosstalk, facilitating dex’s ability to
modulate immune responses and mitigate inflammatory processes'®*%, This crosstalk between AHR
and GRs highlights the intricate interplay between various signaling pathways.

Vitamin D3

Vitamin D3 is a well-known fat-soluble vitamin that can be supplemented through diet or synthesized
by the skin through exposure to sunlight. When it arrives in the liver, it will be hydroxylated into
25-hydroxyvitamin D3 [25(0OH)D3], which is the major circulating form of vitamin D3 in the body.
Subsequently, 25(0H)D3 undergoes another hydroxylation step, mainly occurring in the kidneys, to
form the biologically active 1,25-dihydroxy vitamin D3 (1,25(0OH)2D3; VitD3),

VitD3-induced tolDCs display a similar tolerogenic phenotype!®®¢-17° 35 dex-induced or RA-induced
tolDCs. This phenotype is characterized by low levels of co-stimulatory molecules and an increased
expression of PD-L1 compared to activated DCs. Moreover, vitD3-induced tolDCs display higher levels
of IDO and secrete more anti-inflammatory IL-10 and TGFp, contributing to Treg differentiation and
expansion. In not yet fully differentiated DCs, VitD3 has been shown to initiate an early
transcriptional reprogramming of metabolic pathways that favors oxidative phosphorylation
(OXPHOS)¥ . This is accompanied by increased aerobic glycolysis. Furthermore, glucose availability
and glycolysis, which is controlled by the PI3K/Akt/mTOR pathway, can dictate the induction and
maintenance of VitD3-tolDC phenotype and function’2

Clinical trials using tolerogenic dendritic cells

The interest in tolDCs as therapeutic agents has been demonstrated by their worldwide use in clinical
trials for various autoimmune diseases, including Type 1 Diabetes (NCT00445913, NCT02354911173),
Multiple Sclerosis (MS; NCT02618902, NCT02903537174) and rheumatoid arthritis (NCT01352858175,
NCT05251870). These trials aim to assess the feasibility of tolDC therapy for the treatment of auto-
immune diseases, identify appropriate patient populations, and determine the optimal cell dose,
route of administration, and treatment duration. The first-ever clinical trial that made use of toIDCs
for restoring immune tolerance in rheumatoid arthritis was performed in 2015 by Benham et al.
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(ACTRN12610000373077%¢). In this exploratory phase | trial, tolDCs were generated using NF-«kB
suppression with the irreversible NF-kB inhibitor Bay11-7082 and exposed to citrullinated peptides
for 48 hours and injected intradermally in patients that were ACPA positive. Within one month of
treatment, a single injection of these autologous tolDCs was proven to be safe and results indicated
a decrease in effector T cells (defined in the study as CD4*CD25* CD127*) and an increase in
regulatory T cells (defined in the study as CD4*CD25* CD127*). When looking at the disease activity
score 28(DAS28), which is a common metric for the evaluation of the severity of rheumatoid arthritis,
it was found that these scores were decreased in some patients.

One of the most recent ongoing clinical trials in rheumatoid arthritis patients using autologous tolDCs
is the TOLERANT trial (NCT05251870) at University Medical Center Utrecht (UMCU), Utrecht, The
Netherlands. In this Phase I/Il clinical trial, autologous mature Dex-VitD3 tolerogenic monocyte-
derived DCs are exposed to the B29 peptide of heat shock protein 70 (HSP70). HSPs are immunogenic,
ubiquitously expressed, and are shown to be upregulated in rheumatoid arthritis'’’. The characteristic
that makes HSP-derived peptides so interesting in the context of rheumatoid arthritis treatment is
that these peptides can be recognized by Tregs, and, as rheumatoid arthritis is a disease where the
autoantigens are largely unknown, this offers promising new possibilities for antigen-specific
immunotherapy. In a 2012 study by van Herwijnen et al., it was shown that B29-induced Tregs were
able to suppress established proteoglycan-induced arthritis (PGIA) in mice and that B29 can be
presented by MHCII on DCs 78, highlighting the therapeutic abilities of this peptide. At the moment of
writing, the TOLERANT trial is recruiting, and its results have the potential to significantly contribute to
the research field.

TolDC therapy holds significant promise for the future of immunotherapy for rheumatoid arthritis.
Nevertheless, several challenges need to be addressed for successful clinical implementation. The
generation of autologous tolDCs has been proven to be difficult due to the inherent heterogeneity of
the tolDC population and the lack of standardized protocols for its generation’®*, This results in a
time-consuming and costly process, in which manufacturers need to meet the requirements for good
manufacturing processes (GMP), whilst the variability in the quality and potency of tolDCs can impact
the reproducibility and consistency of therapeutic outcomes. To circumvent the challenges associated
with tolDC immunotherapy, the use of nanoparticles has emerged as a promising treatment strategy’®.
Nanoparticles can work as drug delivery vehicles, with the ability to deliver antigens to APCs, which in
turn present these antigens on their cell surface and thereby facilitate the activation of antigen-specific
Tregs. Nanoparticles are easily modifiable, allowing for the co-encapsulation of immunomodulators
and antigens. This holds interesting new possibilities for in vivo immune tolerance induction.

Nanoparticles for the restoration of immune tolerance

Nanoparticles can be made of a variety of materials, including polymers'®?, metals!®3, lipids!®,
proteins!®, or a combination of these. For the use of nanoparticles in the treatment of autoimmune
diseases, liposomes have gained interest. Liposomes consist of one or more lipid bilayers that
encapsulate an aqueous core®®®. This allows them to encapsulate a wide range of both hydrophobic
and hydrophilic compounds. Their physiochemical properties are determined by the liposomal
composition and formulation process, allowing them to be modified in a way that facilitates immune
tolerance induction. For tolerance induction, a favorable approach would be the mimicking of
apoptotic cells by using phosphatidylserine in liposomes'®”:¥8, as these can be efficiently taken up and
processed via tolerance-promoting effector mechanisms in the spleen and liver. The negatively charged
phospholipid phosphatidylserine (PS) is expressed on the cell surface of apoptotic cells*®, leading
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researchers to study this phospholipid for use in liposomes. In a 2018 study by Benne et al., the
efficiency of negatively charged PS- and phosphatidylglycerol (PG)-containing liposomes was assessed
in a mouse model for atherosclerosis!®®. Here, it was found that anionic PG-containing liposomes are
able to facilitate greater antigen-specific Treg responses than PS-containing liposomes. Whilst it had
been reported that empty PS-containing liposomes do elicit non-specific immune responses!®%,

empty PG-containing liposomes in the atherosclerosis study showed no effect on the disease,
suggesting that the effect of these liposomes is antigen-specific.

In a 2021 study, Krienke et al. showed that the encapsulation of MS-relevant antigen mRNA in lipid
nanoparticles resulted in the uptake of these particles by splenic CD11c* DCs in vivo after intravenous
injection®2, In the absence of co-stimulatory molecules, these DCs were able to present antigens to
T cells, leading to antigen-specific FoxP3* Treg expansion and the prevention and treatment of
experimental autoimmune encephalomyelitis (EAE) in mice. Furthermore, liposomes are ideally
suited for the encapsulation of immunomodulators, such as the hydrophobic dex or the hydrophilic
RA. Previous research using nanoparticles that encapsulated both an EAE-relevant antigen and dex
showed significant improvements in EAE treatment compared to nanoparticles containing either the
antigen or dex!*3. In a model for diabetes, it was shown that nanoparticles that co-encapsulated RA
and disease-relevant insulin-peptide could prevent diabetes development in non-obese diabetic (NOD)
mice®*. Combining these studies highlights the potential for the use of liposomes for efficient
antigen-specific immunotherapy for the treatment of autoimmune diseases.

Tolerogenic nanoparticles for the induction of antigen-specificimmune
tolerance to Cas9

Given the therapeutic potential of tolerogenic nanoparticles for the treatment of autoimmune
diseases, interest has also emerged from the genetic engineering field. The discovery and development
of CRISPR-Cas9 technology has revolutionized gene-editing research, allowing researchers to modify
DNA with high levels of precision®>*%, This opens up many new possibilities for the treatment of
genetic diseases, whereby specific disease-causing genetic mutations can be corrected. Successful
application of in vivo gene editing is facing significant challenges, including the efficient delivery of
gene-editing components to the target cells and minimizing off-target side effects. One of the main
components of gene editing is the Cas9 protein. This is a bacterial protein that was first identified in
Streptococcus pyogenes, where it has been known to function as an RNA-guided endonuclease®’.

This allows it to cut DNA at specific locations based on the guidance of a single-guide RNA (sgRNA).
The Cas9 protein and the sgRNA form a complex that recognizes and binds complementary DNA
sequences, allowing for cleavage and modification of target DNA. However, its bacterial origin prompts
the immune system to clear it as soon as it is detected'*®*°, For future research into in vivo gene
editing, immune evasion by inducing Cas9-specific immune tolerance is a promising strategy, as this
could help the Cas9 protein escape immune detection. Liposomal delivery of CRISPR-Cas9 is a relatively
novel research field?®, with one study showing in vivo efficacy of liposomal delivery of Cas9 mRNA and
sgRNAs??%, Here, researchers show high levels of durable in vivo CRISPR-Cas9-mediated gene editing
after a single administration. In a recent clinical trial (NCT04601051) for the treatment of transthyretin
amyloidosis (ATTR amyloidosis) liposomes were used to encapsulate Cas9 mRNA and sgRNA. These
liposomes were intravenously injected to target the misfolded transthyretin (TTR) proteins in tissues,
that accumulate in this disease?®?. Researchers found that in a small group of patients with hereditary
ATTR amyloidosis, administration of these liposomes was associated with a decrease in serum TTR
protein concentrations through the targeted knockout of TTR, highlighting the therapeutic potential

of Cas9 mRNA-encapsulating liposomes. There is a long way to go in optimizing in vivo delivery of the
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necessary components of the CRISPR-Cas9 gene editing system?°*2%, Nevertheless, tolerogenic
nanoparticles encapsulating Cas9 (peptide, protein, or mRNA) and, potentially, immunomodulators
could provide interesting new insights into the advancement of the field.

Conclusion & aim of the thesis

TolDCs are an innovative and promising immunotherapeutic strategy that offers new possibilities for
the treatment of a plethora of autoimmune diseases. Harnessing the unique tolerogenic properties
of tolDCs allows for selective modulation of immune responses and restoration of tolerance to
self-antigens. The emergence of nanoparticles to induce tolDCs in vivo holds great potential for

in vivo antigen-specific immunosuppression in autoimmune and chronic inflammatory diseases.
With ongoing advancements in the field of tolerogenic immune therapy, these treatment modalities
have the potential to pave the way for a new era of targeted and safe immunotherapies.

Thesis outline

This thesis aims to explore the possibilities for the use of tolDCs and tolerogenic nanoparticles for the
restoration and maintenance of immune tolerance in rheumatoid arthritis, and how this knowledge
can be used to advance the field of in vivo gene editing using CRISPR-Cas9. In Chapter 2, promising
strategies for immune tolerance induction by nanoparticles are reviewed. Here, cellular targets and
nanoparticulate modification, are discussed. In Chapter 3, liposomes that co-encapsulate RA as an
immunomodulator and human proteoglycan (hPG), a rheumatoid arthritis-relevant antigen, are
analyzed for their use in antigen-specific therapy for autoimmune diseases. In Chapter 4, a novel
nanoparticle treatment strategy for rheumatoid arthritis is explored, where anionic liposomes that
encapsulate hPG linked to dexamethasone, are shown to be able to prevent the development and halt
the progression of rheumatoid arthritis in PGIA mouse models. In Chapter 5, the use of lipid
nanoparticles for the in vivo delivery of Cas9 protein is explored. Finally, in Chapter 6 the findings of
this thesis are placed in the context of current literature, thoroughly discussed and new insights are
offered for the future of immunotherapy for autoimmune diseases and gene editing.
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Abstract

Autoimmune diseases affect many people worldwide. Current treatment modalities focus on the
reduction of disease symptoms using anti-inflammatory drugs which can lead to side effects due to
systemic immune suppression. Restoration of immune tolerance by down-regulating auto-reactive cells
in an antigen-specific manner is currently the “holy grail” for the treatment of autoimmune diseases.
A promising strategy is the use of nanoparticles that can deliver antigens to antigen-presenting cells
which in turn can enhance antigen-specific regulatory T cells. In this review, we highlight some
promising cell targets (e.g. liver sinusoidal endothelial cells and splenic marginal zone macrophages)
for exploiting natural immune tolerance processes, and several strategies by which antigen-carrying
nanoparticles can target these cells. We also discuss how nanoparticles carrying immunomodulators
may be able to activate tolerance in other antigen-presenting cell types. Finally, we discuss some
important aspects that must be taken into account when translating data from animal studies to
patients.
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Our immune system has evolved to distinguish non-self from self-antigens to protect us against
pathogens while also maintaining tissue homeostasis. Immune cells of both the innate and the adap-
tive immune systems are involved in this complex protection against potentially harmful intruders. The
process of combating exogenous antigens by these immune cells is a powerful effector mechanism.
However, when directed toward our own cells, tissues, or commensal microbes, this mechanism could
be very destructive®. To maintain immune homeostasis and prevent tissue damage, the immune
system must be able to distinguish innocuous endogenous antigens from potentially harmful
exogenous antigens?. This mechanism is known as self-tolerance and is maintained by specialized
immune cell subsets such as tolerogenic antigen-presenting cells (APCs) and regulatory T cells (Tregs)®.
In autoimmunity, Tregs are the most well-studied cell type and the focus of this review. Tregs can be
derived from the thymus* or peripherally induced from effector T cell populations®. Tregs are

typically defined as CD45RO*TCR*CD4*CD25"FoxP3*CD127- cells in humans, and CD4*CD25*FoxP3* in
mice®, but can also express the suppressive receptors CTLA-4, PD-1, TIGIT, and GITR, among others’2.
Other suppressive T cell populations that do not express FoxP3 include T regulatory 1 (Tr1) cells, which
secrete high levels of IL-10 and express CD49b and LAG-3 in humans and mice®, and T helper 3 (Th3)
cells, which secrete high levels of TGF-B°. Apart from T cells, B cells also play an important role in
maintaining immune homeostasis, including regulatory B cells (Bregs), of which there are also several
subtypes, as reviewed elsewhere®?. Immune tolerance can be disrupted due to multifactorial

causes?®. This can prompt an overactive inflammatory response towards (auto)antigens®®, resulting in
the development of autoimmune diseases. Current treatment modalities focus on the reduction of
disease symptoms using anti-inflammatory drugs (e.g. corticosteroids) or biologicals (e.g. tumor
necrosis factor (TNF)-a inhibitors)®. Long-term use of these drugs coincides with unwanted side effects
such as increased susceptibility to opportunistic infections and tumors?. Significant research has
focused on improving the targeting of these drugs, thereby reducing the dosage, and limiting off-target
effects (as reviewed by Fang et al.'’). Although these therapies have improved patient care over the
last decades, they fail to cure patients that suffer from autoimmune diseases, necessitating lifelong
therapy.

Restoring the immune balance by down-regulating auto-reactive cells and enhancing Treg function

is a promising strategy to treat autoimmune diseases. Importantly, this could result in long-lasting
medication-free disease remission?®, Unfortunately, the injection of free antigen is unlikely to result
in sufficient accumulation in the specific cells that can induce tolerance. Besides, many autoantigens
are poorly soluble, and due to their size or charge can bring about unwanted immunogenic effects if
administered freely®. A very promising approach is the use of APC-like nanoparticles?, as reviewed
elsewhere?'. Another strategy is to develop nanoparticulate delivery systems to facilitate the delivery
of antigens to APCs in vivo.

Nanoparticles are drug delivery systems ranging from 1 to 1000 nm in size??. These particles protect
their cargo from enzymatic degradation and can be designed to accommodate for an antigen’s size,
charge, and solubility, and (passively) target specific immune cells. This allows for higher therapeutic
efficacy, reduces the required dose, and minimizes off-target effects or side effects associated with high
doses or the intrinsic properties of the free antigen®. Nanoparticles can target organs or cells
depending on their physicochemical properties (e.g. size, charge, and rigidity)*?, or by the
incorporation of targeting moieties, such as antibodies?®. Nanoparticles can be made of different
materials, including polymers?, metals®, lipids3!, proteins®, or a combination of the above. Some of
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these materials have intrinsic immunomodulatory effects®®, which makes them interesting for use in
immunotherapy. Furthermore, nanoparticles can carry both an antigen and an immunomodulator to
induce tolerogenic phenotypes in APCs in vivo. In this review, we highlight some promising cell targets
and several strategies by which antigen-carrying nanoparticles, with or without immunomodulators
can target these cells.

Immune tolerance to circulating antigens is maintained by the spleen and liver3**>. These organs are
responsible for filtering the blood and contain many specialized cell types that are involved in the
clearance of apoptotic cells. This process is termed efferocytosis and is vital for immune homeostasis;
the dysregulation of this process has been implicated in several autoimmune diseases***’. Some APC
subsets such as plasmacytoid dendritic cells (pDCs) express CD36 and CD61, which are efferocytic
scavenger receptors involved in immune regulation®®. Cells expressing these receptors often show a
decrease in the surface expression of the co-stimulatory molecules CD40 and CD86 and it has been
shown that efferocytosis by DC subsets leads to a suppressive phenotype®***°. Furthermore, deficiency
in scavenger receptor function has been described to be involved in the development of
autoimmunity*!, and activation of the efferocytic receptor MER protected mice against the
development of arthritis in collagen-induced arthritis and KRN serum transfer mouse models*. In a
study by Watkins et al., the importance of efferocytosis in immune tolerance was demonstrated by
directly targeting antigens towards apoptotic erythrocytes. When these erythrocytes were
efferocytosed in the spleen, the antigen was presented in a tolerogenic manner and induced
longlasting antigen-specific T cell anergy*. In another study, it was shown that human apoptotic cells
derived from peripheral blood mononuclear cells have low expression of HLA-DR and CD86,

produce the anti-inflammatory cytokines IL-10 and TGF-B, and expressed Fas and caspase-3. In a mixed
lymphocyte reaction, the apoptotic cells greatly reduced the proliferation of T cells as compared to
non-apoptotic cells and reduced the expression of CD25, CD45R0, and OX40 on proliferated T cells.
These apoptotic cells inhibited allogeneic immune responses in humanized non-obese diabetic (NOD)/
severe combined immune deficiency (SCID)/yC mice*. Furthermore, i.v. injection of apoptotic cells that
expressed a MOG peptide prevented the development of EAE in mice. This was shown to be due to the
accumulation of the apoptotic cells in the splenic marginal zone and antigen-specific T cell
unresponsiveness, as measured by reduced proliferation of T cells and reduced production of IFNy and
IL-17 by T cells. Unfortunately, injection of the apoptotic cells after MOG immunization did not affect
disease progression®. Splenectomy abolishes the immune-suppressing effects of apoptotic cell-
mimicking liposomes®. These studies show that when antigen is taken up in the context of
efferocytosis, it leads to immune suppression and that the spleen is vital in this process. The splenic
marginal zone contains several cell subtypes such as marginal zone macrophages (MZMs), B cells, and
DCs?. For instance, MZMs expressing the macrophage receptor with a collagenous structure
(MARCO)* and macrophages expressing CD169/sialic acid-binding immunoglobulin-type lectin-1
(Siglec-1)*® can induce tolerance. Depletion of Siglec-1* macrophages from the spleens in mice
susceptible to EAE abrogated the protective effects of MOG-apoptotic cells®. Siglec-1 is important for
cell-cell contact and binds to CD8a* DCs, which suggests that the tolerogenic immune effects of
Siglec-1* macrophages may be mediated through marginal zone DCs*. CD8a*CD103* DCs in the
marginal zone of the spleen efficiently efferocytose apoptotic cells from the blood, and subsequently
migrate to splenic T cells to present antigens in a tolerogenic fashion®°. Indeed, injected apoptotic cells
are filtered by CD8a* DCs in WT mice and lead to tolerance, while Siglec-1 depletion leads to uptake by
CD8aCD11b* DCs instead®.



The liver microenvironment also promotes tolerance®* and human DCs derived from the liver are more
suppressive than blood-derived DCs®2. The liver contains a multitude of cells that are inherently
suppressive34. For example, liver sinusoidal epithelial cells (LSECs) have been shown to induce
differentiation of T cells to both FoxP3* Tregs and FoxP3'LAG3*Tr1 cells®. Furthermore, Kupffer cells in
the liver express low levels of co-stimulatory molecules and suppress T cell responses®.

Finally, it is well known that oral and mucosal antigen application favors tolerance induction. In a
collagen-induced arthritis mouse model, multiple oral administrations of type Il collagen significantly
reduced the severity of the disease®®, and in a human trial in rheumatoid arthritis patients, oral
administration of type Il collagen significantly reduced joint swelling and pain®®. Oral tolerance
induction is independent of apoptotic pathways as splenectomy does not abrogate oral tolerance®.
The mesenteric lymph nodes are important for oral tolerance induction, as it was found that
transplantation of peripheral lymph nodes into the gut mesenteries in mice did not allow for the
induction of oral tolerance®. This points to the importance of the microenvironment created by
stromal cells in these lymphoid structures that facilitates tolerance induction. In mice removal of the
superficial cervical and internal jugular lymph nodes which drain the nasal mucosa abrogated nasal
tolerance induction®. Specifically, it has been shown that CD11b* DCs are important for oral tolerance
in a collagen-induced arthritis model®°.

APCs involved in mucosal tolerance are mainly macrophages and DCs in the lungs®?, along with B cells,
DCs, and macrophages in the nasal- and gut-associated lymphoid tissues®?®*. Other DCs involved in
nasal and oral tolerance express the inhibitory Fc receptor for IgG 1B (FcyRIIB)®>, FcyRIIB plays a

key role in DC uptake, processing, and presentation of antigens®” and a loss of this receptor has been
shown to induce autoimmunity in mice®. Another group of immune-suppressing mucosal DCs are
CD103* DCs, which can induce antigen-specific FoxP3* Tregs®’°. Collectively, these studies show that
there are several subtypes of APCs in the liver, spleen, and oral and mucosal lymphoid tissues which
are specialized to induce tolerance and are therefore attractive for targeting nanoparticles. We will
highlight several strategies by which this targeting can be achieved.

One of the great advantages of nanoparticles is that their physicochemical properties can be
optimized to the application. Depending on their physicochemical properties, nanoparticles can elicit
different immune responses. In the case of pro-inflammatory responses, this is generally achieved by
mimicking pathogens®*'. However, for tolerance induction, an attractive strategy would be to mimic
apoptotic cells. Such apoptotic-like particles would efficiently be taken up directly or via the protein
corona and processed through the tolerance-promoting effector mechanisms in the spleen and liver.
Nanoparticle charge is one of the easiest and most effective ways to achieve this. When cells undergo
apoptosis, they express the negatively charged phospholipid phosphatidylserine (PS) on their
surface’, which is recognized by receptors on efferocytes, such as stabilin-272, TIM-473, and CD300f747%,
as shown in Figure 1. The role of PS in apoptosis is extensively reviewed by Birge et al. and several
types of nanoparticles containing PS have taken advantage of this pathway to induce tolerance in
autoimmune models’®””. Unfortunately, empty PS liposomes have been shown to induce non-specific
immune tolerance which may hamper clinical application3>78. Anionic phosphatidylglycerol
(PG)-containing liposomes encapsulating an atherosclerosis-specific peptide significantly reduced
disease progression in an atherosclerotic mouse model. However, the same liposomes without antigen
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did not have any effect on the disease, meaning that this effect was antigen-specific. The PG-
liposomes were more effective at inducing antigen-specific Treg responses than PS-liposomes, even
though both had similar surface charges’. This was hypothesized to be due to the formation of a
protein corona, specifically C1qg binding to the PG-liposomes, which has been shown to have a tolero-
genic effect intricately linked to the clearance of apoptotic cells by binding to scavenger receptors such
as class F scavenger receptor (SR-F1)*7>8%81 |n subsequent studies, it was observed that the liposomes
are selectively taken up by APCs in the liver and spleen (unpublished data). In another study, anionic
poly(ethylene-co-maleic acid)-poly(lactic-co-glycolic acid) (PEMA-PLGA) nanoparticles encapsulating
EAE peptides upregulated PD-L1 expression on liver CD103* DCs and Kupffer cells. This in turn led to
antigen-specific lymphocyte unresponsiveness, as measured by reduced proliferation of lymphocytes
and reduced production of IL-17, GM-CSF, and IFNy. The nanoparticles could both prevent and treat
EAE in mice. This effect was even observed after splenectomy, underlining the importance of the liver
in this model®2. Interestingly, protection against EAE was induced after i.v. injection, and to a lesser
extent i.p. injection of nanoparticles, but not after oral or s.c. administration. This was hypothesized to
be because these nanoparticles need to travel to the liver and spleen to exert their effects®:.

Splenic macrophages can also be targeted by negatively charged particles?’. PLGA particles coupled to
encephalitogenic peptides were localized to the splenic marginal zone after i.v. injection and

prevented and treated EAE in mice®. l.v. injection of polystyrene beads coupled to zinc transporter

8- and islet-specific glucose-6-phosphatase catalytic subunit-related protein-derived peptides could
induce antigen-specific tolerance in HLA-A2.1 transgenic mice (HHD) and prevent the development of
diabetes in humanized NOD.2m null HHD mice. The nanoparticles could also suppress antigen-specific
CD8* T cell responses in PBMCs from individuals with type 1 diabetes. Specifically, Siglec-1*
macrophages and marginal zone DCs produced CCL22 upon nanoparticle uptake, which mediated
FoxP3*Treg and CD103* DC chemotaxis via CCR4%°.

LSECs can also be targeted by negatively charged particles since stabilin receptors on LSECs
preferentially bind negatively charged particles®®. For instance, Carambia et al. designed anionic iron
oxide nanoparticles with a poly(maleic anhydride-alt-1-octadecene)-coat. The particles were rapidly
cleared from the plasma after i.v. injection and accumulated together with their antigen load in LSECs
which led to an increase in FoxP3* Tregs. The nanoparticles induced long-lasting protection to EAE and
could even cure EAE in mice. The authors point out that in-depth analysis of the phenotype of
nanoparticle-induced Tregs was lacking, as it was not possible to separate nanoparticle-induced Tregs
from endogenously induced Tregs®. Similarly, Saito et al. showed that PEMA-coated polylactide (PLA)
nanoparticles accumulated in the liver and spleen after i.v. injection and were mainly associated with
Kupffer cells and LSECs in the liver, which showed a reduction in CD86 expression. Ex vivo restimulation
of splenocytes with the relevant antigen (PLP . .. ) resulted in reduced production of IFNy, IL-17,
GM-CSF, TNFaq, IL-2 and increased IL-10 in mice immunized with PLP nanoparticles as compared to
mice injected with OVA nanoparticles. The PLP nanoparticles prevented EAE in mice®.

The nanoparticle charge also influences targeting in mucosal tissues. Frome et al. developed anionic
and cationic rod-shaped nanoparticles of 80 nm x 320 nm in size, functionalized to ovalbumin. After
delivery into the lungs of mice by orotracheal instillation, anionic nanoparticles were immunologically
inert, while the cationic particles were pro-inflammatory, as demonstrated by higher gene expression
of CCL2, IL-10, IL-2, IL-6, CXCL10, IFNy and IL-12B in homogenized lung cells. This was hypothesized to
be because the anionic nanoparticles were taken up by alveolar macrophages, which maintain tissue
homeostasis, while the cationic nanoparticles were taken up by lung DCs®.
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Figure 1. Reported binding of tolerance-inducing nanoparticles to efferocytic receptors on APCs.

The stabilin-1/2 receptor was reported to bind to anionic polystyrene beads, apolipoprotein B (ApoB)-peptide-
functionalized poly(lactic-co-glycolic acid) (PLGA) nanoparticles, and anionic phosphatidylserine (PS) and
phosphatidylglycerol (PG) liposomes. The T cell/transmembrane, immunoglobulin, and mucin (TIM) receptor family

recognize PS liposomes as does scavenger receptor class B type 1 (SR-B1). CD300f recognizes both PS and PG liposomes.

Apart from particle charge, the size of the nanoparticles can also determine their biodistribution and
uptake by immune cells, as reviewed elsewhere®. Specifically, concerning targeting tolerance-inducing
cell subsets, it was shown that nanoparticles between 79 and 199 nm in size efficiently delivered siRNA
to LSECs after i.v. injection, while 420 nm particles did not®2. Particle size is also important for mucosal
tolerance induction; i.v. injection of 15 um, but not 400 nm-sized PLGA nanoparticles led to the
retention of these particles in the lungs. While both particles encapsulating PLP were able to prevent
EAE development in a mouse model compared to untreated control, the larger particles were more
effective®. In addition, intratracheal administration of glycine-coated polystyrene nanoparticles of

50 nm in size, but not 500 nm were taken up by CD103* DCs in the lungs?®°4. Finally, 300 nm PLGA
nanoparticles encapsulating type Il collagen were found in the Peyer’s patches of mice after oral
administration. The nanoparticles were able to significantly reduce arthritis scores in a collagen-
induced arthritis mouse model. This coincided with reduced circulating anti-type Il collagen IgG
antibodies, reduced proliferation of draining lymph node lymphocytes after type Il collagen
restimulation, increased gene expression of TGF-B in Peyer’s patches, and decreased gene expression
of TNFa in draining lymph nodes in mice immunized with antigen-loaded nanoparticles compared to
placebo®.
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The rigidity of nanoparticles is gaining increasing attention as another important physicochemical
parameter for tolerance induction®. For instance, the FcyRIIB* DCs involved in mucosal tolerance®%®
are sensitive to particle rigidity®®. Particle rigidity also influences whether circulating particles can reach
sterically obscured cells®” such as LSECs.

Interestingly, polyethylene glycol (PEG)ylation of PLGA nanoparticles can have profound effects on
tolerance induction. Comparing PLGA-PEG to PLGA nanoparticles with identical size and charge, Li et al.
show that PEGylation induced lower complement activation, neutrophil recruitment, and co-
stimulatory molecule expression on DCs around the injection site after s.c. injection®.

A unique challenge for the induction of mucosal tolerance is that many antigens are not mucoad-
hesive. Mucoadhesiveness of antigens is highly dependent on several factors such as hydrophilicity,
molecular weight, charge, and chemical structure®. Nanoparticles designed to be mucoadhesive can
overcome this problem, and some of the properties that affect the mucoadhesion of formulations are
charge, spreadability/rigidity, and ability to bind to the mucus substrate®. For example, sublingual
administration of ovalbumin adsorbed on mucoadhesive polymerized maltodextrin nanoparticles
showed therapeutic tolerance in an ovalbumin-induced allergic mouse model, which was not observed
with free ovalbumin. Unfortunately, cellular mechanisms were not reported in this study®*. Pulmonary
administration of an EAE antigen with hyaluronic acid (a mucoadhesive!®?) abrogated EAE in mice®,
and peanut-induced anaphylaxis was only inhibited in mice receiving intranasal administration of a
nanoemulsion with peanut extract, but not free extract'®. Finally, while only antigen-loaded PLGA
nanoparticles increased FoxP3 gene expression in cervical lymph nodes and suppressed delayed-

type hypersensitivity response in mice, intranasal administration of both antigen-loaded PLGA and
PLGA-TMC (N-trimethyl chitosan, a mucoadhesive) nanoparticles suppressed proteoglycan-induced
arthritis in an antigen-specific manner. The authors hypothesize that the discrepancy between the
models could be explained by the chronic nature of the arthritis model compared to the delayed-type
hypersensitivity model*®. Collectively, these studies show that the physicochemical properties of
nanoparticles can be tuned to induce tolerance by targeting specific organs and/or cell subsets.

