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Chapter 1

INNATE AND ADAPTIVE IMMUNITY

The immune system consists of cells and organs in charge of protecting the
organism against external and internal threats. The immune system can be broadly
divided into two arms, the innate and adaptive immunity. The innate immunity
responds quickly but it is not specific, while the adaptive immune response takes
more time to be mounted but it acts in a specific manner. The main link between
innate and adaptive immune responses are antigen-presenting cells (APCs) such as
dendritic cells (DCs). APCs can take up antigens, process them and present them
on the cell surface bound to Major Histocompatibility Complex (MHC) molecules,
called Human Leukocyte Antigen (HLA) in human. There are two major types of
MHC molecules, MHC class | mostly presents antigens derived from proteins
expressed within the cell, while MHC class Il presents antigens that have been
taken up from the extracellular environment. Antigens presented via MHC molecules
can be recognized by cells from the adaptive immune system, such as T cells.
T cells can recognize MHC-presented antigens via their T cell receptor (TCR).
The vast diversity of TCRs allows the recognition of virtually any antigen that the
immune system can encounter. When a T cell with a specific TCR recognizes
their cognate antigen, it can undergo clonal expansion, giving rise to an antigen-
specific T cell population that can react to that antigen throughout the body. When
an antigen-specific T cell recognizes its target antigen it can, for example, directly
kill the cell presenting that antigen or secrete molecules to potentiate the immune
response. T cells can be broadly divided by the expression of two markers, cluster
of differentiation 4 (CD4+) and cluster of differentiation 8 (CD8*), and therefore are
called CD4* T cells and CD8* T cells. CD4* T cells, also known as helper T cells,
recognize antigens presented by MHC class Il molecules, while CD8* T cells, also
known as cytotoxic T cells, can recognize antigens presented by MHC class I.
An overactivation of the immune system in response to endogenous antigens is
the root cause of autoimmune diseases such as multiple sclerosis or rheumatoid
arthritis, and it also contributes to other diseases with high societal impact such
as atherosclerosis, the main underlying cause of cardiovascular diseases (CVD).

ATHEROSCLEROSIS AS AN AUTOIMMUNE-LIKE DISEASE

Atherosclerosis is a chronic inflammatory disease of the arteries characterized by
the accumulation of lipid-rich low-density lipoprotein (LDL) particles in the intima
layer of the arteries. This deposition of LDL triggers an immune response that leads
to the infiltration and accumulation of immune cells in the lesion site. The growth
of the atherosclerotic lesions can narrow the arterial lumen, restricting blood flow
towards certain parts of the body. Furthermore, the lesion can eventually rupture
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generating a thrombus that can lead to myocardial infarction or stroke. The role of
the immune system in the development of atherosclerosis has traditionally been
underappreciated compared to the role of lipid metabolism, however several lines of
evidence highlight the importance of immunity in both the initiation and progression
of atherosclerosis'*. One of the key players are T cells, with both CD4* and CD8*
T cells found in atherosclerosis plaques of CVD patients® ©.

The role played by the different T cell subsets in atherosclerosis is, to this day,
subject of intensive research. In the case of CD8* T cells some evidence points
towards pro-atherogenic role” while other studies suggest an atheroprotective
role® °. The different subpopulations of CD4* T cells are also known to have
different functions in the development of atherosclerosis lesions. T helper 1 (Th1)
CD4+ T cells are pro-inflammatory T cells that exert their function by releasing
pro-inflammatory cytokines such as IFNy that contributes to the activation of
macrophages and further increases the inflammatory response'® . The pro-
atherogenic or anti-atherogenic role of T helper 2 (Th2) cells is still controversial.
The main cytokine produced by Th2 cells is IL-4 which can counteract the effect of
atherogenic Th1 responses' however other experiments in mice have shown that
the depletion of IL-4 reduced atherosclerosis plaque formation'™. On the other hand,
Th2 cells also produce IL-10, IL-5 or IL-13 and these cytokines have shown to be
anti-atherogenic'#'6. The other major subset of CD4* T cells is T helper 17 (Th17)
cells, seems to have different roles in human and mouse atherosclerosis. These
cells mainly produce IL-17, and while studies in mouse models of atherosclerosis
have shown evidence of both pro-atherogenic and anti-atherogenic functions of
Th17 cells, clinical evidence from patients shows that increased levels this T cell
subset and IL-17 in circulation are linked to unstable angina and acute myocardial
infarction®. Finally, another key population of CD4+* T cells are T regulatory cells
(Tregs). Tregs mostly secrete the anti-inflammatory cytokines IL-10 and TGF and
increased levels of Tregs are atheroprotective in both mice and human'® '°. Tregs
can be identified in mice by the expression of the transcription factor forehead box
protein P3 (FoxP3), although in human FoxP3 alone is not a reliable marker of
Tregs since it is also expressed by other T cells subsets upon activation®. Recent
evidence suggests that Tregs can evolve from an anti-inflammatory phenotype
towards a Th1/Th17 phenotype as atherosclerosis develops?'.

Most studies that try to identify the role of different T cell subsets in atherosclerosis
do not take into account the antigen-specificity of the response and that might lead
to apparently contradictory functions of the same T cell population. T cells specific
for an atherosclerosis-relevant antigen could potentially have different effect on
atherosclerosis compared to T cells targeting other antigens. T cells exert their
function upon recognition of their target antigen, therefore the antigen-specificity of
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T cell responses is key to unveil the role of each T cell population in atherosclerosis.
Despite intensive research, the driving antigens of the immune responses in
atherosclerosis are not fully elucidated. Recent single-cell TCR sequencing data
showed presence of clonally expanded CD4* T cells in the plaque, suggesting
antigen-specific T cell activation. Furthermore, these expanded CD4* T cells also
expressed markers of recent T cell activation such as CD69, indicating that T cell
activation occurs in the plaque. These data also showed an important overlap in
the gene expression of T cells in plaques and T cells isolated from the synovial fluid
of patients with psoriatic arthritis, a known autoimmune disease®. These results
provide evidence of the long suspected autoimmune component of atherosclerosis.
The potential target antigens for autoimmunity in atherosclerosis include heat-shock
proteins (HSP) 23-2* and 32-Glycoprotein | (32GPI) %5, however the main suspect is
ApolipoproteinB-100 (ApoB100), the main protein in LDL particles. The presence
of antibodies and T cells against ApoB100 has been shown in both mouse models
of atherosclerosis and in patients samples?®® 7. These new insights into the role of
autoimmunity in atherosclerosis could inform the development of new therapeutic
approaches for the treatment of CVDs.

NEW THERAPEUTIC APPROACHES IN ATHEROSCLEROSIS

Since atherosclerosis has been traditionally considered a disease related to
lipid metabolism, and more specifically to dysregulated LDL levels, the main
therapeutic approach has targeted the high levels of LDL in patients. Lipid-lowering
drugs, such as statins or proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors, are very effective at reducing LDL levels and the risk of cardiovascular
disease® 2°, however they do not target the important inflammatory component
of atherosclerosis. In fact, patients undergoing intensive lipid-lowering therapy
still present significant risk of suffering a cardiovascular event®. New therapeutic
interventions that target the immune response in atherosclerosis could be the
next frontier to significantly reduce the incidence of cardiovascular diseases.
The Canakinumab Anti-Inflammatory Thrombosis Outcome Study (CANTOS)
clinical trial showed that targeting inflammation is effective at reducing the risk of
cardiovascular events in patients using standard lipid-lowering therapies but with
elevated inflammatory markers®'. This trial, however, also showed that the chronic
use of therapies that dampen the overall immune response of patients leads to
higher risk of fatal infections that can overshadow the benefits. The induction of
antigen-specific immune tolerance mediated by Tregs could harness the advantages
of anti-inflammatory therapies while avoiding the unwanted side effects of systemic
immune suppression.
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Several approaches are in development for the induction of antigen-specific immune
tolerance for the treatment of autoimmune diseases, such as the administration of
glycosylated autoantigens or the delivery of the target antigens using tolerogenic
nanoparticles®* 3. Nanoparticles can be used to deliver antigens to antigen-
presenting cells and therefore induce an antigen-specific immune response (Figure
1). In the case of vaccines to treat inflammatory and/or autoimmune diseases,
nanoparticles can be used to co-deliver a target auto-antigen and a tolerogenic
adjuvant. Furthermore, certain nanoparticles such as liposomes are versatile
systems that can drive the immune response towards a proinflammatory or an
anti-inflammatory response depending on their physicochemical characteristics®.
Liposomes are nanometric delivery systems consisting of a phospholipid
bilayer enclosing an aqueous core. The phospholipid composition determines
physicochemical properties of the nanoparticle such as surface charge and rigidity
but also the set of proteins that will interact with the nanoparticle in a biological fluid,
also known as protein corona®. In turn, the physicochemical properties and the
protein corona will determine the immune response elicited by the nanoparticles.
For example, cationic liposomes are known to induce potent pro-inflammatory
responses that can target and eliminate tumour cells®. On the other hand, highly
rigid anionic liposomes are known to have anti-inflammatory properties and are
able to induce antigen-specific immune tolerance mediated by Tregs®.

Immune-activating liposomes

CD8" T cell Cytotoxic CD8" T cell

Activated dendritic cell
——
© Tolerogenic dendritic cell
© © (toIDC)

Tolerogenic liposomes

Dendritic cell (DC)

CD4" T cell CDA4* T regulatory cell

Figure 1. Overview of induction of pro-inflammatory or tolerogenic responses by dendritic cells (DCs)
primed by different type of liposomes. The delivery of antigens to the DCs using immune-activating
liposomes, such as cationic liposomes, leads to the generation of an antigen-specific cytotoxic CD8+
T cell response, useful to fight viral infections. The delivery of antigens to DCs using tolerogenic
anionic liposomes leads to the generation of CD4+ T regulatory cell responses, useful to temper
down immunity in the context of autoimmune diseases.
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The preparation of highly rigid liposomes requires the use of phospholipids with
high transition temperature, such as 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) and 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DSPG). These
two phospholipids have a transition temperature of 55°C therefore the preparation
of liposomes containing these lipids requires working at temperatures above 55°C.
At a lab-scale, the most common methods to prepare these formulations is the
lipid film hydration method followed by extrusion®®. This method consists of the
generation of a suspension of multilamellar vesicles by hydration of a dry lipid film.
This suspension is subsequently forced through filters with increasingly smaller pore
sizes to obtain a monodisperse formulation with the desired particle size, usually in
the range of 100-200 nm. This preparation method presents several disadvantages
such batch-to-batch variability and poor scalability due to the need of extrusion at
high pressure and temperature, therefore new preparation methods are needed
to further develop these formulations beyond pre-clinical testing. Microfluidic
systems for the preparation of nanoparticles have been extensively studied in the
last few years and this has led to the development of commercial microfluidic-based
platforms for nanoparticle production®. Microfluidic systems allow the production of
nanoparticle formulations in a continuous manner therefore one of the advantages
of these systems is the scale-up potential*°.

Besides the production of tolerogenic liposomal formulations in large-scale, the
translation of results from in vitro efficacy studies to in vivo and from animal models
to human remain a challenge. The translation from in vitro to in vivo can be hindered
by the very different biological environment in cell culture medium versus the
mouse biological fluids. The difference in protein composition in these different
environments can lead to the formation of significantly different protein coronas, that
can in turn lead to different biological effects*'. On the other hand, the translation of
tolerogenic formulations from animal models, such as mice, to human is particularly
challenging due to key differences in dendritic cells and Tregs in both organisms,
therefore the use of human in vitro and ex vivo systems during pre-clinical testing
of tolerogenic nanoparticle formulations is key.

LIPOSOMES AS IMMUNE POTENTIATORS IN PROPHYLACTIC
VACCINES

In contrast to anionic liposomes, cationic liposomes are known for their immune
activating properties, therefore these lipid nanoparticles can be used as
prophylactic vaccines against infectious diseases. The induction of local anti-viral
immune responses in the airways through vaccination is key for protection against
respiratory viruses, such as SARS-CoV2 or influenza, however this has proven to
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be difficult to achieve using subunit vaccines, the safest and easiest to manufacture
type of vaccines available nowadays“2. The use of cationic liposomes to co-deliver
antigens and adjuvants such as cyclic-dimeric guanosine monophosphate (c-di-
GMP) has been studied before as a therapeutic anti-cancer vaccine, and it has
shown to induce potent antigen-specific CD8* T cell responses*®. Furthermore,
the cationic surface charge of these liposomes makes them suitable for intranasal
delivery due to the favourable electrostatic interaction with the airways mucosa*.
The combination of immune activating properties and the mucosal delivery of these
formulations would make them an ideal subunit vaccine to induce local immune
responses in the airways.

This thesis aims to advance the field of nanoparticle-based tolerogenic vaccines
for the treatment of atherosclerosis. We examined three key aspects of these
formulations including the elucidation of target antigens for these vaccines and the
study of liposome-based and polymer-lipid hybrids for antigen delivery. Additionally,
we developed a microfluidic method for the preparation of tolerogenic liposomal
formulations, which allows for efficient encapsulation of peptide antigens and
vitaminD3. Furthermore, we explore the use of liposomes to modulate the immune
response towards activation and induction of protective anti-viral immunity.

THESIS OUTLINE

In chapter 2, we review the state of development of tolerogenic vaccines to treat
cardiovascular disease. We summarized the lessons learned on the development
of tolerogenic therapies for other inflammatory and autoimmune diseases such as
rheumatoid arthritis, type 1 diabetes, or multiple sclerosis, and analysed the pre-
clinical data available on the use of peptide-based vaccines to halt the development
of atherosclerosis. Furthermore, we highlight the main challenges in the clinical
translation of this therapeutic approach, such as the selection of the appropriate
antigens, formulations, and target patient population for clinical trials. In chapter
3, we identify possible candidates for tolerogenic vaccines against atherosclerosis.
To that end we used immunopeptidomics to identify antigens presented by HLA
molecules in human atherosclerosis plaques from patients. We selected 20 peptides
derived from ApoB100 that presented a high binding affinity for a wide range of
HLA types. We observed that at least 25% of atherosclerosis patients present
significant CD4* T cell responses against these ApoB100 peptides and that the
level of T cell responses against these antigens correlated to the vulnerability of
atherosclerosis plaques. These findings make the identified ApoB100 peptides
potential targets for tolerogenic vaccines against atherosclerosis. In chapter 4, we
explore the tolerogenic capacity of previously reported DSPG liposomes in human
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in vitro and ex vivo skin model and we showed that the inclusion of vitaminD3 in
the anionic liposomal formulation is required to induce T regulatory cells in human
experimental models. In chapter 5, we develop a microfluidic method to produce
tolerogenic liposomes containing DSPG in a continuous and scalable manner.
Furthermore, we show that this microfluidics system can be used to encapsulate
the tolerogenic adjuvant vitaminD3 and ApoB100-derived immunogenic peptides
with high efficiency. In chapter 6, we explore the role of nanoparticle rigidity in the
tolerogenic capacity of formulations by comparing DSPG-containing liposomes
to solid PLGA nanoparticles covered with an anionic lipid bilayer. In chapter
7, we use cationic liposomes loaded with peptides derived from SARS-CoV2
or influenza and the adjuvant c-di-GMP, inducing strong antigen-specific T cell
responses systemically but also locally in the lungs. The T cell responses induced
by vaccination with the liposome formulation correlated with lower viral load in the
lungs of vaccinated mice upon viral challenge. In chapter 8, we summarize and
discuss the main findings of this thesis.
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ABSTRACT

Atherosclerosis is the main pathology behind most cardiovascular diseases.
It is a chronic inflammatory disease characterized by the formation of
lipid-rich plaques in arteries. Atherosclerotic plaques are initiated by the
deposition of cholesterol-rich LDL particles in the arterial walls leading to
the activation of innate and adaptive immune responses. Current treatments
focus on the reduction of LDL blood levels using statins; however, the
critical components of inflammation and autoimmunity have been mostly
ignored as therapeutic targets. The restoration of immune tolerance towards
atherosclerosis-relevant antigens can arrest lesion development as shown
in pre-clinical models. In this review, we evaluate the clinical development
of similar strategies for the treatment of inflammatory and autoimmune
diseases like rheumatoid arthritis, type 1 diabetes or multiple sclerosis and
analyse the potential of tolerogenic vaccines for atherosclerosis and the
challenges that need to be overcome to bring this therapy to patients.
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INFLAMMATION AND AUTOIMMUNITY IN ATHEROSCLEROSIS

Atherosclerosis is the main underlying cause of acute cardiovascular events such
as myocardial infarction or stroke'. Traditionally, atherosclerosis has been primarily
considered a pathology related to dyslipidaemia, therefore lipid-lowering therapies
such as statins have been the mainstream option for prevention of cardiovascular
events. However, in recent years several lines of evidence have highlighted the
importance of the immune component of atherosclerosis?. The development of an
atherosclerotic lesion initiates with the infiltration of lipoproteins, mainly low-density
lipoproteins (LDL), from the blood into the intima of the arteries. The infiltration
and accumulation of LDL particles into the arterial intima leads to the chemical
modification of some components of the lipoprotein and the formation of modified
LDL, mainly oxidized LDL (oxLDL). The presence of oxLDL in the sub-endothelial
space of the artery triggers an inflammatory response that involves both the innate
and the adaptive arms of the immune system?®.

The initial accumulation of oxLDL leads to the over-expression of adhesion
molecules in endothelial cells, promoting the infiltration of monocytes from the
blood. These monocytes will differentiate into macrophages, which phagocyte LDL
particles and eventually become foam cells, characterized by the presence of large
cholesteryl esters deposits in the cytoplasm and the secretion of pro-inflammatory
cytokines like IL-134.

Other innate immune cells such as dendritic cells (DCs) play an important role in the
development of the plaque. DCs, a subset of antigen-presenting cells, are the link
between the innate and the adaptive immune responses. DCs in the atherosclerotic
plague phagocyte antigens such us LDL from the environment, process them and
present small ApoB100-derived peptides bound to Major Histocompatibility Complex
(MHC) molecules in their surface. These cells mostly migrate to draining lymph
nodes, present ApoB100 peptides to naive T cells and stimulate their differentiation
and expansion into antigen-specific effector T cells. In the plaque, these effector T
cells will recognize the antigens presented by antigen-presenting cells, releasing
pro-inflammatory cytokines such as IFN-y that contribute to the development of
the lesion®©.

There are several subsets of effector T cells with a role in atherosclerosis.
T helper (Th) CD4+* cells form a major population in the plaque next to CD8* T
cells’. The different subsets of Th cells might have completely different roles in the
development of atherosclerosis. For instance, Th1 cells have a pro-atherogenic
effect due to the secretion of pro-inflammatory cytokines, mainly IFN-y®. On the
other hand, T regulatory cells (Tregs) are a subset of Th cells that are thought to
have anti-atherogenic functions as lower frequency and functional impairment of
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Tregs have been observed in patients with coronary artery disease® °. Tregs can
suppress effector T cells, such as Th1 cells, and therefore control inflammatory
responses.

The important role of LDL in the initiation of atherosclerotic lesions, the presence
of both auto-reactive T and B cells as well as anti-oxLDL antibodies has led to the
notion of the autoimmune component of atherosclerosis™ 2. Interestingly, there is
a well-defined correlation between autoimmune disorders and the development
of atherosclerosis®™. For instance, rheumatoid arthritis patients have a higher risk
of cardiovascular disease and have a 1.5 to 2-times higher rate of cardiovascular
events than the general population.

The importance of the immune component of atherosclerosis is evidenced by the
presence of residual cardiovascular risk in a significant percentage of patients
undergoing lipid-lowering therapies, highlighting the need of novel approaches in
the treatment of cardiovascular diseases (CVD) 5.

ANTI-INFLAMMATORY THERAPIES IN CLINICAL TRIALS

Despite the widespread use of statins, cardiovascular diseases are still the number
1 cause of death globally. This can be partially explained by the presence of the
significant residual cardiovascular risk observed in patients even under intensive
statin treatment and low levels of LDL'®. Randomized clinical trials have shown
that the frequency of cardiovascular events is lower in patients with low levels of
high-sensitivity C-reactive protein (hsCRP), a biomarker of inflammation’. These
observations suggest that targeting inflammation in atherosclerosis might contribute
further to the reduction in cardiovascular risk®.

Targeting pro-inflammatory cytokines to reduce the residual inflammatory risk
of cardiovascular events is a strategy that has been studied in clinical trials.
The CANTOS (Canakinumab Antiinflammatory Thrombosis Outcome Study) trial
assessed the efficacy of the anti-IL18 human monoclonal antibody canakinumab
to prevent vascular events in patients with previous history of myocardial infarction
and presenting high levels of hsCRP marker. IL-13, a pro-inflammatory cytokine,
triggers the upregulation of inflammatory markers and adhesion molecules in
endothelial cells, promotes the recruitment of immune cells to the atherosclerotic
plague and induces smooth muscle cell proliferation'®2°. Altogether, this contributes
to the initiation and development of atherosclerosis plagues?'. Patients included
in the CANTOS trial had undergone aggressive secondary prevention therapies
including high dose of statins. The results showed that the treatment with 150 mg
of Canakinumab once every 3 months leads to a 15% reduction in the incidence of
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non-fatal myocardial infarction, non-fatal stroke or cardiovascular death compared
to placebo. The results also showed a significant reduction in the inflammatory
biomarkers hsCRP and IL-6 but no effects on LDL or HDL levels, therefore the
clinical benefit could be attributed to the attenuated inflammation?2. The results from
this study point out to the importance of targeting the cardiovascular risk associated
to inflammation in addition to the reduction of LDL cholesterol levels.

Similarly, results from COLCOT (Colchicine Cardiovascular Outcomes Trial) have
shown that low doses of colchicine (0.5 mg/day), a potent anti-inflammatory drug,
led to a significant reduction in the risk of death from cardiovascular causes,
resuscitated cardiac arrest, myocardial infarction, stroke and angina compared to
the placebo group?.

Another approach to target inflammation in atherothrombosis is the use of low doses
of methotrexate. Low-dose methotrexate is already used in the treatment of certain
inflammatory conditions and observational studies have associated this treatment
with lower frequency of cardiovascular events®. However, in the Cardiovascular
Inflammation Reduction Trial (CIRT), low-dose methotrexate did not reduce the
levels of inflammatory biomarkers IL-1B3, IL-6 or CRP in patients with previous history
of myocardial infarction or coronary disease and did not reduce the frequency of
nonfatal myocardial infarction, nonfatal stroke, cardiovascular death or unstable
angina®®.

The apparent contradictory results from CANTOS, COLCOT and CIRT studies
highlight the complexity of the inflammatory pathways involved and the importance
of taking this into consideration when designing anti-inflammatory interventions for
cardiovascular diseases.

ANTIGEN-SPECIFIC TOLERANCE IN INFLAMMATORY AND AU-
TOIMMUNE DISEASES

The presented therapeutic strategies induce a systemic anti-inflammatory state that
can have important side effects in the long term, such as higher risk of infections, as
shown in both the CANTOS and the COLCOT trials?223 26, An alternative approach to
the use of systemic anti-inflammatory molecules could be the induction of antigen-
specific tolerance towards disease-specific autoantigens. This approach has been
translated into clinical trials for diseases such as rheumatoid arthritis (RA), type 1
diabetes (T1D) and multiple sclerosis (MS) but has not been clinically applied for
treatment of CVD. Lessons learned from these clinical trials can help to advance
the application of this strategy in CVD.
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Two main approaches for the induction of antigen-specific immune tolerance have
been studied so far in clinical trials. One is the administration of tolerogenic dendritic
cells (tolDCs) or Tregs with capacity to induce immune tolerance. Another approach
is the administration of autoantigens at low doses, together with tolerogenic
adjuvants or using tolerogenic administration routes.

An example of the former is a phase | clinical trial that studied the safety of the
administration of tolDCs loaded with autoantigens from synovial fluid for treatment
of RAZ. For this trial, toIDCs were differentiated from peripheral blood mononuclear
cells (PBMCs) from patients in the presence of dexamethasone and vitamin D328,
Safety assessment was made based on the proportion of patients experiencing
flares in the target knee within 5 days after administration of tolIDCs. None of
the patients reported aggravated symptoms indicating that the therapy is safe.
Furthermore, an exploratory efficacy assessment showed symptoms resolution in
2 out of 3 patients receiving the highest cell dose.

In another phase | clinical trial, the safety and biological activity of autologous
tolDCs loaded with the citrullinated peptides relevant for RA were administered
intradermally to RA patients?®. The safety of the treatment was confirmed as only
mild adverse effects were detected. Furthermore, the results showed a decrease in
the levels of CRP and pro-inflammatory cytokines and a reduction in the population
of effector T cells. Unfortunately, clinical efficacy was not evaluated in this trial,
mainly due to the low number of patients included in the trial. This limitation was
related to the high costs associated to the manufacture of autologous tolIDCs, one
of the main drawbacks of cell-based therapies.

The administration of autologous tolDC also appeared to be safe and well-tolerated
in a phase | clinical trial in T1D%. Safety was evaluated not only based on the
presence of adverse reactions, but also by measuring the presence in serum
of autoantibodies and cytokines different to those usually present in T1D and
following changes in immune cell populations with flow cytometry. Patients received
intradermal injection of 1 x 107 cells either not manipulated or differentiated into
tolDCs. The results from the trial did not show any noticeable adverse effect on
patients, neither significant change in immune cell populations.

Another cell-based strategy to induce tolerance is the administration of Tregs.
In a phase | clinical trial for T1D, the administration of autologous polyclonal Tregs
showed that the therapy was well tolerated, and no major adverse reactions were
observed?®'. Clinical parameters like c-peptide levels, insulin use and haemoglobin
Alc levels were included as secondary outcomes in the study. However, due to the
reduced number of patients enrolled in the study (16 patients in 4 dose cohorts), no
assessment of the clinical efficacy of the treatment could be done. Previous reports
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have highlighted potential problems with Treg cell therapies regarding phenotypic
changes in the Tregs, switching from an anti-inflammatory to a pro-inflammatory
phenotype or the contamination with effector T cells that could aggravate the
disease® %, Therefore, in this study, the stability of the Treg phenotype after in
vitro expansion and the suppressive activity of the Tregs before the administration
had to be closely monitored.

The other approach for the induction of antigen-specific tolerance is the use of
peptides. A clinical trial in RA have studied the efficacy of tolerance induction
towards heat-shock proteins (HSP). HSP are naturally produced by cells under
certain stress situations such as inflammation. The release of HSP by stressed
cells induces an anti-inflammatory response mediated by HSP-specific Tregs in
order to control the inflammatory process®*. In a phase Il trial, RA patients received
an oral dose of the HSP40-derived peptide dnadP1 to induce mucosal tolerance.
The peptide dnadP1 has been previously identified as an important T cell epitope in
RAS35, The results showed a significant improvement in clinical response, defined by
a reduction in swollen joints, pain, disability and/or acute phase reactant levels, in
the group treated with dnadP1 compared to placebo. Furthermore, this improvement
was accompanied by a reduced production of pro-inflammatory TNFa in ex vivo
re-stimulated PBMCs?®¢.

Results of clinical trials for peptide-based treatments in T1D are also promising. In a
phase Ib trial, the intradermal administration of a proinsulin peptide to T1D patients
showed to be safe and well tolerated®”. The results showed a less pronounced loss
of insulin production capacity in the treatment groups compared to the placebo
group. Consequently, no significant increase in average insulin doses was observed
in the treatment groups while a progressive increase was seen in the placebo
group. Furthermore, treated patients showed higher levels of anti-inflammatory I1L-10
production when CD4+ T cells were ex vivo stimulated with proinsulin.

In the context of MS, the application of tolerogenic vaccines has provided mixed
results regarding their efficacy and tolerability. A phase Il clinical trial in 2005
showed that the intravenous administration of the synthetic peptide MBP8298,
derived from myelin basic protein (MBP), had a beneficial effect only in a subgroup
of MS patients presenting HLA haplotypes DR2 and/or DR4. Patients receiving
MBP8298 also showed a reduction in the level of anti-MBP autoantibodies,
indicating tolerization towards the antigen®. However, in a phase lll trial, the same
peptide and dosage failed to show a significant reduction in disease progression
in HLA-DR2* and/or HLA-DR4* patients®°.

Cocktails of different peptides derived from MBP have performed better in clinical
trials. In phase Ib and lla clinical trials, the administration of a cocktail composed
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of 4 peptides derived from MBP led to a reduced number of brain lesions compared
to baseline. The trial design included a dose escalation period of 8 weeks, with
peptide doses increasing from 25 ug to 800 ug followed by a full-dose (800 g
peptide cocktail) period in order to avoid unwanted T cell activation and systemic
pro-inflammatory cytokine release, a common concern in these peptide-based
therapies*°.

Other clinical trials have highlighted the importance of the administration route for
the induction of tolerance. Oral, sublingual, nasal and dermal administration routes
are the most commonly used due to the natural role of mucosal and skin immunity
in tolerance induction*'. For instance, the transdermal administration route has
shown to be optimal to induce tolerance towards myelin peptides in MS patients.
A clinical trial studied the administration of a mixture of three peptides derived
from MBP, proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein
(MOG), to MS patients using a transdermal skin patch. Skin biopsies showed an
increase in activated Langerhans cells, a type of antigen-presenting cells found in
the skin, and an increase in DCs in draining lymph nodes in patients receiving the
peptides mixture compared to the placebo group. The treatment also attenuated
the proliferative response of CD4* T cells, an increased production of IL-10 and
a decrease in IFN-y production upon ex vivo re-stimulation with the peptides.
The study however did not include any clinical endpoints to assess the effect of
the treatment in the progression of the disease*.

Overall, the clinical trials have shown that tolerance induction is a feasible approach
that can attenuate some of the pro-inflammatory responses present in diseases
such as RA, T1D or MS but they have also shown the limitations of both peptide-
based and cell-based therapies (Table 1). Peptide-based approaches present
advantages such as relatively straight-forward development of stable formulations
of peptides thanks to the extensive work carried out in the formulation of subunit
vaccines for infectious disease as well as the lower cost of manufacture compared
to cell-based therapies and often admit more convenient administration routes
such as oral or intradermal. But this strategy also presents some disadvantages,
for instance the dose should be carefully selected as too high doses can induce
unwanted pro-inflammatory responses while too low doses will not have the
desired tolerogenic effect. Furthermore, the proteolytic degradation of the peptide
in biological fluids should also be taken into account when choosing the peptide
dose. Lastly, appropriate HLA-peptide interaction is a prerequisite for the effectivity
of peptide-based immunotherapies therefore HLA typing of patients is often required
in this type of therapies, as described in the clinical trial with MBP8298 peptide®.
The main advantage of cell-based therapies is that the administration of tolIDCs
or Tregs can directly induce immune tolerance through expansion of antigen-
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specific Tregs or induction of anergy in effector T cells, respectively. However,
these therapies often involve the isolation of autologous cells from patients, the
induction of a tolerogenic phenotype ex vivo and the subsequent reinfusion to the
patient, which is costly and time-consuming*®. Furthermore, there are concerns over
the variability and stability of the tolerogenic phenotype induced ex vivo.

Table 1. Main advantages and disadvantages of peptide-based and cell-based strategies
for the induction of tolerance.

Peptide-based therapies Cell-based therapies
Advantages Disadvantages Advantages Disadvantages

Lower cost of HLA genotyping often Direct tolerance Expensive and

manufacture required induction time-consuming
manufacture

Stable peptide Peptides subject to Variability of

formulations are proteolytic degradation tolerogenic phenotype

relatively straight-

forward

Easier administration Doses need to be
carefully selected

The formulation of peptide-based vaccines is crucial not only for stability of the
peptide but also for the induction of tolerance. The use nanoparticles as delivery
systems for immune modulation is currently under investigation and has the
potential to overcome some of the problems associated with peptide and cell-based
therapies. For instance, the delivery of peptides using nanoparticles can prevent
degradation by proteases in biological fluids, allow the specific delivery to target
cells such as DCs, include tolerogenic adjuvants to induce the desired tolerogenic
phenotype in vivo and these nanoparticle formulations can be manufacture in high
volumes at lower cost than cell-based therapeutics.

TOLEROGENIC VACCINES IN ATHEROSCLEROSIS

Despite the strong evidence supporting the role of inflammation and autoimmunity
in the development of atherosclerosis, to the best of our knowledge no clinical
trials have been carried out to study the safety, tolerability, feasibility, or efficacy
of antigen-specific tolerance induction to halt the development of atherosclerosis.

One of the obstacles in the development of vaccines for atherosclerosis is the
lack of well-defined epitopes responsible for the initiation and maintenance of the
inflammatory responses in atherosclerosis. However, several reports have shown
that the induction of tolerance towards oxLDL and HSP attenuate atherosclerosis
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in pre-clinical models*+46. Therefore, peptides derived from ApoB100 or HSP have
been the main focus of attention in the search of relevant epitopes in atherosclerosis.
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Figure 1. Summary of the effect of immunization with ApoB100-derived peptides and different adju-
vants reported in literature. Alum, aluminium salt; CFA, complete Freund’s adjuvant; IFA, incomplete
Freund’s adjuvant; Tregs, T regulatory cells; Th1, T helper cell 1.

Oral administration of oxLDL or malondialdehyde-treated LDL induced Treg-
mediated tolerance in LDLr"- mice, accompanied by a significant reduction
in atherosclerotic lesions initiation and progression*s. This report indicates the
potential of ApoB100-derived antigens as candidates for peptide-based vaccination
strategies in atherosclerosis. Figure 1 summarizes the effect on atherosclerosis of
immunization with different ApoB100-derived peptides and adjuvants. Immunization
of LDLr’= (LDLr'™Her) mice expressing human ApoB100 with P210 (human
ApoB100;,36.3155) has shown to reduce atherosclerosis in pre-clinical studies and the
mechanism of action of this therapeutic strategy has been related to the induction of
Tregs. The administration of peptide P45 (human ApoB100¢e1.6s0) OF P210 together
with alum salts adjuvant has shown to reduce the area of atherosclerotic plaques
by 66 and 55% respectively compared to control. The authors also speculate with
the activation of Tregs as the mechanism of action mediating this anti-atherogenic
effect*” 48, In another study, the administration of P210 without any adjuvant led to a
30% reduction in plaque size compared to control group and abrogated the growth
of advanced atherosclerotic lesions. Furthermore, this effect was associated with a
30% increase in the Treg frequency in lymph nodes and Treg depletion abolished
the atheroprotective effect of the immunization®.
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The immunization with peptide P6 (ApoB100g;s.902) together with Complete Freund's
adjuvant (CFA) has shown to promote atherosclerosis in murine models while the
same peptide can have atheroprotective effects when administered with a different
immunization regime consisting in a prime immunization with P6 in CFA followed by
4 booster immunization with Incomplete Freund's Adjuvant (IFA), known to induce
suppressive immune responses®®%2, The same P6 peptide in combination with
the squalene oil-based adjuvant Addavax also induced a 52% reduction in aortic
lesion area in ApoE’ mice compared to peptide alone®. These results highlight
the importance of the careful selection of adjuvants to achieve atheroprotection.

The selection of atheroprotective peptides to be used in a tolerogenic vaccine
should also consider the binding affinity to different HLA haplotypes. Peptides
that can bind to a wide range of HLA haplotypes, such as peptides P265 and
P295 from human ApoB100 described by Gistera et al. would cover most of the
world population®4. Similarly, peptide P18 (human ApoB1003¢30-3044) Was identified
in silico and in vitro as a strong binder to the most common HLA-DR haplotypes.
Immunization of ApoE~- mice with P18 showed an induction of Tregs and a 35%
reduction in atherosclerosis lesion size%®. These studies underline the importance
of taking into account the wide variability of HLA haplotypes from early phases of
pre-clinical research.

The use of nanoparticles with intrinsic tolerogenic capacity, such as specific
liposomal formulations, to deliver ApoB100 peptides has also shown promising
results in murine models of atherosclerosis. The use of a liposomal formulation
containing 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG) to deliver the
peptide P3500 (ApoB1003500-3514), Similar to P3 peptide (ApoB1003s01-3515) previously
reported to induce atheroprotection by Ley’s group, showed to reduce lesion size
by 50% compared to control®" 56,

Other antigen candidates for immunomodulatory vaccines for atherosclerosis are
HSP-derived peptides. These proteins are over-expressed under cellular stress,
and they are involved in several inflammatory and autoimmune diseases including
atherosclerosis®” %8. HSP-specific Tregs could halt inflammation in atherosclerosis
in a by-stander manner due to the constitutive over-expression of HSP in inflamed
tissue. Therefore, the induction of HSP-specific Tregs could circumvent the problem
of the lack of well-defined primary antigenic trigger in atherosclerosis®*. Vaccination
studies with HSP have provided mixed results, with some showing an increase
in atherosclerosis upon immunization while others showed an anti-atherogenic
effect®®®3, A key difference between these studies might be the adjuvant used.
In the studies showing a pro-atherogenic effect of HSP immunization, the protein
was administered together with CFA or IFA. Contrarily, the studies showing an
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anti-atherogenic effect of the immunization with HSP proteins or peptides either
use tolerogenic adjuvants, such as the combination of alum salts and anti-CD45RB
antibodies, or are administered without adjuvants, and the effects have been linked
to the induction of Tregs. Therefore, the election of the appropriate adjuvants and
administration route to promote tolerance seems to be critical.

Overall, pre-clinical data supports effectiveness of tolerance induction towards
atherosclerosis-relevant peptides to halt the development of atherosclerosis.
The delivery of these antigens in the absence of TLR stimulation or in the presence
of molecules that promote tolerance, can induce the expansion of Tregs and reduce
the pro-inflammatory responses in atherosclerosis*® 52,

Most of the studies have focused on arresting the development of growing
atherosclerotic plaques, however the majority of clinical manifestations of
atherosclerosis occur at advanced stages of the disease. Therefore, the
induction of atherosclerosis lesion regression and/or plaque stabilization is
clinically most relevant. The potential of Tregs to induce plaque regression and
stabilization has been shown in pre-clinical animal models. It has been reported
that the administration of CD3 antibodies combined with a reduction in non-HDL
cholesterol levels can increase the Treg to effector T cells ratio and induce 25%
regression in plaque size in a mouse model of atherosclerosis. Furthermore, this
effect was abolished upon Treg depletion, indicating a critical role of Tregs in the
atherosclerosis regression®*. In another study, Tregs were induced in a LDLr"
mouse model by administration of an IL-2 and anti-IL-2 antibody complex, achieving
a 10-fold increase in Tregs. This Treg expansion led to stabilization of advanced
atherosclerotic lesions established before starting the treatment®. These results
show the potential of tolerogenic vaccines inducing Tregs expansion to stabilize
and prompt regression of atherosclerotic lesions.

CLINICAL TRANSLATION

Despite considerable pre-clinical research carried out in the field of tolerogenic
vaccination for atherosclerosis, the promise of an atherosclerosis vaccine remains
unfulfilled. There are several challenges in the translation from pre-clinical models
to clinical trials. First of all, the animal models to study atherosclerosis exhibit
important difference with the human situation. For instance, ApoB100 expressed
in mice undergoes different post-translational modifications and has a different
structural conformation than human expressed ApoB100, and therefore can trigger
different immune responses®. Furthermore, the immune system of mice presents
considerable differences with human, such as several cytokines and immune
receptors®”. The use of humanized mice that resemble more closely the human
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situation, for instance expressing human ApoB100 or with humanized immune
system, can overcome some of these challenges*” 68,

A prerequisite for the clinical translation of this therapeutic strategy is the selection of
antigen or antigens for vaccination. It is not clear whether there is a common driving
antigen for all HLA haplotypes in atherosclerotic patients. Furthermore, specific
subtypes of HLA, such as HLA-DRB1x01, have been associated with increased
risk of coronary artery disease and myocardial infarction®. This can be important
in the selection of antigens for potential vaccine as it might be interesting to select
peptides with strong binding affinity for those HLA haplotypes more prevalent in
atherosclerosis patients. Therefore, it is yet to be determined if a broadly applicable
vaccine can be developed or a personalized strategy should be followed instead.

The selection of the vaccine formulation is another important point to carefully
consider. Initially, the most obvious formulations would include the peptide or
peptides and the appropriate adjuvants, resembling formulations of subunit
vaccines that have been widely investigated. Further developments should include
nanoparticle formulations such as delivery systems with intrinsic tolerogenic
capacity®®.

The next step is the design of clinical trials for a tolerogenic vaccine against
atherosclerosis, and this will require a careful selection of the target population.
Should only patients with high inflammatory risk be admitted or should any patient
with clinically confirmed atherosclerosis be eligible? For this decision we should
consider what design will better show the potential for this therapeutic approach.
For instance, patients presenting high inflammatory risk would potentially benefit
the most from the therapy and perhaps should be the focus of the first trials.

Finally, another parameter that can be challenging is the selection of the endpoints
of the clinical trials. This requires the definition of biomarkers for atherosclerotic
progression, regression, and cardiovascular risk. The assessment of the
atherosclerotic plaque morphology, size or parameters related to plaque stability
could be done using imaging techniques such as tomography, however this would
represent a significant technical challenge in large clinical studies. Due to the
immune-modulating nature of the therapeutic approach, the monitoring of both
humoral and cellular adaptive immune responses, as well as the antigen-specificity
of those responses would be necessary. Furthermore, the levels of inflammatory
biomarkers like CRP or pro-inflammatory cytokines like IL-6 or IL-13, have shown
to be good predictors of cardiovascular risk and should be used to monitor the
efficacy of an atherosclerosis vaccine.
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CONCLUSIONS

Cardiovascular diseases and their main underlying pathology, atherosclerosis,
remain amongst the top causes of mortality globally. High levels of LDL cholesterol
were once considered the only driving force underlying the formation and progression
of atherosclerotic plaques. However, despite the broad use of lipid-lowering
therapies, a significant proportion of patients remains at risk for cardiovascular
complications. Recent evidence shows the importance of inflammation and a
possible autoimmune component in the aetiology of atherosclerosis, but no
therapies have been developed yet to target this key component of the disease.
The induction of immune tolerance towards the self-antigens driving the deleterious
immune responses in atherosclerosis is a promising new strategy. This can be
achieved by inducing antigen-specific Tregs, which have the capacity to arrest
pro-inflammatory responses and restore immune balance. In certain aspects,
atherosclerosis resembles other inflammatory and autoimmune diseases like
rheumatoid arthritis, multiple sclerosis, or type 1 diabetes therefore the lessons
learnt in clinical trials of immune modulating vaccines for these diseases can
be used to advance in the development of similar strategies for atherosclerosis.
Although there are still challenges to overcome in the clinical translation of pre-
clinical results, immune-modulating vaccines for atherosclerosis can represent a
leap forward in the treatment of CVD.

OUTSTANDING QUESTIONS

There are several questions that still need to be addressed in order to advance in
the clinical development of tolerogenic vaccines for cardiovascular disease. To start,
it is still not clear what aspects and how should we improve pre-clinical models
to test the efficacy of this therapeutic approach and facilitate clinical translation.

Regarding the design of vaccine formulations for tolerance induction, the most
optimal tolerogenic adjuvant for human use still needs to be defined.

On the other hand, there are still aspects of immune responses in atherosclerosis
that need to be elucidated, for example, is there a single antigenic determinant
driving immune response? The answer to this question will determine if we can
develop a widely applicable tolerogenic vaccine or if we should follow a personalised
strategy instead.

Related to the design of clinical trials, the preferred target population for a
tolerogenic vaccine against atherosclerosis needs to be determined as well as the
endpoints of these studies. Should this strategy be aimed only to patients with high-
inflammatory risk or to the general population of atherosclerosis patients? Can we
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design large-scale clinical trials with endpoints that rely not only on general markers
of cardiovascular disease but also on plague morphology and immunophenotyping?

SEARCH STRATEGY AND SELECTION CRITERIA

References for this review were identified using PubMed database. Only references
related to clinical trials were included for the search terms “rheumatoid arthritis”,
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were “atherosclerosis”, “cardiovascular disease” in combination with “vaccination”,
“tolerance”, “immune response”, “antigens”, “T regulatory cells”, “tolerogenic
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ABSTRACT

Atherosclerosis has an auto-immune component driven by self-reactive T
and B cells. Identifying their antigenic drivers may lead to new diagnosis
and treatment approaches. Here, we aim to identify immunogenic T cell
epitopes derived from atherosclerosis-relevant proteins such as ApoB100
by studying the repertoire of peptides presented by HLA in human plaques.

We used immunopeptidomics to identify peptides presented by HLA-DR
molecules in 51 plagues from patients that underwent endarterectomy
surgery. We selected a set of 20 peptides derived from ApoB100 and
studied the presence and cytokine profile of ApoB100-specific CD4* T
cells in peripheral blood mononuclear cells (PBMCs) from atherosclerosis
patients. Results revealed significant CD4+ T cell activation in response to
these ApoB100 peptides in 22.4% of the patients, and this T cell response
correlated positively with plaque vulnerability. Furthermore, the cytokine
profile of these cells was characterized by production of IL-10 and IL-17A
but no IFN-y.

Keywords
immunopeptidomics, PBMCs, antigen-specific T cells, ApoB100
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INTRODUCTION

Atherosclerosis is an inflammatory disease of the arteries, and it is the main
underlying cause of cardiovascular disease (CVD). Initially thought to be primarily a
disease related to lipid metabolism, growing evidence has highlighted the important
role of the immune system in the development of the disease.

The development of monoclonal antibody technology and immunohistochemistry
allowed to study the cellular composition of atherosclerotic plaques. Initial studies
showed the presence of activated CD8* and CD4* T lymphocytes and their
distribution in human plaques, with about 20% of cells present in the shoulder region
and the fibrous cap being T cells 2. More recently, the development of single cell
sequencing technologies has allowed to identify the presence of clonally expanded
T cells in atherosclerotic plaques, indicating an antigen-specific T cell response
and an auto-immune component to this disease®. The interaction between the T cell
receptor (TCR) and its cognate human leukocyte antigen (HLA)/peptide complex
triggers the activation and proliferation of T cells, giving rise to a clonally expanded
population of T cells with the same TCR. Furthermore, our lab has shown the
increased expression of CD69 in CD4+ T cells in the plaque compared to circulation.
This suggests recent antigen-specific T cell activation in the plaque and confirms
the importance of antigen-specific CD4* T cell immunity in atherosclerosis®.

Elucidating the antigen specificity of these interactions is important for the
development of novel biomarkers for disease progression and novel therapeutic
approaches such as therapeutic vaccines®. Previous work has shown that T cells
in the plaque can proliferate and produce IFN-y in response to native and oxidized
LDLS. These data point towards the potential role of ApoB100, which is the main
protein in LDL particles, as a driver of autoimmunity in atherosclerosis. Indeed,
ApoB100 epitopes have been discovered using in silico approaches and ApoB100-
specific CD4* T cells have been detected in patients and associated with severity
of CVD’. Here we propose a direct approach to identify ApoB100 epitopes that may
drive CD4* T cell expansion in the lesion, by performing immunopeptidomics on
human atherosclerotic plaques derived from patients that underwent endarterectomy
surgery. Using this approach, we established a peptide pool that allows detection of
ApoB100-specific CD4* T cells in PBMCs from non-HLA typed patients. Importantly,
we show that the extent of the antigen-specific T cell responses associates with
stability of atherosclerotic plaques.
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MATERIALS & METHODS

Materials

Peptides used for proliferation experiments were synthesized in-house by solid-
phase peptide synthesis (SPPS). Peptides used for CD40L expression experiments
were custom-made by Genscript (Rijswijk, Netherlands). RPMI 1640 culture
medium was obtained from Lonza (Basel, Switzerland). Fetal Bovine Serum
(FBS) was purchased from Sigma-Aldrich (Zwijndrecht, Netherlands), penicillin/
streptomycin from Fisher Scientific (Landsmeer, Netherlands) and L-glutamine was
purchased from VWR (Amsterdam, Netherlands). CellTrace™ CFSE cell proliferation
kit was obtained from ThermoFisher Scientific (MA, USA), concanavalinA was
purchased from Invivogen (Toulouse, France), tetanus toxoid (Clostridium tetani)
and Staphylococcus enterotoxin A (Staphylococcus aureus) were obtained from
Sigma-Aldrich (Zwijndrecht, Netherlands). Recombinant human IL-2 was purchased
from Roche (Mannheim, Germany).

Fluorescently labelled antibodies for flow cytometry antiCD3-PE (OKS3), antiCD8-
BrilliantViolet510 (SK1) and antiCD40L-APC (24-31) were purchased from Biolegend
(CA, USA). AntiCD4-eFluor450 (OKT4) and Fixable Viability Dye APC-eFluor780
were obtained from eBioscience (ThermoFisher Scientific, MA, USA). AntiCD40
anti-human blocking antibody (HB14) was purchased from Miltenyi Biotec (Leiden,
Netherlands).

LEGENDplex™ HU Th Cytokine Panel (12-plex) kit for quantification of IL-2, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-22, IFN-y and TNF-a was purchased
from Biolegend (CA, USA).

Methods
Patient population

For immunopeptidomics, human carotid and femoral atherosclerotic plaques were
obtained from 51 anonymous patients that underwent primary endarterectomy
surgery at the Haaglanden Medical Center, Westeinde, The Hague, The Netherlands
(Cohort 1). Samples were handled in compliance with the “Code for Proper
Secondary Use of Human Tissue”.

For the T cell proliferation assay, whole blood was collected from 17 patients that
underwent carotid endarterectomy surgery at the Haaglanden Medical Center,
Westeinde, The Hague, The Netherlands (Study approval number: 17-046, protocol
number NL57482.098.17) (Cohort 2). For the CD40L expression experiment, whole
blood and atherosclerotic plaques were obtained from 58 patients that underwent
carotid endarterectomy surgery at the Haaglanden Medical Center, Westeinde,
The Hague, The Netherlands (Study approval number: Z19.075, protocol number
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NL71516.058.19). Both studies, all patients provide informed consent and were
approved by the Medical Ethics Committee of the HMC, conforming to the
principles outlined in the Declaration of Helsinki. All blood samples were collected
by venipuncture prior to surgery. Atherosclerotic plaque specimens were obtained
from primary endarterectomy surgeries, and restenotic plaques were excluded
due to their different plaque composition as compared to primary atherosclerotic
plaques®. Informed consent was obtained from all patients involved in cohort 2
and 3. Healthy volunteers were recruited from the Leiden Academic Center for
Drug Research (Leiden, The Netherlands) and Sanquin Research (Amsterdam,
The Netherlands) and provided informed consent.

Histology assessment

The culprit segment (5mm) of the atherosclerotic plaque (Cohort 3) was fixed in
Shandon Zinc Formal-Fixx (Dilution 1:5; ThermoFisher) for 24h and subsequently
stored in 70% Ethanol until further use. Plaque samples were graded in a
semiquantitative scale as previously described®. Briefly, plaque samples were
embedded in paraffin and subsequently sectioned in 5um thick sections using
a microtome. Sections were stained with Movat’s pentachrome staining and
three sections of each plaque were analysed for plaque features according to
the semiquantitative scoring systems of AtheroExpress biobank'® and the Oxford
Plaque Study™'.

The plaque vulnerability score of each patient was calculated as the average of
the scores for necrotic core, calcification, foam cell content, cholesterol crystals,
neovascularization and inflammatory cell content.

All patients underwent a CT-scan with arterial contrast pre-operatively. The degree
of stenosis of the carotid arteries was measured using the formula of the North
American Symptomatic Carotid Endarterectomy Trial (NASCET):

Narrowest ICA diameter )

% internal carotid artery (ICA) stenosis = (1 - — - -
Diameter normal distal cervical ICA

100

Isolation of HLA-peptide complexes by affinity chromatography

For the pilot feasibility study, a single plaque sample from one patient was used
(Cohort 1). For the extended study plaque samples from 50 patients (Cohort 1) were
pooled together and processed for immunopeptidomic analysis.