Aside from targeting cell subsets via the physicochemical properties of nanoparticles, particles can be
designed to actively target cells via the use of targeting moieties'®. The use of targeting antibodies for
tolerance induction was extensively reviewed by Castenmiller et-al.?. Functionalization of PLGA
nanoparticles with an ApoB peptide (a ligand for the stabilin-1 and stabilin-2 receptors expressed on
LSECs) led to higher uptake by LSECs in vivo as compared to bare PLGA nanoparticles or mannan
(another ligand for LSECs) nanoparticles. L.v. injection of the ApoB nanoparticles induced high TGF-B
production by LSECs which coincided with an increase in FoxP3* Tregs in the lungs. The nanoparticles
could prevent and treat allergic symptoms in a pulmonary allergen sensitization model in mice!®’.
Another cell type, CD8" CD205* DCs, can induce FoxP3* Tregs from FoxP3" precursors in mice in the
presence of a low dose of antigen'®. There is evidence that is important in the recognition of apoptotic
cells’®, Targeting antigens to CD205* cells in the spleen using anti-antibodies has shown to be effective
at deletion of autoreactive CD8* T cells!’®, and at inducing tolerance in several autoimmune disease
models'!*112, Targeting Siglec-1 and other C-type lectin receptors can be achieved by glycosylated
molecules!®3, as reviewed elsewhere!'*. Regarding mucosal tolerance, reports of specific targeting of
antigens to CD103* DCs using antibodies are divided amongst both pro-and anti-inflammatory
responses, and co-administration of a pro-inflammatory adjuvant abrogates the tolerogenic effects of
CD103* DCs*®. Targeting FcyRIIB with specific antibodies has been used to induce tolerance!**!V, but



so far these targeting antibodies have not been combined with nanoparticles, although this approach
would be promising. Using targeting moieties is an attractive strategy to target APC subsets, but care
must be taken to avoid the production of anti-drug antibodies against the targeting ligand*!.

It may not always be necessary to target antigens to a specific APC subset. After systemic injection,
APCs rapidly take up nanoparticles. If a nanoparticle encapsulates an antigen together with an
immunomodulator, the immunomodulator can direct the APC towards a tolerogenic phenotype.
Several studies demonstrate that co-encapsulation of an antigen with an immunomodaulator (e.g.,
rapamycin, calcitriol, aryl hydrocarbon receptor ligands, or NF-kB inhibitors) can ameliorate
autoimmunity, whilst free antigen does not!*1%, For example, s.c. injections of nanoparticles
encapsulating MOG35-55 and dexamethasone significantly treated EAE in mice as compared to empty
nanoparticles, dexamethasone nanoparticles, MOG,, .. nanoparticles, or free dexamethasone and
MOG,, ... After ex vivo restimulation of splenocytes with MOG,, .. only spleens of mice that received
the nanoparticles encapsulating MOG,, .. and dexamethasone had reduced IL-17 and GM-CSF
production®®, In another study s.c. injection of retinoic acid/TGF-B/insulin peptide-encapsulating PLG
A microparticles led to uptake by CD11c*splenic DCs, and a significant increase in B220*CD19*CD1d*
CD5*Bregs, but not CD4*CD25*FoxP3* Tregs in the mesenteric lymph nodes, as compared to control
mice. These effects were acute (3 days after particle administration), and it is unknown how
longlasting they are. The particles could prevent diabetes in NOD mice, while the administration of free
retinoic acid or TGF-B could not*’. There is also evidence that co-encapsulation is not always
necessary. Lewis et al. prepared a mixture of distinct PLGA nano- and microparticles, namely

vitamin D3 (1000 nm, phagocytosable), denatured human recombinant insulin (1000 nm), TGF-1 (30
pum, non-phagocytosable), and GM-CSF (30 um). When NOD mice were injected s.c. with the mix of
particles, the phagocytosable particles were found in the paracortex of the draining lymph nodes and
associated mainly with DCs. The particle-positive DCs expressed high PD-L1 and BTLA. In diabetic mice,
the particle mixture enhanced FoxP3* Tregs in the spleen and pancreatic lymph nodes and increased
PD-1 on CD4* and CD8* T cells. Treatment with all particles administered s.c. significantly prevented
and treated diabetes in NOD mice'®2. All these studies demonstrate that the immunomodulator
enables efficient tolerance induction even without active targeting specific organs or cellular subsets.
This is underlined by the fact that these studies reported nanoparticle uptake by multiple subsets of
DCs and macrophages in the spleen, lymph nodes, and liver, which gained a tolerogenic phenotype and
were able to induce antigen-specific T cell tolerance.

While the current studies are very encouraging it is unclear whether immunomodulators that leak
from formulations pose a safety concern by inducing non-specific immune suppression. Luo et al.
proposed a nanoparticulate approach that could circumvent this problem. They prepared PLGA-PEG
nanoparticles encapsulating the diabetes-specific peptide 2.5mi, together with a CRISPR-Cas9 plasmid
and guide RNAs for CD80, CD86, and CD40. Upon i.v. administration, MHC-1I"CD11c* DCs in the lymph
nodes, spleen, and blood took up these nanoparticles, and presented the peptide in the absence of
costimulatory molecules, leading to an antigen-specific FoxP3* Treg response. Only the complete
formulation significantly reduced diabetes incidence in NOD/Ltj mice!*. In a similar but simpler
approach, Krienke et al. made liposomes carrying mRNA coding for disease-relevant antigens that were
specifically modified to suppress immune activation. The liposomes were taken up by different splenic
CD11c" DCs after i.v. injection. The DCs presented the antigen to T cells in the absence of costimulatory
molecules which resulted in antigen-specific FoxP3* Treg expansion and could prevent and treat EAE in
mice. Specifically, MOG._ . specific splenic CD4* T cells from mice treated with the liposomes had high
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expression of inhibitory markers CD5, ICOS, LAG-3, PD-1, CTLA-4, TIGIT, and TIM-334, These studies
show that, if the nanoparticle is tolerance-inducing, either by the inclusion of immunomodulators or
other methods, it can even skew pro-inflammatory APC subsets towards tolerance.

While there are many promising pre-clinical studies with nanoparticles, translation of animal models to
human patients is a difficult challenge. It is not fully understood why the translation often fails but can
be due to multiple factors. For instance, the protein corona that forms around a nanoparticle after
administration can differ between species, which may affect the stability, toxicity, and biodistribution of
the nanoparticles®®>*3¢, Furthermore, there may be differences in phagocytosis of nanoparticles among
species; comparing dogs, humans, and several strains of rats and mice, it was found that opsonization
of dextran-coated iron oxide nanoparticles occurred mainly via the alternative complement pathway

in humans, while in the other species this was dependent on Ca?*-sensitive pathways®*’. Another study
tested a wide range of lipid nanoparticles containing mRNA in mice with humanized livers, primatized
livers, or “murinized” livers. It was found that mRNA delivery was more efficient to human hepatocytes
and primate hepatocytes compared to murine hepatocytes and that there was a discrepancy between
the most efficient lipid nanoparticles for delivery to murine vs. human hepatocytes, leading to false
positives or negatives.
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Figure 2. Reported biodistribution, cellular uptake, and FoxP3* regulatory T cell (Treg)-inducing mechanisms in mice
after i.v. injection of nanoparticles encapsulating an antigen (peptide/mRNA). The blue box (top) summarizes nano-
particles that target natural tolerogenic antigen-presenting cells in the liver and spleen including dendritic cells (DCs),
macrophages, and liver sinusoidal endothelial cells (LSECs) to enhance tolerance. After uptake of nanoparticles, these
cells upregulate inhibitory receptors, downregulate costimulatory molecules, produce chemokines that attract Tregs, or
cytokines that induce Tregs. The yellow box (bottom) summarizes nanoparticles that are taken up by a wide range of APCs
including DCs in the spleen, lymph nodes, and blood. The nanoparticles are designed to inhibit co-stimulation in target
cells so that the antigen can be presented in a tolerogenic manner and induce Tregs. PLGA = poly(lactic-co-glycolic acid),
PLA = polylactic acid, PEMA = poly(ethylene-co-maleic acid), ApoB = apolipoprotein B, PEG = polyethylene glycol, MZ =
marginal zone, m1W mRNA = 1 methylpseudouridine-modified messenger RNA, PD-L1 = programmed death-ligand 1,
CCL22 = C-C motif chemokine 22, TGF-B = Transforming growth factor B.

Transcriptomic analysis revealed that in human hepatocytes clathrin-mediated endocytosis was
increased while caveolin-mediated endocytosis was decreased after lipid nanoparticle administration,



while in mice this was reversed®®. Finally, there are many different models for autoimmunity which
have varying degrees of similarity to human patients, which can make the translation to humans
difficult®!%®. For translation from pre-clinical to clinical trials, humanized mice may be useful for studies
with nanoparticles, and while some of the studies highlighted in this review use humanized mice*®,
this is not standard practice.

To further complicate translation, immune cell number, phenotype, and function can differ between
healthy individuals and patients. For example, the DCs in the pancreatic lymph nodes of type | diabetes
patients may have reduced tolerogenic function than those of healthy controls, and there were even
differences in lymph node cell composition when correcting for sex and age!®°. T cells, B cells, DCs,

and other lymph node cells are also shown to be different in rheumatoid arthritis patients compared
to healthy individuals**'*, Furthermore, efferocytosis can be defective in patients with autoimmune
diseases'*>!* or obese individuals!*5, so for these patients nanoparticles that aim to exploit
efferocytosis may not be as effective. The tolerance-inducing strategy could be tailored towards each
patient individually if the immune cell function of the patient was matched to the pathway by which
the nanoparticles exert their immunomodulatory effects. Encouragingly, one study directly compared
nanoparticles with a targeted approach (targeting to LSECs) to a general immune-suppressing approach
(rapamycin nanoparticles) in a murine airway inflammation model, and found that both approaches
similarly reduced antigen-specific allergic responses¥.

Despite all of these challenges, there have been several successful phase 1 and phase 2 clinical trials
using antigen-carrying nanoparticles. Lutterotti et al. coupled myelin-derived peptides to apoptotic
PBMCs derived from MS patients. In this phase 1 trial, the cells were well-tolerated, and at a dose >1 x
10° cells there was a decrease in T cell proliferation in response to restimulation with the peptides®.
Another phase 1 clinical trial used CD206-targeting mannosylated liposomes carrying myelin-derived
peptides for the treatment of MS. The liposomes were well-tolerated, and patients showed

decreased serum concentrations of IL-7, IL-2, CCL2, and CCL4, while TNFa increased****°. Finally, PLGA
nanoparticles encapsulating gluten protein were tested in phase 1 and phase 2a trials in patients with
celiac disease. The nanoparticles were well-tolerated and significantly reduced antigen-specific IFNy
production. After oral gluten challenge, the patients that received the nanoparticles showed reduced
percentages of circulating CD4*CD38*a437*, CD8*CD38*aER7*, and y6'CD38*aER7* T cells compared

to patients that received placebo®. These promising results show that there are good prospects for
antigen-carrying nanoparticles to treat autoimmunity in human patients.
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Table 1. Overview of antigen-carrying nanoparticles that resulted in immune suppression
in autoimmune disease models

Composition Type Physico- Antigen Immuno- Targe- Route Disease model Ref
chemical modulator | ting mo-
properties lecule
Soybean oil, Nanoemulsion | 350-400 nm Peanut extract | - - i.n. C3H/HeJ mice sensitized 104
cetylpyridinium to peanut
chloride
PLGA Polymeric 320 nm, -48.2 | Hsp70-mB29a | - - i.n. BALB/c mice with prote- 105
mV oglycan-induced arthritis
PLGA-N-trimethyl | Polymeric 448 nm, 24.5 Hsp70-mB29a | - - i.n. BALB/c mice with prote- 105
chitosan mV oglycan-induced arthritis
DOPS?, DLPC® and | Liposome 628to 712 Insuling, .o - - i.p. Diabetes-prone NOD mic 77
cholesterol nm, -44.9 to (A chain) and
-46.6 mV Insulin,,
(B chain
DOTMAC and Liposome 300 nm, -30 MOG,, ., - - iv. C57BL/6 mice with 134
DOPE® mV -encoding MOG,, . .—induced EAE
mRNA
DSPC¢, DSPG' and Liposome 168.9 nm, ApoB100 - - i.p. LDLr-/- mice with 79
cholesterol -55.9 mV 35003514 western-type diet-induced
atherosclerosis
PLA-PEMA Polymeric 443.2 nm, PLP o 1sr - - V. SJL/) mice with 89
-40.2 mV LP..5.s,7induced EAE
PLGA Polymeric 397.5 to 605 PLP o161 - - i SJL/) mice with 27,
nm, -38 to LP_.s.s,-induced EAE 84
-42.8 mV
PLGA-PEMA Polymeric 377.9t0 695.6 | Several pepti- | - - iv. Diabetes-prone NOD 2,83,
nm, -46.9 to des/proteins mice, C57BL/6 mice with 153,
-72.7 mV gliadin-induced celiac 154
disease, SIL/J mice with
LP_.s.s,7induced EAE
Polystyrene Polymeric 500 nm, A mixture of - - iV, Humanized diabetes- 85
anionic HLAA*02:01- prone NOD.B2m-deficient
restricted HHD mice
epitopes
PLGA Polymeric 299.7 nm, Type Il col- - - oral DBA/1 mice with colla- 55
anionic lagen gen-induced arthritis
LysoPSe and Liposome 169.7 nm, FVIII protein - - s.C. Hemophilia A mice 155
DMPC" -14.96 mV
PLGA-PEG Polymeric 286 nm, -23.2 MOG,, - - s.C. C57BL/6 mice with 98
mvV MOG,, . .—induced EAE
Maltodextrin Polysaccha- 60 nm, Ovalbumin - - sublingual Ovalbumin-sensitized 101
ridic cationic Balb/c mice
PLGA Polymeric 270 nm,-8.63 OVA,,. ..o - ApoB iv. C57BL/6 mice with 107
to -4.56 mV peptide OVA-induced allergy
Hyaluronic acid Polysaccha- 3to 10 nm, PLP .01 - LABL pulmonary | SIL/J mice with 103
ridic anionic peptide PLP ., .s,-induced EAE
Superparamagne- | Metal 10 nm, -61.6 MBP or MOG - poly(- i.v. B10.PL and tg4 mice with 88
tic iron oxide core mV peptide maleic MBP peptide-induced EAE
with poly(maleic anhydrie- and C57BL/6 mice with
anhydrie-alt-1- alt-1- MOG-induced EAE
octadecene) coat tadecene)
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Composition | Type Physico- Antigen Immuno- Targe- Route Disease model Ref
chemical modulator | ting mo-
properties lecule
L-a-egg phosp- Liposome 105 nm, -55 Several pep- Vitamin D3 - s.c.andiv. | BALB/c mice with prote- 125,
hatidylcholine mV tides oglycan-induced arthritis 126
and L-a-egg or HLA-DR15-transgenic,
phosphatidyl- MHC class II7-Fcgr2b-
glycerol mice with a3, o
-induced autoimmune
Goodpasture’s vasculitis,
Diabetes-prone NOD mice
Acetalated Polysaccha- 111t0 127 nm | MOG,, . Dexame- - s.C. C57BI/6 mice with 130
dextran ridic thasone MOG,, .-induced EAE
PEG-Gold Metal 60 nm MOG,, ITE - i.p.andiv. | C57BL/6 mice with 123,
MOG,, .-induced EAE, 124
diabetes-prone NOD mice
Egg phosphati- Liposome Not reported mBSA NF-KB - s.C. C57BL/6 mice with mB- 122
dylcholine inhibitor SA-induced arthritis
PLGA-PEG and Lipid-assisted 138 nm, 23 2.5mi pCas9 and - i.v. Diabetes-prone NOD mice | 123
N,N-bis(2-hy- polymeric mV gRNAs
droxyethy- targeting
1)-N-met- CD80, CD86,
hyl-N-(2-chole- and CD40
steryoxycarbo-
nyl-aminoethyl)
ammonium
bromide
Calcium Lipid-coated 180 nm, -6 mV | Citrullinated Rapamycin - i.v. Wistar rats with colla- 129
phosphate and calcium peptides deri- gen-induced arthritis
dioleoylphosp- phosphate ved from type
hatydic acid Il collagen,
nanoparticles fibrinogen,
coated with DO- vimentin, and
PE-PEG, DOPC, fibronectin
and cholesterol
PLGA and PLA- Polymeric Not reported Several pepti- | Rapamycin - iv. SJL/) mice with 119-
PEG des/proteins PLP ., ,,,-induced EAE, 121
BALB/c mice with OVA-in-
duced allergy, and FVIII7-
hemophilic mice
Surface nic- Polymeric 1088.6 nm Insulin ;. Retinoic - s.C. Diabetes-prone NOD mice | 131
kel-formulated acid, TGF-B
PLGA
PLGA Polymeric 30 um and Denatured Vitamin - s.C. Diabetes-prone NOD mice | 132
1um insulin D3, TGF-B1,
GM-CSF

@1,2-dioleoyl-sn-glycero-3-phospho-I-serine

® 1,2-didodecanoyl-sn-glycero-3-phosphocholine

¢ 1,2-di-O-octadecenyl-3-trimethylammonium propane

41,2-dioleoyl-sn-glycero-3-phosphoethanolamine

e 1,2-distearoyl-sn-glycero-3-phosphocholine

f1,2-distearoyl-sn-glycero-3-phosphoglycerol

8 Lyso-phosphatidylserine

" Dimyristoyl phosphatidylcholine

''1,2-dioleoyl-sn-glycero-3-phosphocholin
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Current treatments of autoimmune diseases are focused on the management of symptoms using
non-antigen-specific anti-inflammatory drugs. These drugs require life-long adherence and can be
expensive, especially in the case of the biologicals, while potentially causing severe side effects'>2.

So far there is no cure for such diseases. Therefore, there is an urgent need to develop antigen-specific
treatments for patients, which can induce long-lasting immune tolerance without causing general
immune suppression. In this review, we have highlighted different strategies in which nanoparticles can
be used to induce antigen-specific tolerance to treat autoimmune diseases and summarized these in
Table 1. The most commonly used nanoparticles for passive targeting of antigens to APCs are
polymeric nanoparticles and liposomes. The most well-studied biodegradable polymeric particles are
(PEGylated) PLGA nanoparticles. Several promising studies also use PEMA coating to enhance the
efferocytic effects. In studies that prevent and/or treat autoimmunity, the polymeric nanoparticles are
anionic and generally around 300 nm in size. For liposomal nanoparticles that carry antigens, again
anionic charge, provided by e.g. PG or PS is necessary for tolerance induction. The liposomes further
generally contain the zwitterionic helper lipid PC and may contain cholesterol. They can range in size
from around 150 nm up to 700 nm. On the other hand, mRNA requires cationic lipids for complexation,
so for mRNA delivery, cationic lipids such as DOTMA and DOTAP are commonly used.

Once a targeting molecule is included in the formulation, the physicochemical properties of the
nanoparticles may be less important. Similarly, for nanoparticles that co-encapsulate antigens and
immunomodulators, there is a wider range of materials and physicochemical properties that can be
used, as targeting specific APC subsets is not the goal. Here, the main focus is on the stability of the
particle and the successful encapsulation and retention of the cargo inside the particle.

There have been reports of tolerance induction using antigen-free nanoparticles®*>’®%, which can be
unfavorable if it leads to general immune suppression. Furthermore, while the incorporation of
immunomodulators into nanoparticles is effective, care should be taken that the immunomodulator
does not leak from the nanoparticle before reaching the site of action. Therefore, nanoparticle
immunotherapy should always be tested for non-antigen-specific effects, and in the case of
co-encapsulation of an immunomodulator in vivo, stability of the immunomodulator should be
evaluated. In the case of using targeting ligands on the surface of nanoparticles, there is a risk for
the production of anti-drug antibodies against the targeting ligand, which can abrogate the targeting
effects of thenanoparticle, or in severe cases even lead to an unwanted immune response!®®, In this
case, the prevention of the production of such antibodies e.g. by optimal dosing schemes needs to be
taken into account®*®.

Where reported in in vivo studies, we have outlined the biodistribution of nanoparticles, uptake by
APC subsets, and immunological mechanisms for tolerance induction (summarized in Figure 2).
However, not all studies have examined these aspects, and there is still much to be gained from
research that describes well-characterized nanoparticles and their effects on the uptake by APC
subsets and subsequent induced immune responses.
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Abstract

Current treatment of autoimmune and chronic inflammatory diseases entails systemic immune
suppression, which is associated with increased susceptibility to infections. To restore immune
tolerance and reduce systemic side-effects, a targeted approach using tolerogenic dendritic cells
(tolDCs) is being explored. TolDCs are characterized by the expression of CD11c, major histo-
compatibility complex (MHC)Il and low levels of co-stimulatory molecules CD40 and CD86. In this
study tolDCs are generated using a human-proteoglycan-derived peptide (hPG) and all-trans retinoic
acid (RA). RA-tolDCs not only display a tolerogenic phenotype but also can induce an antigen-specific
regulatory T cell (Treg) response in vitro. However, further analysis showed that RA-tolDCs make up a
heterogeneous population of DCs, with only a small proportion being antigen-associated tolDCs.

To increase the homogeneity of this population, 1,2-distearoyl-sn-glycero-3-phosphoglycerol (
DSPG)-containing liposomes were used to encapsulate the relevant antigen together with RA.

These liposomes greatly enhanced the proportion of antigen-associated tolDCs in culture. In addition,
in mice we show that liposomal co-delivery of antigen and RA can be a more targeted approach to
induce antigen-specific tolerance compared to injection of RA-tolDCs, and that these liposomes can
stimulate the generation of antigen-specific Tregs. This work highlights the importance of co-delivery
of an antigen and immunomodulator to minimize off-target effects and systemic side-effects and
provides new insights in the use of RA for antigen-specific immunotherapy for autoimmune and
chronic inflammatory diseases.

56 ANTIGEN-SPECIFIC IMMUNE TOLERANCE THROUGH DENDRITIC CELL MODULATION




Introduction

Autoimmune diseases and chronic inflammatory diseases are major public health concerns in Europe®.
As there is no cure for these diseases, patients often require life-long treatment with immune-
suppressing medication, which may be accompanied by severe side-effects. In addition, the use of
immunosuppressive drugs can increase the risk of infection?. Therefore, there is a great need to
develop more effective treatments for autoimmune and chronic inflammatory diseases. In several
autoimmune disorders, a disbalance in immune homeostasis is observed. This disbalance can be
attributed to a loss of function or reduced presence of antigen-specific suppressive immune cells,
resulting in a breach of immune tolerance®. Immune tolerance is generally maintained by a variety

of immune cells, including subsets of dendritic cells (DCs), T, and B cells*®. In autoimmune disorders,
these cells recognize autoantigens as non-self and elicit a pro-inflammatory immune response. To date,
several autoimmune disorders have been linked to specific autoantigens’. Antigen recognition is
mediated by antigen-presenting cells (APCs), such as DCs. These cells are continuously sensing their
environment through the pattern recognition receptors on their cell surface®. Under inflammatory
conditions, detection of an antigen by these receptors causes DCs to become activated and migrate to
draining lymph nodes. This dendritic cell maturation results in an upregulation of the antigen-
presenting MHC molecules, chemokine receptors and an increase in pro-inflammatory cytokine
secretion®. Naive T cells reside in the draining lymph nodes, where DCs can initiate effector T cell
responses through antigen presentation, co-stimulation and cytokine secretion®. However, some
specialized sub-types of immune cells, such as tolerogenic dendritic cells (tolDCs) can help maintain
immune tolerance. TolDCs are derived from immature dendritic cells, upon encountering a
tolerogenic stimulus and an activation stimulus**2. These tolDCs can induce T cell anergy, inhibit
proliferation of effector T cells (such as the pro-inflammatory CD4* T helper subsets Th1, Th2 and Th17)
and can promote regulatory T cell (Treg) differentiation?®. TolDCs are characterized by a semi-mature
phenotype, in which they show a reduced expression of co-stimulatory molecules (CD40, CD86) as
compared to mature DCs (mDCs) on their cell surface and can secrete anti-inflammatory molecules,
such as IL-10, to mediate immune suppression. Therefore, these cells are of great interest when
developing treatments for autoimmune and chronic inflammatory diseases, in which immune

tolerance needs to be restored. Previously our lab and others have cultured tolDCs using a variety of
immunomodulators, including dexamethasone and vitamin D3, In this study, we use all-trans retinoic
acid (RA) for the culture of tolDCs, as has been described before!*.

RA is an active metabolite of vitamin A (all-trans retinol) that has been shown to play a significant role
in the induction and maintenance of gut immune tolerance. The gut is host to a subpopulation of
specialized DCs, which are able to metabolize food-derived vitamin A to RAY". RA can prime other
gut-associated DCs to become RA-producing CD103* DCs®8. These DCs subsequently can convert naive
T cells into Tregs®2%. This tolerance-inducing ability makes tolDCs interesting targets for the
development of antigen-specific immunotherapy for autoimmune and chronic inflammatory diseases.
Ex vivo culturing of patient DCs, converting them to tolDCs that present a disease-specific antigen,
and reinjecting them into the patient has already shown to be promising in clinical trials for several
auto-immune diseases*. However, the process of isolating DC precursors from patients, stimulating
the cells ex vivo and injecting them back into patients will remain not only labor intensive, but is also
restricted to highly specialized cell culture facilities, thereby limiting the number of patients to be
treated. Therefore, we propose that a delivery system such as nanoparticles can be a suitable
alternative to tolDC culture. The use of nanoparticles, such as liposomes, shows great promise for in
vivo immunomodulation, and liposomes have been widely used as a delivery vehicle for antigens and
adjuvants®24,
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In this study, we selected anionic 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG)-containing
liposomes of around 200 nm in size as a delivery system, since these liposomes were shown to be
inherently tolerogenic?, and RA is lipophilic so would be readily encapsulated into the lipid bilayer.

To assess the antigen-specificity of these nanocarriers, a mouse model in which the T cells of the
animal only express T cell receptors specific for human proteoglycan (hPG) was used. The hPG antigen
has been widely used for the induction of proteoglycan-induced arthritis (PGIA) in mice'?, which is a
model for autoimmunity. This study aimed to see whether liposomes can be a suitable carrier for the
hPG antigen and RA and if these liposomes are as effective in vivo as using antigen-specific RA tolDCs.
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Materials and Methods

Synthesis of peptides and conjugates

Dimethylformamide, N, N’-diisopropyl carbodiimide, piperidine, and acetonitrile were purchased from
Biosolve BV, Netherlands. 9-fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids, Fmoc-Lys(Boc)-
Wang resin, and trifluoroacetic acid were purchased from Novabiochem GmbH, Germany. The peptide
epitope sequences were synthesized by microwave-assisted solid-phase peptide synthesis using an
H12 liberty blue peptide synthesizer (CEM Corporation, USA). Dimethylformamide was used as the
coupling and washing solvent for the whole synthesis process. For each coupling step, Fmoc-protected
amino acids were activated by five eq of Oxyma pure (Manchester Organics, UK) and N, N’-diisopropyl
carbodiimide to react with the free N-terminal amino acids in preloaded resin for 1 minute at 90°C.
After each coupling step, the Fmoc group was removed by treatment with 20% piperidine for 1 minute
at 90°C. Fluorescein (FAM, ThermoFisher, Netherlands) was coupled to the N-terminal of the peptide
as with other Fmoc-protected amino acids. Trifluoroacetic acid/water/triisopropylsilane (Sigma-
Aldrich, Netherlands) (95/2.5/2.5) was used to simultaneously cleave the peptide off the resin and
remove the side chain protecting groups. Peptides were purified by Prep-HPLC using a Reprosil-Pur C18
column (10 um, 250 x 22 mm) eluted with water-acetonitrile gradient 5% to 80% acetonitrile (0.1%
formic acid, Sigma-Aldrich, Netherlands) in 30 minutes at a flowrate of 15.0 mL/min with UV detecti-
on at 220 nm. Mass spectrometry analysis was performed using a Bruker micrOTOF-Q instrument in
positive mode to confirm the identity of the synthetic products (Figure S1). The epitope was derived
from the hPG antigen, with sequence ATEGRVRVNSAYQDK. For coupling to FAM for flow cytometry
and microscopy experiments, a lysine tetramer linker was added to the N-terminal of the sequence to
compensate for the reduced solubility caused by dye conjugation, (i.e., hPG-FAM: FAM-KKKKATEGR-
VRVNSAYQDK).

Liposome preparation

The phospholipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-
glycero-3-phosphoglycerol (DSPG), were purchased from Avanti Polar Lipids, USA). Cholesterol (CHOL)
and RA were purchased from Sigma-Aldrich, Netherlands. Liposomes were prepared using the thin film
dehydration-rehydration method, as described previously?. Briefly, phospholipids and CHOL (40 umol,
4 mL) were dissolved in chloroform and methanol 1:1 and mixed in a 100 mL round-bottom flask at a
molar ratio of 4:1:2 DSPC:DSPG:CHOL. To prepare RA encapsulating liposomes, 60 nmol of RA was
added in this step. To prepare fluorescently labeled liposomes, 0.02 mol% of total lipid of
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD,
ThermoFisher, Netherlands) was added in this step. The solvents were evaporated under vacuum in a
rotary evaporator for 1 h at 40 °C. The resulting lipid film was rehydrated with 1000 ug hPG, hPG-K4 or
hPG-K4-FAM dissolved in 4 mL 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH
7.2) buffer and homogenized by rotation in a water bath at 40 °C for 1 hour. The multilamellar vesicle
suspension was sized by high-pressure extrusion (LIPEX Extruder, Northern Lipids Inc., Canada) by
passing the dispersion four times through stacked 400-nm and 200-nm pore size membranes
(Whatman® NucleoporeTM, GE Healthcare, UK). To separate non-encapsulated cargo from the
liposomes, liposomes were pelleted by ultracentrifugation (Type 70.1 Ti rotor) for 50 minutes at
55,000 rpm at 4°C. This was repeated three times. Liposomes were stored at 4°C and their stability
was measured periodically. Liposomes were determined to be unchanged for up to at least 1 year.
Liposomes were used within 2 months for in vitro experiments, and within 2 weeks for in vivo
experiments.
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Liposome characterization

The Z-average diameter and polydispersity index (PDI) of the liposomes were measured by dynamic
light scattering (DLS) using a NanoZS Zetasizer (Malvern Ltd., UK). {-potential was measured by laser
Doppler electrophoresis (Malvern Ltd., UK). For this, the liposomes were diluted 100-fold in HEPES
buffer pH 7.2 to a total volume of 1 mL. To determine the concentration of loaded hPG and RA, the
content of the liposomes was measured using RP-UPLC. For this, 10 uL of liposome suspension was
dissolved in 190 pL of methanol, and the sample was vortexed. Sample injections were 5 pL and the
column used was a 1.7 um BEH C18 column (2.1 x 50 mm, Waters ACQUITY UPLC, Waters, MA, USA).
Column and sample temperatures were 40°C and 20°C, respectively. The mobile phases were Milli-Q
water with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA (solvent B). For separation, the mobile
phases were applied in a linear gradient from 5% to 95% solvent B over 6.5 min at a flow rate of
0.25 mL/min. hPG was detected by absorbance at 280 nm using an ACQUITY UPLC TUV detector
(Waters ACQUITY UPLC, Waters, MA, USA). RA was detected at 351 nm.

Mice

Female Balb/cAnNCrl mice were purchased from Charles River Laboratories (France). Female mice
were used as they are more susceptible to develop arthritis in the proteoglycan induced arthritis
model®. hPG T cell receptor (TCR) transgenic Thy1.1* mice?” were bred in-house at Utrecht University
under standard laboratory conditions. Mice were provided with food and water ad libitum. All animal
work was performed in compliance with the Dutch government guidelines and the Directive 2010/63/
EU of the European Parliament. Experiments were approved by the Ethics Committee for Animal
Experiments of Utrecht University.

Bone marrow-derived DC (BMDC) culture

Penicillin, streptomycin, and B-mercaptoethanol were purchased from Gibco (Thermo Fisher Scienti-
fic, United States). Bone marrow was obtained from the femurs and tibias of Balb/cAnNCrl mice. Cells
were cultured at 37°C, 5% CO2 in a 6-well plate (Corning, United States), at a density of 900,000 cells/
mL, in IMDM (Gibco, Thermo Fisher Scientific, United States), supplemented with 10% FCS (Bodinco,
The Netherlands), 100 units/mL penicillin, 100 pg/mL streptomycin and 0.5 uM B-mercaptoethanol

in the presence of 20ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF, in house
produced). Fresh medium and GM-CSF was added on day 2 and extra GM-CSF was supplemented to
the culture on day 5. On day 7 cells were matured in the presence of 10 ng/mL lipopolysaccharide
(LPS, 0111:B4; Sigma-Aldrich, Netherlands) and treated with free or encapsulated RA and hPG antigen,
or controls. After 16 hours DCs were harvested for phenotypic characterization by flow cytometry or
microscopy, for co-culture with T cells, or for in vivo transfer in mice.

T cell isolation and co-culture with BMDCs

Single-cell suspensions of splenocytes were obtained by mashing spleens of hPG TCR transgenic mice
through a 70 uM filter and erythrocytes were lysed with Ammonium-Chloride-Potassium (ACK) lysis
buffer (0.15 M NH4CI, 1 mM KHCO3, 0.1 mM Na2EDTA; pH 7.3). Subsequently, CD4* T cells were
negatively selected using Dynabeads™ (sheep anti-rat IgG, Invitrogen, United States) and anti-CD8
(YTS169), anti-CD11b (M1/70), anti-MHCIl (M5/114) and anti-B220 (RA3-6B2) as described
previously'?. Enriched CD4* T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE,

0.5 nM) according to manufacturer’s protocol (Invitrogen, United States). Selected T cells were
co-cultured in a 2:1 ratio with DCs for 3 days at 37°C and 5% CO2 and subsequently harvested for
phenotypic characterization.
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Adoptive transfer of hPG TCR-specific T cells

CD4*CD25 T cells were magnetically isolated from spleens of hPG TCR transgenic Thy1.1* Balb/cAnNCrl
mice as described above, with the addition of anti-CD25 (PC61, in-house produced) to the antibody
mix to deplete activated T cells?. Enriched CD4*CD25 T cells were labelled with 0.5nM CFSE (Invitro-
gen), resuspended in 200 ulL phosphate-buffered saline (PBS), and 300,000 cells were injected intra-
venously via the tail vein into wildtype Balb/cAnNCrl acceptor mice within 1 hour. After 24 hours,

1 x 10° DCs pulsed with RA and hPG (tolDCs), free RA and hPG or liposomes encapsulating RA and hPG
were injected into the acceptor mice. The concentration of hPG and RA were 1 nmol and 0.2 nmol,
respectively. After 72 hours, acceptor mice were sacrificed, and spleens were harvested.

Flow cytometry

For all flow cytometry experiments, the cell suspension was first blocked with Fc Block (2.4G2, in house
produced). Extracellular staining was performed with a cocktail of antibodies in FACS Buffer (1X PBS
supplemented with 2% FCS). For intracellular staining, the FoxP3 transcription factor staining set was
used (eBioscience, United States). For all flow cytometric analyses, appropriate single stain and
fluorescence minus one controls were used. Flow cytometry was performed using the Beckman
Coulter Cytoflex LX at the Flow Cytometry and Cell Sorting Facility at the Faculty of Veterinary
Medicine at Utrecht University.

On day 8 BMDCs were stained with monoclonal antibodies CD11c-APC (N418, eBioscience, Thermo
Fisher Scientific, United States), MHCII-eFluor450 (M5/114.15.2, eBioscience, Thermo Fisher Scientific,
United States), CD40-PE (3/23, BD Biosciences, United States), CD86-FITC (GL-1, BD Biosciences, United
States) and ViaKrome808 (Beckman Coulter, United States).

For the co-cultures, CD4*T cells were harvested and transferred to a 96-well V-bottom plate for
staining. T cells were stained with monoclonal antibodies CD4-BV785 (RM4-5, BioLegend, United
States), CD25-PerCPCy5.5 (PC61.5, eBioscience, Thermo Fisher Scientific, United States), CD49b-APC
(DX5, BioLegend, United States), Lag-3-PE (C9B7W, eBioscience, Thermo Fisher Scientific, United
States), FoxP3-eFluor450 (FJK-16s, eBioscience, Thermo Fisher Scientific, United States) and
ViaKrome808 (Beckman Coulter, United States).

For adoptive T cell transfer experiments, spleens of acceptor mice were harvested 72 hours
post-treatment, as described above. Spleens were mashed through a 70 uM filter and erythrocytes
were lysed with ACK lysis buffer. Acquired splenocytes were stained with monoclonal antibodies
CD4-BV785 (RM4-5, BioLegend, United States), Thy1.1 (CD90.1)-PerCP-Cy5.5 (HIS51, eBioscience,
Thermo Fisher Scientific, United States), CD44-APC (IM7, eBioscience, Thermo Fisher Scientific, United
States), CD62L-PE (MEL-14, BD Biosciences, United States), CTLA-4 (CD152)-BV605 (UC10-4B9,
eBioscience, Thermo Fisher Scientific, United States), FoxP3-eFluor450 (FJK-16s, eBioscience, Thermo
Fisher Scientific, United States), RORyT-PE (AFKJS-9, eBioscience, Thermo Fisher Scientific, United
States), GATA-3-PE-Cy7 (TWAJ, eBioscience, Thermo Fisher Scientific, United States), T-Bet-APC (4B10,
eBioscience, Thermo Fisher Scientific, United States), CD11c-APC (N418, eBiosciences, Thermo Fisher
Scientific, United States), CD11b-PerCP-Cy5.5 (M1/70, eBioscience, Thermo Fisher Scientific, United
States), MHCII(I-A/I-E)-PE-Cy5 (M5/114.15.2, eBioscience, Thermo Fisher Scientific, United States),
CD40-PE (3/23, BD Biosciences, United States), CD8a-V500 (53-6.7, BD Biosciences, United States) and
ViaKrome808 (Beckman Coulter, United States), in different flow cytometry panels to avoid spectral
overlap.

RETINOIC ACID-CONTAINING LIPOSOMES FOR THE INDUCTION OF ANTIGEN-SPECIFIC REGULATORY 61
T CELLS AS A TREATMENT FOR AUTOIMMUNE DISEASES



62

Live cell imaging

On day 7, BMDCs were harvested and 75,000 cells per well were added to 35 mm glass-bottom cell
culture dishes (CELLview™, Greiner Bio-One, Austria). 1 ug/mL hPG-FAM, free or in liposomes, or
controls were added to the cells, together with 10 ng/mL LPS. Cells were cultured overnight at 37°C
and 5% CO2. Before imaging, cells were carefully washed to remove unbound liposomes and/or
hPG-FAM. 5 pg/mL membrane permeable DNA stain Hoechst 33342 (Thermo Fisher, The Netherlands)
was added to each well shortly before imaging. Microscopy and analysis were performed at the Center
for Cell Imaging at the Faculty of Veterinary Medicine at Utrecht University. Images were acquired
using a NIKON A1R confocal microscope with a 40x Plan Apo objective (NA 1.3). Standard lasers and
filter settings were used to detect Hoechst, FAM and DiD. Representative images were processed in
NIS elements 5.02 (Nikon Microsystems, Europe).
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Results

RA induces a tolDC phenotype in BMDCs in vitro

TolDCs are generally described as having an immature phenotype and express the pan-DC marker
CD11c, the antigen-presenting molecule MHCII, and have low expression of the co-stimulatory
molecules CD40 and CD86. To assess whether the vitamin A-derived RA could induce this tolDC
phenotype in vitro, we tested different concentrations of RA on BMDCs. Cells were simultaneously
incubated with LPS. The expression of each marker is presented as the geometric mean fluorescence
intensity (MFI) and was determined by flow cytometry analysis. The addition of RA results in a
significant decrease in the expression of MHC Il (Figure 1A) and co-stimulatory molecules CD40
(Figure 1B) and CD86 (Figure 1C) on the cell surface of BMDCs. Increasing the dose of RA that was
administered to the cells 10-fold did not result in significant reductions in the expression of the
measured surface proteins compared to the lower concentrations of RA (Figure 1). Addition of RA
to a BMDC culture therefore seems to be a promising way of inducing tolDCs.

Table 1. properties of liposomes, means + SD.

Formulation Z-average {-potential  PDI Encapsulation hPG Encapsulation RA
diameter (nm) (mV) (%) (%)

hPG 186.8 +11.2 -47.7+2.1 0.10 £ 0.05 57.3+33 -

hPG/RA 183.7+49 -45.9+0.9 0.07 £0.01 439+4.5 79.5+29.0

RA can be efficiently encapsulated into liposomes and retains tolDC inducing effects

To assess whether RA remains able to induce tolDCs when encapsulated in liposomes,
DSPC:DSPG:CHOL liposomes were loaded with hPG with or without RA. The liposomes were
characterized using DLS and laser Doppler electrophoresis (table 1). To assess liposome uptake by

DCs, in vitro liposomes were fluorescently labeled using DiD and added to BMDCs. After 24 hours of
incubation, around 30% of all BMDCs were able to take up hPG-loaded liposomes or hPG/RA-loaded
liposomes (Figure 2A). To address whether the liposomes were able to induce phenotypic tolDCs,
BMDCs were stimulated in the presence of LPS with free hPG, free hPG and RA, hPG-loaded liposomes,
and hPG/RA-loaded liposomes. DCs treated with RA free or in liposomes show a reduced expression

of CD86 (Figure 2B) and CD40 (Figure 2C) on their cell surface compared to the control hPG, indicating
inhibition of maturation. The expression of MHCII (Figure 2D) and PD-L1, which is involved in T cell
suppression? (Figure 2E) seemed to remain similar for all DCs regardless of stimulation. The expression
of chemokine receptor CCR7, essential for homing to secondary lymph nodes*®, was upregulated in
tolDCs generated with free RA or RA liposomes (Figure 2F).
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Figure 1. Addition of RA results in a tolDC phenotype in vitro. BMDCs were cultured from the bone marrow of Balb/c
mice. BMDCs were stimulated with LPS (mDC) or LPS and different concentrations of RA (toIDC; 1 or 10uM RA). The
concentration of LPS was constant for all groups. After 24 hours of incubation, cells were washed thoroughly to remove
stimuli and analyzed via flow cytometry. Relative MFI normalized to mDC of (A) MHCII expression (B) CD40 expression,
and (C) CD86 expression on live CD11c* BMDCs. Combined data of three independent experiments. n = 3.

Means + SD, *p < 0.05, **p < 0.01 compared to mDC, as determined by one-way ANOVA and Tukey’s multiple

comparisons test.
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Figure 2. RA, free or encapsulated in liposomes, induces a tolDC phenotype in BMDCs. BMDCs were stimulated with LPS
and cultured in the presence of hPG, hPG + RA, hPG liposomes, or hPG/RA liposomes. The hPG and RA concentrations
were constant in all groups. After 24 hours of incubation, cells were washed thoroughly to remove unbound liposomes
and analyzed via flow cytometry. (A) Percentage of live BMDCs positive for the fluorescent label in the liposomes. (B-F)
Relative MFls (compared to hPG control) of several DC markers. Combined data of four independent experiments. Means
+SD, ¥***p < 0.0001, ***p < 0.001, *p < 0.05 compared to free hPG determined by mixed-effects analysis and Dunnett’s

multiple comparisons test.

Liposomal co-delivery of hPG and RA leads to antigen-associated tolDC induction in vitro

To assess whether the liposomes affected antigen delivery, the hPG antigen was modified to include
the fluorescent label FAM. Liposomes were prepared using hPG-FAM, and this modification did not
affect liposomal properties (table S1). BMDCs were incubated with LPS in the presence of hPG-FAM,
hPG-FAM and RA, hPG-FAM liposomes, or hPG-FAM/RA liposomes for 24 hours. The free hPG-FAM
readily associated with cells (Figure 3C), and microscopy showed that most of the antigen was located
at the surface of the BMDCs (Figure 4). In contrast, while flow cytometry showed that fewer cells were
positive for the FAM label when the antigen was encapsulated in liposomes (Figure 3C), microscopy
showed that the FAM label was present mostly inside the cells (Figure 4). Interestingly, the presence of
RA reduces the uptake of the antigen (Figure 3C). Next, we aimed to determine whether antigen-
associated cells were also phenotypically tolDCs. For this, the expression of CD86 and CD40 were
measured in the hPG-FAM* DCs. hPG-FAM liposomes and hPG-FAM/RA Liposomes induced more
tolDCs (as defined by CD40 or CD86°CD11c* DCs) than free hPG-FAM or free hPG-FAM and RA, within
antigen-associated cells (Figure 3A and 3B). Interestingly, only the free hPG-FAM and RA increased
non-antigen-loaded tolDCs (Figure3D and 3E).
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Figure 3. Encapsulation of hPG in liposomes skews towards tolDCs within antigen-associated BMDCs. BMDCs were
stimulated with LPS and cultured in the presence of hPG-FAM, hPG-FAM + RA, hPG-FAM liposomes, or hPG-FAM/RA
liposomes. After 24 hours of incubation, cells were washed thoroughly and analyzed by flow cytometry. (A) Relative
%CD86™ (normalized to hPG-FAM control) and (B) CD40 tolDCs within hPG-FAM* cells. (C) Percentage of live BMDCs posi-
tive for FAM. (D) Relative %CD86 (normalized to hPG-FAM control) and (E) CD40" tolDCs within hPG'FAM- cells. Means +
SD, ¥***p < 0.0001, ***p < 0.001, ** p < 0.01 compared to hPG-FAM determined by one-way ANOVA and Tukey’s multiple

comparisons test. The data shown are combined normalized data from three independent experiments.
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Figure 4. Fluorescence microscopy. BMDCs were stimulated with LPS and cultured in the presence of hPG-FAM added
freely or encapsulated in DiD-labelled liposomes. After 24 hours of incubation, cells were washed to remove unbound
antigen and liposomes. The blue signal shows the Hoechst staining, the green signal indicates the presence of hPG-FAM,

and in red is the liposomal dye. The scale bar shows 10 um. N = 1.

hPG/RA liposomes can inhibit CD40 and CD86 expression in DCs to the same extent as free hPG and
RA, but the question about the functionality of these DCs remained. To assess the ability of these
liposome-induced tolDCs to reduce effector T cells (Teff) and stimulate regulatory T cell (Treg)
proliferation, purified hPG-TCR transgenic CD4* T cells were co-cultured with DCs pulsed with
different conditions. ToIDCs generated using free hPG and RA, and DCs that were induced through
hPG/RA liposome stimulation induced significantly less CD4* T cell proliferation compared to the
pro-inflammatory mDCs control (Figure 5A). All groups induced Tregs (Figure 5B), as shown by the
increase in expression of CD25* FoxP3* T cells. Additionally, reduced populations of Thet* Teffs
(Figure 5C) were observed in all treatments compared to the control group, suggesting a decrease
in the inflammatory Th1 cell

population.
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Figure 5. RA, free or encapsulated in liposomes, skew T cells towards a regulatory phenotype. BMDCs were stimulated
with LPS and cultured in the presence of hPG (mDCs), hPG + RA (tolDCs), or hPG-containing liposomes with or without
RA (hPG Liposomes DCs and hPG/RA Liposomes DCs, respectively). The hPG and RA concentrations were constant in

all groups. After 24 hours of incubation, the BMDCs were washed and hPG-TCR specific CD4* T cells were added. T cell
activation was analyzed by flow cytometry after 72 hours of co-culture. (A) Relative % proliferated cells compared to mDC
control. (B) Relative %CD25*Foxp3* and (C) %T-bet* in all CD4* T cells, normalized to mDCs. Means + SD, **** p < 0.0001,
*** p<0.001, **p <0.01, *p < 0.05 compared to mDC determined by one-way ANOVA and Tukey’s multiple comparisons

test. The data shown are combined normalized data from three independent experiments.

hPG and RA delivered by tolDCs, liposomes or free affect splenic CD11c* cell populations in vivo

To observe whether hPG and RA-induced tolDCs, hPG/RA liposomes, or free hPG/RA had effects on
splenic DC population phenotype, mice were injected intravenously with the different formulations.
Three days after injection, we characterized CD11c* cells in the spleen using flow cytometry. Within
splenic CD11c* cells, we found no differences in the % of CD11b" and MHC-II® cells (Figure 6B and 6C).
However, %CD8a*CD11c* cells were significantly increased in mice receiving tolDCs compared to mice
receiving hPG/RA liposomes (Figure 6D). Furthermore, mice receiving the liposomes had significantly
fewer MHC-1I"CD40" activated cells compared to mice that received free hPG/RA (Figure 6E).
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Figure 6. Effect of RA and hPG delivery on splenic DCs in vivo. (A) After adoptive transfer of Thy1.1*CD4*CD25 T cells,
mice received intravenous injections of either tolDCs pulsed with hPG + RA (tolDCs), liposomes encapsulating hPG + RA
(hPG/RA Liposomes), or free hPG + RA (Free hPG + RA). Three days after injection, splenic DC populations (in live CD11c*
cells) were assessed by flow cytometry. The % of (B) CD11b" DCs, (C) MHC-II DCs, (D) CD8a* DCs, and (E) MHC-II"CD4Q"
DCs were determined. n = 6 for tolDCs and hPG/RA Liposomes, n = 4 for free hPG + RA control. Means + SD, *p < 0.05

determined by one-way ANOVA and Tukey’s multiple comparisons test.

hPG and RA delivered by tolDCs, liposomes or free affect splenic CD4* T cell populations in vivo

To assess the effect on antigen specific T cell responses by hPG and RA administration, we performed
an in vivo adoptive transfer study. Mice received CFSE-labelled Thy1.1*CD4*CD25 T cells isolated from
hPG-TCR transgenic mice, followed by an intravenous injection of tolDCs, hPG/RA liposomes or free
hPG/RA. Both the Thyl.1* hPG-specific and the bystander Thyl.1- CD4* T cell populations were
evaluated by flow cytometry. Strikingly, tolDCs showed the highest activation of antigen-specific
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CD4* T cells, as measured by % Thy1.1* cells, % CFSE" cells and % CD25* cells (Figure 7A, B and C). This
proliferation was due to the presence of the antigen, since in mice that received only PBS show no

or hardly any CFSE Thy1.1* CD4* T cells (data not shown). Within memory T cell subsets, there were
no differences between the groups within the antigen-specific T cell populations (Figure 7D, E, and F).
However, in the Thyl.1" population, tolDCs reduced the % of naive CD4* T cells compared to the other
groups (Figure 7D). Within the antigen-specific immune cell subsets, there were no differences in the
induction of CD25*FOXP3* (Treg), T-bet* (Th1), GATA-3* (Th2), and RORyT* (Th17) CD4* T cells (Figure
8A, B, C, and D). However, the %CTLA-4* cells were significantly lower in the tolDC group compared to
the other groups (Figure 8E). CTLA-4 is a negative regulator of T cell activation®!. Comparing the Thy1.1*
vs Thy1.1" effects within each group, we observed increased CD25*FOXP3* and CTLA-4* cells
regardless of delivery method (Figure 8A and E), and tolDCs reduced T-bet+ cells (Figure 8B).
Interestingly, bystander RORyT cells were significantly higher in mice receiving tolDCs compared to
mice receiving liposomes (Figure 8D).
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Figure 7. Effect of RA and hPG delivery on the activation of splenic CD4* T cells in vivo. WT Balb/c mice received CFSE-la-
belled Thy1.1*CD4*CD25" T cells isolated from the spleens of hPG-TCR transgenic mice via intravenous injection. 24 hours
after injection, mice received intravenous injections of either tolDCs pulsed with hPG and RA (tolDCs), liposomes encapsu-
lating hPG and RA (hPG/RA Liposomes), or free hPG + RA. Three days after injection, splenic CD4* T cells were assessed by
flow cytometry. (A) % of antigen-specific Thy1.1* CD4* T cells, and (B) % of proliferated CFSE cells within this population.
(C) CD25%, (D) naive CD62L*CD44, (E) central memory CD62L*CD44*, (F) and effector CD62L'CD44* cells within the Thy1.1*
and Thy1.1- CD4* T cell populations. n = 6 for tolDCs and hPG/RA Liposomes, n = 4 for free hPG + RA control. Means * SD,
*¥**¥ p <0.0001, **p < 0.01, *p < 0.05. ##H### p < 0.0001, # p < 0.05 comparing Thy1.1* to Thyl.1". Statistics were

performed by one-way or two-way ANOVA and Bonferroni’s multiple comparisons test.
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Figure 8. Effect of RA and hPG delivery on the splenic CD4* T cell subsets in vivo. WT Balb/c mice received CFSE-labelled
Thy1.1*CD4*CD25" T cells isolated from the spleens of hPG-TCR transgenic mice via intravenous injection. 24 hours after
injection, mice received intravenous injections of either tolDCs pulsed with hPG and RA (tolDCs), liposomes encapsula-
ting hPG and RA (hPG/RA Liposomes), or free hPG + RA. Three days after injection, splenic CD4* T cells were assessed

by flow cytometry. (A) %CD25*FOXP3* (B) %T-bet* (C) %GATA3*, (D) %RORyT"* (E), and % CTLA-4* cells within the Thy1.1*
and Thy1.1- CD4* T cell populations. n = 6 for tolDCs and hPG/RA Liposomes, n = 4 for free hPG + RA control. Means + SD,
***X p <0.0001, *p < 0.05. ##H# p < 0.0001, ### p < 0.001, ## p < 0.01, # p < 0.05 comparing Thyl1.1* to Thyl.1". Statistics

performed by two-way ANOVA and Bonferroni’s multiple comparisons test.
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Discussion

The restoration of antigen-specific tolerance is essential for the development of a curative therapy

for autoimmune diseases. TolDCs, have shown promising results in the induction of antigen-specific
tolerance in animal models and shown positive results in clinical trials?2. Here, we focused on the
naturally-occurring tolerance-inducing compound RA, and evaluated several methods for delivering RA
to dendritic cells in vitro and in vivo. In vitro, we show that RA can induce a semi-mature phenotype
that is characteristic of tolDCs (Figures 1 and 2), which is in line with other studies'**¢, These tolDCs
were functional and could inhibit antigen-specific T cell proliferation while increasing the relative
population of Tregs and reducing the Th1 population (Figure 5). Uptake studies with fluorescently
labelled hPG-FAM in BMDCs revealed that incubation of these cells with free hPG-FAM and RA leads to
a heterogeneous population (Figure 3), suggesting that not all cells that take up antigen also become
tolerogenic, and vice versa. When this heterogeneous population of cultured RA-tolDCs was

injected intravenously in mice, we observed not only antigen-specific effects, but also found changes in
non-antigen-specific T cell subsets (Figure 7). We also studied several subsets of splenic DCs that might
give more insight into the general immune environment of the spleen after the different treatments.
We found no differences in the immunosuppressive CD11b*CD11c* population®?, however, injection of
tolDCs increased the proportion of CD8a*CD11c* cells in the spleens of mice (Figure 6D). CD8a* DCs
have been described to take up apoptotic cells in lymphoid tissues and are highly efficient at
cross-presentation in MHC-I®3, which is important for the induction of CD8 T cells. CD8a* DCs are

also considered to be vital for maintaining immune tolerance3***, however, there is a report of these
cells accelerating the progression of collagen-induced arthritis in mice®, which is a murine model for
autoimmune disease. Further studies on the involvement of different DC subsets in the regulation of
autoimmune diseases are needed to clarify the role of these cells in tolerance induction. To mitigate
the observed effect on non-antigen-specific T cells, we theorized that co-delivery of the antigen and
RA by a nanoparticle, such as a liposome, would be a better strategy for inducing antigen-specific
tolerance and limiting off-target effects.

The liposomes we selected have been previously shown to induce Tregs in vivo*™?, but their effect on
DCs had not been studied. BMDCs incubated with LPS and hPG behaved similar to cells incubated with
LPS and hPG-containing liposomes (Figure 2). These hPG-containing liposomes only had a small effect
on CD4* T cell proliferation in a co-culture assay (Figure 5A). However, we did observe an in vitro effect
of liposome-pulsed BMDCs on the induction of antigen-specific Tregs and Th1 cells (Figure 5B and C).
Furthermore, after in vitro incubation with BMDCs, we saw striking differences between hPG-FAM that
was given freely to these cells and hPG-FAM encapsulated in liposomes (Figure 3 and 4). Liposomal
delivery of the antigen reduced the % of cells which had taken up antigen from 69 + 5% to 8 + 1%

(p <0.0001) , which was possibly due to the cationic charge of the antigen (isoelectric point 10.88)
compared to the anionic charge of the liposomes®:. Even without the addition of RA, the hPG-
containing liposomes themselves can induce antigen-specific tolDCs and Tregs (Figure 5). This was

also observed in previous studies whereby antigen-loaded DSPC:DSPG:CHOL liposomes induced
antigen-specific Tregs and mitigated the progression of atherosclerosis in mice?. While this is
promising, we hypothesized that the addition of RA in the hPG liposomes would enhance tolerance
induction even further.

The co-encapsulation of RA and hPG in liposomes did not alter their physicochemical properties as

compared to hPG alone (Table 1). This is likely because the hPG is localized in the aqueous core of the
liposomes, while the hydrophobic RA is incorporated into the lipid bilayer of the liposomes.
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RA induced tolDCs equally efficiently when given freely to BMDCs or when encapsulated in liposomes
(Figure 2). This suggested that while liposomes do not affect the ability of RA to induce tolDCs, they
had no advantage over free RA. This was also reflected in in vitro co-culture assays with antigen-
specific CD4* T cells; free RA had the same effects as RA encapsulated in liposomes (Figure 5). Capurso
et al. similarly observed an equivalent effect between free RA or RA encapsulated in poly(lactic-
co-glycolic acid) nanoparticles®. These results are expected since the in vitro system cannot reproduce
the complex parameters that direct the (co-)delivery of compounds to APCs in vivo, such as
administration route, clearance rate, biodistribution, and stability. Within the antigen-associated
subset of cells, liposomal delivery of RA led to a significantly higher proportion of tolDCs in vitro as
compared to free RA (Figure 3A and B), while the opposite was observed in non-antigen-specific tolDCs
(Figure 3D and E). Comparing hPG/RA liposomes with hPG liposomes, the hPG/RA liposomes caused

a larger decline in proliferated CD4* T cells (Figure 5). In the in vivo experiment, the liposomes had the
lowest %$MHC-II"CD40" cells in the CD11c* population in the spleen, suggesting that the liposomes are
(indirectly) interacting with splenic CD11c*cells to inhibit their activation. In addition, injection of hPG/
RA liposomes mitigated bystander effects in non-antigen-specific T cells (Figure 7 and 8) but had no
effect compared to the other groups on antigen-specific T cells. Similarly, Phillips et al. found that, after
subcutaneous injection of microparticles consisting of human insulin peptide B_,,, RA and TGF-, there
was no change in Tregs in mice compared to controls. However, they did find a significant increase in
regulatory B cells in the mesenteric lymph nodes 3 days after microparticle injection, and the mice in
this group had a significant reduction in diabetes progression®. These data combined show that
nanoparticle delivery of RA can be a more specific method to induce antigen-specific tolerance
compared to tolDCs.

While there were some differences in T cell subsets between the groups in vivo, it should be stressed
that the proportion of antigen-specific Tregs in all mice were significantly enhanced compared to the
background and effector T cells (Figure 8). While Treg induction was the main goal of the current study,
it would be interesting to further study in more detail the mechanisms whereby tolDCs and liposomes
induce tolerance. While our hPG-FAM experiments do give some insights into this, the effect will likely
be different in an in vivo system. This could be achieved by injecting fluorescently labelled (antigens in)
tolDCs and liposomes and tracking their biodistribution over time. Tracking tolDCs or liposomes would
also give more information about the in vivo phenotypical stability of the tolDCs, and the phenotype
of antigen- or liposome-associated cells in vivo. Finally, other dosage schemes or administration routes
could improve the effects of RA liposomes on Treg induction.

In conclusion, we show that RA is a potent immunomodulator for the induction of antigen-specific
tolerance and that DSPC:DSPG:CHOL liposomes are a suitable carrier system for the co-delivery of
an antigen with RA in vitro. Additionally, we show strong induction of antigen-specific Tregs, with no
off-target effects when using these liposomes. Although the in vitro data seems very promising,
generating the same effects in vivo remains challenging. In this work, we have looked at the
heterogeneous populations of DCs that arise in a tolDC culture in vitro, and the bystander effect of
immunosuppressive therapy in vivo. This stresses the importance of not only measuring antigen-
specific effects, but also considering off-target effects. Optimization of in vivo administration and
thorough examination of off-target effects of RA-toIDC or RA-liposome treatment could provide new
insights in the use of RA for antigen-specific immunotherapy for autoimmune and chronic
inflammatory diseases.
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Abstract

There is no curative treatment for autoimmune or chronic inflammatory diseases such as rheumatoid
arthritis, and current treatments can induce off-target side effects due to systemic immune
suppression. We have previously shown that dexamethasone-pulsed tolerogenic dendritic cells

loaded with the RA-specific antigen human proteoglycan can suppress arthritis development in a
proteoglycan-induced arthritis mouse model. To circumvent ex vivo dendritic cell culture, and enhance
antigen-specific effects, drug delivery vehicles, such as liposomes, provide an interesting approach.
Here, we use anionic 1,2-distearoyl-sn-glycero-3-phosphoglycerol liposomes with enhanced loading of
human proteoglycan-dexamethasone conjugates by cationic lysine tetramer addition. Antigen-pulsed
tolerogenic dendritic cells induced by liposomal dexamethasone in vitro enhanced antigen-specific
regulatory T cells to a similar extent as dexamethasone-induced tolerogenic dendritic cells. In an
inflammatory adoptive transfer model, mice injected with antigen-dexamethasone liposomes had
significantly higher antigen-specific type 1 regulatory T cells than mice injected with antigen only. The
liposomes significantly inhibited the progression of arthritis compared to controls in preventative and
therapeutic proteoglycan-induced arthritis mouse models. This coincided with systemic tolerance
induction and an increase in IL10 expression in the paws of mice. In conclusion, a single administration
of autoantigen and dexamethasone-loaded liposomes seems to be a promising antigen-specific
treatment strategy for arthritis in mice.
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Abbreviations

Abbreviation Meaning

RA Rheumatoid Arthritis

DMARDS Disease-modifying antirheumatic drugs
NSAIDS Non-steroidal anti-inflammatory agents
TolDC Tolerogenic dendritic cells

Tregs Regulatory T cells

Trl Type 1 regulatory T cells

Th T helper cells

Dex Dexamethasone

DSPG 1,2-distearoyl-sn-glycero-3-phosphoglycerol
APCs Antigen-presenting cells

GR Glucocorticoid receptor

hPG Human proteoglycan

TFA Trifluoroacetic acid

DMF Dimethylformamide

DCM Dichloromethane

DIC N, N’-diisopropyl carbodiimide

HPLC High performance liquid chromatography
TIPS Triisopropylsilane

DMAP 4-Dimethylaminopyridine

MS Mass spectrometry

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine
CHOL Cholesterol

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
PDI Polydispersity index

DLS Dynamic Light Scattering

PGIA Proteoglycan-Induced Arthritis

FCS Fetal Calf Serum

BMDC Bone marrow-derived dendritic cells

GM-CSF Granulocyte-macrophage colony-stimulating factor
LPS Lipopolysaccharide

PBMCs Peripheral blood mononuclear cells

ELISA Enzyme Linked Immune Sorbent Assay

ACK Ammonium—Chloride—Potassium

CFSE Carboxyfluorescein Succinimidyl Ester

IDO Indoleamine 2,3-dioxygenase 1

HPRT Hypoxanthine-guanine phosphoribosyl transferase
DDA Dimethyldiotadecylammonium bromide
FMO Fluorescence minus one

TLR Toll-like receptor

LAP Latency-associated peptide

TGFB Transforming growth factor beta

DiD 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine
MPO Myeloperoxidase

EAE Experimental autoimmune encephalomyelitis
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Introduction

Rheumatoid arthritis (RA) is a common auto-immune disease with a worldwide prevalence of 0.46%".
RA is characterized by an influx of pro-inflammatory immune cells into the synovium, resulting in
synovial lining hyperplasia and the destruction of bone and articular cartilage?, leading to pain and
disability. No curative treatments are currently available for RA, and available treatment modalities
such as disease-modifying antirheumatic drugs (DMARDs), non-steroidal anti-inflammatory agents
(NSAIDS), and corticosteroids®* often bring about off-target side effects as they are not antigen-specific
and generally immunosuppressive. This leaves patients more susceptible to developing other
complications, such as viral infections®. Recently, there have been developments in the field of
antigen-specific immunotherapy for autoimmune diseases, specifically focusing on tolerogenic
dendritic cells (tolDCs)®. These tolDCs are a specialized subset of DCs that can induce CD4*CD25*FoxP3*
regulatory T cells (Tregs) and CD49*LAG-3"* type 1 regulatory T cells (Tr1) and can inhibit the
proliferation of effector CD4* T cells (Teff), such as Thet* T helper 1 (Th1), or RORyT* Th17 cells’. It

has been shown that this skewing towards Tregs/Tr1 and away from other Th subsets is beneficial for
the treatment of autoimmunity, including RA8. TolDCs are generally characterized by a semi-mature
CD11c*MHCII*CD40"°CD86" phenotype, limiting their co-stimulatory abilities. Simultaneously a shift in
cytokine production from pro-inflammatory (e.g., IL-12, TNFa) to anti-inflammatory (e.g., IL-10, TGF-B)
occurs in these cells. The lack of co-stimulation results in effector T cell anergy®?!, whilst also pro-
moting Treg differentiation®'>™*, ToIDCs can be induced through the addition of immunomodulators,
such as dexamethasone (Dex)?®, vitamin D3Y, or retinoic acid?®. A great advantage of using tolDCs for
immunotherapy is the ability to load them with disease-relevant antigens, allowing for antigen-specific
tolerance induction. This results in a suppressive response specifically towards the disease-causing
antigen while avoiding systemic immune suppression that would result from suppressive responses
towards other antigens.