Carotid or femoral plaques were cut into small pieces and a total of 2.4 g of plaque
material was processed further. Lysis buffer was added (50 mM Tris-Cl pH 8.0, 150
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mM NaCl, 5 mM EDTA, 0.5% Zwittergent 3-12 (N-dodecyl-N,N-dimethyl-3-ammonio-
1-propanesulfonate) and protease inhibitor (Complete, Roche Applied Science))
and the solution was probe sonicated on ice, followed by shaking on ice for 2 hours.
The lysate was centrifuged for 10 min at 2500 x g and for 45 min at 31,000 x g to
remove nuclei and other insoluble material, respectively. Next, lysates were passed
through a 0.5 ml CL-4B Sepharose column to preclear the lysate. The cleared lysate
was passed through a 0.2 ml column containing 2.5 mg anti-HLA-DR (B8.11.2)
IgG coupled to protein A Sepharose'?. The antibody columns were washed with
1 ml of lysis buffer, 1 ml of low salt buffer (20 mM Tris-Cl pH 8.0, 120 mM NacCl),
1 ml of high salt buffer (20 mM Tris-Cl pH 8.0, 1 M NaCl), and finally with 1 ml of
low salt buffer. Peptides were eluted with 1 ml of 10% acetic acid and purified on
a 10kDa filter (Microcon, Millipore). The filtrate was diluted with 2 ml of 0.1% TFA
and purified by SPE (Oasis HLB, Waters) using 20% and 30% acetonitrile in 0.1%
trifluoroacetic acid (TFA) to elute the peptides.

Liquid chromatography-Mass spectrometry

Lyophilized peptides were dissolved in 95/3/0.1 (v/v/v) water/acetonitrile/formic
acid (FA) and analysed in an online C18 nanoHPLC MS/MS consisting of an
Ultimate3000nano gradient HPLC system (Thermo, Bremen, Germany), and an
Exploris480 Mass Spectrometer (Thermo). Fractions were injected onto a cartridge
precolumn (300 um x 5 mm, C18 PepMap, 5 ym, 100 A), and eluted using a
homemade analytical nano-HPLC column (50 cm x 75 um; Reprosil-Pur C18-AQ
1.9 ym, 120 A) (Dr. Maisch, Ammerbuch, Germany). The gradient was run for 120
minutes from 2% to 40% solvent B (20/80/0.1 water/acetonitrile/FA v/v/v). The nano-
HPLC column was drawn to a tip of O5 um that acted as the electrospray needle
of the MS source. The mass spectrometer was operated in data-dependent MS/
MS mode for a cycle of 20 MS/MS scans, with a HCD collision energy at 30 V
and recording of the MS2 spectrum in the orbitrap, with a quadrupole isolation
width of 1.2 Da. A resolution of 60,000 was used in the master scan (MS1), the
scan range used was 300-1500, at standard AGC target at a maximum fill time of
50 ms. The lock mass correction on the background ion used was m/z = 445.12.
Precursors were dynamically excluded after n=1 with an exclusion duration of 45
s, and with a precursor range of 20 ppm. Charge states 1-3 were included. Singly
charged precursors were selected from the m/z in the range 800-1400, doubly
charged precursors were selected from the m/z in the range 400-1000, and triply
charged precursors were selected from the m/z in the range 300-900. For MS2
the first mass was set to 110 Da, with an MS2 scan resolution of 30,000 at an AGC
target of 100% with a maximum fill time ‘auto’.
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For post-analysis, raw data were converted to peak lists using Proteome Discoverer
version 2.1 (Thermo Electron), and subsequently submitted to the Uniprot
Homo sapiens minimal database (20596 entries), using Mascot v2.2.07 (www.
matrixscience.com) for peptide identification. Mascot searches were done with 10
ppm and 0.02 Da deviation for precursor and fragment mass, respectively, and no
enzyme was specified. Methionine oxidation and cysteinylation of cysteine were
set as variable modifications. The false discovery rate was set < 1% and peptides
with mascot ion scores < 35 were discarded.

The candidate peptides were synthesised, and the MS spectra of the synthetic
peptides were compared to the MS spectra of their counterpart eluted from the
plaque samples in order to confirm their identity.

Peptide synthesis

Peptides of the ApoB100 peptide pool 7 (PP7) used for the feasibility pilot study were
synthesized in-house by Fmoc solid-phase peptide synthesis using the microwave-
assisted automated peptide synthesizer Liberty Blue (CEM). Peptide synthesis
was performed at 0.1mmol scale using a Tentagel S-RAM resin. After synthesis,
peptides were acetylated in the C-terminus and cleaved from the resin using 95%
TFA, 2.5% triisopropylsilane (TIPS) and 2.5% water. The resulting peptides were
purified by reverse-phase high performance liquid chromatography (RP-HPLC)
using a Kinetic Evo C18 column. Peptides were detected by absorbance at 220nm
using an SPD-10AVP UV/Vis detector. Fractions were collected and analysed by
liquid chromatography-mass spectrometry (LC-MS) to confirm peptide purity and
identity. Purified peptides were freeze-dried and stored at -20°C until use. Peptides
of the ApoB100 PP20 were synthesized by Genscript.

In silico prediction of peptide binding affinity for HLA-DR isotypes

The immune epitope database (IEDB) was used to predict the binding affinity of
ApoB100 peptides identified in the immunopeptidomic analysis. The prediction was
performed using the consensus approach that combines NN-align, SMM-align,
CombLib and Sturniolo. If no predictor was available for a particular MHC class I
molecule, NetMHClIpan was used. Prediction was run for all 14 HLA-DR alleles
available in IEDB.

T cell proliferation experiments

To assess T cell proliferation in response to the ApoB100 peptide pool, we used
cryopreserved white blood cell (WBC) samples from patients that underwent carotid
endarterectomy surgery (Cohort 2). Whole blood obtained from patients was lysed
twice with ACK lysis buffer and cryopreserved as previously described*. For the
assay, cryopreserved samples were defrosted, counted, and incubated overnight at
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37°C and 5% CO; at a cell density of 1x108 cells/ml. Next, cells were labelled with
0.5pM CFSE and again incubated overnight at 37°C and 5% CO.. For stimulations,
200,000 cells per well were seeded in U-bottom 96-well plate and stimulated with
either ApoB100 peptides, ConcanavalinA (ConA) or complete RPMI-1640 medium
(RPMI-1640 supplemented with 10% (v/v) HI-FCS, 2mM L-glutamine, 100U/mL
penicillin/streptomycin, 20uM B-mercaptoethanol). Human IL-2 was added to all
conditions at a concentration of 20U/mL. Cells were stimulated for 5 days followed
by 5 days of culture for a total of 10 days. Cell culture medium was refreshed every
2 days. On day 10, cells were labelled with anti-CD3, anti-CD4, anti-CD8 antibodies
and the fixable viability dye eFluor780. Cell proliferation was assessed by the
dilution of the CFSE label using flow cytometry in a Cytoflex S.

CDA40L expression experiment

PBMCs were isolated from whole blood samples (Cohort 3) and cryopreserved until
further use as previously described*. PBMCs were thawed, counted, and seeded
in U-bottom 96-well plates at 500,000 cells per well. PBMCs were stimulated with
ApoB100 peptide pool (5ug/mL each peptide), 2 ng/mL Staphylococcus enterotoxin
B (SEB) or complete RPMI-1640 medium control. The peptide pool PepMix™ Human
actine (PM-ACTS, JPT Peptide Technologies GmbH, Berlin, Germany) was also
used as negative control at 5ug/mL of each peptide in the pool. Anti-CD40 blocking
antibody was included in all conditions at 1ug/mL. PBMCs were incubated with
stimulants for 18h and subsequently stained for flow cytometry with anti-CD3, anti-
CD4, anti-CD8, anti-CD40L antibodies and fixable viability dye. Samples were
measured using the Cytoflex S flow cytometer. For each patient, the stimulation
index was calculated as:

% CD4*CD40L" T cells in peptide pool stimulation condition

Stimulation index =
tmufation mdex % CD4+CD40L* T cells in medium control

Cytokine profile by multiplex ELISA

To determine the cytokine profile of stimulated PBMCs (Cohort 3), 500,000 cells per
well were seeded in U-bottom 96-well plate and stimulated for 3 days with ApoB100
peptide pool (5 ug/mL each peptide) or complete RPMI-1640 medium as control.
During stimulation cells were incubated at 37°C and 5% CO.. The level of IL-2, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-22, IFN-y and TNF-a in the conditioned
medium was measured using bead-based multiplex ELISA LegendPlex (Biolegend,
USA). Assay was performed according to manufacturer’s instructions. Samples
were measured using the Cytoflex S flow cytometer and data was analysed using
LegendPlex software.
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Statistics

Normal distribution of the data was assessed using Anderson-Darling test,
D’Agostino & Pearson test, Shapiro-Wilk test and Kolmogorov-Smirnov test.
Statistical difference between peptide-stimulated and unstimulated samples was
analysed using two-tailed Wilcoxon matched-pairs signed rank test. Statistical
correlation between variables was analysed using Pearson’s correlation test.
P-values lower than 0.05 were considered significant. Analyses were performed
using GraphPad Prism version 9.3.1 for Windows (GraphPad Software, California,
USA).

RESULTS

ApoB100-derived peptides eluted from one plaque
induced CD4+ T cell proliferation in patients WBC
Immunopeptidomic aims to identify the set of peptides presented by HLA molecules
in a given sample. To assess the feasibility of this technique for the identification
of immunogenic epitopes from ApoB100, we studied the immunopeptidome of a
single plaque sample from one patient. Briefly, the plaque sample was processed
to isolate HLA/peptide complexes and peptides were subsequently eluted from
the HLA molecules and identified by LC-MS/MS (Figure 1). The analysis identified
7 peptides derived from ApoB100 presented by HLA-DR molecules. An in silico
analysis of the predicted binding affinity of these peptides for the most common
HLA-DR alleles showed medium/high affinity (ICs, < 1000nM) for a wide range of
alleles (Supplementary Figure 1).
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Figure 1. Inmunopeptidomics experimental approach and feasibility study. (A) Immunopep-
tidomic workflow from a cryopreserved atherosclerosis plaque sample. Endarterectomy plaques
were cut in small pieces and sonicated in lysis buffer. Subsequently, the HLA-peptide complexes
were isolated by immunoaffinity chromatography. Peptides were eluted from the HLA molecules
and LC-MS was used to separate and identify the peptides in the sample. Finally, the MS spectra
of each potential peptide were assigned to a peptide sequence by searching the human proteome
database with the Mascot™ engine. (B) Representative flow cytometry plots of proliferating CD4+
T cells from lysed blood in response to stimulation with preliminary ApoB100 peptide pool PP7 or
medium control and dot plot (n=17) of the percentage of proliferating CD4+ T cells in each condition.
P-value determined using two-tailed Wilcoxon matched-pairs signed rank test.

These 7 peptides were used to stimulate WBC samples from CVD patients. In order
to have a better chance to detect a potentially rare CD4* T cell population, we
used a proliferation-based assay to expand the antigen-specific population. CFSE-
labelled WBC samples were stimulated with this ApoB100 peptide pool (ApoB100
PP7) for 5 days in the presence of recombinant human IL-2, followed by 5 days
of cell culture without peptides. Flow cytometry was used to determine CD4+ T
cell proliferation based on the dilution of the CFSE label after cell division (Figure
1B). The results showed an increase in the proliferation of CD4* T cells in the
peptide pool condition compared to the medium control (p-value < 0.05) (Figure
1B). These results show that the immunopeptidomic approach can be applied for
the identification of relevant immunogenic antigens presented in plaque samples.

Expanded analysis identified 13 potentially immunogenic
ApoB100-derived peptides presented by HLA-DR

After the positive results from the pilot feasibility study, we used the same
immunopeptidomic approach to elucidate the repertoire of peptides presented by
HLA-DR molecules in 50 endarterectomy samples. A total of 2988 unique peptides
were eluted from HLA-DR at a false discovery rate 1% and a mascot ion score
> 35. Peptide length distribution, a common quality control check performed in
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immunopeptidomic analysis'®, showed that indeed the length of the peptides eluted
from HLA-DR was centred around 15 amino acids, with the typical length distribution
for HLA class Il peptides between 10 and 25 amino acids' (Figure 2A).
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Figure 2. Immunopeptidomic analysis of n=50 atherosclerosis plaque samples. (A) Frequency
distribution of the HLA_DR peptides lengths. (B) Number of peptides eluted from plaque samples
grouped by source protein. (C) Heatmap representing the predicted binding affinity (IC50 values in
nM) of 20 selected peptides to different HLA-DR alleles. P04114 is the UniProt accession number for
Apolipoprotein B100, number between brackets represent the position of the epitope in the amino
acid sequence of the protein.

Next, we grouped the peptides eluted from HLA-DR by their parent protein and
ranked the original proteins by their contribution to the peptide repertoire (Figure
2B). The main protein contributors to the immunopeptidome of the plaque were a-2-
macroglobulin, fibrinogen a chain and complement C3. Interestingly, ApoB100 was
the ninth source of peptides by number, with 52 peptides derived from this protein.
Adaptive immune responses against ApoB100 have been previously linked to
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atherosclerosis plaque development 7 1518 therefore we focus on peptides derived
from this protein to study atherosclerosis-specific immune responses. The amino
acid sequences of the 52 ApoB100-derived peptides were uploaded to the Immune
Epitope Database (IEDB) to predict the binding affinity to 14 alleles of HLA-DR.
Based on this predicted binding affinity, we selected 13 peptides that had a medium
to high affinity (IC50 < 1000 nM) for a wide range of HLA-DR alleles (Figure 2C and
Supplementary Figure 2). We combined the 7 peptides identified in the pilot study
with these 13 peptides in a peptide pool (ApoB100 PP20) for further experiments.
The amino acid sequence and position within the ApoB100 protein of each peptide
in the ApoB100 PP20 can be found in Supplementary Table 1. The identity of the
eluted peptides was confirmed by comparing the MS spectra of synthetic peptides
and the peptides eluted from plaque samples (data not shown).

ApoB100 peptide pool induced CD4+ T cell activation in
a subset of atherosclerosis patients

With the peptide pool covering a wide number of HLA-DR variants, we hypothesized
that this pool could be used to detect ApoB100 specific CD4* T cells in CVD patients,
regardless of their HLA type. In order to quantify the original ApoB100-specific CD4*
T cell population in CVD patients, we used an activation induced marker (AIM) assay
based on the expression of CD40L by recently activated CD4* T cells'”. We stimulated
PBMCs from a second cohort of patients with the ApoB100 PP20 peptide pool.
Gating strategy for the flow cytometry data can be found on Supplementary Figure
3. For each patient we calculated the stimulation index. We observed a subgroup
of patients (13/56, 22.4%) with a stimulation index equal or above the threshold of 2
(Figure 3A), suggesting this subgroup contained a detectable number of ApoB100
specific CD4* T cells in the circulation. We defined the threshold for the stimulation
index based CD40L response to ApoB100 PP20 of PBMCs from healthy volunteers
(Figure 3A). Stimulation of patients PBMCs with a negative control peptide pool
derived from human actin resulted in significantly lower response (Figure 3A).

We next addressed whether the quantity of ApoB100 specific CD4* T cells is indicative
of disease progression. As we have access to the endarterectomy material of PBMC
donors, we scored these plaques based on the following histological features: necrotic
core, calcification, foam cell, cholesterol crystals, inflammatory cells content and
neovascularization (Figure 3B, Supplementary Table 2) and calculated a plaque
vulnerability score as the average of these parameters. Next, we compared the
stimulation index with the plaque vulnerability score, however the correlation did
not reach statistical significance (Figure 3C) (p-value = 0.1). This correlation was
significant (Pearson correlation coefficient (r) = 0.58, p-value = 0.049) in the subgroup
of patients with higher stimulation index (Figure 3C). These data indicate that only
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in patients with a significant CD4* T cell response to ApoB100 the magnitude of the
response correlate to the plaque vulnerability.
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Figure 3. Expression of CD40L in CD4* T cells from patient’s PBMCs. (A) Representative flow
cytometry plots of the gating of CD4* CD40L* cells in the live T cell population and dot plot with ApoB
PP20 stimulation index per patient (n=58), PM-ACTS stimulation index per patient (n = 14) and ApoB
PP20 stimulation index in healthy volunteers (n = 12). (B) Representative histology image of one
of the plague samples highlighting the different histological parameters taken into consideration to
calculate the plaque vulnerability score. Blue line indicates the necrotic core, & depicts foam cells, #
depicts cholesterol crystals, arrow and * indicate calcification. (C, left) Relationship between stimula-
tion index and plaque vulnerability scores of all patients and (C, right) only subgroup with stimulation
index = 2. (D) Relationship between stimulation index and stenosis. Statistical correlation between
plaque vulnerability scores and stimulation index was determined using Pearson’s correlation test.
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Cytokine profile of PBMCs stimulated with ApoB100
peptide pool showed a IL17-driven proinflammatory
response

The relatively high background of the AIM assay may limit its sensitivity to detect
very low frequency populations of ApoB100-specific CD4* T cells. Moreover,
although the assay allows quantification of the number of ApoB100-specific CD4+
T cells, it does not give insight into the phenotype of these cells. As previous
work on ApoB100-specific CD4* T cell suggests, these cells can have atherogenic
and atheroprotective functions based on their cytokine production'® '°. Therefore,
to obtain sensitive and functional information about this antigen-specific CD4* T
cell population we performed a multiplex bead-based ELISA assay to measure
the cytokine profile of the PBMCs stimulated with ApoB100 PP20 peptide pool.
For this, we stimulated patients PBMCs with either ApoB100 PP20 peptide pool
or medium control for 3 days and performed multiplex ELISA with the conditioned
medium. We observed that 31 out of 39 (79%) patients produced more IL-6 after
peptide stimulation than their non-stimulated controls (Figure 4G), suggesting this
protocol is more sensitive at detecting antigen-specific CD4* T cell responses
than the AIM approach. We observed a trend toward increased IL-2 production in
the ApoB100 peptide stimulated condition compared to control (p=0.066, Figure
4B) and significant increases in IL-10, IL-17A, IL-5, IL-6 and IL-9 in the peptide pool
condition compared to control (Figure 4C, 4D, 4F, 4G and 4H). Interestingly, we did
not observe significant differences in the levels of IFN-y produced in the peptide
pool condition and the control (Figure 4E), suggesting that ApoB100-specific CD4* T
cells produce limited amounts of this Th1-related cytokine. While we do not observe
a correlation between the level of individual cytokines and plaque vulnerability
(Supplementary Figure 4), these data provide a clear indication that ApoB100-
specific CD4* T cells contain different functional subsets of T cells.
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Figure 4. Cytokine profile of patient’s PBMCs (n = 41) stimulated with ApoB100 PP20 pep-
tide pool for 3 days. (A) Heatmap representing the concentration of 12 different cytokines (x axis)
associated to T helper cell responses in conditioned medium of patients PBMCs (y axis). Data of
each cytokine normalized to the highest concentration measured in all the patients. Concentration of
IL-2 (B), IL-10 (C), IL-17A (D), IFN-y (E), IL-5 (F), IL-6 (G) and IL-9 (H) in medium control and PBMCs
stimulated with ApoB100 PP20. Blue bars in panels B-H represent median. P-values determined
using two-tailed Wilcoxon matched-pairs signed rank test.

DISCUSSION

Several different approaches have been used in the last 20 years to try to identify
ApoB100 immunogenic epitopes, mainly based on studies in mice and then translated
to human?® or by in silico screening of the ApoB100 sequence for strong binding
motifs to the murine MHC-II isotype I-A®7 2", However, whether ApoB100-specific
autoreactive CD4+ T cell can directly contribute to atherosclerosis development and
plaque instability will be dependent on them being able to recognize their cognate
antigens in the plaque. Here we use an immunopeptidomic approach to show that
ApoB100 epitopes are presented in the atherosclerotic lesions, which provides an
important rationale for ApoB100-specific CD4* T cells as drivers of autoimmunity
in atherosclerosis. To the best of our knowledge, none of the ApoB100 peptides
identified and selected in this study has been reported before.

Proliferation-based experiments show that CD4+ T cells from blood of CVD patients
respond to these peptides, suggesting the immunopeptidomic approach is a viable
method for antigen discovery in atherosclerosis. Proliferation assays, however,
have limitations regarding long culture times, unspecific proliferation as a result
of cell death?? 22 and the difficulty to precisely quantify the original population of
antigen-specific T cells. The quantification of activation-induced markers such as
CD40L on the other hand, allows the direct quantification of the original CD4+
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T cell population responding to the peptides. The stimulation of PBMCs from
patients with the ApoB100 peptide pool identified in the immunopeptidomic analysis
showed that a subgroup of 22% of patients had detectable levels of ApoB100-
specific CD4+* T cells. In this subgroup of patients, the stimulation index showed a
positive correlation with histologically determined plaque vulnerability. However,
when comparing the stimulation index with the percentage of maximal stenosis, a
measurement of atherosclerosis plaque size, we observed a negative correlation,
where patients with higher ApoB100-specific T cell responses showed lower levels
of stenosis. Further research should be performed to determine the apparently
opposing roles of ApoB100-specific T cells in plaque vulnerability and plaque size.

Multiple publications suggest the presence of ApoB100 specific CD4* T cells in
atherosclerotic lesions® 7. Moreover, a recent single-cell TCR sequencing study
has shown the presence of clonally expanded, CD69* CD4* T cell populations
in atherosclerotic lesions®, suggesting the presence of antigen-specific T cell
responses in the lesion. Future studies should determine whether the ApoB100-
specific T cell responses observed in PBMCs are also present in the plaque.
However, the methodology employed in this study, which is based on flow cytometry
determination of activation markers, may not be sufficiently sensitive for this task.
The identification of TCR sequences associated to the ApoB100 epitopes described
here would allow to determine the presence of ApoB100-specific CD4* T cells in the
lesion in a more sensitive manner. The identification of these TCRs in the single-cell
sequencing data of human atherosclerotic plaques recently published by our lab
would give a more comprehensive understanding on the characteristics of these
antigen-specific T cells.

In order to obtain phenotypic information about the ApoB100-specific T cells, we
also investigated the cytokines produced after ApoB100 stimulation. We observed
an increased production of IL-10 and IL-17A but not in IL-2 or IFN-y, the two signature
cytokines of Th1 cells suggesting that these ApoB100-specific T cells present a
Treg/Th17 phenotype. This data is in line with previous reports from Wolf et al.
who showed the presence of ApoB100-specific CD4* T cells that evolve from an
anti-inflammatory Treg phenotype in initial stages of atherosclerosis to a more
Th17 phenotype in later stages’. We also observed an increase in the production
of a plethora of cytokines such as IL-9, IL-5 and IL-6, associated to different CD4+
T cell phenotypes?* 25. This suggest that there is not a unique phenotype in the
ApoB100-specific T cell population, but rather a diverse set of T cell phenotypes
within the population. Although our data reinforces the hypothesis that a shift from
IL-10 to IL-17 production in ApoB100-specific CD4* T cells may be an important
axis in the disease pathogenesis, we do not observe any correlations with plaque
vulnerability. Cytokine levels, however, are difficult to interpret as we do not have
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information on the cytokine production on a per cell basis, for which expansion of
individual T cells coupled with TCR sequencing would be required.

The trend towards higher level of ApoB100-specific CD4* T cells in more vulnerable
plagues should be explored further by increasing the number of patients in follow
up studies and it can lead to novel biomarkers for atherosclerosis progression or
status based on the level or phenotype of antigen-specific CD4* T cells.

Besides ApoB100 we also identified a-2-macroglobulin and fibrinogen alpha
chain as the most prevalent proteins in the plaque’s immunopeptidome. Both a-2-
macroglobulin and fibrinogen are abundantly present in atherosclerosis lesions
therefore their contribution to the immunopeptidome is not surprising. Fibrinogen
has emerged as a candidate antigen driving autoimmune responses in rheumatoid
arthritis® therefore high levels of antigen presentation of fibrinogen-derived peptides
in atherosclerotic plaques might provide a link between atherosclerosis and
rheumatoid arthritis?”. Other candidate proteins have been proposed as potential
targets of autoimmunity in atherosclerosis such as heat-shock proteins?:2°. In fact,
proteins from the heat shock superfamily contributed with 18 peptides to the
immunopeptidome. Therefore, this immunopeptidomic approach could be used to
identify other important immunogenic epitopes from other proteins, which is key
for the development of novel therapeutic strategies against atherosclerosis based
on antigen-specific immune modulation.