At present, differentially generated tolDCs are tested in clinical trials worldwide to assess their efficacy
and safety (NCT02903537%, NCT01352858%, NCT05251870), and results so far are promising?22,
However, just like other cell-based therapies, tolDC therapy is restricted to specialized cell culture and
medical facilities, which makes this therapy costly and not widely accessible to patients. Therefore,
there is a clear need for a new treatment strategy that allows for easy, low-cost production whilst
simultaneously facilitating the beneficial effects also observed in current cell-based treatment options.
The use of nanoparticles, such as liposomes, which encapsulate both an immunomodulator and an
antigen is a promising strategy to circumvent these limitations?-%,

Liposomes are drug-delivery vehicles that consist of one or more lipid bilayers that form around an
aqueous core?”%, allowing for the encapsulation of cargo with different physiochemical properties®.
Depending on the properties of these liposomes, they can modulate immune responses to induce
the desired T cell responses. We have previously shown that anionic 1,2-distearoyl-sn-glycero-3-
phosphoglycerol (DSPG)-containing liposomes can induce strong antigen-specific Treg responses?.
These liposomes facilitate the efficient uptake of antigens by antigen-presenting cells (APCs), such as
DCs®8. When loaded with an atherosclerosis-specific antigen, these liposomes have been shown to
reduce disease progression in an atherosclerotic mouse model?, highlighting their therapeutic
potential. Nanoparticles encapsulating both immunomodulators and disease-relevant antigens

are potent tolerance inducers®3!, Therefore, we aimed to enhance the tolerogenic effect of the
DSPG-liposomes by including an immunomodulator, such as Dex. Dex is a potent inducer of tolerance
in DCs. Upon Dex interaction with the glucocorticoid receptor (GR), gene transcription of IL-10 is
increased®*%, and transcription of pro-inflammatory genes, such as IL-12, is inhibited?.
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Dex has been described as an effective treatment option for a plethora of inflammatory diseases,
including rheumatoid arthritis'’. Dex is poorly soluble in water (logP 1.68), which does lead to
beneficial transmembrane transport and in vivo bioavailability, but limits encapsulation in liposomes
containing high Tm lipids and cholesterol®>3¢. Additionally, when Dex is administered systemically, it
can result in severe side effects owing to non-specific immune suppression, especially after long-term
use®. Therefore, to minimize the risk of off-target effects and increase encapsulation in liposomes,
Dex was linked to the antigen epitope via a biodegradable spacer to form a single entity for liposomal
encapsulation. Furthermore, a lysine tetramer (K4) was added adjacent to the Dex, to provide a
cationic moiety for electrostatic complexation with anionic DSPG, thereby facilitating liposomal
loading. This study aimed to induce antigen-specific immune tolerance to an RA-causing antigen,
thereby mitigating the progression of RA in preventative and curative mouse models for RA. We
hypothesized that DSPG-liposomes loaded with autoantigen-human proteoglycan (hPG)-Dex
conjugate can improve the induction of antigen-specific immune suppression.

We show that the antigen-Dex conjugates can be efficiently encapsulated in liposomes. hPG, -Dex
liposomes induce IDO, TLR2, and IL-10 in DCs, which in turn can increase levels of antigen-specific
Trl cells in vitro and in vivo. Subsequently, these hPG, -Dex liposomes can protect against arthritis
development in a murine model for PGIA and even halt the progression of established disease. At the
end of the therapeutic arthritis study, we observed a reduction of hPG-specific IgG1 autoantibodies
and splenic CD86*CD11c" cells, and we noticed an increase in splenic CD25'Foxp3* and PD-1*CD4*

T cells in hPG,,-Dex liposome treated mice compared to controls. In the paws of these mice, we
measured high IL-10 which indicates local immune protection. This shows that hPG,,-Dex liposomes
are a promising treatment strategy for RA in mice.
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Methods

Synthesis and characterization of Dex-peptide conjugates

Preloaded Fmoc-Lys(Boc)-Wang resin, Fmoc-Arg(Pbf)-Wang resin, 9-fluorenylmethyloxycarbonyl
(Fmoc)-protected amino acids, and trifluoroacetic acid (TFA) were purchased from Novabiochem
GmbH (Hohenbrunn, Germany). Peptide grade dimethylformamide (DMF), dichloromethane (DCM),
piperidine, N, N’-diisopropyl carbodiimide (DIC), and high-performance liquid chromatography (HPLC)
grade acetonitrile were purchased from Biosolve BV (Valkenswaard, Netherlands). Ethyl cyano-
hydroxyiminoacetate (Oxyma pure) was purchased from Manchester Organics Ltd (Cheshire, UK).
Triisopropylsilane (TIPS), BioUltra grade ammonium bicarbonate, succinyl anhydride, 4-
dimethylaminopyridine (DMAP), and pyridine were purchased from Sigma-Aldrich Chemie BV
(Zwijndrecht, Netherlands). Dex was purchased from Acros Organics BV (Hague, Netherlands).

Dex-peptide conjugates were synthesized as described previously®. In brief, the peptide epitope
sequences were synthesized by microwave-assisted Fmoc-based chemistry using an H12 liberty blue
peptide synthesizer (CEM Corporation, US). Dex succinate was coupled to the N-terminal of the
peptide as with other Fmoc-protected amino acids. TFA/water/TIPS (95/2.5/2.5) was used to

cleave the peptide off the resin and remove the side chain protecting groups. Peptides were purified
by Prep-HPLC using Reprosil-Pur C18 column (10 um, 250 x 22 mm). Mass spectrometry (MS) analysis
was performed using a Bruker microTOF-Q instrument in positive mode to confirm the identity of the
synthetic products. The epitope was derived from the hPG and Ovalbumin (OVA) antigens with the
sequence ATEGRVRVNSAYQDK and ISQAVHAAHAEINEAGR, respectively. A lysine tetramer was added
to the N-terminal of the epitope sequences for the introduction of a cationic charge. A biodegradable
succinyl spacer was added to Dex before conjugation to the N-terminus of the peptide on resin. The
Dex-peptide conjugates were cleaved and purified as described above for the peptides.

Liposome preparation and characterization

Liposomes were prepared using the thin film hydration followed by extrusion method.

The phospholipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-
glycero-3-phosphoglycerol (DSPG), were purchased from Avanti Polar Lipids, Birmingham, AL, USA.
Cholesterol (CHOL) was purchased from Sigma-Aldrich. Briefly, 180 mg total of dry powder DSPC:
DSPG:CHOL in a 4:1:2 molar ratio was weighed and transferred to a dry 100 mL round-bottom flask.
The lipids were dissolved in 8 mL chloroform and 8 mL methanol. The solvents were evaporated under
avacuum in a rotary evaporator for 1 h at 40 °C, followed by an N2 stream for 30 min at RT. The
resulting lipid film was rehydrated with 2000 pg of hPG, hPG,,, hPG ,-Dex or OVA,,. -Dex dissolved in
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.2) buffer to a total volume
of 4 mL and homogenized by rotation in a water bath at 40°C for 1 h. For empty liposomes, liposomes
were rehydrated with 4 mL of 10mM HEPES buffer. The resulting suspension was sized by high-
pressure extrusion (LIPEX Extruder, Northern Lipids Inc., Burnaby, BC, Canada) on a heating plate set at
60°C by passing the dispersion four times through stacked 400 nm and 200 nm pore-size membranes
(Whatman® NucleoporeTM, GE Healthcare, Amersham, UK). To separate non-encapsulated cargo from
the liposomes, liposomes were ultracentrifuged (Type 70.1 Ti rotor) for 35 min at 55,000 rpm at 4°C.
Liposomes were washed with 10 mL HEPES buffer and centrifugation was repeated three times.
Liposomes were stored at 4°C and their stability was measured periodically. Liposomes were used
within 2 months for in vitro experiments and within 2 weeks for in vivo experiments.
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The Z-average diameter and polydispersity index (PDI) of the liposomes were measured by dynamic
light scattering (DLS) using a NanoZS Zetasizer (Malvern Ltd., Malvern, UK). For this, 10 pL of liposomes
were diluted in 990 pL HEPES buffer pH 7.2. The {-potential was measured by laser Doppler
electrophoresis (Malvern Ltd.) using a universal dip cell. To determine the concentration of loaded
hPG,,, hPG,,-Dex, OVA_ ., or OVA_ . -Dex RP-UPLC was used. For this, 20 pL of liposome suspension
was dissolved in 180 plL of methanol, and the sample was vortexed. Sample injections were 7.5 plL in
volume and the column used was a 1.7 um BEH C18 column (2.1 x 50 mm, Waters ACQUITY UPLC,
Waters, MA, USA). Column and sample temperatures were 40 °C and 20 °C, respectively. The mobile
phases were Milli-Q water with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA (solvent B). For
separation, the mobile phases were applied in a linear gradient from 5% to 95% solvent B over 10 min
at a flow rate of 0.25 mL/min. Peptide content was detected by absorbance at 280 nm, and Dex was
detected at 240 nm?3® using an ACQUITY UPLC TUV detector (Waters ACQUITY UPLC, Waters, MA, USA).
Peptide concentrations were calculated based on the respective calibration curves of antigen-Dex
complexes dissolved in Milli-Q water.

Mice

For bone marrow isolation, 8-week-old WT mice on Balb/cAnNCrl background (male and female) were
purchased from Charles River laboratories . Tyh1.1* hPG-TCR transgenic*® mice were bred in-house

at the central animal laboratory of Utrecht University, the Netherlands. For proteoglycan-induced
arthritis (PGIA) studies, 16-week-old female Balb/cAnNCrl mice were purchased from Charles River
laboratories. Mice were randomized into experimental groups based on weight or arthritis score using
RandoMice*!. Humane end-points were adhered to, and the physical discomfort of arthritic animals
was relieved by providing easy-to-reach water and food, and additional soft bedding materials. Animals
were kept under standard conditions of the animal facility and all experiments were approved by the
Animal Experiment Committee of Utrecht University (AVD108002016467 and AVD10800202115687).

Murine bone marrow-derived dendritic cell (BMDC) isolation, dendritic cell culture, and stimulation
Bone marrow isolated from femurs and tibias of Balb/cAnNCrl WT mice were homogenized and seeded
in 6-well plates at a cell density of 450,000 cells/mL in 2 mL IMDM (Gibco, ThermoFisher Scientific)
supplemented with 10% FCS (Fetal Calf Serum; Bodinco, Alkmaar, The Netherlands), 100 units/mL of
penicillin (Gibco, ThermoFisher Scientific, Landsmeer, The Netherlands), 100 pug/mL of streptomycin
(Gibco, ThermoFisher Scientific, Landsmeer, The Netherlands) and 0.5 uM B-mercaptoethanol (Gibco,
ThermoFisher Scientific, Landsmeer, The Netherlands). Cells were cultured at 37°C and 5% CO2 in

the presence of 20 ng/mL of granulocyte-macrophage colony-stimulating factor (GM-CSF, in-house
produced) for 6 days. On day 2, IMDM and 20 ng/mL GM-CSF were added to the wells. Extra GM-CSF
(20 ng/mL) was supplemented on day 5. On day 6, cells were harvested by scraping and counted. For
flow cytometry of DCs, and further co-culture with T cells, cells were transferred to a 96-well F-bottom
plate at 50,000 cells/well. The cells were left to adhere for 2 hours. Cells were matured in the presence
of 10 ng/mL lipopolysaccharide (LPS, 0111:B4; Sigma-Aldrich) and treated with free or encapsulated
hPG,,, or free or encapsulated hPG,,-Dex (200 pL/well). In all cases, the concentration of the peptide
was 1 pug/mL. For Dex-containing groups, the concentration was 0.18 pug/mL Dex. After 16 h, DCs were
harvested for phenotypic characterization by flow cytometry. For qPCR and ELISA, cells were plated out
at 600,000 cells/well in an F-bottom 48-well plate. The cells were left to adhere for 2 hours. Cells were
stimulated with the same conditions and concentrations as for flow cytometry, in a total volume of
600 pL/well.
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Human monocyte isolation, monocyte-derived dendritic cell culture, and stimulation

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy human donors at Sanquin
Blood Bank (Amsterdam, Netherlands). Informed consent was given in accordance with the
Declaration of Helsinki and Dutch National and Sanquin Internal Ethic Boards. PBMCs were isolated
by a Ficoll gradient, and subsequently, monocytes were isolated using anti-CD14 microbeads
(Miltenyi Biotech) according to the manufacturer’s instructions. Monocytes were seeded in 6-well
plates at 2,000,000 cells/mL in 2 mL RPMI (Gibco) supplemented with 5% FCS (Bodinco, Alkmaar, The
Netherlands), 100 units/mL of penicillin (Gibco, ThermoFisher Scientific, Landsmeer, The Netherlands),
and 100 pg/mL of streptomycin (Gibco, ThermoFisher Scientific, Landsmeer, The Netherlands). To
differentiate monocytes towards DCs, 50 ng/mL hGM-CSF (Miltenyi Biotech) and 50 ng/mL hiL-4
(Miltenyi Biotech) were added. On day 3 of culture, fresh medium, and cytokines were added. On day
6, cells were harvested by scraping, counted, and transferred to a 96-well F-bottom plate at 50,000
cells/well. The cells were left to adhere for 2 hours. Cells were matured in the presence of 100 ng/mL
lipopolysaccharide (LPS, 0111:B4; Sigma-Aldrich) and treated with free or encapsulated hPG,,, or free
or encapsulated hPG,-Dex (200 uL/well). In all cases, the concentration of the peptide was 1 pg/mL.
For Dex-containing groups, the concentration was 0.18 pg/mL Dex. After 16h, DCs were harvested for
phenotypic characterization by flow cytometry.

Enrichment of CD4* T cells from murine spleens and co-culture with BMDCs

Spleens were isolated from Tyh1.1* hPG-TCR mice. A single-cell suspension of splenocytes was obtain-
ed by mashing spleens through a 70 uM filter (Falcon, Corning, New York, USA). Erythrocytes were
lysed with Ammonium—Chloride—Potassium (ACK) lysis buffer (0.15 M NH4CI, 1 mM KHCO3, 0.1 mM
Na2EDTA; pH 7.3). CD4* T cells were negatively selected by magnetic separation using Dynabeads™
(sheep anti-rat IgG, ThermoFisher) and anti-CD8 (YTS169), anti-CD11b (M1/70), anti-MHCII (M5/114)
and anti-B220 (RA3-6B2, all in-house produced). The enriched CD4*T cells were labeled with
carboxyfluorescein succinimidyl ester (CFSE, 0.5 nM) according to the manufacturer’s protocol
(ThermoFisher). BMDCs were plated out into a 96-well F-bottom plate (50,000 cells/well) and
stimulated as described above. After 16h stimulation, cells were washed 4 times with 200 uL PBS/well
to remove any free stimuli. To this, 100,000 cells/well of CFSE-labelled CD4* T cells suspended in 200 pL
RPMI (Gibco), supplemented with 5% FCS (Bodinco, Alkmaar, The Netherlands), 100 units/mL of
penicillin (Gibco, ThermoFisher Scientific, Landsmeer, The Netherlands), and 100 pg/mL of
streptomycin (Gibco, ThermoFisher Scientific, Landsmeer, The Netherlands) were added and incubated
for 3 days. Subsequently, CD4* T cells were harvested for phenotypic characterization by flow
cytometry.

Inflammatory adoptive transfer in vivo

CD4* T cells were purified from the spleens and lymph nodes of Thyl.1* hPG-TCR transgenic mice as
described above. At t0, WT Balb/cAnNCrl mice received an intramuscular injection of 50 uL PBS
containing 100ug hPG protein to induce a strong inflammatory response against hPG. After 2 hours
mice received 500,000 CD4"* T cells intravenous via the tail vein. After 16 hours, mice were immunized
intravenously with 200 pL PBS, 1 nmol free hPG,,, 1 nmol hPG,, liposomes, or 1 nmol hPG, -Dex
liposomes. 3 days after immunization, mice were sacrificed, and spleens were removed and processed
as described above.

Preventative arthritis study in vivo
To induce arthritis in mice, female Balb/cAnNCrl mice were injected on days 0 and 21 intraperitoneally

with a mixture of 2 mg dimethyldiotadecylammonium bromide (DDA) and 250 pg human proteoglycan.
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For the treatment of mice with hPG, ,-Dex tolDCs, BMDCs were cultured in 6-well plates as described
above. On day 6, 40 pg/mL hPG,,-Dex and 10 ng/mL LPS were added to the cells. DCs were harvested
after 16 hours. The viability, purity, and phenotype of the DCs were confirmed using flow cytometry
before injection in mice. Mice were treated on day 17 via an intravenous injection in the tail vein with
200 pL PBS, 200 pL 1 x 106 hPG,,-Dex tolDCs (equivalent to 20 nmol of hPG,,-Dex) in PBS, or 200 pL
hPG, ,-Dex liposomes (2 nmol hPG,,-Dex) in PBS. Arthritis scores were determined 3 times per week
starting from day 21 until day 55 in a blinded fashion by two researchers independently using a visual
scoring system based on swelling and redness of paws*. At the end of the experiment, mice were
sacrificed by cervical dislocation.

Curative arthritis study in vivo

To induce arthritis in mice, female Balb/cAnNCrl mice were injected twice intraperitoneally with a
mixture of 2 mg DDA and 250 pg human proteoglycan as described above. Arthritis scores were
determined 3 times per week as described above. Mice were enrolled in the experiment (day -1) when
they had a score of >2 for 2 consecutive scoring moments. Mice were treated on days 0 and 7 via
intravenous injection in the tail vein with 200 uL PBS, 200 uL hPG,,-Dex liposomes (2 nmol hPG,,-Dex)
in PBS, or 200 pL OVA,,-Dex liposomes (2 nmol OVA, .,
of 25 days after enrollment. At the end of the experiment, mice were sacrificed by cervical dislocation.
Spleens were collected for flow cytometry, paws were collected for qPCR, and blood was collected for
ELISA in 0.8 mL z-serum separation tubes (Greiner Bio-One, Kremsmiinster, Austria). Serum was
separated from cells by centrifuging the blood samples at 10,000 x g for 5 minutes at 4 °C, collected
into separate tubes, and stored at —20°C.

-Dex) in PBS. Mice were scored during a period

ELISA of stimulated BMDCs

BMDCs were stimulated as described above and the supernatant was harvested and either used
directly for ELISA or stored at -80°C for future analysis. IL-10 (U-CyTech, Utrecht, the Netherlands) and
IL-12p70 (9A5 and C17.8, BD Biosciences) was measured in the supernatants by ELISA according to the
manufacturer’s instructions. Briefly, F-bottom Costar assay 96-well plates (Corning, Kennebunk, ME,
USA) were coated with capture antibody at 4°C overnight. Plates were washed thoroughly with 0.01%
Tween-20 in PBS and blocked with 1% BSA in PBS for 30 min at RT. Subsequently, plates were washed,
and (diluted) samples and standard curves were incubated for 2h at RT. Then, plates were washed

and the biotinylated detection antibody and streptavidin-HRP (BD Biosciences) were incubated for

1 hour at RT. Finally, plates were washed, and the samples were reacted with TMB substrate solution
(BioLegend). The reaction was stopped with 2N H,SO, solution, and the plates were measured using an
iMark™ Microplate Absorbance Reader (Bio-Rad). Cytokine concentrations were calculated based on
the respective calibration curves prepared with purified cytokines.

gPCR of stimulated BMDCs

BMDCs were stimulated as described above, and 350 uL RLT buffer (Qiagen Benelux B.V., Venlo, the
Netherlands) was added to the cells. The lysate was either used directly for mRNA extraction or stored
at -80°C for future analysis. Total mMRNA was extracted from stimulated BMDCs using the RNeasy kit
(Qiagen) according to the manufacturer’s instructions. DNase treatment was performed on-column
(Qiagen). The yield of mRNA extraction was measured using a Nanodrop (ThermoFisher). Transcription
into cDNA was performed using the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories B.V., Veenen-
daal, The Netherlands). PCR and Real-Time detection were performed using a Bio-Rad MyiQ iCycler
(Bio-Rad). Amplification was performed using IQ™ SYBR Green® Supermix (Bio-Rad) with 0.25 puM final
concentrations of primers specific for IL1B (5’-TCC ATC TTC TTC TTT GGG TAT TG-3’ and 5’-TTC CCG TGG
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ACC TTC CAG-3’) and Indoleamine 2,3-dioxygenase 1 (IDO) (5’-GCA GAC TGT GTC CTG GCA AACT-3’
and 5'-AGA GAC GAG GAA GAA GCC CTT G-3’), and hypoxanthine-guanine phosphoribosyl transferase
(HPRT) (5'-CTG GTG AAA AGG ACC TCT CG-3' and 5'-TGA AGT ACT CAT TAT AGT CAA GGG CA-3'). The
following PCR program was used: pre-soaking at 95 °C for 3 min, [denaturation at 95 °C for 20 sec,
annealing at 59°C for 30 sec] repeated 40 times. Melting curves and primer efficiencies were measured
for each sample. For each sample mRNA expression was normalized to the detected Ct value of HPRT
and expressed relative to the average of the DCs incubated with hPG,, + LPS.

gPCR of paws

Paws were harvested and pooled per mouse in 6-well plates containing ice-cold sterile PBS. The skin
was removed using scissors and tweezers, and the paws were agitated to release synovial fluid. The
resulting suspension was passed through a 70 puM filter (Falcon, Corning, New York, USA) and cells
were pelleted by centrifugation. After the removal of supernatant, cells were lysed using 350 pL RLT
buffer (Qiagen Benelux B.V., Venlo, the Netherlands). Total mMRNA was immediately extracted using the
RNeasy kit (Qiagen) according to the manufacturer’s instructions. Transcription into cDNA was
performed using the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories B.V., Veenendaal,

The Netherlands). PCR and Real-Time detection were performed using a Bio-Rad MyiQ iCycler
(Bio-Rad). Amplification was performed using IQ™ SYBR Green® Supermix (Bio-Rad) with 0.25 uM final
concentrations of primers specific for MPO (5’-GCT ACC CGC TTC TCC TTC TT-3’ and 5’-GGT TCT TGA
TTC GAG GGT CA-3’), IL1B (5’- TCCATC TTC TTC TTT GGG TAT TG-3’ and 5’-TTC CCG TGG ACC TTC
CAG-3’), IL10 (5’-GGT TGC CAA GCC TTA TCG GA-3’ and 5’-ACC TGC TCC ACT GCC TTG CT-3’), and
hypoxanthine-guanine phosphoribosyl transferase (HPRT) (5’-CTG GTG AAA AGG ACC TCT CG-3’ and
5’-TGA AGT ACT CAT TAT AGT CAA GGG CA-3’). The following PCR program was used: pre-soaking at 95
°C for 3 min, [denaturation at 95 °C for 20 sec, annealing at 59°C for 30 sec] repeated 40 times. Melting
curves and primer efficiencies were measured for each sample. The Pfaffl method was used to
calculate the gene expression ratio of each gene of interest vs. HPRT, using the PBS group as control.

ELISA of serum anti-hPG IgG1 and IgG2a

ELISA 96-well plates (Corning) were coated overnight with hPG (5ug/mL per well) in 0.1M Carbona-
te buffer (pH = 9.5). Subsequently, wells were blocked with a blocking buffer consisting of 1.5% milk
powder (Campina, Zaltbommel, The Netherlands) dissolved in 1X PBS for 2 hours at RT. Mouse serum
was added to the wells at different dilutions (IgG1: 1:12500, 1:25000, 1:50000; IgG2a: 1:500, 1:2500,
1:12500). On each plate, a standard curve composed of serum of a mouse that reached the humane
endpoint for arthritis development (PGIA induction, no treatment) at dilutions 0, 1:6250, 1:12500,
1:25000, 1:50000, 1:100000 for 1gG1 and 0, 1:250, 1:500, 1:1000, 1:2000, 1:4000 for IgG2a was
included. After two hours, IgG1-HRP (X56; BD Biosciences) and IgG2a-HRP(19-15; BD Biosciences)
antibodies were added to the wells in the blocking buffer at a 1:1000 dilution. After 1 hour of
incubation at RT, wells were washed, and TMB (Thermo Fisher Scientific) was added. The reaction was
stopped using 2M H2S04. ELISA data was read on the using an iMark™ Microplate Absorbance Reader
(Bio-Rad) at 450 nm. The background signal (550 nm) was subtracted and serum levels of anti-hPG
1gG1 and IgG2a were calculated using the standard curve.

Flow cytometry

BMDCs or moDCs were stimulated as described above and harvested, washed 3 times with 200 pL of
4 mM EDTA and once with 200 pL PBS to remove any free antigen or liposomes, and transferred to a
V-bottom 96-well plate. Co-cultured CFSE-labelled CD4* T cells were harvested and transferred to a
V-bottom 96-well plate. For splenocytes from in vivo experiments, 2 x 10° splenocytes were plated out
in 96-well U-bottom plates.
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Cell suspensions were blocked for 15 min with 10 ug/mL Fc Block (2.4G2, in-house produced).

BMDCs were stained with a monoclonal antibody mix of CD11c-APC (N418, eBioscience, Thermo Fisher
Scientific), TLR2-FITC (6C2, eBioscience, Thermo Fisher Scientific), CD86-FITC (GL1, BD Biosciences),
CD40-PE (3/23, BD Biosciences), LAP-PE (TW7-16B4, eBioscience, Thermo Fisher Scientific), MerTK-APC
(2B10C42, BioLegend), and ViaKrome808 (Beckman Coulter, Indianapolis, IN, USA) in FACS Buffer (1X
PBS supplemented with 2% FCS, 0.01% sodium azide, and 2 mM EDTA). moDCs were stained with a
monoclonal antibody mix of CD11c-PE (MJ4-27G12, Miltenyi), CD40 PE-Cy7 (5C3, eBioscience),
CD86-BB515 (FUN-1, BD Biosciences), and ViaKrome808 (Beckman Coulter, Indianapolis, IN, USA) in
FACS Buffer. CD4* T cells were stained with a monoclonal antibody mix of CD4-BV785 (RM4-5,
BioLegend, USA), LAG-3-PE (eBioC9B7W, eBioscience, Thermo Fisher Scientific, USA), CD49b-APC-Cy7
(DX5, BioLegend, USA), and CD25-PerCP-Cy5.5 (PC61.5, eBioscience, Thermo Fisher Scientific, USA),
and ViaKrome808 (Beckman Coulter, Indianapolis, IN, USA) in FACS Buffer. After 30 min incubation at
4°Cin the dark, cells were washed with PBS, and fixed and permeabilized using the FoxP3 transcription
factor staining set (eBioscience, San Diego, CA, USA). Subsequently, cells were stained intracellularly
according to the manufacturer’s instructions with FoxP3-eFluor450 (FJK-16s, eBioscience, Thermo
Fisher Scientific) and T-Bet-APC (4B10, eBioscience, Thermo Fisher Scientific).

Splenocytes from the adoptive transfer experiment were stained with CD4-BV510 (RM4-5, BioLegend,
USA), Thy1.1-PerCP-Cy5.5 (HIS51, eBioscience), Thyl.1-FITC (HIS51, eBioscience), LAG-3-APC (C9B7W,
eBioscience), CD49b-APC-Cy7 (DX5, Biolegend), PD-L1-BV650 (10F.9G2, Biolegend), CD11c-FITC (N418,
eBioscience), CD86-PE-Cy5 (GL1, eBioscience), and ViaKrome808 (Beckman Coulter, Indianapolis, IN,
USA) in FACS Buffer. After 30 min incubation at 4°C in the dark, cells were washed with PBS, and fixed
and permeabilized using the FoxP3 transcription factor staining set (eBioscience, San Diego, CA, USA).
Subsequently, cells were stained intracellularly according to the manufacturer’s instructions with
FoxP3-eFluor450 (FJK-16s, eBioscience, Thermo Fisher Scientific) and T-bet-APC (4B10, eBioscience).
Splenocytes from the curative arthritis study experiment were stained with a monoclonal antibody mix
of CD4-BV785 (RM4-5, BioLegend, USA) and CD25-PerCPCy5.5 (PC61.5, eBioscience, Thermo Fisher
Scientific, USA), and ViaKrome808 (Beckman Coulter, Indianapolis, IN, USA) in FACS Buffer. After 30 min
incubation at 4°C in the dark, cells were washed with PBS, and fixed and permeabilized using the FoxP3
transcription factor staining set (eBioscience, San Diego, CA, USA). Subsequently, cells were stained
intracellularly according to the manufacturer’s instructions with FoxP-eFluor450 (FJK-16s, eBioscience,
Thermo Fisher Scientific), RORyT-PE (AFKJS-9, eBioscience, Thermo Fisher Scientific), GATA-3-PE-Cy7
(TWAJ, eBioscience, Thermo Fisher Scientific) and T-Bet-APC (4B10, eBioscience, Thermo Fisher
Scientific). After 30 min incubation at 4°C in the dark, cells were washed and resuspended in 100 uL
PBS for measurement. To ensure correct analysis, relevant single-stain, and fluorescence minus one
(FMO) controls were used. Samples were measured on a Beckman Coulter Cytoflex LX at the Flow
Cytometry and Cell Sorting Facility located at the Faculty of Veterinary Medicine at Utrecht University.
The total measured volume was 85 uL per sample, at a measurement speed of 60 uL/min. Acquired
data were analyzed using FlowJo Software v.10.7 (FlowlJo LLC, Ashland, OR, USA).