CONCLUSIONS

In conclusion, here we show that immunopeptidomic-based analysis of
atherosclerosis plaque tissue can be used to identify immunogenic epitopes of
ApoB100. Using this approach, we identified 20 ApoB100 epitopes presented in
human carotid and femoral atherosclerosis plaques and showed the presence of
CD4+ T cell responses against these peptides in PBMCs of CVD patients. These
ApoB100-specific CD4* T cell responses showed a cytokine signature characterized
by production of IL-17A, IL-10, IL-5, IL-6 and IL-9. Besides ApoB100, these data
can be used to identify other immunogenic proteins and epitopes driving immune
responses in atherosclerosis which is key for the development of new therapeutic
strategies against CVDs.
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Supplementary Figure 1. Predicted binding affinity to HLA-DR alleles of ApoB100 peptides iden-

tified in feasibility study.
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Supplementary Figure 2. Predicted binding affinity to HLA-DR alleles of ApoB100 peptides iden-

tified in immunopeptidomics of n=50 plaques.
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Supplementary Table 1. Amino acid sequence and position in ApoB100 protein (UniProt

accession number = P04114) of peptides in ApoB PP20 peptide pool
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ApoB PP20 peptide

Amino acid sequence

Position in ApoB100 protein

P1
P2
P3
P4
P5
P6
P7
P8
P9

P10

P11

P12

P13

P14

P15

P16

P17

P18

P19

P20

IEGNLIFDPNNYLPK
IERYEVDQQIQVL
INNQLTLDSNTKY

INNQLTLDSNTKYFH

LKFIIPSPKRPVK
LSASYKADTVAKVQG
SASYKADTVAKVQG
VSTAFVYTKNPNGYS
VKLEVANMQAELVAKPS
FSRNYQLYKSVSLPSLDP
FSHDYKGSTSHHLVSR
NNAEWVYQGAIRQIDD
SNGVIVKINNQLTLDS
IVAHLLSSSSSVIDAL
SPDKKLTIFKTELRVRES
DYPKSLHMYANRLLD
SATAYGSTVSKRVAWH
LHRNIQEYLSILTDPD
EANTYLNSKSTRSSVK
IPENLFLKSDGRVKYTL

P04114 [655-669]
P04114 [2345-2357]
P04114 [2877-2889)
P04114 [2877-2891]
P04114 [922-934]
P04114 [1847-1861]
P04114 [1848-1861]
P04114 [3704-3718]
P04114 [862-878]
P04114 [633-650]
P04114 [1942-1957]
P04114 [4110-4125]
P04114 [2870-2885]
P04114 [3362-3377]
P04114 [4031-4048]
P04114 [1199-1213]
P04114 [1153-1168]
P04114 [4444-4459]
P04114 [3516-3531]
P04114 [1273-1289]
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Supplementary Table 2. Semiquantitative scoring of histological features of carotid

plaques.
Feature Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
. <20% of 20-40% of 40-70% of >70% of
Necrotic core Not present . . ) X
arterial area arterial area arterial area  arterial area
P <10% of 10-40% of >40% of
Calcification Not present ) . . =
arterial area arterial area arterial area
One large
size (15 cells)
Multiple small cluster or
Few small .
. or medium foam cells
Foam cell content Not present size (5 cells) . -
clusters (10 cells) size present
clusters around 70%
of the arterial
area
<10% of 10-40% of >40% of
Cholesterol crystal . . .
Not present necrotic core  necrotic core  necrotic core -
content
area area area
One large
Few small size cluster
. (100 cells) or
size clusters -
Inflammatory cells (50 cells) or  Multiple small y
Not present . cells -
content a few cells size clusters
scattered

Neovascularization

Not present

scatter in the
arterial area

<25
neovessels

around 70%
of the arterial

area
25-50 > 50
neov | neov |
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ABSTRACT

Nanomedicine provides a promising platform for manipulating dendritic
cells (DCs) and the ensuing adaptive immune response. For the induction
of regulatory responses, DCs can be targeted in vivo with nanoparticles
incorporating tolerogenic adjuvants and auto-antigens or allergens. Here, we
investigated the tolerogenic effect of different liposome formulations loaded
with vitamin D3 (VD3). We extensively phenotyped monocyte-derived DCs
(moDCs) and skin DCs and assessed DC-induced regulatory CD4+ T cells
in coculture. Liposomal VD3 primed-moDCs induced the development of
regulatory CD4+ T cells (Tregs) that inhibited bystander memory T cell
proliferation. Induced Tregs were of the FoxP3* CD127"°% phenotype, also
expressing TIGIT. Additionally, liposome-VD3 primed moDCs inhibited the
development of T helper 1 (Th1) and T helper 17 (Th17) cells. Skin injection
of VD3 liposomes selectively stimulated the migration of CD14+ skin DCs.
These results suggest that nanoparticulate VD3 is a tolerogenic tool for
DC-mediated induction of regulatory T cell responses.
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INTRODUCTION

With a worldwide rise in prevalence of both allergic and autoimmune conditions,
the need for developing specific and efficient tolerizing immunotherapies is more
relevant than ever'. To date, the only tolerizing treatment with curative potential
is allergen immunotherapy (AIT), but some well-known disadvantages afflict it.
Sustained efficacy of AIT is dependent on at least 3 years of monthly injections
that carry the risk of potentially life-threatening side effects, both factors negatively
affecting patient adherence®*. In contrast to allergy treatment, no curative options
exist for autoimmune conditions, and more specific alternatives to broadly immune
suppressive therapies are required.

Dendritic cells (DCs) are immune cells under scrutiny for dictating a therapeutic
tolerogenic response, as they can foster peripheral tolerance through promoting
deletion of effector T cells and the induction of regulatory T cells (Tregs) *”. DCs can
be manipulated by tolerogenic adjuvants to induce immune regulation. Several
forms of vitamin D, including the active vitamin D metabolite 1,25 a-dihydroxy
vitamin D3 (VD3), are endowed with pluripotent immunosuppressive activity, and
clinical evidence suggests beneficial effects in rheumatoid arthritis, psoriasis, or
as an additive to allergen immunotherapy®'. VD3 can directly stimulate forkhead
box protein (FoxP3)* Treg development' or mediates tolerogenic effects through
the interaction with DCs''%. VD3 inhibits maturation of and IL-12 production by DCs
but also induces the expression of tolerogenic molecules and cytokines, such as
Ig-like transcript 3 (ILT3), as well as IL-10'® 7. Most importantly, VD3-treated DCs
demonstrate exceptional resistance to proinflammatory stimulation after repeated
rechallenge, making VD3 a robust tolerance-promoting adjuvant®.

Given the crucial role of DCs in immune tolerance, several phase | clinical trials
are now applying ex vivo DC therapy with an ultimate curative aim for rheumatoid
arthritis and multiple sclerosis, using, amongst other components, VD3 to
create tolerogenic DCs'®22. However, ex vivo DC therapy is costly and requires
personalized application?. A different approach is targeting DCs in vivo using
a tolerogenic vaccine formulation, passing the necessity of personalization.
Nanoparticles could be of aid in this approach as they offer the possibility to unite
adjuvant, disease-relevant antigen, and cell-specific targeting molecules in one
spatial unit?* 2%, In addition, nanoparticles protect their content from degradation
and causing harmful effects in bystander cells. This advantage is relevant for a
compound such as VD83, given its instability and toxic effects in high doses'® 2.
Liposomes are biocompatible nanoparticles with a lipid bilayer, adjustable in size,
rigidity, and surface electric charge with relative ease?®. For this study, we selected
an anionic and a cationic formulation with similar size and rigidity from a larger
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array of liposomal formulations that we previously evaluated as putative tolerogenic
vaccine carriers?.

One readily accessible site for delivery of a liposomal vaccine is the skin, where
several subsets of DCs reside. Due to continuous exposure to harmless bacterial
flora, Langerhans cells (LCs) in the epidermis and the dermal CD1a* or CD14* skin
DC subsets are equipped with efficient tolerogenic properties in steady state? 2°,
and can be targeted with intradermal injection of liposomes?°.

It is currently unknown how VD3-loaded liposomes affect DCs and the ensuing
adaptive T cell response. Therefore, to deliver in vitro proof of concept for a DC-
targeted tolerogenic nanoparticle therapy, we investigated the effects of VD3-loaded
liposomal formulations on monocyte-derived DCs (moDCs) and the ensuing T cell
response. Additionally, we applied an ex vivo human skin model to examine the
effect of liposomal VD3 injection on skin DC crawl-outs. We demonstrate that
liposomal VD83 efficiently induces tolerogenic DCs that promote the outgrowth of
functional Tregs and suppress T helper 1 (Th1) and T helper 17 (Th17) responses.
When injected in ex vivo human skin, VD3-loaded liposomes selectively enhance
the migration of CD14+ DDCs, suggesting ongoing tolerogenic processes in situ.
Taken together, these data demonstrate proof-of-concept for the efficacy of VD3-
loaded liposomes in tolerizing DCs, resulting in the regulation of T cell responses.

MATERIALS AND METHODS

Liposome preparation

Anionic liposomes containing 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG)
and cationic liposomes containing 1,2-dipalmitoyl-3-trimethylammonium-propane
(DPTAP) (Table 1) were manufactured using the thin film dehydration-rehydration
method, as described elsewhere?”3!:32, For the vitamin-loaded formulations, 150
Hg VD3 (Sigma Aldrich, St Louis, Missouri) dissolved in ethanol was added to
approximately 3 mg of lipids in the lipid mix. VD3-loaded liposomes were dialyzed
overnight using a Spectra-Por® Float-A-lyzer® dialysis kit (MWCO 100,000 Da)
against 400 ml 10 mM phosphate buffer (PB) pH 7.4 to separate non-encapsulated
VD3. Liposomes were stored at 4 °C in PB and used for further experiments within
3 months.
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Table 1. Physicochemical properties of VD3-loaded liposomal formulations.
Characteristics are shown as mean = SD of n=3 different batches. LE, loading efficiency of
VDa3.

Formulation Lipid composition Z-ave. (nm) Pdl+SD potential (mV) LE (%)
+SD +SD SD
DSPG(-) VD3 DSPC:DSPG:CHOL 183 +12.63 0.14 -39.5+11.6 1.86 +
0.07 0.02
DSPG(-) VD3 DOPC:DSPG:CHOL 168 +11.55 0.16 + -46.33 +4.92 63 + 3.65
0.04
DPTAP(+) DSPC:DPTAP:CHOL 205 +28.9 0.13 = 29.0 +2.33 2.37
VD3 0.03 3.30
DPTAP(+) DOPC:DPTAP:CHOL 184 +11.6 019 + 25.9 +2.64 62 +2.69
VD3 0.04

Quality control of liposomes

Quality control was performed as previously described?”. For stability testing,
measurements were repeated each month after liposome preparation (Table
2). To confirm lipid concentration of the formulations and VD3 concentration
encapsulated in the liposomes, reversed-phase ultra-performance liquid
chromatography (Waters ACQUITY UPLC, Waters, Massachusetts) was used, as
described®. VD3 was detected by absorbance at 252 nm using an ACQUITY UPLC
TUV detector (Waters). Loading efficiency (LE) of VD3 was calculated as

VD3 concentration after dialysis
LE (%) = . — 100
VD3 concentration before extrusion

As the loading efficiency of VD3 proved marginal with the head lipid DSPC in the
formulations, the head lipid was replaced by DOPC, leading to markedly improved
loading efficiency (Table 1). All formulations had a size of less than 250 nm and a PdlI
of less than 0.2, indicating a monodisperse quality (Table 1). Measured C-potential
corresponded to the expected surface charge of the formulations. Formulations
were stable throughout their use (Table 2).
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Table 2. Stability measurements of DSPG and DPTAP VD3-loaded liposomal formulations.

DSPG(-) VD3

Time (months) Z-ave. (nm) £ SD Pdl £ SD Z-potential (mV) = SD
0 168 +9.78 0.16 £ 0.03 -48.33 + 5.57

1 169 + 11.40 0.14 £0.03 -40.49 £5.78

2 180 + 6.81 0.16 +0.03 -42.30 +3.85

3 170 +7.20 0.18 + 0.01 -49.29 +5.41
DPTAP(+) VD3

Time (months) Z-ave. (nm) = SD Pdl + SD Z-potential (mV) + SD
0 180 +9.69 0.18 +0.04 27.01 £3.00

1 183 + 15.11 0.19 +0.03 27.46 +4.45

2 197 +13.23 0.20 £0.02 26.90 +5.02

3 175 +£19.70 0.18 £ 0.04 28.52 +2.62

In vitro generation and activation of moDCs

MoDCs were differentiated from peripheral blood monocytes obtained from buffy
coats or fresh blood as described elsewhere®. Briefly, monocytes were isolated
from peripheral blood mononuclear cells (PBMCs) via density centrifugation and
subsequently cultured for 5-7 days in Iscove’s Modified Dulbecco’s Medium (IMDM,
Gibco, Paisley, UK) supplemented with gentamicin (86 ug/ml; Duchefa, Haarlem,
The Netherlands), 5 % fetal calf serum (FCS) (Gibco), granulocyte-macrophage
colony-stimulating factor (GM-CSF, 500 U/ml; Schering-Plough, Uden, The
Netherlands) and IL-4 (10 IU/ml; Miltenyi Biotech, Bergisch Gladbach, Germany).
Healthy volunteers for blood sampling were recruited per the Academic Medical
Center Medical Ethical Committee (protocol nr. 2015_074). For assessment of moDC
surface markers, cells were matured for 48 hours with IL-13 (25 ng/ml) and TNF-a
(50 ng/ml) (both purchased from PBH, Hannover, Germany; this combination will
be referred to as maturation factor or ‘MF’) and Escherichia coli lipopolysaccharide
(LPS) with or without liposomal or soluble VD3 (0.01-2.5 pM) and with or without
empty liposomes DSPG or DPTAP as control. Lipid concentration in empty liposome
conditions was adjusted to the lipid concentration of VD3-loaded liposomes
used in the experiments. As each batch of liposomes differed in LE of VDS, lipid
concentrations of empty batches used in the experiments had to be adjusted
accordingly. For extensive assessment of co-stimulatory and co-inhibitory markers,
moDCs were surface stained with anti-HLA-DR-BV421, anti-ILT2 (CD85J)-BV480,
anti-ILT3 (CD85k)-BV510, anti-B7H3 (CD276)- BV750, anti-CD86-FITC, anti-ICOSL-
PE-CF594, anti-CD83-PE-Cy5 (all BD Biosciences), and anti-ILT4 (CD85d)-PE, as
well as anti-PD-L1 (CD274)-PE-Cy7 (all eBioscience, Thermo Fisher) and 10.000
DCs (3) acquired on the SP6800 Spectral Analyzer (Sony).
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Isolation of naive and memory CD4* T cells

The total CD4* T cell population was isolated from PBMCs by negative magnetic
selection using the MACS CD4+ T cell isolation kit (Miltenyi Biotech). Subsequently,
naive CD4*CD45RA* cells were purified by negative selection, and CD4+*CD45RO+*
memory cells by positive selection using anti-PE beads (Miltenyi Biotech). Purity
of isolated populations exceeded 95 % and was analyzed by flow cytometry using
anti-CD4-APC, anti-CD45RA-FITC (all BD), and anti-CD45RO-PE (DAKO, Agilent,
Santa Clara, California).

Stimulation and analysis of CD4* T cells

For phenotypic analysis, 20.000 allogeneic naive CD4* T cells were stimulated
in 200 pl IMDM with 10 % FCS with 10 pg/ml Staphylococcus aureus enterotoxin
B (Sigma-Aldrich) as described®?, and 5000 MF+LPS-activated DCs that were
previously matured for 48 hours with or without liposomal or soluble VD3. DCs were
washed three times with 3 ml medium prior to use in culture, given that VD3 has
been demonstrated to have a profound direct effect on T cells®#35. On day 5 of the
coculture, effector T cells were gently harvested and incubated in a new culture
plate with human rIL-2 (10 U/ml, Cetus, Emeryville, CA), leaving moDCs attached
in the wells of the original culture plate. When resting (coculture day 10-12), a
maximum of 500.000 effector T cells was restimulated for 5 hours with phorbol
12-myristate 13-acetate (100ng/ml)/ionomycin (1 pg/ml, Sigma) + brefeldin (10
pg/ml, Sigma) followed by intracellular staining for IFN-y-FITC (BD) and IL-13-
PE (BD), as described previously®® 3¢, Additionally, 100.000 CD4* T cells were
stimulated with soluble murine mAb to human CDS3 (0.5 pg/mL; Sanquin Research,
Amsterdam, The Netherlands) and CD28 (1 ug/mL, Sanquin Research) in 200 pL
of IMDM for analysis of IL-10 in 24-hour supernatants. To phenotype Tregs, resting
T cells were stained for CD25, CD127, FoxP3, or with a panel of antibodies for
CD39, CD49b, CD69, programmed cell death 1 (PD-1), T-cell immunoglobulin and
ITIM domain (TIGIT), T cell immunoglobulin and mucin domain 3 (TIM-3), CD127,
CD25, inducible-co-stimulator (ICOS), cytotoxic T lymphocyte associated protein
(CTLA-4), FoxP3, and LAG-3 as described elsewhere®. Cells were acquired in
the live gate on a FACS Canto A (BD) or the SP6800 Spectral Analyzer (Sony).
For suppressor assays, 300.000 allogeneic naive CD4* T cells were cocultured for
6 days with 30.000 MF+ LPS-activated, soluble, or liposomal VD3-treated moDCs.
After 6 days of coculture with moDCs, the emerging effector T cells were gently
harvested, and irradiated at 30 Gray to prevent further expansion. 50.000 effector
T cells were subsequently used with 25.000 memory CD4* T cells labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE) (0.5 mM; Molecular Probes,
Eugene, Oregon) as target cells®.
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Autologous coculture of naive CD4* T cells with moDCs
and neutrophils

On day 6 of DC generation, immature DCs were primed for 2 hours with 2.5 yM VD3
or 2.5 yM VD3-containing DSPG liposomes before harvesting. Co-cultures with DCs,
autologous neutrophils, and CD4* T cells were done in C. albicans hyphae-coated
plates in IMDM medium containing 5 % human serum, as described elsewhere®7%.
Neutrophils were isolated fresh on the first day of co-culture, from the erythrocyte
pellet of Lymphoprep density centrifugation, as described®. The pellet was lysed
for 15 minutes on ice with 0.155 mol NH,CI (Sigma-Aldrich), 1imM KHCO; (Merck,
Darmstadt, Germany), and 80 uM EDTA (Merck) dissolved in pH 7.3 sterile water.
After centrifugation and repeated lysis of 5 minutes, neutrophils were resuspended
in IMDM 5 % human serum.

Extraction and priming of skin DCs

Ex vivo DCs were obtained from healthy human skin as described elsewhere?.
Intradermal injections were carried out with 50 ul of phosphate-buffered saline,
LPS+MF, VD3 (25 uM), and liposomes DSPG or DPTAP with or without VD3 in
concentrations corresponding to the soluble vitamin control. Migrating cells were
stained for the skin DC markers with anti-CD11c-PE-Cy7 (eBioscience, Thermo
Fisher), anti-HLA-DR-PercP (BD), anti-CD1a-FITC (BD), and anti-CD14-APC-
Cy7(BD).

Data analysis and statistics

Flow cytometric data were analyzed using FlowJo™ Software (for Windows, Version
10.6.2., Ashland). Heatmaps were generated using Tercen™. Statistical analyses
were conducted using GraphPad Prism software (GraphPad, La Jolla, CA).

RESULTS

Priming of DCs with VD3-loaded liposomes induces
CD4+* T cells with regulatory function

To investigate whether VD3-liposome primed DCs induce functional Tregs, we
primed naive CD4* T cells with moDCs exposed to VD3-containing DSPG or
DPTAP liposomes and determined regulatory T cell capacity in a T-cell suppressor
assay. Allogeneic naive CD4* T cells were cocultured with VD3 or VD3-liposome
primed moDCs and subsequently cocultured with CFSE-labeled CD4* T memory
cells (Figure 1A). The maximum concentration of liposome-incorporated VD3
in the suppressor assays was 1 uM, as in the liposome batches used for these
experiments, loading efficiency of VD3 was less than 3 % (Table 1).
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Figure 1. VD3-liposome-treated DCs induce functional Tregs. Allogeneic naive CD4+ T cells
were co-cultured with MF+LPS-activated DCs, or DCs activated with MF+LPS and soluble VD3 or
VD3-loaded liposomes for 6 days and subsequently used as T cells in co-culture with CFSE-labeled
CD4+ T memory cells. After 6 days of coculture, proliferation of CD4+ T memory cells was measured
with flow cytometry. (A) Example gating of CD4+ T memory proliferation after coculture with MF+LPS
and liposome DC-primed or MF+LPS and VD3-liposome DC-primed T cells (from left to right). (B)
CD4+ bystander T memory proliferation normalized to the proliferation induced by MF+LPS and
empty DSPG and DPTAP liposome DC-primed T cells, which was set to 100 %. Lipid concentrations
of empty DSPG batches ranged from 1-2.6 pug/ml, 10-26 pg/ml, 50-260 pg/ml, and of empty DPTAP
batches 0.5-1 pg/ml, 2.5-15 pg/ml, 14-40 pg/ml, adjusted to the lipid concentration added when using
0.01, 0.1 or 1 uM liposome-incorporated VD3, respectively. N=5-12 independent experiments. Mean
+ SD of proliferation in the control condition was 36 % + 12.4 %. Error bars indicate mean + SEM.
*p< 0.05. ***p=< 0.001. ****p=< 0.0001. Statistical significance was calculated using a mixed-effects
model of one-way ANOVA, with Dunnett’s correction for multiple comparisons.
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T cells primed by VD3-exposed DCs suppressed the proliferation of bystander T
cells in a dose-dependent fashion, most pronounced at 2.5 uM of VD3 (Figure 1B).
Interestingly, DCs primed with either negatively charged DSPG-VDS3 or positively
charged DPTAP-VD3 induced suppressive Tregs (Figures 1A, B). At a VD3
concentration of 1 uM, DCs primed by negatively charged DSPG-VD3 liposomes
induced suppressive T cells that inhibited bystander T cell proliferation to similar
levels as soluble VD3 at 2.5 uM. DCs treated with positively charged DPTAP-VD3
liposomes also induced suppressive T cells, but to levels seen with 0.01-0.1 uM
soluble VD3. In conclusion, our data indicate that DCs primed with 1 uM VD3-loaded
liposomes induce functional Tregs, irrespective of liposome type, comparable to
soluble VD3-treated DCs.

DCs activated in the presence of liposomal VD3 induce
both FoxP3- and IL-10-expressing Tregs

As Tregs consist of several subsets, we analyzed the phenotype of functional
Tregs induced by liposomal VD3-primed DCs. We first determined the presence
of two heterogeneous T cell populations associated with Tregs in human, FoxP3*
CD25* CD127"w CD4+ T cells, as well as IL-10-producing CD4* T cells. Frequencies
of FoxP3* CD127'"°v CD4* T cells were strongly increased in coculture with DCs
activated in the presence of anionic DSPG liposomes containing 2.5 uM VD3
(Figures 2A, B). After treatment with DPTAP liposomes containing 2.5 uM VD3, DCs
also induced FoxP3* CD127"" cells. Stimulation of DCs with a lower concentration
of 1 uM liposomal VD3 or with soluble VD3 did not result in significant induction of
Foxp3* CD127'°% CD4+* T cells.
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Figure 2. VD3-liposome treated DCs prime for the development of FoxP3+ CD127- CD4+ T cells
and IL-10-producing CD4+ T cells. Allogeneic naive CD4+ T cells were cocultured with MF+LPS
activated, VD3 or VD3-liposome primed moDCs for 10-12 days, and frequencies of FoxP3+ CD25+
CD127low cells were measured by FACS. For IL-10 measurement with ELISA, CD4+ T cells were
re-stimulated with aCD3, aCD28. (A) FoxP3+ CD127low T cells were gated from the single-cell gate.
Example dot plots of gating FoxP3+ CD127low T cells and frequencies in example conditions are
shown. (B) Frequency of FoxP3+ CD127low T cells after stimulation with differently primed moDCs.
N=6-23 independent experiments. (C) IL-10 production by co-cultured T cells after overnight stimula-
tion with aCD3, aCD28 normalized to MF+LPS DC condition, which was set to 1. Lipid concentration
of empty DSPG batches shown ranges from 50-260 pg/ml and of empty DPTAP batches 14-86 pg/
ml, adjusted to the lipid concentration added when using 1-2.5 uM liposome-incorporated VDS3.
Mean + SD of LPS-stimulated IL-10 production in the control condition was 289 pg/ml + 333 pg/ml.
N=11-19 independent experiments. Error bars indicate mean + SEM. *p=< 0.05. ****p=< 0.0001. Sta-
tistical significance was calculated using a mixed-effects model of one-way ANOVA, with Dunnett’s
correction for multiple comparisons.
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Foxp3* CD4* T cells also rely on IL-10 production as a means of suppressing
inflammation, together with type 1 regulatory T cells (Tr1), which have been shown
to be induced by VD3-treated DCs*'. IL-10 production was increased in T cells
primed by DCs treated with 0.1 uM VD3 (Figure 2C). Interestingly, only DCs primed
with VD3-containing DSPG liposomes significantly stimulated IL-10 production
compared to the control condition, while with DPTAP-VD3 primed moDCs, only a
trend of IL-10 induction was visible. Our data suggest that VD3-liposome-treated
moDCs at a concentration of 2.5 uM VD3 induce FoxP3* T cells in coculture, while
IL-10 producing T cells are significantly fostered by 0.1-1 uM VD3-stimulated or 0.1-1
MM VD3-containing DSPG liposome stimulated moDCs.

A heterogeneous marker profile is induced in FoxP3*
and FoxP3- CD4* T cells by VD3-liposome-treated DCs

As we observed both induction of FoxP3+* CD127- T cells and IL-10 producers, we
phenotyped these heterogeneous cell populations with a flow cytometry panel of
different T cell activation and regulatory markers (Figures 3A-E). The expression
profiles are displayed in a heatmap (Figure 3F), indicating enhanced expression
of CTLA-4 and TIGIT within the FoxP3+ population of CD4+ T cells, as well as an
increased expression of ICOS* CTLA-4* FoxP3* T cells (ICOS* Tregs) in VD3-DC
primed conditions. Priming of DCs with liposomal VD3 led to significantly higher
frequencies of cells expressing the co-inhibitory receptor TIGIT within FoxP3*
CD127" CD25* T cells and the FoxP3+* bulk population (Figure 4A, Supplementary
Figure 1A), compared to the activated DC control condition. In contrast, in the same
population, no significant changes in CTLA-4+ cells were observed (Supplementary
Figure 1B). Even though the co-inhibitory receptor TIM-3, the ectonucleotidase
CD39, and the early T cell activation marker CD69 have been described as
functional Treg markers*? %3, these markers were significantly decreased in VD3-
liposome treated conditions (Figure 3F, Figures 4B, C, D). Although the VD3-DC-
induced expression changes in ICOS* Tregs were not significant (Supplementary
Figure 1C), cells expressing ICOS increased in frequency within the resting CD69"
FoxP3* T cell population (Figure 3F, Figure 4E). CTLA-4* cells and CTLA-4 ICOS
co-expressing cells, on the other hand, were only increased in the activated CD69*
FoxP3* T cell population upon coculture with VD3-treated DCs (Figures 4F, G).
Interestingly, non-activated CD69- FoxP3* T cells were significantly induced by
VD3-liposome-treated DCs but not CD69 co-expressing FoxP3* T cells (Figures
4H, 1), suggesting that the VD3-DC stimulated increase in FoxP3+* Tregs is not due
to an increase in activated effector T cells. In VD3-DC instructed FoxP3- T cells,
we also observed reduced frequencies of TIM-3, CD39, or PD-1* cells (Figure
3F, Supplementary Figures 1D-F). We examined the expression of LAG-3 and
CD49b, two markers considered essential for defining Tr1 cells. However, we could
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not measure reliable changes in this population due to low expression levels of
the most critical marker, LAG-3 (data not shown). Even though CD49b appeared
differentially expressed in the VD3-DC primed conditions (Figure 3F), this change
was not significant (Supplementary Figure 1G). Taken together, compared to
activated DCs, DCs primed with liposomal VD3 induced FoxP3* CD127- T cells
with enhanced expression of TIGIT, while we could not demonstrate induction of
FoxP3- Tr1 cells. Interestingly, several functional Treg markers were decreased in
soluble and liposomal VD3-primed T cells.
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Figure 3. Phenotypic analysis of Tregs induced by VD3-liposome treated DCs. After 10-12 days
coculture with differently primed moDCs, CD4+ T cells were stained for Treg subset and functional
markers. Arrows indicate which parent population the subpopulation of cells was derived from. (A)
CD4+ T cells expressing CD49b, ICOS or PD-1 were gated from the single cell gate. PD-1 and
FoxP3+ co-expressing cells were gated, as shown in the right panel. (B) CD4+ T cells expressing
CD39, CD25, CTLA-4, or ICOS were also derived from the single-cell gate. FoxP3+ cells were further
examined for CD39 co-expression and CD127 expression. CTLA-4+ cells were gated together with
ICOS, and FoxP3+ cells were determined within the double positive population. (C) Example gating
for assessing expression of TIGIT, TIM-3, CD39, CD69, CTLA-4, PD-1 and ICOS within the FoxP3+
CD127low CD25+ population of CD4+ T cells. CTLA-4 ICOS co-expressing cells within this popu-
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lation were identified as iTregs and further examined for CD39 expression. (D) After gating CD69+
cells from single CD4+ T cells, CD69 expression against FoxP3 expression was assessed with a
quadrant gate, and CTLA-4 ICOS co-expression determined within both CD69- (Q5) and CD69+
(Q@6) FoxP3+ cells. (E) TIGIT and TIM-3 expressing cells were gated from the single cell population
of CD4+ T cells and assessed for FoxP3 expression as shown. (F) Heatmap representing frequency
of indicated T cell populations per DC-activation condition is shown.

TIGIT+ (% of FoxP3+ CD127- CD25+)

TIM-3+ (% of FoxP3+ CD127- CD25+)
CD39+ (% of FoxP3+ CD127- CD25+)

ICOS+ (in CD69- FoxP3+) (%)

CD69+ (% of FoxP3+ CD127- CD25+)
CTLA-4+ (in CD69+ FoxP3+) (%)

CTLA-4+ ICOS* (in CDE9+ FoxP3+) (%)
CD69+ FoxP3+ (%)

Figure 4. VD3-liposome-treated DCs induce Tregs with a distinct phenotype. (A) Frequency of
TIGIT+ or (B) TIM-3+ cells within the FoxP3+ CD127- CD25+ population of T cells. (C) Frequencies
of CD39+ cells within FoxP3+ CD127- CD25+ cells. (D) Frequencies of CD69+ cells within FoxP3+
CD127- CD25+ cells. (E) Frequencies of ICOS+ cells within the CD69- FoxP3+ cell population.(F)
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Frequencies of CTLA-4+ cells within the CD69+ FoxP3+ population. (G) Frequencies of CTLA-4+
ICOS+ cells within CD69+ FoxP3+ T cells. (H) Frequencies of CD69- FoxP3+ T cells. (I) Frequencies
of CD69+ FoxP3+ T cells. Lipid concentration of empty DSPG batches shown ranges from 50-260
pg/ml and of empty DPTAP batches 14-86 ug/ml, adjusted to the lipid concentration added when
using 1-2.5 uM liposome-incorporated VD3. N=5-11 independent experiments. Error bars indicate
mean + SEM. *p<0.05. **p<0.01. ***p< 0.001. ****p< 0.0001. Statistical significance was calculated
using a mixed-effects model of one-way ANOVA, with Dunnett’s correction for multiple comparisons.

VD3-liposome primed DCs influence directionality of
CD4+ T cell polarization

When Treg generation is fostered in coculture, polarization of other CD4* T helper
subsets may be inhibited. To determine whether VD3-liposome-primed DCs affect
T cell polarization, we assessed Th1 or Th2 polarization with intracellular staining
for IFN-y (Th1 polarization) or IL-13 (Th2 polarization). Interestingly, liposome-
primed moDCs significantly inhibited Th1 polarization at a concentration of 2.5
uM VD3, similar to soluble VD3-primed DCs (Figures 5A, B). Neither liposomes
nor VD3 affected Th2 cell polarization. Hence, VD3-liposome-primed moDCs
demonstrate the capacity to suppress pro-inflammatory Th1 polarization in coculture
without favoring Th2 polarization. IL-17-producing CD4* T cells (Th17 cells) are an
essential hallmark of chronic inflammatory diseases, as they are involved in the
pathophysiology and disease progression in several of these conditions*4“6.
Accordingly, we aimed to investigate the effect of VD3-liposome primed moDCs
on Th17 polarization. As stimulation by neutrophils is required for the development
of Th17 cells from naive precursors in humans?®®, for these experiments, we pre-
incubated DCs with soluble or DSPG liposomal VD3 and cocultured with autologous
naive CD4* T cells and neutrophils. Strikingly, in this solid Th17-favoring coculture
environment, both soluble and DSPG-VDS3 liposome-primed DCs abrogated the
development of Th17 cells (Figures 5C, D). Significant changes in Th17 induction
were not seen in conditions without neutrophils (Supplementary Figure 2). Thus, our
data suggest that liposomal VD3 treatment of DCs results in T helper polarization
favoring anti-inflammatory, tolerogenic conditions.
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ulated DC conditions. Allogeneic naive CD4+ T cells were co-cultured with MF+LPS activated,
VD3 or VD3-liposome primed moDCs for 10-12 days and stained for IFN-y+ and IL-13+ after 5-hour
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stimulation with PMA+lonomycin. (B) Fold-induction of IL-13+ and IFN-y+ CD4+ T cells in different
moDC-priming conditions. Lipid concentration of empty DSPG batches shown ranges from 50-260
pg/ml and of empty DPTAP batches 14-86 pg/ml, adjusted to the lipid concentration added when
using 1-2.5 uM liposome-incorporated VD3. Mean + SD of IFN-y+ T cells stimulated by MF+LPS DCs
was 22.5 % + 8.9 %, while of IL-13+ T cells, 10.68 % * 7.34 %. N= 6-23 independent experiments.
Error bars indicate mean + SEM. *p< 0.05. **p< 0.01. ****p=< 0.0001. Statistical significance was
calculated using a mixed-effects model of one-way ANOVA, with Dunnett’s correction for multiple
comparisons. (C) Example gating of IL-17 and IFN-y expressing CD4+ T cells in different priming
conditions. (D) Frequencies of IL-17+ CD4+ T cells after autologous co-culture with neutrophils and
differently primed moDCs. Soluble and liposome-incorporated VD3 concentration was 2.5 uM.
N=7 independent experiments. Error bars indicate mean + SEM. *p< 0.05. **p< 0.01. Statistical
significance was calculated using Friedman test with Dunn’s correction for multiple comparisons.

Priming of moDCs with liposomal VD3 distinctly changes
expression of tolerogenic surface markers

To further our knowledge of the mechanism by which VD3-treated DCs can induce
suppressive T cells, we phenotyped DCs after 48-hour maturation with a flow
cytometry panel containing DC maturation and tolerogenic DC markers. Frequencies
of marker-positive DC populations are displayed in a heatmap (Figure 6A). Immature
DCs showed lower expression levels of most markers, compared to the rest of the
activated conditions, except for the markers B7H3 and ICOSL, whereas frequencies
of ICOSL* DCs were higher in immature cells (Figure 6A, Supplementary Figure
3A). Compared to activated DCs, VD3 priming led to enhanced expression of
ILT3 (Figures 6A, B), whereas the other tolerogenic markers examined were not
significantly different in expression between activated and VD3 (liposome)-treated
DCs (Figure 6A, Supplementary Figures 3B-E). Similarly, DCs activated in the
presence of DSPG-loaded VD3 showed higher ILT3 expression. However, DPTAP-
VD3 primed DCs displayed an opposite trend, where ILT3 expression was highest
in DCs activated in presence of DPTAP empty liposomes (Figures 6A, B). Treatment
of DCs with soluble and liposomal VD3 decreased the frequency of CD83* cells
(Figure 6C). Compared to activated DCs, CD86 and HLA-DR expression did not
change significantly upon VD3 treatment of the cells (Figure 6A, Supplementary
Figures 3F, G). Taken together, these findings suggest that DSPG-VD3 loaded and
DPTAP-VD3 loaded liposomes have a differential effect on ILT3 expression of DCs,
whereas all forms of VD3-priming lead to reduced expression of CD83.
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Figure 6. VD3-liposome treatment induces expression of ILT3 and reduces expression of CD83 on
DCs. (A) Gating strategy and heatmap representing frequency of marker positive populations. All
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ing DCs per condition. (C) Frequencies of CD83 expressing DCs per condition. Lipid concentration
of empty DSPG batches shown ranges from 50-260 pg/ml and of empty DPTAP batches 14-86 pg/
ml, adjusted to the lipid concentration added when using 1-2.5 uM liposome-incorporated VD3. N=5
independent experiments. Error bars indicate mean + SEM. *p< 0.05. Statistical significance was
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calculated using one-way ANOVA with Dunnett’s correction for multiple comparisons.

Injection of VD3-loaded DSPG or DPTAP liposomes
enhances migration of CD14+ DDCs from skin biopsies

As intradermal application of liposome-loaded VD3 is an attractive mode of
administering therapy, we injected 25 pM soluble VD3, anionic DPSG liposome-
loaded VD3, or cationic DPTAP liposomes loaded with VD3 in ex vivo human skin,
consistent with the approach of our previous study*. Migratory effect of liposomal
VD3 injection on (CD1a**) LCs, CD1a* DDCs, and CD14* DDCs was determined
using flow cytometry (Figure 7A). The average counts of crawl-out DCs per injection
condition did not differ significantly (Figure 7B). Compared to injection of PBS or
empty liposome controls, both soluble VD3 and liposomal VD3 injection resulted
in selective migration of CD14* DDCs out of the skin biopsies (Figure 7C). CD14+
DDCs were present among crawl-outs in higher frequencies (Figure 7C top panel)
and higher absolute counts (Figure 7C bottom panel). The observed increase in
CD14+* DDC efflux mediated by VD3-liposome injections was accompanied by a
decrease in percentages and counts of CD1a* DDCs (Figure 7D), while percentages
and counts of CD1a** LCs remained unaltered (Figure 7E). Hence, we establish
that liposomal VD3 injection (both loaded in anionic DSPG or cationic DPTAP
liposomes) induces a similar effect on differential migration of crawl-out DCs as
previously seen with soluble VD3%°.
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Figure 7. Injection of VD3-loaded DSPG or DPTAP liposomes enhances migration of CD14+ DDCs
from human skin ex vivo. (A) Gating example for skin DCs (CD11c+ HLA-DR+ crawl-out DCs) and
identification of subsets based on CD1a and CD14 staining. (B) Counts of CD11c+ HLA-DR+ crawl-
out DCs. (C) Percentages (top panel) and counts (bottom panel) of CD14a+ DDCs, (D) CD1a+ DCs,
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and (E) CD1a++ LCs present in crawl-out DCs, per injection condition. Soluble and liposomal VD3
concentration injected was 25 pM. Lipid concentration of empty DSPG batches ranged from 1000-
2600 pg/ml and of empty DPTAP batches 860-2500 pg/ml, adjusted to the lipid concentration added
when using 25 uM liposome-incorporated VD3. N=8-9 independent experiments. Error bars indicate
mean + SEM. *p<0.05. **p<0.01. ***p< 0.001. ****p< 0.0001. Statistical significance was calculated
using mixed-effects analysis with Dunnett’s correction for multiple comparisons.

DISCUSSION

In this study, we embarked upon the development of a DC-tolerizing nanoparticulate
product. We show that liposomal VD3 induces tolerogenic DCs that enhance
the development of functional Tregs from naive precursors, comparable to the
effect of soluble VD3-treated DCs. We demonstrate that the T cells instructed by
liposomal VD3-primed DCs have the phenotype of FoxP3+ CD127"°* CD25* CD4+*
T cells expressing TIGIT. Furthermore, VD3-liposome primed DCs silence Th1
and Th17-type responses. As an additional laboratory proof-of-concept, we tested
the VD3-liposome formulations in an ex vivo human skin model and showed that
they enhance migration of CD14* DDCs from skin biopsies, similar to soluble VD3.

To our knowledge, we are the first group to add VD3-loaded liposomes to human
DCs and examine the in vitro T cell response in detail to deliver proof-of-concept for
an in vivo DC-targeting tolerizing therapy as a promising alternative to ex vivo DC
vaccination. Even though we did not observe differences in tolerogenic properties of
DCs treated with soluble VD3 or liposome-loaded VD3, we demonstrate comparable
effects between the two treatment approaches. These findings present the de novo
observation that VD3-loaded liposomes are suitable carriers for targeting DCs
with VD3. Furthermore, we establish tolerogenic precedent for loading disease-
specific antigens together with VD3 in liposomes, with the prospect of developing
a non-personalized vaccine against autoimmune and allergic diseases. Additional
pharmacological benefits of encapsulating VD3 in liposomes include protection
from degradation and the channeling of VD3 towards APCs to establish immune
tolerance without causing toxic side effects in bystander cells' 26,

As suppression of effector T cell proliferation is a defining hallmark of Tregs, we
used a T cell suppressor assay as proof-of-concept for inducing tolerogenic DCs
with VD3-loaded liposomes. Irrespective of the choice of liposome formulation,
VD3-primed moDCs induced CD4* T cells with a proliferation-suppressing
regulatory capacity. This finding is strengthened by an in vivo study where VD3-
and OVA-loaded polymer nanoparticles injected in mice significantly suppressed
target cytotoxic lymphocyte proliferation, inducing OVA-specific immune tolerance?.
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A recently published phase | clinical trial delivered an even stronger precedent
in which liposomes containing a collagen-derived self-peptide and VD3 were
subcutaneously injected in anti-citrullinated protein antibody + rheumatoid arthritis
patients*®. The treatment resulted in improved disease activity, associated with an
expansion of auto-antigen-specific T cells, coupled with a reduction in inflammatory
myeloid cell populations and anti-citrullinated antibodies.

Upon phenotyping the Tregs resulting from VD3-DC treatment, we demonstrate a
VD3-DC-induced increase in TIGIT* FoxP3* CD127"°* T cells. Furthermore, we show
that the CD69* FoxP3* population contains higher frequencies of ICOS* CTLA-4*T
cells. TIGIT and CTLA-4 are inhibitory receptors that corroborate the Treg identity
of VD3-liposome DC-induced FoxP3* CD127"°* CD25* T cells or CD69* FoxP3*
T cells*® 5%, while ICOS-ICOSL interactions between T cells and DCs have also
been described to lead to Treg formation®'. In previous research, VD3-treatment of
CD4+ T cells induced the ectonucleotidase CD39 and the T cell activation marker
CD69%4. CD39 converts extracellular ATP to immunosuppressive adenosine*?, while
CD69 is emerging as a crucial protein in regulating immune responses®2. CD39,
CD69, and TIM-3 enhance efficient differentiation and establishment of FoxP3+
T cells, conveying suppressive function to these cells*? 43.50.53-5% Moreover, CD39
and CD69 have been linked to effective suppression of Th17 polarization?*? 44 %6
Unexpectedly, we observed a decrease in expression of these functional markers
when applying VD3-treated DCs. Fast turnover, as well as intracellular instead
of extracellular presence of these receptors, could be a possible explanation for
these counterintuitive observations*'. However, as CD69 is also an early activation
marker of memory T cells®’, decreased expression in VD3-DC treated conditions
suggests that VD3-primed DCs lead to the outgrowth of less activated effector T
cells. Induction of FoxP3* T cells by VD3-DC treatment in the CD69- resting T cell
population also indicates that these induced FoxP3* cells are not activated effector
T cells but Tregs.

As we observed an induction of IL-10 production of T cells stimulated with soluble
or DSPG-VDS3 primed DCs, which points, albeit not exclusively, to the induction of
Tr1 type Tregs, we measured two important markers considered characteristic of
this Treg subset, LAG-3, and CD49b%. However, we did not succeed at reliable
measurement of LAG-3 due to deficient expression levels and found no differences
in expression of CD49b. Repeatedly, in the FoxP3- population of T cells, CD39 and
CD69 were decreased in VD3-liposome DC conditions while expression levels of
the other markers were unchanged. Hence, we could not unequivocally establish
that VD3-liposome-treated DCs induced Tr1 Tregs in our cocultures.
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Furthermore, we cannot exclude the possibility that VD3-treated DCs induce an
altogether different Treg subset which is not fully characterized yet.

We chose two previously published formulations in this study, DSPG, and DPTAP,
anionic and cationic counterparts, respectively, to load VD3. Confirming our
previous results, empty DSPG or DPTAP liposomes had no tolerogenic or activating
effects on moDCs, or the ensuing allogeneic T cell response and could therefore
serve as internal controls in our experiments. Even though suppressive and FoxP3*
CD127 T cells were significantly induced by both DSPG-VD3 and DPTAP-VD3
treated DCs, IL-10 producing T cells were only induced by DSPG-VDS3 treated
DCs. In previous research, we demonstrated that DPTAP liposomes are poorly
internalized by moDCs and instead adhere to the DC membrane?. Together with
the data in the current manuscript, our findings suggest that negatively charged
liposomes are more suitable as delivery systems of adjuvants for future tolerance-
promoting treatments.

A crucial function of Tregs is supplanting effector T cells. VD3-DCs are generally
known to prevent Th1 polarization while they induce Th2 development and IL-10-
producing Tregs' 16:36.40_|n this study, VD3-liposome primed DCs inhibited Th1 cell
development, yet they did not enhance Th2 development. This finding suggests
that liposomal VD3 treatment may be preferable over soluble VD3-treated DCs
in treating allergies, while autoimmune conditions may benefit from soluble and
liposomal VDS3.

As a disbalance between Th17 cells and Tregs is often pinpointed as pathogenetic
in several inflammatory diseases?*® % ¢, the effect of VD3-liposome treated DCs
on Th17 polarization was also essential to observe. In an autologous coculture
setting with neutrophils, VD3-liposome-treated DCs markedly abrogated Th17 cell
development. We, and others, recently showed that DCs treated with soluble VD3
reduce Th17 development in human cell culture®” ®': 62, adding a further argument
for the suitability of VD3 for treating inflammation.

Several mechanisms of tolerance induction by VD3-treatment of DCs have been
described. VD3 has been shown to downmodulate maturation of DCs, including
the expression of CD83, CD86, and HLA-DR&. Furthermore, VD3 is associated with
upregulation of several surface markers considered hallmarks of tolerogenic DCs,
such as ILT2, ILT3, and PD-L1% %3, Together with ILT4, B7-H3, and ICOSL, these
markers were demonstrated to exert tolerogenic functions via cognate interaction
with effector T cells, rendering them anergic or transforming them into Tregs®* 64-¢,
Interestingly, we only found enhanced frequencies of ILT3* DCs upon soluble
and DSPG anionic liposome VD3 treatment. Further analysis showed that only
frequencies of CD83* cells were significantly reduced by soluble or liposomal VD3-
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treatment of DCs, but not of HLA-DR or CD86* cells. This contrasts with earlier
studies where VD3-treatment of DCs leads to a reduction of all three markers of
DC activation® ¢7, Unmeasured markers or production of a soluble factor, such as
IL-10, could provide an alternative explanation for the mechanism of DC-mediated
tolerance in our experiments.

When developing a DC-tolerizing vaccine, the administration route must be
considered. Dermal injection of a therapeutic compound is patient-friendly, and
would provide easy access to skin DCs, which can migrate to proximal lymph
nodes to exert tolerogenic functions there. Hence, we have chosen an ex vivo skin
model to investigate the suitability of the liposome carriers loaded with VD3 for a
tolerogenic vaccine. Confirming previous results with soluble VD3 injection, both
DSPG and DPTAP VD3-liposome injection led to selective enhancement of CD14+
DDC migration*. In the same study, VD3-treated crawl-out skin DCs stimulated
the outgrowth of suppressive Tregs, which produced less IFN-y and contained
higher frequencies of FoxP3* cells, indicating a tolerogenic quality to CD14* DDCs.
A plausible explanation for VD3-induced CD14+ DDCs is that the other subsets
present in skin start expressing CD14 upon VD3 stimulation. This explanation is
supported by several studies demonstrating enhanced CD14 expression on DCs by
VD3-treatment®®:%8. The DC identity and capacity of CD14* DDCs to migrate to lymph
nodes is currently under debate®®, yet CD14+* DDCs co-expressing CD141 have been
described as constitutive IL-10 producers dampening skin inflammation by inducing
Tregs™. Several other studies characterized CD14+ DDCs as less immunogenic,
with the capability to transform into LCs under the influence of TGF-B7'2. Thus, the
CD14+ DDC subset appears to consist of a heterogeneous mix of skin DCs, which
can be molded by adjuvants, such as VD3, towards tolerogenic plasticity.

Collectively, we establish VD3-loaded liposomes as efficient therapeutic vehicles
that induce DCs capable of promoting T cell tolerance in vitro. Together with the
current findings in our study, a plethora of evidence points towards a beneficial
effect of VD3 treatment on autoimmune and allergic conditions, supporting ongoing
development of a DC-targeted vaccine platform using VD3 as its tolerance-
promoting adjuvant.
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SUPPLEMENTARY FIGURES
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Supplementary Figure 1. VD3-liposome treated DCs stimulate the development of CD4+ T cells
with a distinct footprint of Treg markers. After 10-12-day co-culture with differently primed moDCs,
CD4+ T cells were stained for Treg subset and functional markers. (A-G) Frequencies of TIGIT+
FoxP3+, CTLA-4+ within FoxP3+ CD127low CD25+, ICOS+ Treg (ICOS+ CTLA-4+ FoxP3+), TIM-3+
FoxP3-, CD39+ FoxP3-, PD-1+ FoxP3-, and CD49b+ CD4+ T cells. N=5-11 independent experi-
ments. Error bars indicate mean + SEM. *p< 0.05. **p< 0.01. Statistical significance was calculated
using mixed-effects analysis with Dunnett’s correction for multiple comparisons.
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Supplementary Figure 2. Frequencies of IL-17+ CD4+ T cells after autologous co-culture without or
with neutrophils and differently primed moDCs. N=7 independent experiments. Error bars indicate
mean + SEM. *p=< 0.05. **p< 0.01. Statistical significance was calculated using Friedman test with

Dunn’s correction for multiple comparisons.
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ABSTRACT

Anionic liposomal formulations have previously shown to have intrinsic
tolerogenic capacity and these properties have been related to the rigidity
of the particles. The combination of highly rigid anionic liposomes to deliver
tolerogenic adjuvants and antigen peptides has potential applications
for the treatment of autoimmune and inflammatory diseases. However,
the preparation of these highly rigid anionic liposomes using traditional
methods such as lipid film hydration presents problems in terms of
scalability and loading efficiency of some costly tolerogenic adjuvants
like 1-a,25-dihydroxyvitaminD3. Here we propose the use of an off-the-
shelf staggered herringbone micromixer for the preparation of these
formulations and perform a systematic study on the effect of temperature
and flow conditions on the size and polydispersity index of the formulations.
Furthermore, we show that the system allows for the encapsulation of a
wide variety of peptides and significantly higher loading efficiency of 1-a,25-
dihydroxyvitaminD3 compared to the traditional lipid film hydration method,
without compromising their non-inflammatory interaction with dendritic cells.
Therefore, the microfluidics method presented here is a valuable tool for
the preparation of highly rigid tolerogenic liposomes in a fast, size-tuneable,
and scalable manner.

Keywords

liposomes, rigidity, herringbone micromixer, microfluidics, vitaminD3,
tolerance

Abbreviations
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INTRODUCTION

Liposomes are nanometre-sized vesicles formed by a lipid bilayer enclosing an
aqueous core and are used for various applications, including vaccination. Whereas
cationic liposomes and lipid nanoparticle formulations have shown to have immune
stimulatory properties' anionic liposomes might induce immune tolerance. We have
previously shown that 1,2-Distearoyl-sn-glycero-3-phosphoglycerol (DSPG)-
containing liposomes carrying peptide antigens are able to induce T regulatory
cells, which are key mediators of peripheral tolerance, and was able to arrest
development of atherosclerosis in mice?. The tolerogenic capacity of these DSPG
formulations is, in part, due to the high rigidity of these liposomes as this impacts
both the uptake of the formulation by professional antigen presenting cells, such
as dendritic cells, and on the capacity of the formulation to induce tolerogenic
immune responses®.

Although the physicochemical properties of liposomal formulations can influence
their capacity to induce a tolerogenic immune response, the generation of a strong
tolerogenic response might require the inclusion of tolerogenic adjuvants. Immune
modulatory molecules such as 1-a,25-dihydroxyvitaminD3 (VD3), rapamycin or
retinoic acid have been widely studied for their capacity to induce tolerogenic
dendritic cells and may therefore represent interesting adjuvants for tolerogenic
vaccines*®. However, despite their high hydrophobicity index, the loading efficiency
of these molecules, specially VD3, into highly rigid anionic liposomes using the
traditional lipid film hydration method is surprisingly low (Table 1) with only a
small fraction (<10%) of the VD3 being loaded into the liposomes. Moreover, the
traditional liposome preparation of lipid film hydration also has limitations regarding
the scalability and batch to batch variability.