Statistical analysis
Statistical analysis was performed in GraphPad Prism v.9.3.1. Details of the analyses are indicated in
the figure legends.
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Results

Table 1. Physicochemical characterization of Dex-loaded liposomes. The Z__size, polydispersity index (PDI), {-potential

and % antigen encapsulation in the liposomes.

Cargo z  (nm) PDI Z-potential (mV) | % LE®
Empty 191.2+6.3 0.11+ 0.03 -54.1+3.6 -

hPG 187.6£14.1 0.06 £ 0.03 -47.7+2.1 10.4+6.6
hPG,, 199.4£6.2 0.06 +0.02 -51.3+3.8 459+11.4
hPG,,-Dex 195.7+21.4 0.08 + 0.01 -549+54 46.5+10.8
OVA,,...-Dex 192.3+17.9 0.07 +£0.03 -52.0+29 49.6 +11.8

2 Z-average diameter (Zave), mean £SD, n = 3.

b

%LE (loading efficiency) was calculated as the total amount of peptide before extrusion/total amount of peptide after
purification * 100%.

Dex, free or encapsulated in liposomes, induces a tolerogenic phenotype in DCs in vitro

The arthritis-relevant MHC-Il autoantigen hPG and the ovalbumin-derived MHC-Il-restricted OVA
antigen were extended with a lysine tetramer to couple to Dex (forming hPG,,-Dex and OVA

323-339

323K4-Dex,

respectively). The antigens were encapsulated into anionic DSPG liposomes. The liposomes, with or
without antigen loading, were below 200 nm in size and had a negative surface charge. The LE of the
antigen-Dex complexes was between 46.5 and 49.6% (see Table 1). The addition of the lysine tetramer
enhanced the LE of the antigen from 10.4%, and of Dex from 0.02% (Figure S1).
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Figure 1. hPG -Dex, free or encapsulated in liposomes, induces a tolerogenic phenotype in Balb/cAnNCrl BMDCs and
human moDCs. Immature BMDCs cultured from the bone marrow of Balb/cAnNCrl mice or human moDCs cultured

from CD14* cells isolated from buffy coats of healthy donors were stimulated overnight with hPG, + LPS, hPG,,-Dex + LPS,
hPG,, Liposomes (Lip) + LPS, or hPG,,-Dex Lip + LPS. Relative expression of (A) IL1B and (B) IDO, normalized based on HPRT
expression and relative to the hPGK4 group, measured by gPCR. (C) IL-10 and (D) IL-12p70 concentration was measured in
supernatants of BMDCs (pg/mL) using ELISA. (E) %TLR2*, (F) %LAP*, (G) %CD86*, and (H) %CD40* in BMDCs, and (I) %CD86*
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Figure 2. Antigen-specific T cell skewing by hPG, ,-Dex liposomes in vitro and in vivo. Immature BMDCs cultured from the
bone marrow of Balb/cAnNCrl mice were stimulated overnight with hPG,, + LPS, hPG,-Dex + LPS, hPG,, Liposomes (Lip) +
LPS, or hPG, -Dex Lip + LPS. Cells were washed and CFSE-labelled CD4* T cells from hPG-TCR mice were co-incubated for

3 days with the BMDCs. (A) %CD25*Foxp3* (B) %CD49b*LAG-3*, and (C) %Tbet* cells of CFSE'CD4* T cells, measured by flow
cytometry, n = 3. Thy1.1 Balb/cAnNCrl mice were injected intramuscularly with hPG protein, followed intravenously with
500,000 Thy1.1* hPG-TCR CD4* T cells. This induces hPG-specific inflammatory responses and an expansion of the hPG-TCR
CD4' T cells. 1 day later, mice were injected intravenously with 1 nmol hPG,, or 1 nmol hPG,-Dex encapsulated in liposo-
mes. 3 days later, mice were sacrificed, and spleens were isolated for flow cytometry. (D) %CD25*Foxp3* (E)
%CD49b*LAG-3*, and (F) %Tbet* cells of Thy1.1*CD4* T cells, n = 6. Means (+ SD), * p < 0.05, ** p < 0.01, *** p <0.001,

*¥*** n <0.0001, as determined by one-way ANOVA and Tukey’s multiple comparisons test (in vitro) or Bonferroni’s
multiple comparisons test (in vivo).
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To evaluate the tolerance induction by free or encapsulated Dex, immature BMDCs were stimulated
overnight with LPS and either free or encapsulated hPG,, and hPG, -Dex. Gene expression of IL1B
was greatly reduced when BMDCs were incubated with hPG,-Dex, hPG,, liposomes, or hPG ,-Dex
encapsulated in liposomes compared to the hPG,, control (Figure 1A). Interestingly encapsulation in
liposomes seems to enhance the tolerogenic capacity of hPG,,-Dex, as evidenced by the increased
gene expression of IDO (Figure 1B), and the release of IL-10 (Figure 1C). Secretion of IL-12p70 was
also reduced in all groups compared to the positive control (Figure 1D). Dex, free or encapsulated,
increased the expression of Toll-like receptor 2 (TLR2) (Figure 1E, Figure S2A and S2B), and latency-
as-sociated protein (LAP, the membrane-bound form of TGF-B) (Figure 1F and Figure S2C). This
coincided with a reduction in the expression of costimulatory molecules CD86 and CD40 in BMDCs
and moDCs (Figure 1G and Figure S2D, Figure 1H and Figure S2E, Figure 11, and Figure 1J). We also
observed that Dex liposomes had more efficient uptake by BMDCs as compared to Dex-free liposomes,
possibly due to an increase in the phagocytic receptor MerTK (Figure S3).

Dex-linked hPG induces antigen-specific Tregs in vitro and in vivo

As shown above, hPG ,-Dex liposomes can induce phenotypical tolDCs with a cytokine secretion

and gene expression profile that is hypothesized to promote tolerance in T cells. Next, the effect of
these tolDCs on antigen-specific T cells was assessed in vitro and in vivo. Both free and encapsulated
hPG,,-Dex pulsed DCs increased antigen-specific CD25Foxp3* Tregs. hPG,, liposomes without Dex also
increase Tregs (Figure 2A). Only encapsulated Dex increased CD49b*LAG-3* Trl cells (Figure 2B). Both
free and encapsulated Dex decreased antigen-specific T-bet* Th1 cells, although free Dex was more
potent than encapsulated Dex. Dex-free liposomes also reduced Th1 cells (Figure 2C). In a naive
adoptive transfer model, OVA__ ,-Dex liposomes were able to expand antigen-specific CD25*Foxp3*
Tregs (Figure S4). In an inflammatory in vivo adoptive transfer model, intravenous injection of hPG,,
liposomes induced antigen-specific CD25'Foxp3* Tregs, while hPG, -Dex liposomes could not skew the
CD4* T cell response towards CD25*Foxp3* Tregs in the pro-inflammatory environment (Figure 2D). The
hPG,,-Dex liposomes did greatly enhance antigen-specific CD49b*LAG-3* Tr1 cells (Figure 2E) compared
to free antigen. Thet* Th1 cell levels also seemed enhanced in the mice receiving hPG,,-Dex liposomes,
albeit non-specifically (Figure 2F). This shows that hPG,,-Dex liposomes can induce strong Trl
responses, even in an inflammatory environment, which is hypothesized to be necessary for
suppressing the responses in an arthritis model.

Arthritis development in mice is inhibited by hPG,-Dex liposomes

Based on the results, we hypothesized that the hPG,,-Dex liposomes would give the best protection in
a model of arthritis. To assess the pre-clinical efficacy of the hPG,,-Dex liposomes we employed

the PGIA mouse model. First, we performed a preventative study, whereby mice were injected
intravenously with PBS, 1 x 10° hPG,-Dex tolDCs (equivalent to 20 nmol of hPG,,-Dex), or hPG,,-Dex
liposomes (2 nmol of hPG,,-Dex) before they had developed arthritis (Figure 3A). Mice that were
treated with hPG,,-Dex liposomes developed significantly less arthritis compared to the PBS and

even the hPG-Dex-pulsed tolDC-treated mice, as shown by a lower arthritis score (Figure 3A).

Furthermore, while 100% of mice in the PBS group had developed arthritis (score of 2 or higher),
75% and 27% of mice in the hPG, -Dex-pulsed toIDC and hPG, -Dex liposomes groups, respectively,
developed arthritis (Table S1). Next, we wanted to see whether the hPG, -Dex liposomes could halt
the progression of arthritis in mice that had ongoing inflammation (Figure 3B). In this model, we
observed that they could indeed stabilize arthritis in mice, compared to PBS and compared to OVA
Dex liposomes (Figure 3B). 100% of mice in the PBS and OVA

323K4”

s23a-D€X liposomes groups had increased
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arthritis scores compared to the day of the first injection, while 33% of mice treated with hPG,,-Dex
liposomes overall had lower amounts of anti-hPG IgG1 compared to the other groups, but not 1gG2a
(Figure 3C and D). compared to the start (Table S1). Anti-hPG IgG1 and IgG2a were measured in the
serum of mice after sacrifice. Mice that received hPG,,-Dex liposomes had a lower score at the end of
the exberiment.
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Figure 3. hPG**-Dex Liposomes inhibit the development of arthritis in mice. Female Balb/cAnNCrl mice were injected i.p.
on days 0 and 21 with a mixture of 2 mg DDA and 250 pg human proteoglycan to induce arthritis. (A) In the preventative
model mice were treated on day 17 via intravenous injection of PBS, hPGKA-Dex tolDCs (20 nmol hPGKA-Dex), or hPGKA-Dex
liposomes (2 nmol hPG, -Dex). (B) In the curative model, mice were enrolled after arthritis was established based on
visual scoring and treated on days 0 and 7 after arthritis induction via intravenous injection of PBS, hPG,,-Dex liposomes
(2 nmol hPG ,-Dex), or OVA,,. . -Dex). Means + SEM, * p < 0.05, ** p < 0.01, *** p < 0.001,
**%* p < 0.0001 compared to PBS group, and " p < 0.05, "' p < 0.01 compared to hPG,,-Dex tolDCs, and ## p < 0.01

-Dex liposomes (2 nmol OVA_,_ .

compared to OVA_ . -Dex liposomes as determined by two-way ANOVA and Bonferroni’s multiple comparisons test.

323K4
(C) Anti-hPG 1gG1 and (D) IgG2a antibodies were measured in the serum of mice 25 days after the first injection of the
treatment by ELISA. OD values per plate were normalized based on a calibration curve. The serum dilutions are shown

P

on the x-axis. Means+ SD, " p < 0.05, p < 0.0001, as determined by one-way ANOVA and Bonferroni’s multiple

comparisons tests.
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Further analysis of the spleens of mice sacrificed on day 25 after the first injection of liposomes or
control revealed that, in the mice that received the hPG,  -Dex liposomes, the %CD11c*CD86" DCs were
reduced compared to the other groups (Figure 4A), while PD-L1 was unchanged (Figure 4B). This coin-
cided with an increase in CD25*Foxp3* and PD-1* regulatory T cells (Figure 4C and 4D) within the CD4*
T cell population (Figure S5). RORyT* and Thet* populations were unchanged (Figure 4E and 4F).
Interestingly, in the paws of mice, we observed a non-significant reduction in MPO and IL1B (Figure 4G

and H) while the expression of IL10 was enhanced (Figure 4I).
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Figure 4. hPG,-Dex liposomes enhance tolerogenic responses in arthritic mice. Female Balb/cAnNCrl mice were injected
i.p. on days 0 and 21 with a mixture of 2 mg DDA and 250 ug human proteoglycan to induce arthritis. Mice were enrolled
after arthritis was established and treated on days 0 and 7 via intravenous injection of PBS, hPG, -Dex liposomes (2 nmol
hPG,,-Dex), or OVA,, -Dex liposomes (2 nmol OVA,,. -Dex). Mice were sacrificed on day 25 and organs were isolated for
analysis. (A) CD11c¢*CD86" DCs, (B) CD11c*PD-L1*DCs, (C) CD4*PD-1*T cells, (D) CD4*CD25*Foxp3* Tregs, (E) CD4*RORyT*
Th17, and (F) CD4*Tbet* Th1 cells, % of all live cells in the spleen, measured by flow cytometry. (G) MPO, (H) IL1B, and (l)
IL10 expression in the paws of mice, normalized based on HPRT expression using the Pfaffl method, measured by gPCR.
Means *SD, " p < 0.05, " p<0.01, """ p < 0.0001 as determined by one-way ANOVA and Bonferroni’s multiple comparisons
test.
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Discussion

Restoring immune tolerance is essential for the treatment of autoimmune and chronic inflammatory
diseases. Current clinical trials are making use of DCs pulsed with immunomodulators and
disease-relevant antigens to achieve this®*?2, Despite encouraging results, the production of these
tolDCs requires specialized research centers and is costly, making them less accessible to the large
groups of patients that need treatment. Accordingly, there’s a need for a strategy that overcomes these
limitations. Nanoparticles, including liposomes, are promising drug-delivery vehicles that can surpass
the need for ex vivo culturing of tolDCs*%¢, Here, we prepared anionic DSPG-containing liposomes for
the delivery of novel antigen-Dex conjugates to induce antigen-specific immune tolerance in vitro, in
vivo, and in a pre-clinical model for RA. Dex was chosen because of its potent immune-suppressing
properties and proven ability to induce tolDCs3*-%. However, it is known that Dex can induce side
effects, especially at high doses*. Therefore, we coupled Dex to our antigens of interest with the aim
of preventing the uptake of Dex by APCs in a non-antigen-specific context, thereby minimizing non-an-
tigen-specific effects. In addition, we hypothesized that the liposomes facilitated more efficient uptake
of antigen-Dex conjugates by APCs than free antigen-Dex conjugates, allowing us to greatly reduce the
required dose, further minimizing side effects. To optimize the liposomal preparation, we reasoned
that adding lysine tetramer to antigen-Dex conjugates could enable electrostatic complexation with
DSPG, which resulted in a marked enhancement of LE (Figure S1).

BMDCs and moDCs exhibit a tolerogenic phenotype upon stimulation with free hPG,,-Dex (Figure 1).
This is in line with previous research showing the effect of Dex on DCs, using similar assays and Dex
concentrations**#*, This indicates that the linking of Dex to an antigen does not hinder the functionality
of Dex. Encapsulation of hPG,,-Dex into liposomes crucially does not impede the immunomodulatory
effects of Dex (Figure 1 and Figure 2). On the contrary, stimulation of DCs with hPG,,-Dex liposomes
increased gene expression of IDO (Figure 1B), the release of IL-10 (Figure 1C), and protein

expression of LAP (Figure 1F) compared to free hPG,,-Dex. Dex is a GR ligand that must cross the

host cell membrane and bind to GRs present in the cell cytoplasm in order to exert its effects®>.
Accordingly, enhanced intracellular delivery of Dex by liposomes could increase interactions with

GRs, possibly explaining the enhanced effects observed after hPG,,-Dex liposome treatment. The
DSPG-liposomes themselves have tolerogenic properties, as we have shown before?, but the addition

of Dex enhanced some of these effects (Figure 1). Dex stimulates uptake of liposomes, possibly due
to an increase in the phagocytic receptor MerTK (Figure S3). This increased uptake of the inherently
tolerogenic liposomes, together with the tolerogenic properties of Dex, could explain why the
Dex-containing liposomes show a more favorable tolDC phenotype.

Our studies using TCR-specific transgenic CD4* T cells indicate that the coupling of Dex to an antigen

via the lysine tetramer does not prevent MHC presentation by DCs and subsequent TCR recognition by
antigen-specific T cells as we observe potent T cell responses. The most striking result is that hPG, ,-Dex
liposome-treated BMDCs increase CD49b*LAG-3* Trl numbers in in vitro co-culture experiments (Figure
2B), while free Dex and liposomes without Dex do not induce Tr1 cells. In a naive adoptive transfer
model, OVA,,. -Dex liposomes were able to expand antigen-specific CD25*Foxp3* Tregs to the same
extent as free OVA,__ -Dex (Figure 54), albeit at a much lower dose (1 nmol vs 85 nmol). Kim et al.
reported that poly (lactic-co-glycolic acid) (PLGA)-nanoparticles co-encapsulating OVA and Dex, using

a comparable dose of Dex (administered orally) as described in this paper, resulted in antigen-specific
Treg induction compared to nanoparticles with OVA alone in an adoptive transfer model*. In an inflam-
matory adoptive transfer model, hPG, ,-Dex liposome induced antigen-specific CD49b*LAG-3* Tr1 cells
(Figure 3E). Antigen-specific CD25*Foxp3* Tregs were increased in the inflammatory adoptive transfer
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model in mice that received hPG,, liposomes, but not hPG,,-Dex liposomes (Figure 3D). This indicates
that, in an inflammatory environment, the hPG, ,-Dex liposomes lose the ability to induce or maintain
antigen-specific Tregs, while they can still enhance Tr1 cells. This difference between the skewing of
T cell subsets between Dex-free and Dex-liposomes could be explained by the fact that the Dex
liposomes inhibited costimulatory molecules in DCs*, and increased IL-10, LAP*, IDO***°, and TLR2°%%2
compared to Dex-free liposomes (Figure 1). Furthermore, Dex has previously been shown to
upregulate glucocorticoid-induced tumor necrosis factor-receptor family-related gene (GITR)
expression in a variety of T cells®3, and the interaction between GITR and its ligand (GITRL) has been
previously shown to be responsible for an increase in Trl cells®. However, it should be stated that the
consequences of GITR activation are complex and can be dependent on the activation state of T cells
and the host environment.

Since the hPG, -Dex liposomes induced potent Trl responses, and these responses are important for
protection against arthritis®?, we decided to test these liposomes in a murine PGIA disease model for
arthritis. hPG,-Dex liposomes significantly reduced arthritis development compared to mice that
received hPG,,-Dex tolDCs or PBS (Figure 3A). It should be stated that antigen-loaded
dexamethasone-induced tolDCs are a potent therapy against rheumatoid arthritis, and the lack of
effect in the current study is likely due to the suboptimal dose of hPG, ,-Dex'***. More importantly,
the liposomes could prevent the further progression of arthritis in mice that had established

diseases (Figure 3B). The lack of arthritis development in mice that received hPG, -Dex liposomes is
more pronounced than in previous research using arthritis-related agent-pulsed tolDC therapy in a
mouse model”, It was previously shown in an experimental autoimmune encephalomyelitis (EAE)
model that co-encapsulation of MOG with Dex in Dextran nanoparticles was essential to treat disease;
MOG + Dex nanoparticles performed significantly better than PBS, empty nanoparticles, Dex
nanoparticles, MOG nanoparticles, or free Dex + MOG3!. Mechanistically, we show that mice treated
with hPG, -Dex liposomes had a significantly lower proportion of %CD11c*CD86" DCs compared to
the PBS group (Figure 4A). At the same time, there was a greater amount of CD4*CD25*Foxp3* and
CD4*PD-1*T cells in the spleens of these mice (Figure 4C and D). This suggests that there were some
long-lasting systemic effects of the therapy. However, it is unknown whether these cells contributed
to protection against arthritis or are the result of reduced inflammation in mice. The effect does seem
to be antigen-specific since it was not observed in the mice receiving OVA___ -Dex liposomes. Further
studies should be performed to unravel this. Nguyen et al. also observed a decrease in CD86* APCs and
an increase in Foxp3*CD4* T cells in the spleens of mice after nanoparticle treatment, which coincided
with protection against EAE®®. Interestingly, we saw a significant increase in the expression of IL10 in
the paws of mice treated with hPG,-Dex liposomes (Figure 4J), which likely explains why these mice
had a lower arthritis score than controls®".

Liposomes have been used as delivery vehicles to target Dex towards the inflamed joints, thereby
reducing arthritis symptoms through the broad inflammation-inhibiting properties of Dex. To test the
antigen-specificity of our treatment, and the effect of delivering liposomal Dex in arthritis mice, we
treated mice with OVA__ ,-Dex liposomes, OVA,,, being a disease-irrelevant MHC-Il antigen. We
observed no changes in any assays between OVA___ |
4). This was expected, since to obtain an accumulation of liposomes in inflamed joints through the
leaky vasculature that is associated with inflammation®?, it is necessary to functionalize the liposomes
through e.g., PEGylation®, peptides®, or other small molecules®? on the surface of the liposomes.
Furthermore, the dose of Dex reported in studies that deliver Dex to the site of inflammation via

nanoparticles is 5 to 30 times higher than the dose used in this study (0.1-1.2 mg/kg vs 0.02 mg/kg),

-Dex liposomes compared to PBS (Figure 3 and
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and often requires more than 2 injections. Therefore, we can conclude that the observed effect in our
study is not due to the accumulation of Dex liposomes in the joints that affect the inflamed tissue, but
rather due to antigen-specific skewing of T cells toward protective responses against arthritis.

Since the hPG_,-Dex conjugates are amphipathic molecules, they could potentially self-assemble into
micelles or nanoparticles during the fabrication process of the liposomes. During the formulation and
characterization process, we did not observe such particles forming, most likely due to the low
concentration of hPG, ,-Dex conjugates used, although we do not know what the critical micellar
concentration of the conjugates is. Further studies are required to assure that the purification through
ultracentrifugation would eliminate the self-assembled particles and their potential in vivo effects.

More research is required for translation to human studies. However, the liposomes are similar to

a formulation that is already approved in humans®® and dexamethasone is a commonly prescribed
drug®. Furthermore, we propose that the liposomes result in a large dose-reduction of
dexamethasone, which would suggest that the therapy is safe to use in humans. The antigen chosen in
this study was hPG since it is used to induce arthritis in the mouse model, however, in human patients,
we would likely require a different antigen, such as (citrullinated) peptides derived from fibrinogen,
vimentin and collagen, or heat shock protein (HSP)70%. The only clinical trial carried out so far with a
similar treatment strategy for rheumatoid arthritis showed that the liposomes were well-tolerated and
induced T cells with tolerogenic TCR signaling and exhaustion profiles®®.

The liposomes in combination with our novel antigen-Dex conjugates provide a promising strategy to
inhibit arthritis development. The results presented here highlight the therapeutic potential of
antigen-Dex-loaded DSPG-containing liposomes in immune therapy against autoimmune diseases.
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Supplementary Materials & Methods

Mice for adoptive transfer assay using liposome-encapsulated OVA_,_ -Dex

8-week old female C57BL/6-Ly5.1 and C57BL/6-Tg(TcraTcrb)425Cbn/Crl (OTII) mice used for adoptive
transfer experiments were purchased from Charles River laboratories.

Adoptive transfer in vivo using liposome-encapsulated OVA ex

-D
323K4
CD4* T cells were purified from OT-1I transgenic mice using a CD4* T cell enrichment kit according to the
manufacturer’s instructions (Miltenyi, Netherlands). On day -1, all CD45.1* Ly5.1 mice received 500,000
CD4* T cells intravenously via the tail vein. On day 0, mice were immunized subcutaneously by injection
into the left and right flanks (50 pL each side) of 85 nmol OVA_,_ ., 85 nmol OVA__ .-Dex, or 1 nmol
OVA__ . -Dex encapsulated in liposomes. Seven days after immunization, mice were sacrificed and

323K4
spleens were removed and processed as described above. For FACS analysis, 2 x 10° splenocytes were
plated out in 96-well U-bottom plates. Cells were blocked for 15 min with Fc Block (2.4G2, in-house
produced). CD4* T cells were stained with a monoclonal antibody mix of CD4-BV785 (RM4-5,
BioLegend, USA), CD45.2-PerCP-Cy5.5 (104, eBioscience), and CD25-BV650 (PC61, Biolegend), and
ViaKrome808 (Beckman Coulter, Indianapolis, IN, USA) in FACS Buffer (1X PBS supplemented with 2%
FCS and 2 mM EDTA). After 30 min incubation at 4°C in the dark, cells were washed with PBS, and
fixed and permeabilized using the FoxP3 transcription factor staining set (eBioscience, San Diego, CA,
USA). Subsequently, cells were stained intracellularly according to the manufacturer’s instructions with
FoxP-eFluord50 (FJK-16s, eBioscience, Thermo Fisher Scientific). Finally, cells were washed and
resuspended in 100 pL PBS for measurement. To ensure correct analysis, relevant single-stain, and
fluorescence minus one (FMO) controls were used. Samples were measured on a Beckman Coulter
Cytoflex LX at the Flow Cytometry and Cell Sorting Facility at the Faculty of Veterinary Medicine at
Utrecht University. Acquired data were analyzed using FlowlJo Software v.10.7 (FlowJo LLC, Ashland,
OR, USA).
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Supplementary Results

g0 hPG+Dex hPG-Dex Figure S1. hPG,-Dex conjugates increase the encapsulation of hPG and
. co-encapsulated - conjugate Dex. Liposomes were prepared as described above, either with hPG,-Dex
conjugates, or the equivalent amount of free hPG and free Dex.
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Figure S2. Gating strategy and representative flow cytometry histograms of BMDCs incubated with LPS and hPG,,,
hPG, -Dex, hPG,, liposomes or hPG, -Dex liposomes. (A) Cells were gated based on forward and side scatter, single cells
were selected based on forward scatter area and height, live cells were selected based on the staining of Viakrome, and
DCs were selected based on the expression of CD11c. Representative histograms of (B) TLR2, (C) LAP, (D) CD86, and (E)

CDA40 staining, including fluorescence minus one (FMO) controls. fluorescence minus one (FMO) controls.
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Figure S3. Dexamethasone increases the uptake of liposomes by BMDCs. (A) Liposomes were prepared as described

above, with the addition of 0.02 mol% 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine. Immature BMDCs were

stimulated overnight with LPS and fluorescently labelled hPG,, Liposomes (Lip) or hPG,,-Dex Lip. The % of CD11c" that
were positive for the fluorescent label in the liposomes was measured using flow cytometry. (B) Immature BMDCs were 4
stimulated overnight with LPS and hPGKA, hPGKA-Dex, hPGKA Lip, or hPGKA-Dex Lip. %MerTK of live CD11c* cells were

measured using flow cytometry. Means + SD **** p < 0.0001 as determined by t-test or one-way ANOVA and Tukey’s

multiple comparisons test.

Figure S4. Free and encapsulated OVA__ -Dex induces antigen-specific

323K4

CD25*FoxP3* Tregs in vivo. CD45.1* BI6 mice were injected intravenously with
500,000 OT-1l CD45.2*CD4* T cells. 1 day later, mice were injected subcutaneously
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Figure S5. Gating strategy for CD4* T cells in the spleens of mice with PGIA. Fixed and permeabilized cells were gated on

forward side scatter, single cells were selected based on forward scatter area and height, live cells were selected based on

the staining of Viakrome, and CD4* T cells were selected based on the expression of CD4.

Table S1. Additional data PGIA mouse studies

Preventative study PBS hPG,-Dex Lip hPG,,-Dex tolDCs
% Mice with arthritis® 100 27 75

Day of onset 35+7 47 +9 339

AUC arthritis score 143.7 £ 114.9 1.1+£23 106.8 +110.4
Curative study PBS hPG,-Dex Lip OVA, -Dex Lip

A Arthritis score vs day of treatment® 6.7+3.3 1.8+3.0 5.1+2.0

% Mice with improved arthritis® 0 33 0

AUC arthritis score 90.8 £50.4 32.3+£28.0 74.5£57.5

All data shown as mean or mean * SD.
2at the end of the study.
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CRISPR-Cas9 technology is considered one of the most promising gene editing tools currently available
for application as therapy for several genetic disorders, as the technique allows for introducing specific
double-stranded breaks at targeted sites within the genome. However, the bacterial origin of SpCas9
may hinder the efficiency in patients since pre-existing immunity towards the SpCas9 protein could
result in the systemic clearance of the complex resulting in subsequent elimination of its gene editing
features or clearance of cells modified with the CRISPR-Cas9 components. To avoid such adaptive
immune responses against SpCas9 protein, it is vital to induce tolerance towards the bacterial
components. To achieve this, anionic DPPC:DPPG:Cholesterol liposomes were formulated for the
co-delivery of the SpCas9 protein alongside the immunomodulator prodrug dexamethasone disodium
phosphate (DexPhos). Immunomodulators, such as DexPhos, induce a tolerogenic state in dendritic
cells. Tolerogenic dendritic cells play a major role in the establishment of T cell tolerance by e.g.

T cell anergy and stimulation of suppressive regulatory T cells. In vitro, we show that our DexPhos
liposomes are efficiently taken up by DCs, leading to a tolerogenic phenotype, also when
co-encapsulating SpCas9. In vivo, these DexPhos-SpCas9 liposomes migrate to the spleen and

liver and can slightly decrease the formation of SpCas9-specific antibodies.
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Clustered Regularly Interspaced Palindromic Sequences (CRISPR)-Cas9 is a bacterial defense
mechanism that has been reprogrammed as a tool for specific gene editing and correction. The
CRISPR-Cas9 system is a complex between an endonuclease and a short synthetic guide RNA, which
directs the protein to a specific location within the DNA where it introduces a double-strand break?.
Subsequent DNA-repair mechanisms can repair the double-strand breaks by various mechanisms,
amongst them homology-directed repair where disrupted genes can be specifically repaired in the
presence of a homologous DNA template?. Therefore, ongoing efforts are investigating how to deliver
the CRISPR-Cas9 components using non-viral particles such as exosomes or lipid nanoparticles for
clinical application in vivo®>.

A major drawback is, however, that the CRISPR-Cas9 components originate from bacteria. The Cas9
protein ortholog, SpCas9, originates from S. pyogenes which is a known human commensal that can
also be pathogenic. Therefore, due to the abundance of bacteria within the human population, such
as S.pyogenes, it has been reported that humans are routinely exposed to SpCas9 and have generated
SpCas9-specific antibodies. Charlesworth et al. and Simhadri et al. reported seropositivity for SpCas9
and another ortholog, SaCas9 from S. aureus®’. While direct delivery via non-viral vectors such as lipid
nanoparticles can overcome the risk of neutralizing antibodies to SpCas9, the additional finding of
pre-existing effector T cells specific for SpCas9 is cause for more concern. The presence of the nuclease
in correctly targeted cells would be expected to result in presentation on major histocompatibility
complex (MHC) molecules, specifically MHC-I, potentially attracting the attention of cytotoxic T cells®2.
Therefore, the presence of preexisting immunity may counteract the efficacious use of CRISPR-Cas9 or
cause systemic inflammatory reactions when treating patients with the CRISPR-Cas9 system. Hence,
an approach to overcome neutralization or clearance of CRISPR-Cas9 is to exploit the principles of
immune tolerance and actively accommodate the foreign gene editing components®,

Dendritic cells (DCs) are antigen-presenting cells (APCs) with a variety of functions in the immune
system, both adaptive and innate immune responses, and are pivotal regulators of immunity as well
as tolerance!**2, The function of DCs is dependent on their maturation stage and subtype?®. DCs can
be converted to a tolerogenic state using dexamethasone disodium phosphate (DexPhos), a prodrug
of the immunomodulator and anti-inflammatory drug dexamethasone!“. Tolerogenic DCs (tolDCs) are
characterized by a semi-mature state with reduced expression of MHCII, CD40 and CD86, decreased
secretion of inflammatory cytokines such as IL-1, IL-6, and IFN-y and instead an increased release of
anti-inflammatory cytokines such as IL-10 and transforming growth factor B (TGF-B) in comparison to
their mature state®. Due to this change in DC state, these cells can present antigens whilst inducing
regulatory T cells (Tregs) and inhibiting the proliferation of effector T cells!**'”. Tregs can be subdivided
into different subtypes, including the conventional CD4*CD25*FoxP3* Tregs and
CD4*Foxp3-CD49b*Lag3* Type 1 Regulatory cells (Trls).