Table 1. Loading efficiency of tolerogenic adjuvants into anionic rigid liposomes using
the lipid film hydration method. The table summarizes the average loading efficiency of at
least 2 separate batches of liposomes (n=2)

Loading efficiency % (+ SD)

Rapamycin 71 (£5.1)
Retinoic acid 38.6 (+0.9)
1-a,25-dihydroxyvitaminD3 8.08 (+ 10.1)

Due to the promising application of highly rigid anionic liposomes in the field of
antigen-specific tolerance and the need for methods to efficiently load tolerogenic
adjuvants, we developed a microfluidics-based approach.

Microfluidics allows the high-throughput and scalable manufacture of liposomal
formulations. In these systems, the sudden change in solvent polarity in a
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micrometre-sized channel triggers the nanoprecipitation of the phospholipids,
forming lipid bilayers with more thermodynamically stable structures” and may
encapsulate more antigen and adjuvant in the process. However, the available
commercial microfluidics systems have limitations for the preparation of highly
rigid liposomal formulations. These formulations need to be prepared above
the transition temperature of the phospholipids, which in the case of liposomes
containing 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and DSPG is 55°C.
The design of the microfluidics systems makes difficult to accurately define the
temperature in the microchannel. Here we described a method with an off-the-shelf
glass staggered herringbone micromixer that allows the preparation of highly rigid
anionic liposomes loaded with VD3. This system offers significant advantages over
the lipid film hydration method including a markedly improved loading efficiency
of VD3.

MATERIALS AND METHODS

Materials

Staggered herringbone micromixer was purchased from Darwin Microfluidics
(Paris, France) cat# LTF-012.00-4264. Both the aqueous and organic phases were
loaded into Hamilton glass syringes obtained from Sigma-Aldrich (Zwijndrecht,
The Netherlands) and the inlet flow was controlled by two single channel syringe
pumps (ProSense, Oosterhout, The Netherlands). 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DSPG) were purchased from Avanti Polar Lipids (Alabaster, USA).
Cholesterol was obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands).
1-a,25-dihydroxyvitaminD3 was purchased from Sigma-Aldrich (Zwijndrecht, The
Netherlands). Peptides were synthesized in house by solid-phase peptide synthesis
(SPPS) using the CEM microwave-assisted automated peptide synthesizer
Liberty Blue. Ethanol absolute was purchased from Biosolve (Valkenswaard, The
Netherlands). Float-A-lyzers 100,000Da MWCO dialysis tubes were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Whatman Nucleopore polycarbonate
track-etched membranes were obtained from Sigma-Aldrich (Zwijndrecht, The
Netherlands).

Methods

Preparation of highly rigid anionic liposomes using staggered
herringbone micromixer

The organic phase for the preparation of anionic liposomal formations consisted
on DSPC:DSPG:Cholesterol dissolved in ethanol absolute in a molar ratio 4:1:2.
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The lipid concentration on the organic phase was 10 mg/mL unless specified
otherwise. The aqueous phase consisted of Phosphate Buffer (PB) 10 mM pH
7.4, in the case of peptide-loaded liposomes, the peptides were included in the
aqueous phase at a concentration of 100 pyg/mL. In the case of liposomes loaded
with 1a,25-dihydroxyvitaminD3 or labelled with the lipophilic dye DiD, the adjuvant
or fluorescent label were included in the organic phase together with the lipids.
The concentration of 1a,25-dihydroxyvitaminD3 in the organic phase was 150 ug/
mL. The organic and aqueous phases were injected into the herringbone micromixer
as schematically depicted in Figure 1. The flow rate ratio (FRR) between the
aqueous and the organic phase was varied from 2:1 to 5:1 (Table S1) and the total
flow rate (TFR), defined as the sum of the aqueous flow rate and the organic flow
rate, was also varied from 100 pL/min to 900 pL/min in order to determine the effect
of flow conditions on particle size and polydispersity index (Pdl). All formulations
were prepared at a temperature above the gel-liquid phase transition temperature of
the phospholipids in the formulation unless mentioned otherwise. The temperature
was set by submerging the micromixer in a water bath at 60°C. The temperature of
the water bath was controlled by using a temperature probe connected to a heating
plate. Formulations were dialyzed against 400 mL of PB 10 mM pH 7.4 overnight
with constant stirring using Float-A-lyzer dialysis kit (MWCO 100,000 Da) to remove
traces of ethanol and non-encapsulated molecules.

PB or peptide
dissolved in PB

Figure 1. Microfluidics system setup. The staggered herringbone micromixer consists of a glass
chip with two inlet ports, one for the organic phase and another for the aqueous phase. The organic
and the aqueous phase are mixed in a microchannel of 200 ym width and 80 ym depth. The micro-
channel presents a series of chevrons (mixing element) with a short arm (1/3 channel width) and a
long arm (2/3 of channel width). The height of each chevron is 30um. The microchannel presents a
total of 180 chevron elements and the length of the mixing channel is 28.7mm.
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Preparation of liposomes using lipid film hydration method

For VD3-loaded liposomes, a total of 5 mg phospholipids and cholesterol dissolved in
chloroform and 50 g VD3 were mixed in a round bottom flask in a molar ratio of 4:1:2
(DSPC:DSPG:Cholesterol). In the case of DiD-labelled liposomes, a total of 6.6 mg
of phospholipids and cholesterol at a molar ratio of 4:1:2 (DSPC:DSPG:Cholesterol)
and 0.1 mol% of DiD dissolved in chloroform were mixed in a round bottom flask.
A dry lipid film was formed by removing the chloroform in a rotary evaporator (180
mbar, 15 minutes) at 40°C. The dry lipid film was hydrated with 1 mL PB 10 mM
pH 7.4 in a rotary evaporator (atmospheric pressure, rotation only) at 60°C for 30
minutes. The product of the lipid film hydration is a suspension of large multilamellar
vesicles. Samples were extruded 4 times through 400 nm and 200 nm stacked
track-etch polycarbonate membranes (Whatman® Nucleopore™, GE Healthcare,
Little Chalfont, UK) at high pressure using an extruder (LIPEX Extruder, Northern
Lipids Inc., Canada) connected to a water bath at 60°C. The formulations were
dialyzed overnight against 400 mL of PB 10 mM pH 7.4 using Flot-A-lyzer dialysis
kit (MWCO 100,000 Da).

Liposome characterization — DLS

Dynamic Light Scattering (DLS) was performed using a Zetasizer NanoZS (Malvern
Panalytical, UK) to measure the z-average hydrodynamic diameter and Pdl of the
formulations. The same instrument was used to determine the C-potential by means
of laser doppler electrophoresis. When the measurement was performed prior to
dialysis, the method was adjusted to consider the changes in the viscosity and
refractive index of the dispersant due to the presence of ethanol in the samples
(Table S2).

Liposome characterization — UPLC

Reverse phase ultra-high performance liquid chromatography (UPLC) was used for
the quantification of the encapsulated peptide, VD3 and total lipids. For quantification
of the lipophilic compound VD3, a sample of the formulation was dried under a N,
stream, resuspended in the same volume of ethanol, and subsequently injected into
a 1.7 um BEH C18 column (2.1 x 50 mm, Water ACQUITY UPLC, Waters, MA, USA).
For the measurement, 10uL of sample was injected into the UPLC column. Column
temperature was set at 40°C. The mobile phases consisted of milliQ water with 0.1%
TFA (solvent A) and acetonitrile with 0.1% TFA (solvent B). After sample injection,
a linear gradient of solvent B from 5% to 95% was applied to the column for 7
minutes at a flow rate of 0.5 mL/min, followed by 95% solvent B for 2 minutes and
5% solvent B 95% solvent A for 3 minutes. Peptides were detected by absorbance
at 220 nm, VD3 was detected by absorbance at 252 nm using ACQUITY UPLC
TUV detector and lipids were detected using ACQUITY UPLC Evaporative Light
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Scattering detector (ELSD). Loading efficiency was calculated as the total amount
of peptide or VD3 after dialysis divided by the total amount of peptide before dialysis
(for formulations prepared with microfluidics) or before extrusion (for formulations
prepared with lipid film hydration method).

Liposome characterization — Negative staining Transmission
Electron Microscopy (TEM)

For the characterization of liposomes loaded with VD3 by Transmission Electron
Microscopy (TEM), a sample of liposomal formulation was deposited on carbon-
Formvar coated 200 mesh copper grids (Electron Microscopy Sciences, USA) for 30
seconds and subsequentially stained with a contrast solution of 1% uranyl acetate
for 30 seconds. The coated grids were left to dry overnight at room temperature
before imaging. Images were taken in a JEM1400 plus Transmission Electron
Microscope operating at 80 kV and fitted with a CCD camera.

Peptide synthesis

Peptides were synthesized in-house by solid-phase peptide synthesis (SPPS) using
a Liberty Blue microwave-assisted automated peptide synthesizer. Synthesis scale
was 0.1 mmol using an S-RAM Tentagel resin. Fmoc-deprotection was done with
dimethylformamide (DMF) containing 20% piperidine. After synthesis peptides were
acetylated using pyridine and acetic anhydride (1:1 v/v). Peptide cleavage from
the resin was performed by incubating the resin for 1h with a mixture of 95% (v/v)
trifluoroacetic acid (TFA), 2.5% (v/v) triisopropylsilane (TIPS) and 2.5% (v/v) water.
Peptides were precipitated using ice-cold diethyl ether followed by centrifugation.
Peptides were subsequently purified by reverse-phase high performance liquid
chromatography (HPLC) using a Kinetic Evo C18 column. Purity was assessed by
liquid chromatography-mass spectrometry (LC-MS).

Net charge of peptides at pH 7.4 was calculated using Innovagen peptide property
calculator. The grand average of hydropathy (GRAVY) of peptides was calculated
as the sum of hydropathy values of the amino acids divided by the peptide length.
The sequences and physicochemical properties of the peptides can be found in
Table S3.

Human monocyte-derived dendritic cell culture and activation

Peripheral blood monocytes were isolated from buffy coats or fresh blood and
differentiated into monocyte-derived dendritic cells (moDCs) as previously
described®. To assess moDC liposome uptake 50-200 x 10® immature DCs were
incubated with DiD-labelled formulations prepared by either the lipid-film hydration
method or the staggered herringbone micromixer at a lipid concentration of 10 ug/
mL or 30 ug/mL for 4 hours in IMDM (Thermo Fisher Scientific) 5% FCS (Sigma-
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Aldrich, St Louis, Missouri). Cells were washed and liposome uptake was measured
by flow cytometry on a FACS Canto. Uptake was quantified using percentages of
DiD-positive moDCs. For determination of moDC maturation, immature DCs were
cultured in IMDM (Thermo Fisher Scientific) 5% FCS (Sigma-Aldrich, St Louis,
Missouri) supplemented with 500 U/mL granular-macrophage colony stimulating
factor (GM-CSF) only, or with 100 ng/mL lipopolysaccharide (LPS) derived from
E. coli strain O111-B4 (Sigma-Aldrich) and GM-CSF, in the presence or absence
of 10 or 30 pg/mL liposomes for 24 hours. Stimuli were washed away and DCs
were stained with a cocktail of the following markers: anti-CD83-phycoerythrin
(PE) (BD Biosciences, Franklin Lake, New Jersey), anti-CD86-brilliant violet 421
(Bv421) (BD), anti-HLA-DR-peridinin-chlorophyll-protein-Cy5.5 (PerCP-Cy5.5)
(BD), and anti-CD14-PE-Cy7 (Biolegend, San Diego, California). Activation of
moDCs was determined by flow cytometric analysis on a FACS Fortessa (BD).
For compensation, single marker-fluorochrome stainings were included. Flow
cytometry data was analysed using FlowJo software (Treestar, Ashland, Oregon).

Statistics

Statistical differences between groups were analysed by either unpaired T-test
or one-way ANOVA followed by Tukey’s multiple comparisons test. Statistical
correlation was tested using Pearson’s correlation test. P-values below 0.05 were
considered significant. All analysis were performed using GraphPad Prism 8.1.1 for
Windows (GraphPad Software, San Diego, California, USA).

RESULTS

Temperature of the system is a key parameter for
the preparation of monodisperse highly rigid anionic
liposomes by microfluidics

One of the challenges of the preparation of highly rigid liposomes is the relatively
high transition temperature of the phospholipids in these formulations. Therefore,
during the preparation of these liposomes using microfluidics, the aqueous and
organic phases need to be above this temperature. A drawback of most microfluidic
systems is the inability to properly control the temperature, complicating the
controlled nanoprecipitation of lipids with a high transition temperature. Indeed,
DSPC:DSPG:Cholesterol liposome prepared at room temperature resulted in
relatively large liposomes (Figure 2A) and high Pdl (Figure 2B). Merely heating
the inlet solutions before injection in the micromixer did not correct this issue
(Figure 2A, B), however submerging the micromixer in water bath at 60°C resulted
in monodisperse liposomes with an average size of 120 nm and a Pdl below 0.2

112



Micromixer for preparation of liposomes

(Figure 2A, B). This shows that controlling the temperature of the entire system
allows the production highly rigid liposomes with great reproducibility.
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Figure 2. Importance of temperature control in micromixer. Effect of temperature on (A) size and
(B) Pdl of DSPC:DSPG:Cholesterol liposomes prepared in staggered herringbone micromixer. For-
mulations were either prepared at room temperature, by heating the inlet solutions at 60°C before
injections or by submerging the micromixer in a temperature-controlled water bath at 60°C. All
formulations were prepared at a TFR of 500 pyL/min and a FRR of 2:1. Graphs show three replicate
measurements from the same batch of formulation.

The flow rate ratio and not the total flow rate determine
the particle size during preparation

Having established that the microfluidics system allows for the formation of
monodisperse rigid liposomes, we next addressed whether this is scalable and
tuneable. To increase the output, we varied the total flow rate (TFR) of the system
from 100 pl/min to 900 pl/min. Remarkably, the average size of the liposomes and
Pdl were not significantly influenced by the TFR (Figure 3A and 3B). This suggest
that our system is robust even at higher flow rates, which may increase the scale-
up potential of the system since higher volumes of formulations can be prepared
in a short period of time.

Next, we adjusted the flow rate ratio (FRR) of water and organic phase while
keeping the TFR constant at 500 pl/min. We observed that by increasing the flow
rate in favour of the aqueous phase, the resulting liposomes exhibited a smaller
average hydrodynamic diameter (Figure 3C) while remaining monodisperse (Figure
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3D). Thus, the average size of liposomes is tuneable with our system by adjusting
the FRR.
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Figure 3. Effect of flow conditions on liposome characteristics. Effect of TFR on (A) average particle
size and (B) Pdl of DSPC:DSPG:Cholesterol formulations. To study the effect of TFR, formulations
were prepared at a fixed FRR of 3:1. Effect of FRR on (C) average particle size and (D) Pdl of DSP-
C:DSPG:Cholesterol formulations. To study the effect of the FRR, formulations were prepared using
a fixed TFR of 500 pl/min. Each data point represents a separate batch of formulation. Graphs show
data from independent batches of formulation and the mean of that data.

Loading efficiency of peptide antigen across a wide
spectrum of charge and hydrophobicity

Next, we addressed whether the microfluidics system allows for incorporation of
peptide antigens and adjuvants. Encapsulation of peptides can be particularly
challenging as they can have a wide range of physicochemical properties.
To address this, we selected 7 peptides (Table S3) with a wide range of net charge
and hydrophobicity (expressed as the grand average of hydropathicity index,
GRAVY) and determined the loading efficiency. We observed a wide variability
in loading efficiency (Figure 4) and no statistical correlation between the loading
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efficiency and the net charge (r = 0.65, p-value = 0.11) or GRAVY (r = 0.44, p-value
= 0.32), however none of the peptides show a lower encapsulation than 10%.

60 60
40 o 40
2 &
w 4
|
20 20
o (]
[]
0 T T T T T 1 0 T T T T 1
12 10 -08 -06 -04 -0.2 0.0 -4 -2 0 2 4 6
GRAVY Net charge at pH 7.4

Figure 4. Effect of GRAVY and net charge of peptides in the loading efficiency (LE). (A) Loading
efficiency of different peptides into DSPC:DSPG:Cholesterol liposomes vs GRAVY. (B) Loading
efficiency vs net charge of peptides. The flow conditions for these formulations were set at 400
uL/min and a FRR of 2:1. Each data point represents the mean loading efficiency (+ SD) of two
independent batches of formulation.

The loading efficiency of VD3 is significantly improved
when the highly rigid liposomes are prepared using the
herringbone micromixer

A major drawback of the lipid film hydration method is the poor encapsulation
of tolerogenic adjuvants into liposomes with a high phase transition temperature
(Table 1). Therefore, we next addressed if the encapsulation efficiency of VD3
can be improved by using the staggered herringbone micromixer. Addition of VD3
to production process increased the size of the liposomes (Figure 5A) and the
PdI (Figure 5B) compared to unloaded liposomes (Figure 2A), however size was
comparable to the lipid film hydration equivalent (Figure 5A). Formulations prepared
using the microfluidics system showed an increase in Pdl and a slight decrease in
the C-potential (Figure 5B and 5C) compared to the formulations prepared with lipid
film hydration method. The microfluidics method, however, was vastly superior to
the lipid film hydration method in the loading efficiency of VD3 (Figure 5C, 60% vs
2% p < 0.0001). Therefore, the changes in Pdl and Z-potential could be explained
by the incorporation of VD3 into the liposomes. Importantly, TEM imaging suggests
the high encapsulation efficiency is not a result of formation of VD3 micelles or
aggregates (Figure 5E).
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Figure 5. Comparison of VD3 incorporation into liposomes using lipid film hydration method vs mi-
crofluidics. (A) Average particle size, (B) Pdl and (C) ¢-potential of DSPC:DSPG:Cholesterol liposome
loaded with VD3 prepared using either the staggered herringbone micromixer or the gold-standard
lipid-film hydration method (LFH) (n = 3). (D) Loading efficiency of VD3 for both methods. The flow
conditions in the microfluidics system were set at TFR of 500 pyL/min and a FRR of 3:1 (Aqueous:Or-
ganic). The final lipid and VD3 concentration in the formulations was 5 mg/ml and 50 pg/mL respec-
tively for both the microfluidics and LFH formulations. (E) Transmission Electron Microscopy (TEM)
images of VD3-loaded liposomes prepared with either the staggered herringbone micromixer or the
lipid film hydration method. Black scale bars represent 100 nm. Graphs show mean, each data point
represents an independent batch of formulation *p<0.05, ****p<0.0001 determined by unpaired t-test.

Exposure of monocyte-derived dendritic cells to the
highly rigid anionic liposomes prepared with the
micromixer does not induce DCs activation

We have previously shown that rigid anionic liposomes are more easily taken up
by antigen presenting cells than fluid liposomes and have a propensity to induce
tolerance?. In order for liposomes to affect the immune response, the uptake
of the nanoparticles by dendritic cells is essential. We used monocyte-derived
dendritic cells (moDCs) to assess if liposomes prepared using the traditional lipid
film hydration method and the staggered herringbone micromixer are comparable
in terms of cell uptake and biological effect. To assess cell uptake, we exposed
moDCs to liposomes prepared with either lipid-film hydration method or the
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staggered herringbone micromixer at two different lipid concentrations (10 and 30
ug/mL) for 4h. Both lipid film hydration prepared as well as microfluidics prepared
liposomes were readily taken up by moDC. Albeit we observed a reduction in cell
uptake for one of the batches prepared with microfluidics compared to the lipid film
hydration method after 4h of incubation, we did not observe significant differences
in uptake when a second batch of liposomes was tested (Figure 6A). Furthermore,
we studied the capacity of the formulations to induce activation of moDCs. For this,
cells were exposed to the formulations for 24h and CD86 and CD83 expression
was assessed by flow cytometry. Results showed no significant differences in the
activation makers studied (Figure 7C and 7D), indicating that these formulations
prepared with either the lipid film hydration method or microfluidics, do not have
immune-stimulatory or pro-inflammatory properties.
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Figure 6. Effect of preparation method on uptake and cell activation. (A) Uptake by monocyte derived
DC of DiD-labelled anionic liposomes (DSPC:DSPG:Cholesterol) prepared using lipid-film hydration
method (LFH) or microfluidics after 4h and (B, C) resulting DC maturation after 24h of incubation.
Panels B and C show the mean fluorescence intensity (MFI) of the activation markers (B) CD86 and
(C) CD83. Data represent 2 moDC donors treated with two independently prepared batches at two
different lipid concentrations (10 and 30 pg/mL). P-value determined by one-way ANOVA followed
by Tukey’s multiple comparisons test.

DISCUSSION

Physicochemical parameters of liposomal formulations such as the rigidity can
affect their ability to induce certain immune responses. In previous studies we
have shown that highly rigid anionic liposomal formulations containing distearoyl-
sn-glycero-3-phosphoglycerol (DSPG) are more efficient at delivering their cargo
and inducing T regulatory cells®. The inclusion of tolerogenic adjuvants, such as
VD3, in these formulations may potentiate the tolerogenic capacity of the liposomes.
However, the loading of these molecules into highly rigid liposomes has proven to
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be challenging using traditional liposome preparation methods. These liposome
production methods also present other drawbacks, for example, formulations need
to be prepared in batches, which is time consuming and leads to variability between
batches®™©. On the other hand, they require sizing-down the multilamellar vesicles
formed after the hydration of the dry lipid film in order to generate monodisperse
unilamellar liposomal formulations. Sizing methods commonly used, such as
extrusion, are not suitable for large-scale production due to the amount of energy
required to pass litres of formulations through nm-size filters'. Furthermore,
liposomes composed of phospholipids with high transition temperature also
require temperature control during extrusion, which would increase the energy
consumption of the manufacture process. Extrusion can also lead to the loss of
costly material such as lipids, antigen and/or adjuvants. Microfluidics methods for
the preparation of liposomes have the ability to overcome some of these limitations.
In general, the formation of liposomes in these systems occurs when phospholipids
dissolved in a water-miscible organic solvent mixes with an aqueous solution in
a microchannel. The controlled mix of the organic and aqueous solvents triggers
the nanoprecipitation of phospholipids that will first form lipid bilayer discs and
then vesicles’. Highly rigid liposomes are composed of phospholipids with high
transition temperature (55°C or higher) and the solubility of these phospholipids
in organic solvents is often poor at room temperature. Therefore, the control of
temperature is a key parameter during liposome manufacture process both for
the lipid film hydration method and microfluidics-based methods. Temperature
control in commercial microfluidics systems often consist of heating the aqueous
and organic solutions in the inlet syringes. However, this might not ensure that
the temperature in the microchannel is the required working temperature and can
lead to formulations™ with high polydispersity or high inter-day variability due to
changes in ambient temperature. The material and relatively small dimensions of
the staggered herringbone micromixer used here allowed the tight control of the
temperature during mixing by submerging the glass chip in a water bath at the
desired temperature. We observed that a proper control of the mixing temperature
is necessary in order to obtain monodisperse liposomal formulations and that these
conditions cannot be achieved by heating the inlet solutions prior to injection.

Apart from liposomal rigidity, other parameters such as average particle size also
have an impact on the biological activity of nanoparticle formulations. Liposome
particle size can affect the biodistribution, cell uptake and immune responses'.
For instance, studies have shown that particles with a size of 50 nm can induce
different types of immune responses compared to those with an average particle
size of 120 nm'. Therefore, the ability to prepare liposomal formulations with
a controllable particle size is essential for any liposome preparation method.
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We showed that the particle size of the liposomes prepared using the microfluidics
method proposed here can be altered by changing the flow conditions, specifically
the FRR between the aqueous solvent and the organic solvent. By increasing the
proportion of the aqueous solvent, the average particle size of the formulations
can be reduced without significantly affecting the Pdl. The other flow parameter
under study, the TFR, did not significantly affect the average particle size or Pdl of
the formulation, which highlights the scale up potential of this preparation method
since up to 900 pL of formulation can be prepared per minute.

The ability to efficiently load cargo into liposomal formulations is also essential in a
liposome preparation method. Loading peptide antigens into highly rigid liposomal
formulations could allow the induction of an antigen-specific tolerogenic response
since these formulations have previously shown to be more efficient at delivering
their cargo®. We studied the loading efficiency of peptides with different net charges
at pH 7.4 and different levels of hydrophilicity. Although no correlation was observed
between the loading efficiency of the peptides and their net charge or GRAVY value,
it is worth noting that the peptide with the higher positive charge (+4) also showed
the highest loading efficiency, possibly related to the favourable electrostatic
interaction between the peptide and the anionic liposomes. In any case, the loading
efficiency above 10% observed for all the peptides is in line with what we have
previously observed using the lipid film hydration method?. Contrary to what could
be expected, the loading of lipophilic molecules with tolerogenic properties such
as VD3 into rigid anionic liposomes has proven to be relatively inefficient using
traditional liposome preparation methods (Figure 5). Interestingly, we observed that
the loading efficiency of VD3 into DSPC:DSPG:Cholesterol liposomes increases
dramatically from 1.9% (+ 0.02) to 63.4% (+ 3.4) when the formulations are prepared
using the staggered herringbone micromixer compared to the lipid film hydration
method. The increased in loading efficiency was not accompanied by a change in
liposome morphology as assessed by TEM neither aggregates of VD3 could be
found in the TEM microscopy images. This data indicates that our microfluidics-
based method is an excellent tool for encapsulation of both a wide range of peptide
antigens as well as a tolerogenic adjuvant like VD3. Importantly, we show that
preparation on rigid liposomes with microfluidics does not compromise its previously
reported non-inflammatory uptake by dendritic cells and does not lead to dendritic
cells activation. Therefore, the presented microfluidics method may be very useful
for the production of liposomal formulations to induce immune tolerance.

Thus, in conclusion, here we describe the use of an off-the-shelf staggered
herringbone micromixer for the preparation of highly rigid liposomal formulations
in a size-tuneable and scalable manner. This system presents important advantages
in terms of loading efficiency of the tolerogenic molecule VD3 compared to the
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gold-standard lipid film hydration method. Highly rigid anionic liposomes can have
intrinsic tolerogenic capacity and combined with tolerogenic molecules represent
promising nanotherapeutics for the treatment of autoimmune and inflammatory
diseases.
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SUPPLEMENTARY DATA

Table S1. Flow conditions

Formulation#

Total Flow Rate

Flow Rate Ratio

Aqueous flow

Organic flow

(pL/min) (Aqueous : Organic) rate (pL/min) rate (pL/min)
1 2:1 838883 166.7
2 3: 375 125
500
3 41 400 100
4 5:1 416.7 83.3

Table S2. Viscosity values and Refractive Index of the dispersant used in DLS method for
samples measured before dialysis

Flow Rate Ratio

% (v/v) of ethanol in

Viscosity of dispersant

Refractive Index

(Aqueous : Organic) formulation (cP)
2:1 33.4 2.4128 1.349
3:1 25 1.9970 1.344
4:1 20 1.8318 1.342
5:1 16.7 1.6398 1.339

Table S3. Peptide sequence and physicochemical properties of peptides used

Peptide name Peptide sequence Molecular Net charge (at GRAVY
weight (g/mol) pH 7.4)
Peptide 1 INNQLTLDSNTKY 1565.69 0 -0.985
Peptide 2 INNQLTLDSNTKYFH 1850 0 -0.880
Peptide 3 IEGNLIFDPNNYLPK 1789 -1 -0.460
Peptide 4 SASYKADTVAKVQG 1466.6 1 -0.357
Peptide 5 LSASYKADTVAKVQG 1579.76 1 -0.080
Peptide 6 LKFIIPSPKRPVK 1564.96 4 -0.154
Peptide 7 IERYEVDQQIQVL 1674.86 -2 -0.431
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ABSTRACT

The induction of antigen-specific immune tolerance using nanoparticles is
a promising therapeutic strategy to arrest pathogenic immune responses
in atherosclerosis. Previous research has shown that anionic liposomes
containing 1,2-Distearoyl-sn-glycero-3-phosphoglycerol (DSPG) have
intrinsic capacity to induce tolerogenic immune responses in mice.
The tolerogenic properties of these liposomes has been associated to
their high rigidity since saturated phospholipids form tightly packed lipid
bilayers and rigid liposomes. However, the phospholipid composition can
also determine the protein corona formed around the nanoparticles when in
a biological fluid. Here, we made use of DOPG/PLGA hybrid nanoparticles
with a poly(lactic-co-glycolic acid) (PLGA) core, that provides rigidity,
surrounded by loosely packed DOPC:DOPG lipid bilayer to determine the
contribution of nanoparticle rigidity to tolerogenic immune responses in vitro
and in vivo. We show that although the DOPG/PLGA hybrid nanoparticles
are able to deliver the antigen to dendritic cells and induce antigen-specific
T cell responses in vitro, they fail to replicate the same effect in vivo.
We hypothesize that these differences might be due to the different protein
coronas formed around the particles and that, at least in vivo, the protein
corona might play a bigger role than the nanoparticle rigidity in the efficacy of
lipid-based formulations. We show that while the uptake of DSPG liposomes
is mediated by C1q, the uptake of the DOPG/PLGA hybrid nanoparticles
might be mediated by ApoB100. In conclusion, our data suggests that the
lipid bilayer composition and the set of proteins attracted to the nanoparticle
surface might be more important than the particle rigidity to determine their
in vivo behaviour.



Liposome composition and rigidity

INTRODUCTION

Nanoparticles can be used for the delivery of antigens to antigen presenting
cells (APCs), such as dendritic cells. The use of liposomes and other lipid-based
nanoparticles for the induction of immune tolerance has been explored in previous
studies and it is a promising novel therapeutic approach to treat inflammatory and
autoimmune diseases'" 2. Atherosclerosis is an example of such a disease, where
the inflammatory response accelerates the growth of atherosclerotic plaques that
eventually leads to cardiovascular events?.

The physicochemical characteristics of nanoparticles are key for their capacity
to induce tolerogenic responses*. For example, liposome formulations with
anionic ¢-potential have shown to have better capacity to induce T regulatory cells
(Tregs) ', the main mediators of peripheral tolerance, while cationic nanoparticles
stir the immune response towards a pro-inflammatory T helper 1 or cytotoxic CD8*
T cell response®. Furthermore, the liposomal rigidity has also shown to be important
in the tolerogenic capacity of liposomal formulations®. Previous work in our group
has shown that the rigidity of liposomes measured by atomic force microscopy
correlates with their capacity to induce Tregs® and that highly rigid anionic liposomes
containing the saturated anionic phospholipid 1,2-distearoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (DSPG) are able to induce Tregs and to attenuate the development
of atherosclerosis in mice'. The tolerogenic capacity of these formulations has also
been studied in both in vitro and ex vivo human models’.

The main determinant of liposome rigidity is the phospholipid composition, more
specifically the level of saturation in the acyl chains of phospholipids and the
presence of cholesterol in the bilayer®. The presence of saturated acyl chains will
lead to more tightly packed bilayers and therefore higher particle rigidity®. However,
the phospholipid organization in the bilayer and the presence of cholesterol can
also alter the protein corona of the nanoparticles'®. Therefore, when studying the
relationship between nanoparticle rigidity and their immune modulating properties,
the different lipid composition can be a confounding factor.

Here, we make use of DOPG/PLGA hybrid nanoparticles to determine the
contribution of nanoparticle rigidity to tolerogenic immune responses in vitro and
in vivo. These hybrid nanoparticles will have a high rigidity due to the solid PLGA
polymeric core, but they also have the surface characteristics of a loosely packed
lipid bilayer. We therefore compare the tolerogenic capacity of three different
lipid-based formulations with different rigidity. One formulation consisting of the
unsaturated phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) (Figure 1A),
forming more disordered and fluid liposome bilayer at physiological temperature
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(87°C). Another formulation containing the saturated phospholipids 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (DSPG) and cholesterol (Figure 1B) forming a more ordered and tightly
packed liposome bilayer and therefore more rigid. The presence of unsaturated
vs saturated phospholipids in these two formulations makes the rigidity of these
liposomes very different®. The DOPG/PLGA hybrid nanoparticle formulation (Figure
1C) consists of a poly(lactic-co-glycolic acid) (PLGA) polymeric nanoparticle
surrounded by DOPC:DOPG lipid bilayer. To follow the antigen-specific immune
response to these formulations, we loaded the particles with the model antigen
OVA;23.330 (OVA323), that can be recognized by CD4* T cells isolated from OT-II
transgenic mice. Previous research has shown that the inclusion of the tolerogenic
adjuvant 1a,25-Dihydroxyvitamin D3 (vitaminD3) is key for the translation of these
tolerogenic formulations from pre-clinical research to the patients’, therefore all
formulations studied here included vitaminD3.

P
P f”
DOPC:DOPG liposomes DSPC:DSPG:Chol liposomes DOPG/PLGA Hybrids
+ vitaminD3 + vitaminD3 + vitaminD3

Figure 1. Schematic representation of nanoparticle formulations compared in this study. (A) Less
rigid DOPC:DOPG liposome formulation with vitaminD3 in the lipid bilayer and OVA323-339 in the
aqueous core. (B) Highly rigid DSPC:DSPG:Cholesterol liposomes with vitaminD3 and OVA323-339.
(C) DOPG/PLGA hybrid nanoparticle with vitaminD3 in lipid bilayer and OVA323-339 in PLGA core.

MATERIAL AND METHODS

Materials

Phospholipids DOPC, DOPG, DSPC, DSPG and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Liss-Rho-DPPE)
were purchased from Avanti Polar Lipids (Birmingham, AL, USA). Cholesterol
and poly(D,L-lactide-co-glycolide) (PLGA) were purchased from Sigma-Aldrich.
T116-203 Interconnect Tee junctions were obtained from Mengel Engineering
(Virum, Denmark). Staggered herringbone micromixer was purchased from Darwin
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Microfluidics (Paris, France). Spectra-Por® Float-A-Lyzer were obtained from
Sigma-Aldrich. 1a,25-Dihydroxyvitamin D3 (vitaminD3) was purchased from Sigma-
Aldrich. OVA323.339 (OVA323) was purchased from Invivogen (Toulouse, France).
RPMI 1640 culture medium was obtained from Lonza (Basel, Switzerland). Fetal
Bovine Serum (FBS) was purchased from Sigma-Aldrich (Zwijndrecht, Netherlands),
penicillin/streptomycin from Fisher Scientific (Landsmeer, Netherlands)
and L-glutamine was purchased from VWR (Amsterdam, Netherlands). CellTrace™
CFSE cell proliferation kit was obtained from ThermoFisher Scientific (MA, USA).
Granulocytes-macrophages colony stimulating factor (GM-CSF) was purchased
from ImmunoTools (Friesoythe, Germany). CD4 T cells isolation kit was obtained
from Miltenyi Biotec (Leiden, the Netherlands). Anti-mouse CD3e (clone 145-2C11)
and anti-mouse CD28 (clone 37.51) antibodies were purchased from Invitrogen
(Waltham, Massachusetts, USA). E. coli-derived lipopolysaccharide (LPS)
was purchased from Invivogen (Toulouse, France). Tissue-Tek® O.C.T. Compound
was purchased from Sakura Finetek (CA, USA). 12-myristate 13-acetate (PMA)
and ionomycin were purchased from Sigma Aldrich. BrefeldinA was obtained from
ThermoFisher Scientific. Human C1g and human apolipoprotein B (ApoB) were
purchased from Millipore (Merck, Darmstadt, Germany). Human apolipoprotein E
(ApoE) was purchased from Sigma Aldrich (Zwijndrecht, Netherlands).

Animals

C57Bl/6, OT-Il and ApoB100-OVA LDLr" mice were bred in-house under standard
laboratory conditions. ApoB100-OVA LDLr" transgenic mice were generated in
collaboration with the Department of Molecular Genetics and Translational Biology
at University Medical Center Groningen. These mice were genetically modified
using CRISPR/Cas9 technology to express a heterozygous genetic insertion of the
two immunodominant epitopes of chicken ovalbumin, OVAgzz3.330 and OVAzs7.064 in
the C-terminal domain of ApoB100.All animals received water and food ad libitum.
All experiments were approved by Animal Welfare Body of Leiden University and
were performed in accordance with the Dutch government guidelines and Directive
2010/63/EU of the European Parliament.

Preparation of DOPG liposomes

DOPC:DOPG liposomes were prepared using a co-flow microfluidics system.
Phospholipids DOPC and DOPG dissolved in ethanol absolute were mixed in a
4:1 molar ratio. Organic phase consisted on DOPC:DOPG lipid mix in ethanol at a
concentration of 10 mg/mL. In formulations containing vitaminD3, this adjuvant was
included in the organic phase. For fluorescently labelled formulations, 0.1 mol% of
DOPC was substituted with Liss-Rho-DPPE. Aqueous phase consisted of PBS 1x
containing OVA323 antigen. The organic and aqueous phases were combined in a
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flow rate ratio of 2:1 using a T116-203 Interconnect Tee using NE300 syringe pumps
(ProSense B.V., Oosterhout, The Netherlands) and Hamilton gastight glass syringes
(Brunschwig Chemie B.V., Amsterdam, The Netherlands). The two phases passively
mix in a 40 cm loop PEEK tube with an internal diameter of 0.5 mm. Formulations
were dialyzed overnight against PBS 1x under constant stirring using Float-A-lyzer
dialysis tube (MWCO 100,000Da) to remove organic solvent and non-encapsulated
peptides and/or adjuvant.

Preparation of DSPG liposomes

DSPG:DSPG:CHOL liposomes were prepared as previously described'. Briefly,
DSPC, DSPG and cholesterol dissolved in ethanol absolute were combined in a
4:1:2 molar ratio at a total lipid concentration of 10 mg/mL. For the formulations
containing vitaminD3, this was included in the organic phase together with the
lipids. The aqueous phase consisted of phosphate buffer (PB) 10mM pH 7.4.
For fluorescently labelled formulations, 0.1 mol% of DSPC was substituted with
Liss-Rho-DPPE. The antigen OVA323 was included in the aqueous phase.
The aqueous and organic phases were mixed using a staggered herringbone
micromixer submerged in a water bath at 60°C. The two phases were mixed at a 2:1
(aqueous:organic) flow rate ratio and a total flow rate of 500 yL/min. Formulations
were dialyzed overnight using a Float-A-lyzed dialysis tube (MWCO 100,000 Da)
under constant stirring against PB 10 mM pH 7.4.

Preparation of DOPG/PLGA hybrid nanoparticles

Hybrid nanoparticles were prepared using a custom-made three-syringe
microfluidics system. Particles were prepared in two consecutive steps, in the
first step PLGA dissolved in acetonitrile at 3 mg/mL was mixed with an aqueous
phase consisting of either milliQ water or OVA323 dissolved in milliQ water. This
initial mixing step was performed using a T116-203 Interconnect Tee. The output
of this mixing step is PLGA particles that mix in another T116-203 Interconnect
Tee with an organic phase consisting on DOPC:DOPG (4:1 molar ratio) at 3 mg/mL
concentration in ethanol absolute. For fluorescently labelled formulations, 0.1 mol%
of DOPC was substituted with Liss-Rho-DPPE. The flow rate ratio used was 3:1:1
(Aqueous:PLGA:lipids) and a total flow rate of 6250 pL/min. Flow rate was controlled
using NE300 syringe pumps and the aqueous, PLGA and lipid phases were loaded
in Hamilton gastight glass syringes. After preparation, the organic solvent was
partially evaporated for 30 minutes under an N, stream, and the formulations were
dialyzed overnight using a Float-A-lyzed dialysis tube (MWCO 100,000Da) against
milliQ water under constant stirring.
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Characterization of formulations

Average hydrodynamic diameter (z-average) and polydispersity index (Pdl) of the
formulations were determined using Dynamic Light Scattering (DLS) using a
Zetasizer NanoZS (Malvern Panalytical, UK). The C-potential of the nanoparticles
was determined by laser doppler electrophoresis using the same instrument.

Bone marrow derived dendritic cell culture

Immature dendritic cells were differentiated from pluripotent bone marrow cells
isolated from femur and tibias of C57BI/6 mice. Mice were sacrificed by cervical
dislocation and femurs and tibias were collected. Bone marrow cells were extracted,
and a single cell suspension was obtained by flushing the bone marrow out of the
bones with PBS over a 70 ym cell strainer. Cells were cultured for 10 days at 37°C
and 5% CO; at a cell density of 2x10° cells in 95 mm Petri dishes in complete
RPMI (cRPMI). cRPMI consisted of RPMI supplemented with 10% v/v fetal bovine
serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin/streptomycin and 50 yM
B-mercaptoethanol. Furthermore, the medium was supplemented with 20 ng/mL
granulocytes-macrophages colony stimulating factor (GM-CSF). Cell medium was
refreshed every 2 days.

CD45.1 CD4 OT-II T cells isolation

OT-Il transgenic mice were sacrificed by cervical dislocation and spleens collected.
Spleens were strained through 70 mm cell strainer to obtain a single cell suspension.
Red blood cells were lysed using ACK lysis buffer and CD4* T cells were isolated
using CD4 T cells isolation Kkit.

Effect of formulations on bone marrow-derived dendritic

cells

Immature DCs were collected from 95 mm Petri dishes and 50,000 cells/well were
seeded in U-bottom 96-well plates. Cells were exposed to the formulations for
4h, after which the formulations were removed from the wells and the DCs were
thoroughly washed with PBS to remove the nanoparticles that were not taken up.
Cells were incubated overnight with cRPMI medium supplemented with 20 ng/
mL GM-CSF and 100 ng/mL E. coli-derived lipopolysaccharide (LPS). Cells were
stained for MHC-II-eFluor450, CD11c-FITC, CD40-PE, CD86-APC and Fixable
Viability Dye-APC-eFluor780 followed by flow cytometry analysis using a Cytoflex
flow cytometer (Beckman Coulter, CA, USA).

Effect of primed dendritic cells on T cell polarization

Immature DCs were cultured and exposed to formulations as described above.
Cells were seeded in 96-well U-bottom plates at 25,000 cells/well and exposed to
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the formulations for 4 hours. The dose of OVA323 was 1 nmol for those conditions
receiving OVA-loaded particles or free OVA controls. Formulations were washed
away, and cells were incubated overnight with 100 ng/mL LPS and 20 ng/mL
GM-CSF in cRPMI medium. After overnight incubation, medium was removed and
100,000 CFSE-labelled OT-1l CD4* T cells per well were added. DCs and OT-lI
T cells were co-culture for 72 hours at 37°C and 5% CO.,. Cells were stained for
Thy1.2-PE-Cy7, CD4-eFLuor450, FoxP3-PE, Thet-APC, RORYT-Brilliant Violet 650
and Fixable Viability Dye-APC-eFluor780.

Analysis of antigen-specific CD4* T cell responses in
vivo

Eight- to twelve-week-old mice were weighted and randomly allocated into groups
of 5 mice. RandoMice® software (v1.1.1) was used for randomization and allocation
of the mice to the experimental groups using weight as blocking factor2. On day 0,
all animals received an intravenous (IV) injection via tail vein of 500,000 OT-Il CD4+
T cells. On day 1, animals received an IV injection in the tail vein of DOPC:DOPG
liposomes, DSPC:DSPG:CHOL liposomes or DOPG/PLGA hybrid nanoparticles
containing 1 nmol of OVA323 and 1-6.5 ug of vitaminD3. Empty DOPG/PLGA
hybrid nanoparticles and 1 nmol free OVA323 and 6.5 pg vitaminD3 were used as
control. On day 7, animals were sacrificed by cervical dislocation and spleens were
collected. Single-cell suspension of the spleens was obtained by mashing them
through a 70 pym cell strainer. Red blood cells were lysed using ACK lysis buffer, and
the splenocytes were transfer to U-bottom 96-well plates for ex vivo re-stimulation
and flow cytometry staining. Cells were stained for Thy1.2-AlexaFluor700, CD4-
Brilliant Violet 510, CD45.1-eFluor450, FoxP3-PE, Tbet-APC, RORyT-Brilliant Violet
650, CTLA4-Brilliant Violet 605, CD73-PE-Cy7, CD69-PE and Fixable Viability Dye-
APC-eFluor780. Stained cells were analysed by flow cytometry on a Cytoflex S
(Beckman Coulter).

Effect of DOPG/PLGA hybrid nanoparticles in
atherosclerosis

LDLr"- x ApoB100-OVA transgenic mice between 8 and 12 weeks old were weighted
and randomly allocated to either treatment (n =15) or control group (n = 15) using
RandoMice® software (v1.1.1) and weight as blocking factor for the randomization'2.
At the start of the experiment animals are put on western-type diet consisting
of 0.25% cholesterol and 15% cocoa butter (Special Diet Services, Essex, UK).
On day 0, all animals received an IV injection of 1 x 108 OT-1l CD4+* T cells via the
tail vein. Before adoptive transfer, OT-1l CD4 T cells were activated by overnight
incubation with 0.5 pyg/ml antiCD3 and antiCD28 antibodies. On day 1, animals in
the treatment group received an IV injection of DOPG/PLGA hybrid nanoparticles
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loaded with 1 nmol OVA323 and 3.5-8 pg of vitaminD3, while animals in the control
group received DOPG/PLGA hybrid nanoparticles with the same dose of vitaminD3
but no OVA323 antigen. Immunizations were repeated on days 22 and 43 of the
experiment. Blood samples were collected 1 week after each immunization and
animals were weighted weekly. On day 70, animals were weighted and anesthetized
with an intraperitoneal injection of 10 mg/kg xylazine and 100 mg/kg ketamine.
Anesthetized mice were exsanguinated and perfused by transcardiac perfusion
using PBS. Spleen, aorta, hearts, and heart lymph nodes were collected. Spleens
were processed as described above. Aortas were digested for 30 minutes at
37°C with collagenase |, collagenase Xl, DNase and hyaluronidase. Single-cell
suspensions of the aortas were obtained by passing the digested tissue through 70
pm cell strainer. Cells were transferred to U-bottom 96-well plates and stained for
Thy1.2-Alexa Fluor 700, CD8a-Brilliant Violet 510, CD4-Brillinat Violet 650, CD45.1-
eFluor4d50, CD45-FITC, CD11b-PE-Dazzle594, FoxP3-PE, Thet-APC and Fixable
Viability Dye-APC-eFluor780. Hearts were embedded and frozen in Tissue-Tek®
O.C.T. Compound and 7 ym cryosections of the trivalve area were obtained using
a Leica CM1950 (Leica Biosystems, Wetzlar, Germany). Sections were stained for
Oil-Red-O (ORO) to visualize lipid-rich areas and Masson’s trichrome staining to
determine collagen content. Microscopy images of the stained slides were taken
using Pannoramic 250 Flash Il slide scanner (3DHistech, Budapest, Hungary)
and images were analysed using a custom-made macro in Fiji image processing
software.

Quantification of plasma cholesterol levels

Plasma was obtained by centrifugation of EDTA-treated blood at 2000 G for 10
minutes at 4°C and stored at -20°C until cholesterol quantification. Total cholesterol
was determined using Roche/Hitachi enzymatic colorimetric assay and using
Precipath standardized serum (Roche Diagnostics) as standard.

Effect of protein corona on particle size distribution and
C-potential

Formulations were mixed at a lipid concentration of 0.5 mg/mL with 10% (v/v) mouse
serum, 10% (v/v) FBS, 2 pyg/mL ApoE, 10 yg/mL ApoB or 10 ug/mL C1q. Protein
concentrations used in this study are physiologically relevant and based on previous
protein corona studies' ™ . Formulations at 0.5 mg/mL diluted in either PBS
(DOPC:DOPG liposomes) or PB (DSPC:DSPG:Cholesterol liposomes and DOPG/
PLGA hybrids) without protein were used as control. Formulations with or without
protein were incubated for 1h at 37°C and unbound proteins were subsequently
washed twice using a Vivaspin 500 centrifugal concentrator (MWCO 300 kDa,
Sartorius, Géttingen, Germany). Z-average, Pdl and C-potential were determined
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by DLS and laser doppler electrophoresis in a Zetasizer Ultra (Malvern Panalytical
Ltd., UK).

Effect of protein corona on particle uptake by BMDCs

Bone marrow-derived dendritic cells (BMDCs) were seeded in a U-bottom 96-
well plate at a concentration of 30,000 cells/well. DOPC:DOPG liposomes,
DSPC:DSPG:Cholesterol liposomes or DOPG/PLGA hybrids labelled with Liss-Rho-
DPPE were added to the wells at a lipid concentration of 20 yg/mL. The cell culture
medium in the wells was either serum free (no protein control) or contained 10%
mouse serum, 10% FBS, 2 yg/mL ApoE, 10 pyg/mL ApoB or 10 yug/mL C1g. BMDCs
were exposed to formulations for 3.5h at 37°C and 5% CO,, or at 4°C (control).
Excess nanoparticles and proteins were removed by washing the cells twice with
PBS and BMDCs were incubated overnight with cRPMI medium supplemented with
20 ng/mL GM-CSF at 37°C and 5% CO.. Cells were subsequently stained with
CD11c-FITC and Fixable Viability Dye-APC-eFluor780 for flow cytometry analysis.
Stained cells were analysed on a Cytoflex S (Beckman Coulter).

Statistics

Statistical differences between groups were determined by one-way or two-way
ANOVA followed by Tukey’s or by Dunnett’s multiple comparison test. P-values
lower than 0.05 were considered statistically significant. Analysis was performed
using GraphPad Prism for Windows (GraphPad Software, San Diego, California,
USA).
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RESULTS

Nanoparticle characterization
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Figure 2. Characterization of nanoparticles by dynamic light scattering and laser Doppler electro-
phoresis. (A) Average hydrodynamic diameter of the nanoparticles (Z-average) in nm, (B) Polydisper-
sity Index and (C) -potential in mV of DOPG liposomes, DSPG liposomes and DOPG/PLGA hybrid
nanoparticles either empty, loaded with the antigen OVA323 or both OVA323 and the adjuvant vita-
minD3 (VD3). Data shown is mean + SD from at least two independent formulation batches (n = 2).

Nanoparticle size has an impact in the biological effect and biodistribution of the
formulations, with a particle size between 100 and 200 nm being the most optimal for
the induction of DCs-mediated antigen-specific immune responses*. All generated
formulations have an average hydrodynamic diameter (z-ave.) within this size range,
with DOPG/PLGA hybrid nanoparticles closer to 100 nm and the slightly larger
DOPG liposomes around 180 nm (Figure 2A). Polydispersity index (Pdl) of the
formulations is a quality attribute that indicates the width of the size distribution.
All formulations have a Pdl around 0.2 or lower, indicating a monodisperse size
distribution (Figure 2B). Finally, the -potential of the formulations, a measurement
of the surface charge of the nanoparticles, is between -25 mV and -55 mV (Figure
2C), indicating that all formulations are strongly negatively charged.