To utilize immunomodaulators for induction of specific tolerance towards biologic drugs or self-antigens,
ongoing efforts focus on polymeric or lipid nanoparticles as tolerogenic nanoparticles (tolNP)*#-20,

Kim et al. report that poly(lactic-co-glycolic-acid) polymeric particles co-delivering dexamethasone

and ovalbumin protein result in suppression of Ova-specific IgG and cytotoxic T cells, while Tregs

were induced?. Liposomes entrapping rapamycin with CD22-ligand and ovalbumin conjugated to
PEGylated lipid-reduced antibodies targeting ovalbumin in vivo after intravenous injections?2.
Furthermore, liposomes have been reported to be delivered to the liver and spleen in vivo, key

organs in immune responses and tolerance?.
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However, to our knowledge no studies have yet investigated using toINP as adjunctive therapy for
gene therapy with CRISPR-Cas9.

In this study, we therefore hypothesize that DPPC:DPPG:cholesterol liposomes encapsulating the
SpCas9 protein and DexPhos is a potent delivery system for induction of SpCas9 tolerance in vivo.
We investigate the physical characteristics and stability of the liposomes and study the induction of
tolerance both in vitro and in vivo.
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All reagents and chemicals used in this study were acquired from Sigma-Aldrich (Zwijndrecht, The
Netherlands) unless mentioned differently. sgRNA (sequence: 5'-GCUGAAGCACUGCACGCCGU-3’) was
purchased from Sigma-Aldrich (Haverhill, UK). The lipids 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’- rac-glycerol) (sodium salt) (DPPG) were
acquired from Lipoid (Steinhausen, Switzerland. 1,10-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl)
(2-hydroxydodecyl)amino)ethyl) piperazine-1-yl)ethyl)azanediyl) bis(dodecane-2-ol) (C12-200) was
bought from CordonPharma (Plankstadt, Germany), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) from Lipoid, Cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethyleneglycol-2000
(PEG-DMG) from Sigma-Aldrich and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) from Merck
(Darmstadt, Germany).

Liposomes were produced via the thin film lipid hydration method. DPPC, DPPG, and cholesterol were
weighed and dissolved at a molar ratio of 47.4/0.6/52 and a final total molar concentration of 50

mM in 3 mL chloroform:methanol (v/v 9:1). The lipid film was obtained by evaporation of the organic
solvents at full rotation speed and 60 °C for 5 minutes with a rotavapor and then dried further under
mild nitrogen flow for 10 minutes. Afterwards, the lipid film was rehydrated with 500 pl of 50 mg/mL
dexamethasone phosphate (DexPhos; Duchefa Biochemie, Haarlem, The Netherlands) resuspended in
formulation buffer (5 mM HEPES, 15 mM NaCl, 5% w/v d-Glucose, pH 7.4 ) while rotating at 60 °C for
15 minutes. In the case of formulating empty liposomes or only loading with SpCas9, the lipid film was
rehydrated with 500 pl formulation buffer solely. Subsequently, the liposomes were extruded with the
mini hand extruder (Avanti Polar Lipids, Inc, Alabaster, AL, USA) at 60 °C through two drain disks
(Whatman 10MM PE 230300) and two 200 nm membranes (Whatman Nucleopore Track-Etch
Membrane PC MB 19MM 0.2um) 15 times. To encapsulate SpCas9 protein (recombinantly produced
in Clearcoli in-house) 3.6 mg/ml SpCas9 was added to the formulation (v/v 1:9) and then freeze-
thawed three times?*. Finally, the formulation was ultracentrifuged twice at 40,000 rpm and 4 °C
using a Beckman Coulter Optima L-90K Ultracentrifuge with a 70.1Ti rotor to remove any free
dexamethasone phosphate or SpCas9. The liposome pellet was resuspended in 500 uL of formulation
buffer and stored at 4 °C.

To follow the biodistribution of tolerogenic liposomes in vitro and in vivo, empty liposomes were
formulated as described above. However, before making the lipid film 1,1’-Dioctadecyl-3,3,3’,3’-Tetra-
methylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD) (Invitrogen Thermo Fischer Scientific)
was added to the lipids dissolved in chloroform:MeOH at a mol% of 0.02 of the total lipids, resulting in
a final molar concentration of 0.01 mM.

For the formulation of liposomes for in vivo studies, a commercially available endotoxin-free SpCas9,
Alt-R SpCas9 nuclease V3 (IDT-DNA, Leuven, Belgium) was used. Additionally, a formulation
encapsulating DexPhos and ovalbumin (v/v 1:9 ovalbumin:lipids) instead of SpCas9 were formulated.
Each formulation was diluted 16.6 times to maintain < 1.44 mg total lipids (tolerated amount
determined from previous intravenous injections in mice at animal facility in Utrecht) for safety
precautions when injecting in mice.
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Lipid nanoparticles (LNPs) complexating SpCas9-RNP were formulated as previously described?*.
Briefly, RNP complexation occurred in a 1:1 ratio of sgRNA to SpCas9 in nuclease-free water and
incubated for 15 minutes at RT. Meanwhile, a lipid mixture of 40x more total lipid weight than sgRNA
with the following lipids was prepared: C12-200, DOPE, cholesterol, PEG-DMG, and DOTAP (molar
ratio: 35:16:46.5:2.5:0.25). Then, the RNP was mixed in a volume ratio of 3:1 with the lipid mixture and
incubated for 15 minutes at RT. LNPs were formulated to ensure a final amount of 2 pug of SpCas9 in
200 pl LNPs.

For the determination of the average size and polydispersity index (PDI) of the nanoparticles dynamic
light scattering on a Zetasizer nano-s (Malvern ALV CGS-3, Malvern, UK) was used. To determine the
{-potential, the formulations were diluted 1:100 in 10 mM HEPES buffer pH 7.4 and measured using a
dip cell cuvette on the zetasizer nano-z (Malvern ALV CGS-3).

Encapsulation of DexPhos in DPPC:DPPG:cholesterol liposomes was determined via reversed-phase
high-performance liquid chromatography (HPLC) analysis. Samples were run over an XBridge protein
BEH C4 300 A column (3.5 pm, 4.6 mm X 150 mm, serial no 0166312161884, Waters Alliance e2695,
Milford, MA, USA) attached to an XBridge protein BEH C4 300 A sentry guard cartridge (Waters
Alliance, 3.5 um, 4.6 mm X 20 mm, 2/pk) and with a linear acetonitrile gradient from 5% to 100% in

5 min and back again in 1 min. Starting conditions were then equilibrated for another 4 minutes before
injection of the next sample. The mobile phase additionally contained 0.1% trifluoroacetic acid. UV-Vis
detection was set to 214 and 280 nm (2pts/s). Before injection samples were treated with 1% triton
X-100 and injected with a volume of 50 pl at a flow rate of 1 ml/min. A calibration curve of
dexamethasone phosphate diluted to a concentration range of 0-400 pg/ml in formulation buffer was
prepared to determine the concentration of encapsulated DexPhos. Encapsulation efficiency was then
determined by dividing the concentration of encapsulated DexPhos in ultracentrifuged

liposomes by the concentration of the total amount of DexPhos in non-ultracentrifuged liposomes via
the EMPOWER software. Verification of encapsulation of SpCas9 in lipid nanoparticles complexating
the SpCas9-RNP was performed as above with slight differences and described in a previous
publication?*. Briefly, SpCas9-RNP loaded LNPs were injected onto the same column and same

mobile phase as above. However, detection was with fluorescence signal and the detector was set at
excitation 280 nm, emission 350 nm. Prior to injection were treated with 2% triton X-100. Entrapment
of SpCas9 in LNPs was calculated by dividing the concentration of encapsulated SpCas9 in dialyzed
(MWCO 300kDa) LNPs by the concentration of total amount of SpCas9 in non-dialyzed LNPs.

For Cryo-TEM imaging, 10 pul of nanoparticles in suspension were added to freshly glow-discharged
Quantifoils and incubated for at least 10 minutes in a humidified environment and then vitrified using
an FEI Mark IV Vitrobot (Fei, Hillsboro OR, USA). After vitrification samples were stored in liquid
nitrogen until imaging. Samples were imaged on an FEIl Tecnai G2 20 TWIN 200kV transmission
electron microscope. Vitrified Quantifoils were loaded in a Gatan 70° tilt cryo-transfer system which
was pre-cooled using liquid nitrogen and inserted in the microscope. Samples were imaged at a
magnification of 29k and images were acquired by the bottom-mounted FEI High-Sensitive (HS)

4k x 4k Eagle CCD Camera System.
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Liposomes encapsulating dexamethasone phosphate and SpCas9 protein were formulated as described
above. The formulation was stored in aliquots of 50 pl in the fridge at 4 °C or in an incubator at 37 °C
for different time points (0, 1h, 4h, 7h, 24h, 48h, 120h, 168h, 240h, 336h, 504h, 672h). Per timepoint,
2 aliquots were assigned at both 4 °C and 37 °C. At each given time, one of the aliquots was diluted in
formulation buffer to a final volume of 12 ml and ultracentrifuged for 1 hour at 40,000 x g at 4 °C.

The supernatant was removed and the liposome pellet was resuspended overnight in 50 pl of fresh
formulation buffer. Resuspended samples were then stored in the fridge until all time points were
collected. Subsequently, the samples were treated with a volume ratio 10% triton-X100 (v/v 10:1).

In parallel, the other aliquot was not ultracentrifuged and instead immediately treated with 10%
triton-X100 (v/v 10:1) as a control for the total amount of DexPhos (released and still entrapped). All
samples were analyzed with reversed-phase high-performance liquid chromatography as described
above. Afterwards, the peak area of the DexPhos peaks on the chromatograms was integrated into the
EMPOWER software and a release ratio was calculated by dividing the peak area of samples that were
centrifuged (equivalent to entrapped DexPhos) by the mean peak area of non-centrifugated samples of
all timepoints (equivalent to total DexPhos).

A(DexPhos),
A(mean((total DexPhos)(,, ,.)))

release ratio =

DexPhos = entrapped DexPhos (centrifuged sample)
Total DexPhos = non-centrifuged sample

t = timepoint x

t,=0hours

t, =672 hours

Wildtype Balbc/cANCrl mice (female) at 8 weeks old were purchased from Charles River laboratories
for use in in vitro bone marrow-derived dendritic cell cultures. For the in vivo study, 18 Balb/cAnNCrl
mice were purchased from Charles River Laboratory to be 6 weeks old at the start of the study. Mice
were given one week of acclimatization and housed under standard conditions at the animal facility
facility (standard chow and water ad libitum). Mice were randomized into experimental groups based
on weight using RandoMice. All experiments were approved by the Animal Experiment Committee of
Utrecht University (AVD10800202115687 in vitro (experiments) & AVD10800202115026 in vivo
(experiments)). Humane end points considered for immediate euthanasia were: no food intake for
24 hours (result in 10% weight loss), stop of normal activity or inability to stand up or walk, and clear
evidence of discomfort such as piloerection.

Murine femurs and tibias were flushed with a 21G needle. Bone marrow was homogenized and seeded
in 6-well plates at a cell density of 450,000 cells/mL in 2 mL IMDM (Gibco, Thermo Fisher Scientific,
Landsmeer, The Netherlands), supplemented with 10% FCS (Bodinco, Alkmaar, The Netherlands),

100 units/mL of penicillin (Gibco, ThermoFisher Scientific) 100 pug/mL of streptomycin (Gibco, Thermo-
Fisher Scientific and 0.5 uM B-mercaptoethanol (Gibco, ThermoFisher Scientific). Cells were cultured at
37°Cand 5% CO2 in the presence of 20 ng/mL of granulocyte-macrophage colony-stimulating factor
(GM-CSF, in-house produced) for 7 days. On the second day, 2 mL of complete IMDM and 20ng/mL
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GM-CSF were added to the wells. Extra GM-CSF (20ng/mL) was supplemented on day 5. Cells were
matured by 10 ng/mL lipopolysaccharide (LPS, 0111:B4) and simultaneously treated with 1uM free
Dex (D4902; Sigma Aldrich), 1uM free DexPhos, 12.5nM SpCas9 or differentially generated liposomes
on day 7. After 16 h, DCs were harvested for phenotypic characterization by flow cytometry.

For all flow cytometry experiments, cells were resuspended in a 96-well round bottom plate (Corning)
at a concentration of 200,000 cells/mL in 200 ul FACS buffer. The suspensions were first blocked for

15 minutes with 10ug/mL Fc Block (clone 2.4G2, in-house produced) to prevent non-specific antibody
binding. Extracellular staining was performed using a cocktail of antibodies, consisting of CD11c-APC
(N418, eBioscience, Thermo Fisher Scientific), MHCII-eFluor450 (M5/114.15.2, eBioscience, Thermo
Fisher Scientific), CD40-PE (3/23, BD Biosciences, Franklin Lakes, NJ, USA), CD86-FITC (GL-1, BD
Biosciences) and ViaKrome808 (Beckman Coulter, Indianapolis, IN, USA) in FACS Buffer (1X PBS
supplemented with 2% FCS). For all flow cytometric analyses, appropriate single-stain and
fluorescence minus one controls were taken along. Flow cytometry was performed using the Beckman
Coulter Cytoflex LX at the Flow Cytometry and Cell Sorting Facility located at the Faculty of Veterinary
Medicine at Utrecht University. Acquired data were analyzed using FlowJo Software v.10.7 (FlowJo LLC,
Ashland, OR, USA).

DC2.4 cells (ATCC) were cultured at 80% cell density in RPMI-1640 medium supplemented with 10%
FCS, 10 uM B-mercaptoethanol, 1x HEPES, 1x Glutamax, and 1x MEM non-essential amino acids at 37
°C and 5% CO2. Twelve microliters of DiD-labelled empty liposomes were added to LPS-matured DC2.4
cells (LPS; E. coli 0127:B8; 20 ug/mL LPS for 30 minutes) seeded on 24-well plate at a 50000 cells/well
density for 1h, 7h, and 24h before analysis and incubated at 37 °C and 5% CO?2. Cells were harvested
and transferred onto a BD FALCON U-bottom 96-well plate (Becton Dickinson, Franklin Lakes, NJ, USA)
for flow cytometry. Cells were washed 3 times with PBS. After washing the cells with PBS again, the
cells were fixated in 1% PFA before measuring the DiD signal on the FACS CANTO II. Additionally, 10.000
cells per well were harvested and transferred to a black 96-well imaging plate for confocal microscopy.
Cells were washed with PBS and then the cell pellet was resuspended in 100 ul of 2 ug/ml Hoechst
33342 and incubated for 10 minutes at 37 °C and 5% CO2. Then, the cells were imaged on the Confocal
spinning disc microscope Cell Voyager 70005 (Yokogawa, Yokogawa Corporation, Tokyo, Japan),
whereby Hoechst was excited by the 405 nm laser and DiD was excited with the 640 nm laser.

Eighteen female naive Balb/c mice were randomly assigned to the three experimental groups (6 mice
per group) according to weight. On day 0, each mouse of each experimental group was treated with
200 pl of liposome formulations (group 1 — DexPhos-SpCas9 liposomes, group 2 — DexPhos-Ova
liposomes, group 3 — SpCas9 liposomes) with a final amount of 46.8 ug DexPhos and 2 pg SpCas9.
Seven days later, the mice were injected with the same formulations and same concentrations
dependent on their assigned experimental group. On day 15, blood samples were collected for each
mouse via cheek punctures into z-serum separation tubes (Greiner Bio-One, Kremsmdinster, Austria).
Serum was separated from red blood cells by centrifuging the blood samples at 10.000 x g for

5 minutes at 4 °C and collected into separate tubes and stored at — 20 °C. On day 17, all mice were
challenged with SpCas9 via lipid nanoparticles complexating SpCas9-RNP at a final amount of 2 ug
SpCas9 and a volume of 200 pl per injection. The challenge was repeated one week later on day 24.
Before the second challenge, blood samples were collected and serum stored as described above.
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One week later, on day 31, blood samples were collected again via cheek punctures and serum was
stored, and the mice were sacrificed. Spleens were collected from each mouse for flow cytometry
analysis.

DiD-labelled empty liposomes were injected in three selected mice (one of each experimental group)
1h before sacrifice. After sacrificing the mouse, liver, spleens, lungs, kidneys, heart, ovaries and bones
were harvested from the mice injected with DiD-labelled liposomes and three control mice (again one
from each experimental group). The organs were weighed and then snap-frozen in liquid nitrogen and
stored at -80 °C until imaging. The organs were imaged on the Odyssey scanner (LI-COR Biosciences,
Lincoln, NE, USA) with the following settings to determine uptake of DiD-labelled empty liposomes:
channel 700 nm, resolution 169 um, intensity 1, quality high. The mean fluorescent intensity of each
organ area on the image was determined with the Image Studio software. The mean fluorescent
intensity was divided by the weight of the organ to determine the MFI/weight of each organ.

The ELISA protocol described by Charlesworth et al. was used in this study®. 96-well ELISA well plates
were coated with 1 pug/well SpCas9 in 100 pl 1x coating solution (ELITech, Group B.V., Spankeren, The
Netherlands) overnight at 4°C. The following day, the wells were washed three times with 100 ul 1X
wash buffer for 5 minutes at 200 rpm at RT and then blocked with 100 pl 1% BSA blocking solution
(ELITech Group B.V.) for 2 hours at RT. Meanwhile, the serum samples were prepared in serial dilutions
ranging from 1:500 — 1:1.000.000 (diluted in 1% BSA blocking solution). Additionally, commercial anti-
bodies against SpCas9 (Sanbio B.V., Uden, The Netherlands) and ovalbumin (Merck) were serial diluted
1:1.000 — 1:10.000.000 in 1% BSA blocking solution. After blocking the wells, the serum

samples (100 pl) and commercial antibodies (100 ul) were added to the wells and incubated for 5
hours at 4 °C and shaking at 200 rpm. Then, the wells were washed again three times with 100 ul 1x
wash buffer and shaken at 200 rpm for 5 minutes. Next, the wells were incubated with 100 pl HRP-
labelled goat anti-mouse IgG1 (BD Biosciences, Vianen, The Netherlands) (1:1.000 diluted in 1% BSA
blocking solution) for 1 hour at RT and then washed four times. The wells were then treated with 100
ul of ABTS ELISA HRP (Abcam, Amsterdam, The Netherlands) substrate for 15 minutes. The reaction
was stopped with 1% SDS and then measured on the SpectraMax for absorbance at 405 nm.

Spleens were collected from each mouse, mashed through a 70 um filter (Falcon, Corning, New York,
USA) and erythrocytes were lysed using Ammonium—Chloride—Potassium (ACK) lysis buffer (0.15 M
NH4CI, 1 mM KHCO3, 0.1 mM Na2EDTA; pH 7.3). Cells were seeded in a round bottom 96-well plate
(Falcon, Corning, New York, USA) at 1,000,000 cells/well. Before staining, cell suspensions were
blocked for 15 min with Fc Block (2.4G2, in-house produced). Cells were stained at t=0 with a
monoclonal antibody mix of CD4-BV785 (RM4-5, BioLegend, USA), Lag3-PE (C9B7W, eBioscience,
Thermo Fisher Scientific, USA), CD49b-APC (DX5, Biolegend, USA) and CD25-PerCPCy5.5 (PC61.5,
eBioscience, Thermo Fisher Scientific, USA) and ViaKrome808 (Beckman Coulter, Indianapolis, IN, USA)
in FACS Buffer. After 30 min incubation at 4°C in the dark, cells were washed with PBS, fixed, and
permeabilized using the FoxP3 transcription factor staining set (eBioscience, San Diego, CA, USA).
Subsequently, cells were stained intracellularly according to the manufacturer’s instructions with
FoxP3-eFluor450 (FJK-16s, eBioscience, San Diego, CA, USA). Finally, cells were washed and
resuspended in 100 pL PBS for measurement. To ensure correct analysis, relevant single-stain and
fluorescence minus one (FMO) controls were used. Samples were measured on a Beckman Coulter
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Cytoflex LX at the Flow Cytometry and Cell Sorting Facility at the Faculty of Veterinary Medicine at
Utrecht University. Acquired data were analyzed using FlowJo Software v.10.7 (FlowJo LLC, Ashland,
OR, USA).

Splenocytes were seeded in a 96-well round bottom plate (Falcon, Corning, USA) at 1.000,000 cells/
well and restimulated with medium, SpCas9 (20 pug/mL), Ova protein (20 ug/mL) and PMA (50ng/mL) /
lonomycin (1 mL) for 6 hours at 37°C and 5% CO2. After 2 hours, cells were supplemented with

1 pug/mL Brefaldin A. Cells were stained with CD4-BV785 (RM4-5, BioLegend, USA), LAP-PE (TW7-16B4,
eBioscience, San Diego, CA, USA), ViaKrome808 (Beckman Coulter, Indianapolis, IN, USA), IL-10-APC
(JES5-16E3, BD Biosciences, Franklin Lakes, NJ, USA), FoxP3-eFluor450 (FJK-16s, eBioscience, San Diego,
CA, USA) and IFNy-FITC (XMG1.2, BD Biosciences, Franklin Lakes, NJ, USA) using the protocol described
above and the FoxP3 transcription factor staining set (eBioscience, San Diego, CA, USA). For all
experiments, cells were washed and resuspended in 100 uL PBS for measurement. To ensure correct
analysis, relevant single-stain and fluorescence minus one (FMO) controls were used. Samples were
measured on a Beckman Coulter Cytoflex LX at the Flow Cytometry and Cell Sorting Facility at the
Faculty of Veterinary Medicine at Utrecht University. Acquired data were analyzed using FlowJo
Software v.10.7 (FlowlJo LLC, Ashland, OR, USA).

Splenocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE, 0.5 nM) according to the
manufacturer’s protocol (ThermoFisher) and seeded in a 96-well flat bottom plate (Falcon, Corning,
USA) at 1.000.000 cells/well and restimulated with medium, SpCas9 (20 pug/mL), Ova protein (20 ug/
mL), Ova peptide (323-339; 20 pug/mL) and ConA (10 pg/mL) for 3 days at 37°C and 5% CO2. Cells were
transferred to a 96-well round bottom plate, blocked with FcBlock (2.4G2, in-house produced), and
stained with CD4-BV785 (RM4-5, BioLegend, USA) and Viakrome808 (Beckman Coulter, Indianapolis,
IN, USA) using the protocol described above. To ensure correct analysis, relevant single-stain and FMO
controls were used. Samples were measured on a Beckman Coulter Cytoflex LX at the Flow Cytometry
and Cell Sorting Facility at the Faculty of Veterinary Medicine at Utrecht University. Acquired data were
analyzed using FlowJo Software v.10.7 (FlowJo LLC, Ashland, OR, USA).
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Liposomes that are either empty, loaded with either DexPhos or SpCas9, or encapsulating
DexPhos-SpCas9 were produced via thin film lipid hydration. All formulations were on average
approximately 200 nm in size with a variation of less than 10% (Figure 1A). The formulation containing
both SpCas9 and DexPhos had a higher polydispersity index. The determined Z-potential ranged from
-4.2 mV for SpCas9-loaded liposomes to -8.3 mV for SpCas9 & DexPhos-loaded liposomes.

The formulations remained stable (defined as only slight fluctuations in size, PDI and charge) for over
one month. Interestingly, after one week a slight decrease in particle size for all formulations was
found which however then remained stable over time, as shown in Figure 1D. Furthermore, the four
different formulations were characterized to be stable in the presence of 25% human plasma up to

24 hours incubation at 37 °C (Supplementary Figure 2). Cryo-TEM images show clear spherical bilayer
membrane structures, typical for liposomes. However, the cryo-TEM images additionally indicate that
multilamellar liposomes and spherical particles were formed during the formulation (Figure 1B). The
encapsulation efficiency of DexPhos and SpCas9 was determined to be 10% and 55% via HPLC and SDS
Page analysis, respectively, shown in Figure 1A, and HPLC chromatograms and SDS PAGEs are depicted
in Supplementary Figure 1. It was additionally found through a release study that the ratio of
entrapped DexPhos to total DexPhos remained rather consistent over the time span of one month
during storage at 4 °C or 37 °C (Figure 1C).

DC2.4 cells treated with DiD-labelled empty liposomes show uptake of liposomes after 1 hour (MFI =
4000) already and significantly higher uptake after 24 hours (MFI 20000) as confirmed by microscopy
and flow cytometry (Figure 2A,B).

To determine whether toINPs induce tolerogenic dendritic cells in vitro, BMDCs were treated with PBS
or LPS alone and in combination with free Dex, free DexPhos, free SpCas9, or differentially generated
liposomes and analyzed for the expression of co-stimulatory molecules CD40 and CD86 on their cell
surface. A significant lack of expression of CD40 (Figure 2C) and CD86 (Figure 2D) in comparison to
mature BMDCs was observed in cells treated with free Dex or DexPhos and in cells treated with
formulations encapsulating DexPhos at a final concentration of 1 uM (DexPhos-SpCas9- and
DexPhos-loaded liposomes). BMDCs treated with empty or SpCas9-loaded liposomes did not induce a
change in CD40 and CD86 surface marker expression. Expression levels of surface marker MHC-II did
decrease in the presence of free or encapsulated DexPhos, however maturation with LPS did not
upregulate MHC-II (Supplementary Figure 4).
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Figure 1. Physical characterizations of empty and various cargo-loaded DPPC:DPPG:cholesterol liposomes. A) An
overview table that shows the encapsulation efficiencies of the different cargos, size, polydispersity index, and {-potential
of the formulations. B) Cryo-TEM images at 29k magnification of empty, SpCas9-loaded, DexPhos-loaded, and
SpCas9-DexPhos-loaded liposomes. Depicted scale bar represents 200 nm. C) Release of DexPhos at 4 °C and 37 °C for 1
month from SpCas9-DexPhos-loaded liposomes (same batch, one-time experiment) given as the ratio of DexPhos
entrapped in particle vs mean total DexPhos. Mean total DexPhos is the mean peak area of total DexPhos at each time
point: 4°C: 901146 + 228854, Pearson correlation r2 = 0.2; 37°C: 1247651 + 873731, Pearson correlation r? = 0.08. D)
Stability study of empty, SpCas9-loaded, DexPhos-loaded and SpCas9-DexPhos-loaded liposomes over 4 weeks. The left
graph depicts the size, the middle graph depicts the polydispersity index, and the right graph depicts the {-potential of the

formulations. Data depicts 3 replicates within each DLS and zeta-potential measurement.
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Figure 2. In vitro characterizations of DPPC:DPPG:cholesterol liposomes. A) Confocal microscopy of DC2.4 cells treated
with DiD-labelled empty liposomes (red signal) for 1h, 17h, and 24h. Before microscopy cells were treated with 2 ug/ml
Hoechst 33342 to stain the nuclei (blue signal). Scale bars indicate 0.22 um. Experiment was performed in triplicate. B)
Quantification of MFI of DiD in DC2.4 cells via flow cytometry. C, D) Expression of surface markers depicted in relative MFI
compared to mDC (%) of the antibody staining CD40 and CD86, respectively (n=3). BMDCs were matured with 10 ng/ml
LPS (derived from 0111:B4 E.coli) and then treated with 1 uM free dexamethasone and DexPhos or with liposomes.
Gating strategies are shown in Supplementary Figure 3.

Next, to analyze the uptake of DiD-labelled liposomes in DC2.4 cells in vitro, the DiD-labelled empty
liposomes were found back mainly in the spleen and liver of Balb/c female mice after intravenous

injection, as shown by the significantly higher weight-corrected MFI in comparison to untreated mice).
(Figure 3; Supplementary Figure 6).
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Figure 3. Biodistribution of DiD-labelled empty liposomes in Balb/c mice. A) Images of livers and segments of spleen
treated with and without DiD-labelled liposomes. Images were obtained on the Odyssey scanner (channel 700 nm,
resolution 169 um, intensity level ) to depict the fluorescent signal of DiD. The scale bar on the right indicates that dark
blue represents the lowest signal intensities (2.00) and red represents the highest signal intensities (1610). Images of all
other organs (heart, lungs, kidneys, ovaries, bones) are in Supplementary Figure 5. B) Mean fluorescent intensity of DiD
per weight of liver, spleen, heart, lungs, kidneys, ovaries, and bones of 3 mice treated with and 3 mice treated without
DiD-labelled empty liposomes 1h before sacrifice. A 2-way ANOVA via GraphPhad determined significant effects:
*-p=0.02, ¥**** - p =< 0.0001. The scanned images of the heart, lungs, kidneys, ovaries, and bones are shown in

the supplementary information.

To study whether the described SpCas9-DexPhos liposomes would induce SpCas9-specific tolerance

in vivo, female Balb/c mice were tolerized with SpCas9-DexPhos-, Ova-DexPhos- or SpCas9-liposomes,
and then challenged with SpCas9-LNPs (Figure 4A). Subsequently, SpCas9-specific IgG levels were
measured in serum as well as levels of CD4*FoxP3*CD25* Tregs was measured in the spleens of mice
(Figure 4C). Mice tolerized with SpCas9-DexPhos liposomes show a tendency of slightly (non-
significant) lower SpCas9-specific IgG titer after challenge with SpCas9-RNP loaded LNP, in comparison
to mice treated with a non-specific antigen (Ova-DexPhos liposomes), as depicted in Figure 4B and
additionally supported by the calculated area under the absorbance curve resultingin8.5+1.2,

7.8 £0.7,and 8.3 £ 0.6 for Ova-DexPhos, SpCas9-DexPhos and SpCas9 treated groups, respectively
(Supplementary Figure 6B). Mean IgG titer in mice treated with SpCas9-liposomes did not change value
before or after challenge (Figure 4B). Through sinusoidal fitting of the standard antibody titer curve
(Supplementary Figure 7C), the concentration of the SpCas9-specific IgG in mice tolerized with tolNPs
and after challenge with SpCas9-RNP LNPs was interpolated to be 0.03 + 0.03 pug/ml at a 1:2000 serum
dilution shown in supplementary Figure 6D. In comparison, though again non-significantly, the concen-
tration of SpCas9-specific 1gG for mice treated with a-specific antigen (Ova-DexPhos liposomes) and
mice treated with SpCas9-liposomes resulted in 0.08 + 0.13 pg/ml and 0.04 + 0.04 pg/ml, respectively
(Supplementary Figure 6D). Directly after tolerization, mice treated with SpCas9-liposomes have
started developing more antibodies than mice treated with SpCas9-DexPhos toINP or liposomes
encapsulating Ovalbumin and DexPhos (Supplementary Figure 6D). Understandably, mice treated with
the Ova-DexPhos formulation do not have any SpCas9-specific IgG present in their serum, but those
levels noteworthily increase over time to the overall highest concentration of antibodies of all
experimental groups (Supplementary Figure 6D).
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Figure 4. Induction of tolerance towards SpCas9 protein in vivo. A) Schematic representation of the in vivo study
showing the three different experimental groups and the time points of tolerization and challenge and serum collection.
B) SpCas9-specific 1gG titers in mouse serum. Antibody titers were determined by selecting serum dilution at which
absorbance of ABTS HRP substrate was at least 2-fold higher than the background. C, D) Mice were sacrificed and spleens
were processed, stained, and analyzed using flow cytometry for CD4*FoxP3*CD25*Tregs and CD4*CD49b*Lag3*Tr1s,
respectively. E) Splenocytes were restimulated with SpCas9 and Ova and incubated for 6 hours, of which 4 were in

the presence of Brefeldin A. Cells were gated for live CD4" single cells.

It was confirmed that the ELISA was specific for SpCas9 by primary treatment with commercially
available anti-SpCas9 antibody and anti-Ova antibody (Supplementary Figure 7A). Furthermore, Balb/c
mice were confirmed to have no prior existing antibodies towards SpCas9 (Supplementary Figure 7A).
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Using flow cytometry to assess the spleens of liposome-treated mice for the presence of conventional
CD4*FoxP3*CD25'Tregs and CD4*CD49b*Lag3*Tr1s revealed no significant differences in non-antigen
specific regulatory T cells in the spleen (Figure 4C&D).

To assess antigen-specific T-cell responses, splenocytes were isolated and restimulated with SpCas9
and Ova. Intracellular cytokines were measured after 6 hours. The final 4h of incubation were in the
presence of the Golgi-stop Brefeldin A. No significant differences were found in cytokine production
between the different restimulations (Figure 4E).

Next, we hypothesized that the restimulation time might be too short or that the whole protein
restimulations might be affecting the efficiency of our restimulation experiments. Here, splenocytes
obtained from untreated, SpCas9-liposome or Ova-DexPhos-liposome treated mice were

restimulated for 3 days with medium, SpCas9 (protein), Ova (protein & peptide) or ConA. Restimulation
with ConA resulted in an average of 40 % T cell proliferation, characterized by a lack of CFSE signal, in
all splenocyte groups (Figure 5), however, splenocytes restimulated with SpCas9 protein, Ova protein,
or Ova peptide did not show changes in proliferation, suggesting a lack of CD4* T cell responses to both

SpCas9 and Ova antigens.

Live CD4*
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Figure 5. Three-day restimulation of splenocytes with SpCas9 does not change CD4"* T cell proliferation. Untreated,
SpCas9-liposome-treated or Ova-DexPhos-liposome-treated splenocytes were each restimulated with medium,
SpCas9, Ova (protein or peptide (indicated with pep) or ConA and incubated for 3 days as shown in the overview plot.
Restimulation with proteins SpCas9 and Ova did not affect CD4*T cell proliferation, assessed by a lack of CFSE signal, in

untreated, SpCas9-liposome-treated or Ova-DexPhos-liposome-treated mice.
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Inducing immune tolerance at the site of SpCas9 release is essential to avoid elimination of CRISPR-
Cas9-edited cells in vivo. Currently, very little is known about SpCas9-encapsulating nanoparticles for
the tolerization towards components of CRISPR-Cas9 gene therapy. Here we show that tolerogenic
nanoparticles encapsulating both DexPhos and SpCas9 efficiently reduce a pro-inflammatory
phenotype in vitro (Figure 2) and are taken up in the spleen and liver in vivo (Figure 3), organs
generally associated with tolerance induction.

The liposomal formulations described in this study are stable in size, monodispersity, and charge
(Figure 1D) and were even found to remain stable in the presence of human plasma (Supplementary
Figure 2). Using these liposomes in an in vitro culture of matured BMDCs, we observed reduction in
the expression of costimulatory surface markers CD40 (Figure 2A) and CD86 (Figure 2B). Liposomes
solely encapsulating SpCas9 did not reduce the expression levels of CD86 and CD40 on matured
BMDCs, highlighting the maturation-inhibiting effect of DexPhos encapsulation (Figure 2).
Fluorescently labeling these liposomes with DiD shows that they are efficiently taken up by DC2.4 cells
(Figure 2C & D), indicating they might be good delivery vehicles for SpCas9 and DexPhos. Previous
reports show that particles larger or equal to 200 nm (Figure 1) are mainly taken up via
phagocytosis by APCs, commonly mediated through targeting of scavenger receptors which are
predominantly expressed by phagocytes!®?>%,

The observed in vitro efficacy of the liposomes lead us to study the liposomes in vivo for SpCas9
tolerization. However, our hypothesis was not met and SpCas9-specific tolerance could not be
measured in vivo. Mice tolerized with DexPhos-SpCas9-loaded nanoparticles and then challenged with
SpCas9-RNP LNPs only had slightly lower, but non-significant levels in SpCas9-specific IgG than the
DexPhos-Ova- or SpCas9-liposome controls (Figure 4). The high immunogenicity of the SpCas9 protein
that we observed has been reported before, as 2 injections of 2 ug of SpCas9 resulted in a high amount
of SpCas9-specific 1gG (Supplementary Figure 6D)%. Furthermore, the described liposomes did not
induce differences in conventional CD4* CD25* FoxP3* Tregs and CD4* CD49b* Lag3* Trls in the spleen,
nor differences in levels of inflammatory and non-inflammatory cytokines between treatment groups
(Figure 4 C, 4D & 4E). Based on in vitro studies on DCs showing transformation to tolDCs after
treatment with toINPs (Figure 2), we expected tolDCs to obtain a tolerogenic phenotype, characterized
by reduced expression of CD40 and CD86 on their cell surface, and to secrete anti-inflammatory
cytokines, enabling them to stimulate CD4* Tregs. Further analysis of antigen-specificimmune
responses by restimulating splenocytes with SpCas9 for 3 days revealed again no differences in
immune responses to SpCas9 between the groups (Figure 5). A reason for this could be that the APCs
in the spleen have only seen limited amounts of SpCas9, for example, due to a lack of liposome uptake
or protein presentation, or that T cells in the spleen do not have sufficient T cell receptors (TCRs) to
bring about a measurable response to SpCas9. Despite the uptake of liposomes in DC2.4 cells in vitro,
in vivo uptake by APCs might have been less efficient. Incorporating targeting ligands, such as DC-Sign,
that allow liposomes to be specifically taken up by dendritic cells might be able to ensure DC uptake?®.
Further studies on the release profile of DexPhos should be conducted. Though release was barely
detected in liposomes over time in vitro (Figure 1C), no conclusions can be drawn regarding the
premature release of DexPhos in vivo. It needs to be noted that one mouse died during i.v. injection

of DexPhos-Cas9 liposomes. However, no specific conclusions could be drawn that that was related to
formulation and most likely response to intravenous injections or shock.
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Another strategy would be to explore transient immune suppression using glucocorticoids or
rapamycin®3°, where patients are treated with the immunomodulator on the same day as SpCas9-LNP
administration. The rationale behind using the co-encapsulation of DexPhos and SpCas9 in liposomes
laid out in this manuscript is based on a multitude of factors. Firstly, the described approach would
avoid dexamethasone-mediated systemic immune suppression, assuming dexamethasone does not
leak from liposomes3!. Secondly, incorporating dexamethasone in liposomes has been shown to
increase its half-life32. SpCas9 has been determined to have a half-life of 24 hours in cells®. The
increased half-life of liposomal encapsulated dexamethasone would ensure immune suppression in
liposome-targeted organs and cells during exposure to SpCas9. Inducing long-lasting antigen-specific
tolerance towards SpCas9 would allow for the potential need of multiple injections of SpCas9-LNPs to
sustain gene editing efficiency. The use of LNPs removes the added risk of immune activation observed
when viral vectors, such as AAV vectors, are used® rendering them safe for repeated administration for
cumulative gene editing. Pre-tolerization, mediated through liposomes co-encapsulating DexPhos and
SpCas9, in patients selected for CRISPR-Cas9 gene therapy reduces the need for repeated
dexamethasone treatments and thereby circumvents the unwanted side-effects observed with
systemic dexamethasone treatment®.

Conclusively, we show that liposomes encapsulating DexPhos with or without co-delivery of the
antigen SpCas9 can reduce the upregulation of the costimulatory molecules CD40 and CD86 on DCs
and thereby convert them into tolDCs in vitro. In vivo, these liposomes are localized in the liver and
spleen and if even at all only minorly decrease the amount of anti-SpCas9 antibodies formulated

after challenging mice with SpCas9-RNP loaded lipid nanoparticles, whilst not affecting CD4* T cell
responses. Despite the data indicating the need for further optimizations of the liposomes, this study
nonetheless provides leads on a strategy to induce SpCas9-specific tolerance for better applicability of
the gene editing tool for gene therapy, a currently unexplored frontier.
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Flow Cytometry and Cell Sorting Facility of the Faculty of Veterinary Medicine at Utrecht University for
support.

ANTIGEN-SPEC ICIMMUNE TOLERANCE THROUGH DENDRITIC CELL MODULATION



Contribution

Author

Conceptualization

Daniélle ter Braake, Johanna Walther, Naomi Benne,
Femke Broere, Enrico Mastrobattista

Formal Analysis

Daniélle ter Braake, Johanna Walther

Funding Acquisition

Femke Broere, Enrico Mastrobattista

Investigation

Daniélle ter Braake, Johanna Walther, Deja Porenta,
Vasilis Papamoschou, Bonne Keijer, Cornelis Seinen,
Naomi Benne

Methodology

Daniélle ter Braake, Johanna Walther, Deja Porenta,
Naomi Benne

Project Administration

Daniélle ter Braake, Johanna Walther

Resources Femke Broere, Enrico Mastrobattista

Supervision Naomi Benne, Femke Broere, Enrico Mastrobattista

Validation Daniélle ter Braake, Johanna Walther, Deja Porenta,
Vasilis Papamoschou, Bonne Keijer, Naomi Benne

Visualization Daniélle ter Braake, Johanna Walther

Writing — Original Draft Preparation

Daniélle ter Braake, Johanna Walther

Writing — Review & Editing

Daniélle ter Braake, Johanna Walther, Deja Porenta,
Naomi Benne, Femke Broere, Enrico Mastrobattista

DEXAMETHASONE-PHOSPHATE AND PROTEIN

ANTIGEN-SPECIFIC TOLERANCE TO CAS9

CARRYING LIPOSOMES FOR THE INDUCTION OF

127



128

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zhang, F., Wen, Y. & Guo, X. CRISPR/Cas9 for genome editing: Progress, implications and challenges.
Hum. Mol. Genet. 23, 40—46 (2014).

Xue, C. & Greene, E. C. DNA Repair Pathway Choices in CRISPR-Cas9-Mediated Genome Editing.
Trends Genet. 37, 639-656 (2021).

Gee, P. et al. Extracellular nanovesicles for packaging of CRISPR-Cas9 protein and sgRNA to induce
therapeutic exon skipping. Nat. Commun. 11, 1334 (2020).

Wei, T., Cheng, Q., Min, Y. L., Olson, E. N. & Siegwart, D. J. Systemic nanoparticle delivery of
CRISPR-Cas9 ribonucleoproteins for effective tissue specific genome editing. Nat. Commun.

11, 1-12 (2020).

Duan, L. et al. Nanoparticle Delivery of CRISPR/Cas9 for Genome Editing. Front. Genet. 12, (2021).
Charlesworth, C. T. et al. Identification of preexisting adaptive immunity to Cas9 proteins in
humans. Nat. Med. 25, 249-254 (2019).

Simhadri, V. L. et al. Prevalence of Pre-existing Antibodies to CRISPR-Associated Nuclease Cas9 in
the USA Population. Mol. Ther. - Methods Clin. Dev. 10, 105-112 (2018).

Wagner, D. L. et al. High prevalence of Streptococcus pyogenes Cas9-reactive T cells within the
adult human population. Nat. Med. 25, 242—-248 (2019).

Crudele, J. M. & Chamberlain, J. S. Cas9 immunity creates challenges for CRISPR gene editing
therapies. Nat. Commun. 9, 9-11 (2018).

Wignakumar, T. & Fairchild, P. J. Evasion of Pre-Existing Immunity to Cas9: a Prerequisite for
Successful Genome Editing In Vivo? Curr. Transplant. Reports 6, 127-133 (2019).

Audiger, C., Rahman, M. J., Yun, T. J., Tarbell, K. V. & Lesage, S. The Importance of Dendritic Cells in
Maintaining Immune Tolerance. J. Immunol. 198, 2223-2231 (2017).

Banchereau, J. et al. Imnmunobiology of Dendritic Cells. Annu. Rev. Immunol. 18, 767-811 (2000).
Castenmiller, C., Keumatio-Doungtsop, B.-C., van Ree, R., de Jong, E. C. & van Kooyk, Y. Tolerogenic
Immunotherapy: Targeting DC Surface Receptors to Induce Antigen-Specific Tolerance.

Front. Immunol. 12, (2021).

Cauwels, A. & Tavernier, J. Tolerizing Strategies for the Treatment of Autoimmune Diseases:

From ex vivo to in vivo Strategies. Front. Immunol. 11, (2020).

Iberg, C. A. & Hawiger, D. Natural and Induced Tolerogenic Dendritic Cells. J. Immunol. 204,
733-744 (2020).

Sakaguchi, S., Yamaguchi, T., Nomura, T. & Ono, M. Regulatory T Cells and Immune Tolerance.

Cell 133, 775-787 (2008).

Keijzer, C., Van der Zee, R., Van Eden, W. & Broere, F. Treg inducing adjuvants for therapeutic
vaccination against chronic inflammatory diseases. Front. Immunol. 4, 1-10 (2013).

Dangkoub, F., Sankian, M., Tafaghodi, M., Jaafari, M. R. & Badiee, A. The impact of nanocarriers in
the induction of antigen-specificimmunotolerance in autoimmune diseases. J. Control.

Release 339, 274-283 (2021).

Li, H., Yang, Y. G. & Sun, T. Nanoparticle-Based Drug Delivery Systems for Induction of Tolerance and
Treatment of Autoimmune Diseases. Front. Bioeng. Biotechnol. 10, 1-14 (2022).

Kishimoto, T. K. et al. Improving the efficacy and safety of biologic drugs with tolerogenic
nanoparticles. Nat. Nanotechnol. 11, 890-899 (2016).

Kim, S. H. et al. Induction of antigen-specific immune tolerance using biodegradable nanoparticles
containing antigen and dexamethasone. Int. J. Nanomedicine 14, 5229-5242 (2019).

Pang, L., Macauley, M. S., Arlian, B. M., Nycholat, C. M. & Paulson, J. C. Encapsulating an
Immunosuppressant Enhances Tolerance Induction by Siglec-Engaging Tolerogenic Liposomes.
ChemBioChem 18, 1226-1233 (2017).

ANTIGEN-SPEC ICIMMUNE TOLERANCE THROUGH DENDRITIC CELL MODULATION



23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Bozzuto, G. & Molinari, A. Liposomes as nanomedical devices. Int. J. Nanomedicine 10, 975-999
(2015).

Walther, J. et al. Impact of Formulation Conditions on Lipid Nanoparticle Characteristics and
Functional Delivery of CRISPR RNP for Gene Knock-Out and Correction. Pharmaceutics 14, (2022).
Kishimoto, T. K. & Maldonado, R. A. Nanoparticles for the induction of antigen-specific
immunological tolerance. Front. Immunol. 9, (2018).

Benne, N., ter Braake, D., Stoppelenburg, A. J. & Broere, F. Nanoparticles for Inducing
Antigen-Specific T Cell Tolerance in Autoimmune Diseases. Front. Immunol. 13, 1-15 (2022).
Toral, M. A. et al. Investigation of Cas9 antibodies in the human eye. Nat. Commun. 13, 1-9 (2022).
Du, J., Zhang, Y. S., Hobson, D. & Hydbring, P. Nanoparticles for immune system targeting.

Drug Discov. Today 22, 1295-1301 (2017).

Seregin, S. S. et al. Transient pretreatment with glucocorticoid ablates innate toxicity of systemically
delivered adenoviral vectors without reducing efficacy. Mol. Ther. 17, 685—696 (2009).

Xiang, Z. et al. The Effect of Rapamycin and Ibrutinib on Antibody Responses to Adeno-Associated
Virus Vector-Mediated Gene Transfer. Hum. Gene Ther. 33, 614—624 (2022).

Giles, A. J. et al. Dexamethasone-induced immunosuppression: Mechanisms and implications for
immunotherapy. J. Immunother. Cancer 6, 1-13 (2018).

Metselaar, J. et al. A phase | first-in-man study to investigate the pharmacokinetics and safety of
liposomal dexamethasone in patients with progressive multiple myeloma.

Drug Deliv. Transl. Res. 13, 915-923 (2023).

Tu, Z. et al. Promoting Cas9 degradation reduces mosaic mutations in non-human primate
embryos. Sci. Rep. 7, 1-11 (2017).

Wilbie, D., Walther, J. & Mastrobattista, E. Delivery Aspects of CRISPR/Cas for in Vivo Genome
Editing. Acc. Chem. Res. 52, 1555-1564 (2019).

Madamsetty, V. S. et al. Dexamethasone: Insights into Pharmacological Aspects, Therapeutic
Mechanisms, and Delivery Systems. ACS Biomater. Sci. Eng. (2022).
doi:10.1021/acsbiomaterials.2c00026

Gagnon, R. C. & Peterson, J. J. Estimation of confidence intervals for area under the curve from
destructively obtained pharmacokinetic data. J. Pharmacokinet. Biopharm. 26, 87-102 (1998).

DEXAMETHASONE-PHOSPHATE AND PROTEIN-CARRYING LIPOSOMES FOR THE INDUCTION OF

AN

IGEN-SPECIFIC TOLERANCE TO CAS9

129



A B

Chromatogram of calibration samples DexPhos-SpCas9 liposomes
3 4
— 0 pg/ml — DexPhos-SpCas9 (no UC)
2 — 50 pg/ml 3 ~— DexPhos-SpCas9 (UC)
E — 100 pg/ml E "
=" — 150 pg/ml =
o >3
= — 200 pg/ml = 1
o " : aN . 250 pg/ml < .
o e 2 10— 300 pg/ml 5 10
A Ratantion'Time (miuites) — 350 pgiml ¥ Retention Time (minutes)
~— 400 pg/ml
C D
- " S
calibration curve g:
8x10¢ ks
] 4 5 6 7 8 10 11

6%10¢

AUC

4x10¢

2%10¢

0 1&0 2|I)0 3(;0 41;0 50‘0

DexPhos [ug/mi]
Supplementary Figure 1. Determination of encapsulation efficiency of DexPhos and SpCas9 in DPPC:DPPG:cholesterol
liposomes. A) Chromatogram (UV detector 214 nm) of the calibration samples (DexPhos resuspended at different
concentrations in formulation buffer) run on Xbridge protein BEH C4 300A column. B) Chromatogram of DexPhos-SpCas9
liposomes were free DexPhos and SpCas9 were removed by ultracentrifugation compared to the chromatogram of
liposomes not centrifuged (=total amount of DexPhos). C) Calibration curve determined with EMPOWER software (linear
fit equation). D) SDS-PAGE of SpCas9 and DexPhos-SpCas9 samples to determine encapsulation efficiency of SpCas9 via
gel densitometry. Lane 4 — SpCas9, lane 5 — SpCas9 treated with 1% triton-X100, lane 6 — empty liposomes, lane 7 -
DexPhos-SpCas9 liposomes (total amount), lane 8 — DexPhos-SpCas9 liposome ultracentrifuged to show
encapsulated SpCas9, lane 9&10 - sterile-filtered DexPhos-SpCas9 liposomes non-centrifuged and ultracentrifuged,

respectively. Encapsulation efficiency via gel densitometry was estimated to be 55%.

The stability of liposomes in the presence of human plasma was measured by asymmetric flow field
flow fractionation (AF4) using the AF2000 separation system (Postnova Analytics, Landsberg,
Germany). The system is equipped with a degasser, isocratic pumps, auto samples, an in-line MALS
detector (), and an in-line DLS detector (Zeta Nano ZS, Malvern Instruments, Malvern, UK). A FFF
channel with 350 um spacer and regenerated cellulose membrane with molecular weight cut-off
of 10 kDa was used for particle separation. The mobile phase was PBS.

Liposomes were incubated with 25% human plasma at 37 °C and 300 rpm for 0, 3, 8, and 24 hours.
Then, particles were diluted 20x in a HEPES buffer with the same concentration as the formulation

(5 mM HEPES, 15 mM NaCl) and injected at a flow rate of 0.2 ml/min, and focused for 4 minutes with
a cross-flow of 2 ml/min and a focused flow of 2.30 ml/min. Then, over 60 minutes the cross flow was
decreased with an exponential decay of 0.03 and then kept consistent at 0 ml/min for another

40 minutes. There, the detector flow rate was set to 0.5 ml/min throughout the entire run.
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Supplementary Figure 2. Stability of liposomes in the presence of 25% human plasma via AF4. Liposomes were
incubated at 37 °C and 300 rpm for Oh, 3h, 8h, and 24h and then characterized via AF4 studies on size stability and light
scattering at an angle of 90°. AF4 fractograms recorded by the MALS detector and DLS detector show the light scattering
signal (purple) and particle size (blue) for empty (top left), SpCas9-loaded (top right), DexPhos-loaded (bottom left), and
SpCas9-DexPhos-loaded (bottom right) liposomes.
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Supplementary Figure 3. Gating strategy BMDCs. Balb/c BMDCs were cultured in the presence of GM-CSF for 7 days.

LPS and free Dex, free DexPhos, free SpCas9, or liposomes were added and cells were incubated for another 16 hours.
Cells were gated for leukocytes, single cells, and live cells. Subsequently, in the CD11c* population, cells were analyzed
for expression of CD40 and CD86.
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Supplementary Figure 4. Expression of surface markers depicted in MFI of the antibody staining MHC-1l. BMDCs were
matured with 10 ng/ml LPS (derived from 0111:B4 E.coli) and then treated with 1 uM free dexamethasone and DexPhos

or with liposomes.
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Figure 5. Images of all organs studied in the biodistribution study of DiD-labelled liposomes in vivo. A) Images of liver,
spleen, lungs, kidneys, heart, and ovaries harvested from DiD-labelled liposome treated mice (DiD+) and control mice

(DiD-). B) Bones of hindlegs of mice treated with DiD-labelled liposomes (DiD+) and control mice (DiD-).
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Supplementary Figure 6. Additional graphs from the ELISA study to determine antibody levels in mouse serum.

A) Absorbance levels of HRP ABTS substrate after primary treatment of well coated with SpCas9 with commercial

anti-SpCas9 antibody and anti-Ova antibody as control of SpCas9 (left) and absorbance levels of HRP ABTS substrate.

Collective serum sample of all mice before the start of in vivo study (right). B) Absorbance values of HRP substrate after

treatment of SpCas9-coated ELISA plate with serial serum dilution of all mice serum (n=6, except for experimental group

SpCas9-DexPhos n=5) for each experimental group. The area under the curve (AUC) was calculated based on the mean

and SD at each dilution for each experimental group via GraphPad*®. The resulting confidence intervals are: Ova-DexPhos

—8.5+1.2; SpCas9-DexPhos — 7.8 + 0.7; SpCas9 — 8.3 + 0.6. C) Calibration curve of absorbance at 405 nm of HRP ABTS

substrate in correlation to the antibody concentration of the commercial anti-SpCas9 antibody.

D) Concentration of SpCas9-specific IgG for each experimental group after tolerization (left), before 2" challenge (middle),
and after the in vivo study (right). Not all absorbances could be interpolated into concentration of antibodies as they laid

outside of the calibration curve.
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In recent years, the landscape of treatment strategies for autoimmune diseases has witnessed
significant advancements. In Chapter 1, the important mechanisms and cells underlying the
autoimmune response are extensively introduced. This information provides context for the
cutting-edge developments in immunotherapy involving tolerogenic dendritic cells (tolDCs) and
theutilization of nanoparticles, such as liposomes, for the induction of antigen-specific immune
tolerance as described in future chapters. In Chapter 2, different strategies for nanoparticle-mediated
antigen-specific immune tolerance for the treatment of autoimmune diseases are summarized.

As demonstrated in Chapter 3, liposomes encapsulating an immunomodulator and a disease-relevant
antigen are just as effective at inducing antigen-specific immune tolerance as similarly pulsed

tolDCs. Furthermore, this co-encapsulation of an antigen and immunomodulator in liposomes
minimizes off-target and systemic side effects. This prompted further research into the co-
encapsulation of antigen and immunomodulator. In Chapter 4 and Chapter 5, RA was substituted with
dexamethasone (dex) as the immunomodulator of choice. Dex is a potent inducer of tolDCs in vitro*
and in vivo? that has previously been investigated in the context of rheumatoid arthritis®*#, making the
synthetic glucocorticoid a promising candidate for encapsulation into nanoparticles. A previous study
using polymeric PLGA nanoparticles that co-encapsulated dex and ovalbumin (Ova) reported

efficient tolDC induction in vitro and this nanoparticle treatment efficiently resulted in the generation
of Ova-specific FoxP3* regulatory T cells (Tregs) whilst Ova-specific cytotoxic T cells were suppressed®.

The systemic use of dexamethasone can result in severe side effects depending on the dose and dosing

scheme®, and the presence of cholesterol in liposomes combined with the hydrophobic nature of dex’
can make retention in liposomes complicated?®. To overcome these challenges, in Chapter 4 dex was

linked to the antigens using a cationic lysine tetramer, resulting in the formation of easily encapsulated

antigen-dex conjugates (hPG,,-Dex). The cationic charge of the tetramer® facilitates the encapsulation
of the complex. The addition of the lysine tetramer significantly increased the encapsulation of the
antigen. For large proteins such as SpCas9, as used in Chapter 5, this type of linker is more difficult to
control, as the protein provides more potential binding sites. To improve encapsulation of this larger
protein, dexamethasone sodium phosphate (DexPhos) was used instead of Dex. DexPhos is derived
from dex, but the added sodium phosphate group increases the water-solubility® of the compound,
facilitating the encapsulation of DexPhos in the aqueous core of lipid nanoparticles. As described in
Chapter 3, cellular uptake of RA-containing liposomes was relatively low, reducing the antigen-
specificity of DCs that take up these particles. Therefore, the increased phagocytotic abilities of
hPG,,-Dex liposome-treated BMDCs is a convenient, alternate way to approach this issue.

One of the main aims of our research is to induce antigen-specific Tregs. As described in Chapter 1,
there are different types of regulatory T cells, including CD25*FoxP3* Tregs and CD49b*Lag3* Type 1
regulatory T (Trl) cells. To make sure we fully assessed the tolerance-inducing potential of the
hPG,,-Dex liposomes and hPG,,-Dex liposomes-pulsed tolDCs, both regulatory T cell types were
assessed in all experiments in Chapter 4. In an in vivo adoptive transfer experiment we found that
hPG, -Dex containing liposomes were able to induce antigen-specific Tr1 cells, but not FoxP3* Tregs,
highlighting the importance of investigating different regulatory cell subsets. The Trl subset was only
investigated in Chapter 4, not in Chapter 3, however, another study that looked into the effect of RA
as an adjuvant for the model antigen Keyhole limpet hemocyanin (KLH) in mice and found that
immunization of mice with KLH and RA promoted the induction of CD49b*Lag3* Trl cells.
Interestingly, the frequency of FoxP3* Tregs was not increased, suggesting that in vivo RA-mediated
tolerance induction is mainly Tr1-driven.
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The use of (auto)antigen and immunomodulator-loaded liposomes as described in Chapters 3 and

4 proved to be a promising strategy for the prevention and inhibition of arthritis development. This

led to the consideration of new fields for the application of this technique. Broadening the scope for
applications of this new tool resulted in interest from the field of Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) gene editing. This revolutionary technology allows for precise gene
manipulation and therefore holds great promise for application in fundamental research and
herapeutic interventions. Chapter 5 focuses on the efficient co-delivery of SpCas9 and DexPhos using
liposomes in vivo. As mentioned before, liposomes can be formulated with a plethora of different
lipids, and in Chapter 5 it was decided to use DPPC:DPPG:CHOL liposomes. Compared to the previously
used DSPC:DSPG:CHOL liposomes as described in Chapters 3 and 4, preliminary experiments showed
that DPPC:DPPG:CHOL liposomes were more suitable for the encapsulation of the SpCas9 protein.
Currently, knowledge on SpCas9-encapsulating nanoparticles for in vivo gene editing is scarce, and
although in vivo utilization of the liposomes presented in Chapter 5 requires optimization, the in vitro
data is a promising new lead to improve the applicability of CRISPR-SpCas9 gene editing for the
treatment of a variety of diseases, including autoimmune diseases'? and cancer®.

TolDCs allow for the induction of antigen-specific Tregs, and hold great potential for the treatment of
autoimmune diseases, as demonstrated by their use in newfangled clinical trials focused on inducing
in vivo immune tolerance to disease-related antigens. The generation of tolDCs involves manipulating
DCs ex vivo using one or more immunomodulators and an autoantigen, to program them to induce
antigen-specific immune tolerance in vivo.

One of the considerations for current tolDC therapies is the location and method of administration®4.
TolDCs need to be introduced into the body whilst maintaining their viability and function, which might
require specialized procedures, such as intranodal injections, or advanced delivery methods. Studies
describing tolDCs in a preclinical and clinical setting generally aim for the restoration of immune
tolerance by restoring the immune balance®**>°, This can be done through the induction of Tregs, but
also the inhibition of effector T cells “**%°, In all preclinical tolDC experimental autoimmune
encephalomyelitis (EAE) studies, MS-relevant antigen-pulsed tolDCs were i.v. injected*=°, For murine
studies of rheumatoid arthritis, the collagen-induced arthritis (CIA) model is a commonly described,
Th17-dependent model'32, A beneficial clinical effect has been observed with i.v., intraperitoneal (i.p.),
and subcutaneously (s.c.) injected tolDCs in the CIA model***-*2, Notably, a singular i.v. injection of

1 million tolDCs pulsed with the immunosuppressant tacrolimus (10¥M) was sufficient to reach
therapeutic benefits in mice with established arthritis in the CIA model®. Surprisingly, three i.v.
injections of these tolDCs did not have the same positive therapeutic effects. On the other hand, for
the EAE model, multiple i.v. tolDC injections are required to induce long-lasting clinical effects?>3°.

It should be noted here, however, that Dex-VitaminD3-pulsed tolDCs required three injections in the
CIA model®, emphasizing the importance of the immunomodulator used. Not only this, but a study
using Dex-VitaminD3-pulsed tolDCs also showed that shifting the route of injection from i.v. to i.p.
negated the beneficial effect of the therapy. In the Th1-dependent PGIA model* described in Chapter
4, previous research has shown the efficiency of i.p.*** and i.v.* injection of toIDCs. As the tolDCs used
for i.v. injection in a previous study* were closest to the tolDCs generated in Chapters 3 and 4, tolDCs
and liposomes were administered i.v. in the described studies. It is important to investigate the optimal
method of tolDC delivery in vivo, as tolDC properties, injection site and amount of injections can
severely impact therapeutic efficacy and safety.
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Currently, the safety and tolerance-inducing abilities of tolDCs for the treatment of rheumatoid
arthritis have been investigated in different phase I clinical trials’*". In the Rheumavax trial, patients
received autologous DCs that were modified with an NF-kB inhibitor and loaded with a citrullinated
peptide pool via intradermal (i.d.) injection. This administration route was safe and efficient, as a
reduction in effector T cells and pro-inflammatory cytokines was observed in patients?®. In another
phase | clinical trial, AuToDeCra, patients received a singular administration of autologous
synovial-fluid-pulsed Dex-VitD3-tolDCs in the knee joint via intraarticular (i.a.) injection®®. This
strategy was also proven to be safe and well-tolerated by patients. The CreaVax-Rheumatoid Arthritis
trial analyzed s.c. administration of autologous tolDCs, and reported that five administrations were
safe and reduced antigen-specific autoantibodies'’. The currently ongoing phase I/1l TOLERANT trial
provides patients with two inguinal lymph node intranodal (i.n.) injections of autologous B29-loaded
Dex-VitaminD3-tolDCs. The developments in the field of tolDC therapy are incredibly promising, and
new findings on the safety and efficiency of different tolDCs and their injection routes and frequencies
will provide new insights into the future of this therapeutic strategy.

Despite promising results with tolDCs for the induction of immune tolerance in vitro and in vivo

the generation of autologous tolDCs is a time-consuming, costly, and complex process, requiring
specialized protocols and expertise. Furthermore, the quality and potency of tolDCs can vary among
individuals, affecting treatment consistency and possibly effectiveness'®*. The development and
administration of tolDC therapies can therefore be cost-intensive, possibly limiting their availability
to a broader patient population and increasing the burden on the health care system.

In Chapter 2 the use of nanoparticles for the induction of antigen-specific immune tolerance is
explored. These nanoparticles yield significant benefits over the use of tolDCs, as they are relatively
easy to formulate and can be produced on a large scale, and do not require any cell culturing protocols,
thereby offering a more cost-effective solution to tolDC therapy. Although tolDC clinical trials already
report promising and favorable findings, the induction of antigen-specific immune tolerance in vivo can
be improved by targeting antigens and immunomodulators to immune cells in specific tissues. This can
be accomplished through the use of antibody-antigen or glycan-antigen conjugates*’*, or
nanoparticles, such as liposomes. The physiochemical properties of liposomes determine their
immunogenicity*, and as liposomes are highly flexible and can easily be modified*®, they are
interesting for immunotherapy approaches.

Although the use of nanoparticles for immunotherapy is very promising, caution is warranted
regarding the efficiency of nanoparticle administration, as described in Chapter 2. In Chapters 3 and 4,
the aim was to induce antigen-specific immune tolerance in a PGIA model. Multiple studies reported
the efficiency of localized injections, with several studies reporting the safety and efficacy of i.a.
injections of empty and antigen-containing liposomes®¥>* in animal models for osteoarthritis and
inflammatory arthritis. Although this is an interesting strategy, another study suggests efficient
suppression of rheumatoid arthritis severity using s.c. injected liposomes encapsulating vitamin D3 and
antigenic peptide OVA_, ...
completed randomized phase I clinical trial using s.c. injections of anionic egg-PC:egg-PG liposomes

%5, The efficiency of s.c. injected liposomes are confirmed in a recently

that encapsulated both a self-peptide and calcitriol. In this clinical trial, the liposome-treated patients
showed improved rheumatoid arthritis disease activity and subsequent single-cell sequencing
experiments identified T cell transcripts associated with tolerogenic TCRs®¢. In Chapter 3 it is shown
that i.v. injection of hPG and RA encapsulating liposomes can induce Tregs in vivo, underscoring a
previous finding by Benne et al., who showed that i.v. injected liposomes with a similar formulation but
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which carried the atherosclerosis-relevant antigen were also able to do so*. In the preventative
arthritis study in the PGIA model described in Chapter 4, a singular i.v. injection of hPG,-Dex
liposomes was enough to significantly inhibit arthritis development, and in mice with active

arthritis, two i.v. injections resulted in the inhibition of arthritis development for 18 days after the
second injection. The localization of liposomes upon in vivo injection greatly affects their subsequent
immune effects. Therefore, analysis of the biodistribution of liposomes could contribute to better
understanding of immune responses elicited by liposomes. Tracking fluorescently labeled liposomes
throughout the body could offer new insights, and could especially be helpful for the identification of
APC subsets that take up liposomes to further understand the in vivo mechanisms that are responsible
for antigen-specific tolerance induction.

The liver and spleen are two organs that are generally associated with immune tolerance

induction. In Chapter 4 we showed that i.v. administration of hPG,-Dex liposomes results in a
reduction in CD11c*CD86* cells in the spleen, indicating a potential shift of DCs to a tolerogenic
phenotype. This was accompanied by an observed increase in CD4*PD-1* and CD4*CD25*FoxP3* Tregs

in the hPG,,-Dex liposome-treated mice compared to the PBS and Ova,,, ,-Dex liposome groups. Even

323K4
though it is unknown whether these cells are the result of reduced inflammation or actively
contributed to protection against arthritis, the localization in the spleen does indicate the presence of
antigen-specific systemic effects 18 days after the last administration of liposomes. This hypothesis is
also supported by the work of Nguyen et al., who observed a decrease in CD86* APCs and an increase
in CD4*FoxP3" Tregs after i.v. injection with multiple sclerosis (MS)-relevant MOG,, . .-antigen-loaded
mesoporous silica nanoparticles (MSN) in a mouse model for MS (experimental autoimmune

encephalomyelitis (EAE))®®.

The use of SpCas9 mRNA could yield significant benefits over whole-protein encapsulation.
Encapsulation of mRNA enables in situ antigen protein synthesis. This is beneficial, as it eliminates
the need for protein purification and long-term stabilization®, as would be needed for the method
described in Chapter 5. The encapsulation of SpCas9 mRNA would allow for short-term expression,
and eventually, complete removal of the nuclease from the body. A recent study has shown that the
injection of lipid nanoparticles (LNPs) co-encapsulating Cas9 mRNA and sgRNAs was not only safe
but also conferred the desired immunomodulatory effects®. The efficiency and safety of Cas9 mRNA
delivery using LNPs have been corroborated by several other studies® 3. Although LNPs and
liposomes both are lipid nano-formulations, they are different in composition. LNPs generally have

a single phospholipid outer layer that encapsulates the interior®. This interior may be non-aqueous.
Liposomes, on the other hand, consist of one or more lipid bilayers surrounding an aqueous core®.
Despite these differences, we do hypothesize that encapsulation of SpCas9 mRNA in LNPs could be
favorable for the induction of in vivo immune tolerance to SpCas9 compared to SpCas9 whole-protein
delivery, as described in Chapter 5.

The application of mMRNA for the treatment of rheumatoid arthritis, as in Chapter 4, is slightly more
challenging, especially in humans as the autoantigens are largely unknown. A possible target is the
mB29a peptide, as mentioned earlier. The B29 peptide is derived from heat shock protein 70 (HSP70)
which, in rheumatoid arthritis, has been described to have a multitude of roles®. A previous study
showed that the levels of anti-HSP70 autoantibodies are significantly higher in sera of rheumatoid
arthritis patients compared to healthy controls®’. Furthermore, extracellular HSP70 has been shown to
downregulate proinflammatory processes in preclinical arthritis models through the modulation of a
variety of signaling pathways, including the NF-kB pathway, resulting in a decrease in several
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pro-inflammatory cytokines®. In a murine DNA vaccination study in a model for adjuvant-induced
arthritis, HSP70 has been shown to direct T cells to Tregs rather than to Th1 cells®, emphasizing its
anti-inflammatory function in arthritis. The B29 peptide was first described by van Herwijnen et al. and
can induce antigen-specific Tregs in vivo’®", Therefore, this antigen is not only an interesting target for
mRNA-based nanoparticle vaccines but linking this peptide to Dex using a polylysine linker as described
in Chapter 4, could be an interesting strategy to confer long-term antigen-specific immune tolerance in
vivo.

The discovery in Chapter 4 that hPG, -Dex-containing liposomes can induce antigen-specific Tregs in
vivo and can suppress arthritis development and progression is incredibly promising. However, for
translation to humans, it is important to take into account each patient’s medical profile. Between
individuals, their immune systems, disease profiles, and medical histories are unique, and these factors
can all influence the efficacy of human liposomal vaccination. The administration of toIDC therapies
raises similar concerns, as developing patient-specific tolDC therapies demands a tailored approach for
each individual, resulting in resource-intensive therapy. Current treatments for rheumatoid arthritis
focus on symptom management and increasing the patient’s quality of life. A commonly described
treatment modality for the autoimmune disease is disease-modifying antirheumatic drugs (DMARDs).
Not only has DMARD usage been associated with more severe outcomes of respiratory infections, such
as influenza and SARS-Cov-272-74, but ongoing DMARD therapy interfered with vaccination
efficiency”. This finding could have implications for the use of the liposomes described in Chapter 4

in humans, as many patients are already on a treatment plan. Additionally, the blood of rheumatoid
arthritis patients might contain different levels and quantities of proteins compared to healthy blood,
which could affect the formation of the protein corona, possibly interfering with the therapeutic
efficiency of liposomes in vivo™ . This highlights the importance of further analyzing the effect of a
patient’s medication profile and blood composition before administering the liposomes described in
Chapters 3, 4, and 5 in a human system.

The liposomal encapsulation of a disease-relevant antigen and immunomodulator is a promising
strategy for the treatment of rheumatoid arthritis in mice, as shown in Chapters 3 and 4. This raises
the question of the broader applicability of the encapsulated antigen,,-dex conjugate for the treatment
of other autoimmune diseases. Liposomes are suitable nanocarriers for these different antigens, as
previous studies using phosphatidylserine (PS)-containing liposomes have demonstrated the ability of
these liposomes to be adapted to other autoimmune diseases, including type 1 diabetes and MS383,
Furthermore, anionic DSPG-containing liposomes, as used in Chapters 3 and 4, loaded with an
atherosclerosis-relevant antigen ApoB100-derived antigen have previously been described to be able
to induce antigen-specific Tregs in mice®’. Linking this peptide to the K4-dex construct could further
enhance the in vivo efficiency of these liposomes.

This thesis provides exciting new insights into the use of liposomes for the treatment of autoimmune
diseases and for the facilitation of in vivo CRISPR-gene editing.
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The immune system is a complex network of cells, tissues, and molecules that work together to protect
the body against harmful invaders, such as bacteria, viruses, and other pathogens. To this end, the
immune system is very good at recognizing and eliminating these pathogens, while sparing healthy
cells and the body's own cells and tissues. In some cases, the immune system may malfunction,
causing it to attack the body's own cells and tissues. This process is also called loss of immune
tolerance, which can lead to the development of autoimmune diseases, such as rheumatoid arthritis.

Rheumatoid arthritis is a chronic autoimmune disease, in which the joint tissue is affected, resulting in
painful inflammation. This can lead to joint damage and limitations in movement, which means that
this disease can have a significant impact on the quality of life of patients. Current treatment methods
focus on reducing symptoms, thereby improving quality of life. This is accomplished, among other
things, by administering disease-modifying anti-rheumatic drugs (DMARDs). DMARDs can be divided
into several categories, with the ultimate goal of inhibiting the inflammatory response and thereby
preventing joint damage. The downside to using this type of medication is that it can lead to general,
non-specific suppression of the immune system.

To improve immunotherapy for autoimmune diseases, there is increasing interest in developing
specific therapies. These therapies focus on the disease-causing antigen so that other cells, tissues,
and molecules are not affected. An antigen is a foreign molecule that is often found on the surface of
a pathogen. Current clinical trials investigate the therapeutic effect of dendritic cells (DCs) for treating
various autoimmune diseases. Dendritic cells play an important role in triggering the specific

immune system, which adapts to the pathogen. This part of the immune system is also called the
adaptive immune system. These cells are extremely good at recognizing and processing pathogens and
are then able to present pieces of this pathogen, called peptides, on their cell surface with the help of
major histocompatibility complex (MHC) molecules. These molecules play a central role in the immune
response. The MHC-peptide complex can then be recognized by receptors on the surface of T cells,
called T cell receptors (TCRs). These TCRs enable T cells to generate specific immune responses.
Furthermore, DCs can influence naive T cells to become a certain type of effector T cell. This process

is called differentiation. Depending on the signals the T cell receives from the DC, the naive T cell
becomes a pro-inflammatory T cell (T helper (Th1) or Th17) or a regulatory T cell (Treg). Tregs are very
important for regulating the immune response. In the case of autoimmune diseases, the regulation of
the immune response is disrupted, causing a pro-inflammatory immune response against the body's
own antigens, also known as self-antigens. To counter this, researchers are now looking at optimizing
the DC-T cell interaction in clinical trials to ensure that more antigen-specific Tregs are produced in the
body. They do this by loading the DC with a disease-relevant antigen so that it is presented by the DC.
Only T cells that can respond to this antigen, i.e. T cells with a specific TCR, will recognize this antigen
and can bind to the DC. Now, it is important to skew the T cells to become Tregs. This is accomplished
by treating DCs with immunomodulators, such as dexamethasone (dex), retinoic acid (RA), or vitamin
D3. This stimulation turns DCs into tolerogenic DCs (tolDCs), which express lower levels of CD40 and
CD86, which are the surface molecules that are essential fot T cell co-stimulation. DCs will also secrete
signaling molecules, called cytokines. Normally, activated DCs increase the production of pro-
inflammatory cytokines, such as interleukin (IL) 12 and interferon-gamma (IFNy). By adding
immunomodulators, DCs will secrete more anti-inflammatory cytokines such as IL-10 and TGFB. This
ensures that naive T cells will change into Tregs. In the clinical trials, researchers stimulate DCs with

a disease-relevant antigen and immunomodulators, which ensures the induction of antigen-specific
tolDCs, which are then able to stimulate antigen-specific Tregs in the body, i.e. in vivo.
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There is a lot of attention for tolDCs as a new immunotherapy for autoimmune diseases. However,
there are also disadvantages to the use of these cells. Generating antigen-specific tolDCs requires
complicated protocols, which, in turn, require specialist centers. Furthermore, the quality and potency
of tolDCs can vary from person to person, which affects the consistency and effectiveness of treatment.
In Chapter 2, nanoparticles are discussed and described as an alternative way to induce antigen-
specific immune tolerance. The emphasis is on choosing the right nanoparticles for the right
application. For example, nanoparticles with a negative charge are often used for research into the
treatment of autoimmune diseases. These anionic particles are often around 200nm in size, making
them easy for DCs to take up. By packaging a disease-relevant antigen and an immunomodulator in a
nanoparticle, both the immunomodulator and the antigen can be taken up by a DC. This may cause
DCs to change into tolDCs in vivo and stimulate the production of antigen-specific Tregs. In Chapter 3
it is investigated whether it is possible to induce antigen-specific Tregs using liposomes. Liposomes are
nanoparticles composed of lipids that form a double layer called a bilayer. These structures can most
easily be compared to a soap bubble. Within the double layer with lipids, molecules that are not easily
soluble in water (hydrophobic) can be packaged. Molecules that are easily soluble in water
(hydrophilic) can be packed in the center of the liposomes. By ensuring that lipids with a negative
charge are used and by pressing (extruding) the liposomes under high pressure through a 200nm filter,
it is ensured that the liposomes all have approximately the same size and charge. By packaging retinoic
acid and the rheumatoid arthritis-relevant antigen human proteoglycan (hPG) in these liposomes,

the negative charge and the size of around 180nm remained the same. Like free hPG and RA, hPG-RA
liposomes were able to induce tolDCs in bone marrow-derived DCs (BMDCs) in the lab in vitro, but
liposomes containing hPG were preferentially taken up by BMDCs than free hPG. To see whether these
tolDCs were able to induce antigen-specific Tregs, DCs treated with hPG-RA liposomes were combined
with naive T cells that only have a T cell receptor specific for hPG. DCs treated with hPG-RA liposomes
were able to induce antigen-specific Tregs in vitro, and when these liposomes were injected into a
wild-type mouse that had also been injected with T cells specific for hPG, it was found that the mice
receiving the liposomes had an antigen-specific Treg response, as did mice treated with DCs stimulated
with free hPG and RA or free hPG and RA without DCs.

Because these liposomes appeared to be a suitable way to co-transport a disease-relevant antigen and
an immunomodulator to DCs in vivo, Chapter 4 examined the use of dexamethasone in these
liposomes for immunotherapy in a mouse model of rheumatoid arthritis. In this chapter, we linked
dexamethasone to the hPG antigen with a lysine tetramer (hPG, ,-Dex) before packaging this complex
into liposomes. The hPG, -Dex complex can convert BMDCs to tolDC in the presence of the pro-
inflammatory stimulus lipopolysaccharide (LPS), both when administered freely and when packaged in
liposomes. Furthermore, hPG,-Dex liposomes can induce antigen-specific Tregs in vivo.

To validate the effect of these hPG, -Dex liposomes in a disease model, the proteoglycan-induced
arthritis (PGIA) model was used. In this model, rheumatoid arthritis is artificially induced by an
injection of hPG with the adjuvant dimethyldiotadecylammonium bromide (DDA). After two
injections, this causes the development of rheumatoid arthritis in the injected mice. By injecting mice
with hPG, -Dex liposomes on day 17 after the first injection (4 days before the second injection), the
development of rheumatoid arthritis could be prevented in 33.3% of the mice, and the development
of rheumatoid arthritis was significantly less than in mice treated with hPG,-Dex-stimulated tolDCs.
This was a promising discovery, which also allowed the functionality to be investigated in mice with
active rheumatoid arthritis. In mice that had already developed rheumatoid arthritis, treatment with
hPG, ,-Dex liposomes was able to significantly inhibit the development of rheumatoid arthritis
compared to the control groups. Increased levels of anti-inflammatory cytokine IL-10 were found in
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the paws of these mice and more Tregs were present in the spleens. These results highlight the
potential of using nanoparticles to restore immune tolerance in autoimmune diseases.

In recent years, nanoparticles have gained popularity not only for the treatment of autoimmune
diseases. The world of gene therapy is also interested in these multifunctional particles. In Chapter 5,
the application of liposomes for the in vivo delivery of the Cas9 protein is investigated. The Cas9
protein is a bacterial protein involved in the CRISPR-Cas9 gene editing system. The development of
CRISPR has ensured that specific DNA modifications can be made, allowing mutations in genes to

be repaired. This is an important goal, but the bacterial nature of the protein poses problems. The
immune system will immediately recognize it as foreign and clean it up. By packaging the protein in
liposomes, in combination with dexamethasone, the research in this chapter attempts to prevent an
immune response against the Cas9 protein. This is successfully accomplished in vitro, inducing tolDCs
from BMDCs stimulated with liposomes containing dexamethasone sodium phosphate (DexPhos) and
Cas9. DexPhos is a water-soluble form of dexamethasone, which is easier to package in liposomes.
The Cas9-DexPhos liposomes are efficiently taken up by DCs in vitro, and translocate to the liver and
spleen in vivo. The liver and spleen are organs that are important in maintaining immune tolerance.
More optimization is required for the in vivo application of Cas9-DexPhos liposomes, but a first step
has been taken in this new field of research.

TolDCs and liposomes loaded with a relevant antigen and immunomodulator represent promising
strategies for restoring immune tolerance in autoimmune diseases. In this thesis, anionic liposomes
loaded with an immunomodulator and a disease-relevant antigen are used to induce immune
tolerance in vitro and in vivo and to prevent the development of rheumatoid arthritis. Furthermore,
a first effort is made towards applying these nanoparticles for optimizing CRISPR-Cas9 gene editing.
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Nederlandse Samenvatting

Het immuunsysteem is een complex netwerk van cellen, weefsels en moleculen die samenwerken

om het lichaam te beschermen tegen schadelijke indringers, zoals bacterién, virussen en andere
ziekte verwekkers. Daartoe is het immuunsysteem erg goed in het herkennen en elimineren van deze
pathogenen, terwijl gezonde cellen en lichaamseigen cellen en weefsels gespaard blijven. In sommige
gevallen kan het immuunsysteem disfunctioneren, waardoor het lichaamseigen cellen en weefsels aan
gaat vallen. Dit proces wordt ook wel het verlies van immuun tolerantie genoemd, en dit leidt tot het
ontstaan van auto-immuunziektes, zoals reumatoide artritis.

Reumatoide artritis is een chronische auto-immuunziekte, waarbij het gewrichtsweefsel wordt
aangetast waardoor er pijnlijke ontstekingen ontstaan. Dit kan leiden tot gewrichtsschade, en
beperkingen in bewegingsvrijheid, waardoor deze ziekte een aanzienlijke impact kan hebben op de
levenskwaliteit van patiénten. Huidige behandelmethoden richten zich op het verminderen van de
symptomen, waardoor de kwaliteit van leven verbeterd wordt. Dit wordt onder andere gedaan door
de toediening van disease-modifying anti-rheumatic drugs (DMARDs). DMARDs kunnen worden
onderverdeeld in meerdere categorieén, met het uiteindelijke doel om de ontstekingsreactie te
remmen en daardoor gewrichtsschade te voorkomen. Het nadeel aan het gebruik van dit soort
medicatie, is dat het kan leiden tot algehele, niet-specifieke onderdrukking van het immuunsysteem.

Om immuuntherapie voor auto-immuunziekten te verbeteren, is er steeds meer interesse in het
ontwikkelen van specifieke therapieén. Hierbij richt de therapie zich op het ziekte veroorzakende
antigeen, zodat andere cellen, weefsels en moleculen niet beinvioed worden. Een antigeen is een
lichaamsvreemd molecuul, dat zich vaak op het oppervlak van een pathogeen bevindt. Huidige
klinische trials onderzoeken het therapeutische effect van dendritische cellen (DCs) voor het
behandelen van verschillende auto-immuunziekten. Dendritische cellen spelen een belangrijke rol in
het aanzetten van het specifieke immuunsysteem, dat zich aanpast aan het pathogeen. Dit deel van
het immuunsysteem wordt ook wel adaptieve immuunsysteem genoemd. Deze cellen zijn uitermate
goed in het herkennen en verwerken van ziekteverwekkers, en zijn vervolgens in staat stukjes van
deze ziekteverwekker, genaamd peptide, te presenteren op het celoppervlak met behulp van major
histocompatibility complex (MHC) moleculen. Deze moleculen spelen een centrale rol in de
afweerreactie. Het MHC-peptide complex kan vervolgens herkent worden door receptoren op het
oppervlak van T cellen, genaamd T cel receptoren (TCRs). Door deze TCRs zijn T cellen in staat
specifieke immuunrespons te genereren. Een andere belangrijke interactie tussen DCs en T cellen, is
dat DCs naieve T cellen kunnen beinvloeden in welk type T cel ze uiteindelijk zullen worden, ook wel
differentiatie genoemd. Afhankelijk van de signalen die de T cel krijgt van de DC, wordt de naieve

T cel een pro-inflammatoire T cel (T helper (Th1) of Th17) of een regulatoire T cel (Treg). Tregs zijn erg
belangrijk voor het reguleren van de immuun respons. In het geval van auto-immuunziekten, is de
regulatie van de immuun respons verstoord, waardoor er een pro-inflammatoire immuunrespons
tegen een lichaamseigen antigeen ontstaat. Om dit tegen te gaan, kijken onderzoekers in klinische
trials nu naar het optimaliseren van de DC-T cel interactie om ervoor te zorgen dat er meer anti-
geen-specifieke Tregs worden aangemaakt in het lichaam. Dit doen ze door de DC te beladen met
een ziekte-relevant antigeen, zodat deze door de DC gepresenteerd wordt. Alleen T cellen die kunnen
reageren op dit antigeen, dus de T cellen met een specifieke TCR, zullen dit antigeen herkennen en
kunnen binden aan de DC. Vervolgens is het belangrijk dat de T cellen voornamelijk Tregs zullen
worden. Dit wordt bewerkstelligd door DCs te behandelen met immunomodulatoren, zoals
dexamethason (dex), retinolzuur (RA) of vitamine D3. Door deze stimulatie veranderen DCs in
tolerogene DCs (tolDCs), waarbij de oppervlakte moleculen die belangrijk zijn voor de co-stimulatie
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van T cellen, CD40 en CD86, minder tot expressie gebracht worden. Hierdoor zullen antigeen-
specifieke pro-inflammatoire T cellen dood gaan, terwijl dit juist Tregs stimuleert. Ook zullen DCs
andere signaalstoffen, genaamd cytokines, uitscheiden. Normaal gesproken zorgen geactiveerde DCs
voor een verhoogde productie van pro-inflammatoire cytokines, zoals interleukine (IL) 12 en interferon
gamma (IFNy). Door het toevoegen van immunomodulatoren, zullen DCs meer anti-inflammatoire
cytokines zoals IL-10 en TGFB uitscheiden. Dit zorgt ervoor dat naieve T cellen zullen veranderen naar
Tregs. In de klinische trials stimuleren onderzoekers DCs met een ziekte-relevant antigeen en
immunomodulatoren, hetgeen zorgt voor de inductie van antigeen-specifieke tolDCs, die vervolgens

in staat zijn om in het lichaam, dus in vivo, antigeen-specifieke Tregs te stimuleren.

Er is veel aandacht voor tolDCs als nieuwe immuuntherapie voor auto-immuunziekten. Echter zitten
aan het gebruik van deze cellen ook nadelen. Voor het genereren van antigeen-specifieke tolDCs zijn
gecompliceerde protocollen nodig, hetgeen specialistische centra vereist. Ook kan de kwaliteit en de
potentie van tolDCs van persoon tot persoon verschillend zijn, wat de consistentie en effectiviteit van
de behandeling beinvloedst. In hoofdstuk 2 worden nanodeeltjes bediscussieerd en beschreven als
alternatieve manier om antigeen-specifieke immuun tolerantie op te wekken. Hierbij wordt de nadruk
gelegd op het kiezen van het juiste nanodeeltjes voor de juiste toepassing. Zo wordt er voor
onderzoek naar de behandeling van auto-immuunziekten vaak gebruik gemaakt van nanodeeltjes
met een negatieve lading. Deze anionische deeltjes zijn vaak rond de 200nm in grootte, waardoor

ze makkelijk kunnen worden opgenomen door DCs. Door een ziekte-relevant antigeen en een
immunomodulator te verpakken in een nanodeeltje, kunnen zowel de immunomodulator en het
antigeen door een DC worden opgenomen. Dit kan er voor zorgen dat DCs in vivo veranderen in
tolDCs en hierdoor kan het aanmaken van antigeen-specifieke Tregs gestimuleerd worden.

In hoofdstuk 3 wordt er onderzocht of het mogelijk is antigeen-specifieke Tregs te induceren met
behulp van liposomen. Liposomen zijn nanodeeltjes die bestaan uit lipides die een dubbele laag,
genaamd bilaag, vormen. Deze structuren zijn het makkelijkste te vergelijken met een zeepbel. In de
dubbele laag met lipides kunnen moleculen die niet goed in water op te lossen zijn (hydrofoob)
verpakt worden. In het midden van de liposomen kunnen moleculen die goed in water oplosbaar zijn
(hydrofiel) verpakt worden. Door ervoor te zorgen dat er lipides gebruikt worden met een negatieve
lading en door de liposomen te onder hoge druk door een 200nm filter te persen (extruderen), wordt
ervoor gezorgd dat de liposomen allemaal ongeveer de zelfde grootte en lading hebben. Door
retinolzuur en het reumatoide artritis-relevante antigeen human proteoglycan (hPG) te verpakken in
deze liposomen bleef de negatieve lading en de grootte van rond de 180nm hetzelfde. Net als vrije hPG
en RA waren de hPG-RA liposomen in staat tolDCs te induceren in beenmerg-verkregen DCs (BMDCs)
in het lab in vitro, maar werden de liposomen met hPG beter opgenomen door BMDCs dan vrije hPG.
Om te kijken of deze tolDCs in staat waren om antigeen-specifieke Tregs te induceren, werden DCs
behandeld met hPG-RA liposomen samen gevoegd met naieve T cellen die alleen een T cel receptor
hebben die specifiek is voor hPG. DCs behandeld met hPG-RA liposomen waren in staat antigeen-
specifieke Tregs te induceren in vitro, en wanneer deze liposomen ingespoten werden in een wildtype
muis die ook een injectie had gehad met T cellen specifiek voor hPG, werd er gevonden dat de muizen
die de liposomen hadden gehad een antigeen-specifieke Treg respons hadden, net als muizen
behandeld met DCs gestimuleerd met vrije hPG en RA of vrije hPG en RA zonder DCs.

Doordat deze liposomen een geschikte manier leken om een ziekte-relevant antigeen en een
immunomodulator samen te vervoeren naar DCs in vivo, werd er in hoofdstuk 4 gekeken naar het

gebruik van dexamethason in deze liposomen voor immuuntherapie in een muismodel voor
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reumatoide artritis. In dit hoofdstuk hebben we dexamethason gelinkt aan het hPG antigeen met een
lysine tetrameer (hPG,,-Dex) alvorens het in liposomen te verpakken. Het hPG,,-Dex complex is in staat
BMDCs in de aanwezigheid van de pro-inflammatoire stimulus lipopolysaccharide (LPS) te veranderen
naar tolDC, zowel wanneer het vrij toegediend is als wanneer het verpakt is in liposomen. Bovendien
kunnen hPG,,-Dex liposomen antigeen-specifieke Tregs induceren in vivo. Om het effect van deze

hPG, ,-Dex liposomen te valideren in een ziekte model, werd het proteoglycan-induced arthritis (PGIA)
model gebruikt. In dit model wordt reumatoide artritis kunstmatig geinduceerd door een injectie van
hPG met het hulpmiddel dimethyldiotadecylammonium bromide (DDA). Na twee injecties zorgt dit
voor de ontwikkeling van reuma in de geinjecteerde muizen. Door muizen te injecteren met hPG -Dex
liposomen op dag 17 na de eerste injectie (4 dagen voor de tweede injectie), kon de ontwikkeling van
reuma voorkomen worden in 33.3% van de muizen, en was de ontwikkeling van reuma significant
minder dan in muizen behandeld met hPG,,-Dex tolDCs. Dit was een veelbelovende ontdekking,
waardoor ook de functionaliteit in muizen met actieve reuma onderzocht kon worden. In muizen die
al reuma hadden ontwikkeld was behandeling met hPG, ,-Dex liposomen in staat om de ontwikkeling
van reuma significant te remmen ten opzichte van de controle groepen. In de poten van deze muizen
werden verhoogde niveaus van anti-inflammatoire cytokine IL-10 gevonden en in de milten waren
meer Tregs aanwezig. Deze resultaten benadrukken de potentie van het gebruik van nanodeeltjes in
het herstellen van immuun tolerantie in auto-immuunziekten.

Niet alleen voor de behandeling van auto-immuunziekten hebben nanodeeltjes aanzien verkregen
over de afgelopen jaren. Ook de wereld van de gentherapie is geinteresseerd in deze multifunctionele
deeltjes. In hoofdstuk 5 wordt de toepassing van liposomen voor het in vivo bezorgen van het Cas9
eiwit onderzocht. Het Cas9 eiwit is een bacterieel eiwit dat betrokken is bij het CRISPR-Cas9 gen editing
systeem. De ontwikkeling van CRISPR heeft ervoor gezorgd dat er specifieke DNA modificaties gedaan
kunnen worden, waardoor mutaties in genen hersteld kunnen worden. Dit is een belangrijk doel, maar
de bacteriéle aard van het eiwit brengt problemen met zich mee. Het lichaam zal het direct herkennen
als lichaamsvreemd en het gaat opruimen. Door het verpakken van het eiwit in liposomen, in
combinatie met dexamethason, wordt in dit hoofdstuk geprobeerd te voorkomen dat er een immuun
respons optreed tegen het Cas9 eiwit. In vitro wordt dit goed bewerkstelligd, met het induceren van
tolDCs in BMDCs die gestimuleerd zijn met liposomen die dexamethason natrium fosfaat (DexPhos)

en Cas9 bevatten. DexPhos is een wateroplosbare vorm van dexamethason, die makkelijker te
verpakken is in liposomen. De Cas9-DexPhos liposomen worden efficiént opgenomen door DCs in vitro,
en verplaatsen zich in vivo naar de lever en milt. De lever en milt zijn organen die belangrijk zijn bij het
in stand houden van immuun tolerantie. Voor de in vivo toepassing van Cas9-DexPhos liposomen is
meer optimalisatie nodig, maar een eerste stap is gezet in dit nieuwe onderzoeksveld.

TolDCs en liposomen beladen met een relevant-antigeen en immunomodulator vormen
veelbelovende strategieén voor het herstellen van immuun tolerantie in auto-immuunziekten.

In dit proefschrift worden anionische liposomen beladen met immunomodulator en ziekte-relevant
antigeen gebruikt om immuun tolerantie te induceren in vitro en in vivo, en om de ontwikkeling van
reumatoide artritis te voorkomen, en wordt de eerste stap gezet naar het toepassen van deze
nanodeeltjes voor het optimaliseren van CRISPR-Cas9 gen editing.
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