Anionic nanoparticles have a tolerogenic effect on
dendritic cells in vitro

To assess the tolerogenic effect of the formulations on DCs, we cultured dendritic
cells from murine bone marrow (BMDCs) and exposed them to the formulations.
Tolerogenic DCs are characterized by the expression of lower levels of co-
stimulatory molecules such as CD86 or CD40 upon pro-inflammatory stimulation,
therefore maintaining an immature phenotype'®. The immature DCs were exposed
to DOPG liposomes, DSPG liposomes or DOPG/PLGA hybrid nanoparticles
loaded with vitaminD3 for 4 hours. Subsequently, formulations were thoroughly
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washed away, and cells were incubated overnight with 100 ng/mL of LPS. Next,
the expression of CD86 and CD40 was measured by flow cytometry (Figure 3A).
We observed a significant decrease in the percentage of DCs expressing both
CD86 and CD40 (Figure 3B) in the DSPG liposomes and DOPG/PLGA hybrid
nanoparticles conditions compared to the medium control with this reduction
being more pronounced in the DOPG/PLGA hybrids condition. Furthermore, the
geometric mean fluorescence intensity (gMFI) of CD86 was significantly reduced in
all formulations compared to medium control but also to the free vitaminD3 control
(Figure 3C), indicating that the formulation of vitaminD3 in liposomes boosts its
tolerogenic potential. The expression of the co-stimulatory molecule CD40 was
also lower in all formulations compared to medium control, but in this case the free
vitaminD3 also affected CD40 expression (Figure 3D). Thus, on the DCs level, the
most rigid DOPG/PLGA particles showed the most potent tolerogenic properties.
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Figure 3. Effect of nanoparticle in expression of activation markers in BMDCs after pro-inflam-
matory stimulus. (A) Representative histograms of CD86 and CD40 expression in BMDCs treated
with DOPG/PLGA hybrids loaded with VD3, free VD3 control or medium control. (B) Percentage of
CD11c+ cells expressing both CD86 and CD40. (C) Geometric mean fluorescence intensity (gMFI)
of antiCD86 within the CD11c+ population. (D) Geometric mean fluorescence intensity (gMFI) of
antiCD40 within the CD11c+ population. ****p <0.0001, ***p <0.001, **p < 0.01, *p < 0.05 determined
by one-way ANOVA and Tukey’s multiple comparison test.
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DOPG/PLGA hybrid nanoparticles induce antigen-
specific T cell proliferation and increase FoxP3, RORyT
and Tbet expression compared to liposomes

Since the induction of immature DCs by the formulations suggests the initiation of
tolerogenic responses, we next studied the effect of nanoparticle-primed DCs on T
cell proliferation and polarization. For that, BMDCs were exposed to nanoparticles
either empty, loaded with the model antigen OVA323 or loaded with OVA323 and
vitaminD3. Primed DCs were co-culture for 72 hours with OVA323-specific CD4*
T cells isolated from the spleen of OT-1l mice. All three nanoparticle formulations
loaded with antigen were able to induce T cell proliferation to a level similar as
the positive control, free OVA323 condition (Figures 4A, B). When looking further
into the population of proliferating cells, we observed that only the DCs primed
with OVA-loaded DOPG/PLGA hybrid nanoparticles were able to induce significant
upregulation of the transcription factor FoxP3, which is the main driver of a Treg
phenotype (Figure 4C). However, for the DOPG/PLGA hybrid nanoparticle conditions
we also observed an increase in expression of transcription factors RORYT and
Tbet (Figure 4D and 4E), associated to Th17 and Th1 cells respectively, which was
suppressed by inclusion of vitaminD3. Interestingly, both DOPG liposomes and
DSPG liposomes loaded with OVA323 and vitaminD3 led to a significant lower
expression of the Thi1-associated transcription factor Tbet compared to the free
antigen control (Figure 4E), suggesting that although these particles did not trigger
strong Treg responses, they did reduce the overall inflammatory phenotype of the
CD4-T cells.
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Figure 4. Effect of nanoparticle-primed BMDCs on T cells proliferation and differentiation in vitro.
(A) Percentage of CD4+ T cells (Thy1.2+ CD4+) that proliferated (CFSElow) during BMDC and T
cell co-culture. (B) Number of proliferated CFSElow CD4+ T cells after coculture with BMDCs. (C)
Geometric mean fluorescence (gMFI) of (C) anti-FoxP3, (D) anti-RORYT and (E) anti-Tbet antibodies
in the population of proliferated CD4+ T cells. **p < 0.01, *p < 0.05 determined by one-way ANOVA
and Tukey’s multiple comparison test.

Administration of DOPG/PLGA hybrid nanoparticles
loaded with antigen and vitaminD3 has no effect on
atherosclerosis development

Since in vitro data showed that vitaminD3 loaded DOPG/PLGA hybrid nanoparticles
induced higher FoxP3 expression than DSPG liposomes, we next assessed whether
these nanoparticle formulations could affect the development of atherosclerosis.
We used LDLr" mice with an additional genetic modification to express a ApoB100
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tagged with the epitope OVA323, therefore we could use OVA323 as the target
antigen for the vaccine formulation.
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Figure 5. Effect of DOPG/PLGA hybrid nanoparticles on atherosclerosis development. (A) Weight
and (B) plasma cholesterol levels of mice during the experiment. (C) Percentage of OT-Il CD4+ T
cells in blood of immunized mice at the end of the experiment. Geometric mean fluorescence inten-
sity (gMFI) of (D) FoxP3, (E) Tbet and (F) RORYT in the OT-1I T cell population in blood. Percentage
of OT-1l CD4+ T cells in (G) spleen and (H) aorta of mice at the end of the experiment. (I) Plaque
area in pm2 and collagen content as a percentage of total plaque area, and representative images
of Oil-Red-O and trichrome staining of trivalve area slides. Significant differences between control
and treatment groups were tested using unpaired two-tailed t test.

We transferred activated OT-1l CD4* T cells to the LDLr" mice and subsequently
immunize the mice with either DOPG/PLGA hybrid nanoparticles loaded with
OVA323 and vitaminD3 or DOPG/PLGA hybrids loaded with vitaminD3 but no
antigen as control (mock vaccination). Average particle size, Pdl and C-potential of
formulations can be found in Supplementary Figure 1. We performed a total of 3
IV injections of the formulations over the course of 10 weeks. Animals were fed a
western-type diet during the 10 weeks of experiment. As expected, weight of the
animals steadily increased over the experiment, with no significant differences
between the vaccinated and mock vaccinated group (Figure 5A). Furthermore,
the concentration of cholesterol in plasma were also not different between the

139



Chapter 6

two groups and remained high throughout the duration of the study (Figure 5B).
Surprisingly, we did not observe any difference between the groups in the number
or phenotype of OT-II T cells in blood (Figure 5C), spleen (Figure 5G) or aorta
(Figure 5H). The Oil-Red-0 and trichrome histochemical staining also did not show
differences in plaque area or collagen content of the plaques (Figure 5I) between
control and treatment groups. These data suggest that the DOPG/PLGA hybrid
nanoparticles are not able to induce antigen-specific T cell responses in vivo and
therefore the treatment has no effect on atherosclerosis development.

Only the DSPG liposomes but not the DOPG/PLGA
hybrid nanoparticles are able to induce an antigen-
specific T cell response in vivo

Due to the lack of in vivo response to the immunization with DOPG/PLGA hybrid
nanoparticles in the atherosclerosis experiment, we assessed how DOPG/
PLGA hybrid nanoparticles compared to the previously reported DSPG liposome
formulation and to DOPG liposomes in vivo. All formulations were loaded with
OVAS323 and vitaminD83. Briefly, we transferred 500,000 OT-Il OVA-specific CD4* T
cells to C57BI/6 mice and subsequently immunized those mice with the nanoparticle
formulations. Empty DOPG/PLGA hybrid nanoparticles or free OVA323 and
vitaminD3 were used as controls.
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Figure 6. Induction of antigen-specific T cells by nanoparticles in spleen of mice 7 days after in-
travenous immunization. (A) Percentage of transferred OT-1l CD4+ T cells in spleens of immunized
mice. (B) Geometric mean fluorescence intensity (QMFI) of anti-CD69 antibody in the OT-Il CD4+
T cell population in spleen. (C) gMFI of anti-CD73 antibody in the OT-1l CD4+ T cell population in
spleen. (D) Percentage of OT-Il CD4+ T cells expressing CTLA4 and (E) FoxP3 in the live T cell
population of the spleen. ****p <0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 determined by one-way
ANOVA and Tukey’s multiple comparison test.

On day 7 after immunization, we isolated the spleen of the mice and studied the
presence of the OVA-specific T cells and their phenotype. In line with the previous
in vivo experiment, we observed that the DOPG/PLGA hybrid nanoparticles did
not induce significantly higher levels of OT-Il CD4* T cells compared to the free
antigen or the empty DOPG/PLGA hybrid nanoparticle controls, and only the
DSPG liposome formulation was able to induce significant antigen-specific T
cell proliferation (Figure 6A). Furthermore, only the group immunized with DSPG
liposomes showed higher expression of CD69, a marker of recent T cell activation,
in the OT-II T cell population (Figure 6B). We also observed an increase in the
expression of CD73 (Figure 6C), CTLA4 (Figure 6D) and FoxP3 (Figure 6E), markers
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that indicate CD4+ Treg activation in the DSPG liposome group. No statistically
significant differences between groups were observed in the percentage of OT-I
T cells expressing Tbet or RORYT (Supplementary Figure 2). These data explain
the lack therapeutic efficacy of DOPG/PLGA nanoparticles and underline the
importance of in vivo testing.

Lipid bilayer composition affects protein corona
formation and alters cellular uptake of nanoparticles

Our data shows that although the rigid DOPG/PLGA hybrid particles induce
Tregs in vitro, their ability to induce them in vivo is lost. Interestingly, the same
goes for the most fluid particle, the DOPG liposome, whose lipid composition is
different to the DSPG liposome but similar to the DOPG/PLGA hybrid particles.
We have previously shown that the capacity to induce Tregs of DSPG liposomes
depends on the attraction of a protein corona, labelling the particles for uptake via
scavenger receptors'. We hypothesized that potentially the protein corona attracted
to DOPG-containing bilayers may differ from DSPG-containing ones, despite both
phospholipid classes sharing the same polar headgroup. To determine if these
3 formulations have different capacity to attract proteins to their surface, we first
incubated DOPG liposomes, DSPG liposomes and DOPG/PLGA hybrids with
mouse serum, FBS or the serum proteins ApoE, ApoB or C1qg and determined the
effect on particle size (Figure 7A), Pdl (Figure 7B) and C-potential (Figure 7C) using
DLS. Mouse serum induced a clear increase in particle size of the DSPG liposomes
but no significant increase in Pdl, while it only induced a slight increase in particle
size in the case of the DOPG/PLGA hybrid nanoparticles but with a bigger effect
on Pdl (Figure 7A and 7B).
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Figure 7. Effect of protein corona on particle characteristics and uptake by BMDCs. Effect of mouse
serum, fetal bovine serum (FBS), ApoE, ApoB or C1q on (A) average particle size, (B) polydispersity
index and (C) C-potential of DOPG liposomes, DSPG liposomes or DOPG/PLGA hybrid nanoparti-
cles. Effect of mouse serum, FBS, ApoE, ApoB or C1q on the uptake of lissamine-rhodamine-labelled
(D) DOPG liposomes, (E) DSPG liposomes and (F) DOPG/PLGA hybrid nanoparticles by bone mar-
row-derived dendritic cells (BMDCs). Geometric mean fluorescent intensity (gMFI) data normalized
by subtracting the background fluorescence in nanoparticle-free control. Graphs show mean + SD.
****n <0.0001, ***p =0.001, **p =0.01, *p = 0.05 compared to no protein condition and determined
by (A-C) two-way ANOVA or (D-F) one-way ANOVA followed by Dunnett’s multiple comparison test.

This may indicate that DSPG liposomes generate a protein corona when in contact
with mouse serum while the DOPG/PLGA hybrid nanoparticles tend to aggregate.
There is a clear effect of the Vivaspin purification step in particle size and Pdl of
DOPG liposomes since the average particle size before Vivaspin is below 200 nm
and the Pdl is around 0.2 (Supplementary Figure 3), while the Pdl is around 0.4 for
this formulation after the Vivaspin step (Figure 7B). In the case of particles incubated
with FBS, the protein source in cell culture medium used in in vitro experiments,
there was no significant effect on the particle size and Pdl of DSPG liposomes
while DOPG/PLGA hybrid nanoparticles increased in average size without affecting
PdIl. ApoB induced an increase in particle size of DOPG liposomes suggesting
the formation of an ApoB protein corona. For DSPG liposomes, only C1q has an
impact in particle size (Figure 7A) and Pdl (Figure 7B) with a dramatic increase in
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both parameters that indicates aggregation of the formulation. In the case of the
DOPG/PLGA hybrid nanoparticles the incubation with ApoE, ApoB or C1q did not
increase particle size (Figure 7A) or Pdl (Figure 7B). Changes in C-potential are also
indicative of the adsorption of proteins to the nanoparticle surface. In the case of
DOPG liposomes only the incubation with mouse serum led to slightly less negative
surface charge (Figure 7C). For DSPG liposomes, all the protein conditions tested
led to less negative surface charge, with mouse serum having the biggest effect
(Figure 7C). For DOPG/PLGA hybrid nanoparticles, all protein conditions except
for ApoB led to less negative C-potential with the largest effect caused by mouse
serum and FBS (Figure 7C).

After studying the effect of protein corona formation on physicochemical properties
of the nanoparticles, we next compared the uptake of nanoparticles with and without
the different protein coronas by BMDCs. For DOPG liposomes, the protein corona
formed after incubation with FBS or ApoB significantly increased the cell uptake
(Figure 7D). In the case of DSPG liposomes, only the presence of C1q in the medium
led to an enhance uptake by DCs while the rest of the proteins studied significantly
reduced cellular uptake (Figure 7E). For DOPG/PLGA hybrid nanoparticles, only
the presence of ApoB in the medium led to a significant increase in uptake by DCs
(Figure 7F). Interestingly, the presence of mouse serum in the medium abrogated
the uptake of DOPG/PLGA hybrids almost completely (Figure 7F). These data show
that the DSPG-containing and the DOPG-containing bilayers have different capacity
to attract proteins, and this has consequences for the uptake of nanoparticle by
DCs, which is the first step in the initiation of an antigen-specific immune response.

DISCUSSION

Phospholipid composition affects the physicochemical characteristics of lipid-based
nanoparticles such as -potential and rigidity but also determines the interaction
with biomolecules in the environment, i.e. the protein corona. Here, we studied the
capacity of “fluid” anionic liposomes (DOPG liposomes), “rigid” anionic liposomes
(DSPG liposomes) and DOPG/PLGA hybrid particles covered with a fluid DOPG
phospholipid bilayer to deliver antigens to DCs and induce tolerogenic antigen-
specific CD4* T cells both in vitro and in vivo. The use of DOPG/PLGA hybrid
nanoparticles allows us to determine the contribution of nanoparticle rigidity
independently from the lipid composition. Although the Young’s module of the
hybrid nanoparticles has not been determined experimentally, similar lipid-wrapped
PLGA nanoparticles have shown to have a Young’s module of 60 + 32 MPa, in
contrast with DOPC:DOPG liposomes (0.493 + 0.365 MPa) and DSPC:DSPG:CHOL
liposomes (1.498 + 0.530 MPa) & 7,
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We observed that the exposure of BMDCs to empty DOPG/PLGA hybrid
nanoparticles leads to a reduced activation level, measured by the expression
of CD86 and CD40, upon pro-inflammatory stimulation with LPS. This effect was
also observed in both DOPG and DSPG liposomes when the tolerogenic adjuvant
vitaminD3 was included in the formulation. These results are in line with previous
reports showing that delivery of vitaminD3 using anionic liposomes is able to
induce regulatory or tolerogenic phenotype on DCs’. Interestingly, DSPG liposomes
without vitaminD3 did not seem to induce this tolerogenic phenotype, although
these liposome formulations have previously shown to be able to induce a Treg
response in mice'. The mechanism of action of Treg induction by DSPG liposomes
has not been elucidated yet, although our data suggests that it is not through the
inhibition of CD86 and CD40 expression. Similarly, a report from Braake & Benne
et al. (2021) showed no effect of non-adjuvated DSPG liposomes on the expression
of CD86 and CD40, only when the tolerogenic adjuvant retinoic acid was included
in the formulation it was able to induce tolerogenic DCs'®.

We also studied the capacity of nanoparticle-primed DCs to induce antigen-specific
T cell responses. We observed that all nanoparticle formulations were able to
induce CD4+ T cell proliferation (Figure 3A and 3B) demonstrating that the antigen
was successfully delivered and presented to T cells. We further characterized the
phenotype of the proliferating T cells. The DCs primed with DOPG/PLGA hybrid
nanoparticles induced the expression of FoxP3, RORYT and Tbet on T cells,
transcription factors associated to Tregs, Th17 and Th1 cells respectively, compared
to liposome-primed DCs. In contrast to previous reports, DCs primed with DSPG
liposomes loaded with antigen or with antigen and vitaminD3 did not induce FoxP3
in the proliferating cells population, however these formulations seemed to reduce
expression of Tbet compared to free antigen, indicating a less pro-inflammatory
phenotype.

In vitro exposure of DCs to nanoparticles does not fully capture the complexity
of biological systems and it does not recapitulate the effect of biodistribution or
biological barriers to reach the target cells'®. We therefore studied the effect of
the nanoparticles in vivo. The DSPG liposomes were able to successfully induce
an OVA-specific T cell response as it has been reported in previous studies' '@.
These antigen-specific CD4+ T cells also showed higher expression of CTLA4, a
co-inhibitory molecule that is key for peripheral tolerance®. On the other hand, the
DOPG/PLGA hybrid nanoparticles did not induce antigen-specific T cell responses
in neither the atherosclerosis nor the adoptive transfer experiments, explaining its
inability to reduce atherosclerosis in the LDLR” x ApoB-OVA model. In fact, the in
vivo behaviour of hybrid DOPG/PLGA particles seemed to be very similar to the
fluid DOPG liposomes.
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Both DOPG liposomes and DOPG/PLGA hybrids share the same lipid bilayer,
and it is the main difference between these formulations and DSPG liposomes.
We hypothesized that the difference in lipid bilayer composition might lead to
differences in the protein corona, previous research has shown that bilayers
composed of unsaturated phospholipids can form lipid domains while the presence
of cholesterol in the bilayer disrupts these domains, favours a more homogeneous
distribution of the different phospholipids in the bilayer and increases binding
of proteins to the nanoparticle surface'. Therefore, the lack of cholesterol and
the unsaturated phospholipid composition in both the DOPG liposomes and the
DOPG/PLGA hybrids could lead to quantitative and/or qualitative differences in
protein corona and explain the lack of in vivo effect of these two formulations.
We indeed observed that the incubation of DOPG liposomes, DSPG liposomes and
DOPG/PLGA hybrids with mouse serum or FBS influenced their physicochemical
characteristics (Figure 7A, B and C). Increase in particle size and Pdl as well as
partial neutralization of the surface charge are all clear signs of the formation of
a protein corona?'. There was a clear difference in {-potential between DOPG
liposomes and DOPG/PLGA hybrids although both formulations have the same
lipid bilayer composition. This difference could be due to the use of PBS for the
formulation of DOPG liposomes while PB was used for the preparation of DOPG/
PLGA hybrids. The clear abrogation of the uptake of DOPG/PLGA hybrids by
BMDCs in the presence of mouse serum suggests that the protein corona formed
in vivo hinders the uptake of these particles by APCs, explaining the lack of antigen-
specific immune responses in the mouse experiments. When looking at the effect
of individual proteins on the uptake, we observed that C1q greatly enhances the
uptake of DSPG liposomes. The role of this complement protein on DSPG liposome
uptake has been reported before'. The increased uptake in this condition can also
be potentiated by the particle aggregation observed, since nanoparticle aggregation
can lead to enhanced uptake by APCs?2. On the other hand, for DOPG liposomes,
ApoB seems to play a bigger role in mediating the liposome uptake. The same effect
can be observed for the DOPG/PLGA hybrids, however there were no signs of ApoB
deposition on these particles in the DLS data. A weaker interaction between ApoB
and the DOPG/PLGA hybrids could result in the wash-out of the protein during the
purification step before DLS explaining the limited impact of ApoB incubation in the
physicochemical properties of DOPG/PLGA hybrids. The lack of in vivo effect of the
DOPG/PLGA hybrid nanoparticles compared to the DSPG liposomes could therefore
be explained by the availability of the different proteins mediating the uptake of
these different nanoparticles, in the circulation. While C1q is a complement protein
that is freely available in circulation?®, ApoB100 is an amphipathic protein that travels
in the bloodstream associated with cholesterol and lipids forming LDL and VLDL
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particles?*. Furthermore, unlike other lipoproteins ApoB is non-exchangeable so
it cannot transfer between different lipoprotein particles?®, therefore it is not freely
available to adsorb to the nanoparticle surface and mediate their cellular uptake.
All'in all, our data point towards a more prevalent role of the lipid bilayer composition
compared to the particle rigidity in the biological effect of nanoparticles, and those
differences in the biological effect seem to be mediated by the protein corona.

CONCLUSIONS

Physicochemical properties of liposomes such as negative surface charge and high
rigidity have been previously linked to tolerogenic capacity of these formulations.
However, liposome rigidity is mostly determined by the phospholipid composition of
the bilayer, which can also determine the protein corona of the particle in a biological
environment. The data presented here suggests that the phospholipid composition
associated with highly rigid liposomes, i.e. saturated phospholipids, and cholesterol,
may be more important in determining the in vivo effect of liposomes than the
particle rigidity itself.
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Supplementary Figure 1. Physicochemical characteristics of formulations used in atherosclerosis
experiment. (A) Average hydrodynamic diameter of the nanoparticles (Z-average) in nm, (B) Polydis-
persity Index and (C) ¢-potential in mV of DOPG/PLGA hybrids nanoparticles loaded with vitaminD3
only and with vitaminD3 and OVA323. Data shown is mean + SD.
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Supplementary Figure 2. Th1 and Th17 OT-1I T cells in spleen of mice 7 days after immunization.
(A) Percentage of OT-1I T cells expressing the Th1 transcription factor Tbet and (B) the Th17 tran-
scription factor RORYT in the live T cell population of the spleen. Statistically significant differences
between groups tested by one-way ANOVA and Tukey’s multiple comparison test.
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Supplementary Figure 3. Physicochemical characteristics of nanoparticle formulations before
the Vivaspin centrifugation step in the protein corona study. (A) Average particle size, (B) Polydis-
persity Index and (C) Z-potential of the formulations incubated in buffer at 37°C for 1h. Data shown

is mean = SD.
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ABSTRACT

The induction of anti-viral CD8* T cell immunity in the respiratory tract is
key for protection against infections such as Influenza or SARS-CoV?2,
however most vaccines are optimized for the induction of systemic humoral
immune responses. The induction of tissue-resident memory CD8+* T cells
via immunization can be achieved using live attenuated vaccines and it
often requires a prime-boost regime with a long interval between both
immunizations. Therefore, the use of safer and easier to manufacture subunit
vaccines to elicit potent tissue-resident cellular immune responses is an
unmet need in the vaccine field. Here, we show that intranasal immunization
followed by a rapid systemic boost with a subunit vaccine based on cationic
liposomes loaded with a single-epitope influenza antigen, PA224, and the
adjuvant cyclic dimeric guanosine monophosphate (c-di-GMP) induces a
potent and long lasting CD8* T cell response systemically and locally in the
lungs. This immunization regime led to a significant reduction in viral load in
lungs of influenza-infected mice. The accelerated induction of lung-resident
memory CD8* T cells using a subunit vaccine can have advantages for
the deployment of effective vaccines against rapidly spreading respiratory
viruses.
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INTRODUCTION

Respiratory viruses such as coronaviruses and influenza are a global threat for
public health as seen during SARS-CoV2 pandemic and the annual epidemics of
influenza. The World Health Organization (WHO) and scientific literature estimate
that seasonal influenza viruses severely affect up to 5 million people every year
and result in between 290,000 and 650,000 deaths'.

Vaccination is the most effective intervention to reduce morbidity and mortality of
infectious diseases. Currently used vaccines can be broadly divided into inactivated,
live attenuated and subunit vaccines?. The focus of current vaccines is the induction
of strong antibody responses, however cellular immunity is also critical for protection
against viral infections®“. In the case of influenza, the generation of T cell responses
against viral antigens conserved across different strains might overcome the need
for annual vaccination. CD8* T cells, also called cytotoxic T cells, can recognize
virus-infected cells that present viral epitopes via MHC-I molecules® and therefore
can target antigens that are not accessible for antibodies, such as nucleoprotein-
or polymerase-derived epitopes, which are substantially less prone to mutations
than hemagglutinin®. The induction of long-term memory CD8* T cells through
vaccination is therefore a key step towards the development of broadly protective
influenza vaccines that do not require annual vaccination. However, the induction
of immunological memory often requires a prime-boost vaccination regime with a
long interval between the two immunizations, which can be an important hurdle in
emergency situations such as rapidly spreading pandemics.

Additionally, in the case of respiratory viruses the induction of robust local immune
responses in the respiratory mucosa is particularly important”. This is highlighted
by the poor correlation observed between serum antibody titers and protection
against influenza in a challenge study with volunteers®. Furthermore, despite the
high efficacy in the reduction of morbidity and mortality observed for the SARS-
CoV2 vaccines, these systemically administered vaccines are less effective at
preventing transmission® '°. One possible explanation is the low levels of local
responses induced in the respiratory tract, which is the first site of infection and
viral replication. Therefore, the induction of a robust tissue-resident memory T cell
(T.m) response in the respiratory tract can not only improve vaccine protection but
also reduce viral shedding and transmission™.

The induction of a strong local immune response in the lungs has only been
achieved using live attenuated vaccines but subunit vaccines have a better safety
profile, are more stable and easier to manufacture than live attenuated vaccines'.
Furthermore, live attenuated vaccines cannot be administered to all demographic
groups as they are contraindicated for immunosuppressed individuals'?. Therefore,
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the development of subunit vaccines able to induce strong and long-lasting immune
responses in the respiratory tract is of urgent need.

In this study, we propose a vaccination strategy to induce influenza-specific CD8*
T cells in the lungs using cationic liposomes loaded with influenza-derived CD8*
T cell epitopes and bis-(3’-5’)-cyclic diguanylate monophosphate (c-di-GMP).
C-di-GMP is cyclic dinucleotide that can induce type | interferon production by
activating the stimulator of interferon genes (STING) signal pathway and it has been
studied as an adjuvant in cancer vaccines' 4. Cationic liposomes have previously
been shown to induce strong antigen-specific CD8* T cell responses'. Apart
from their immune activating properties, cationic liposomes present advantages
for intranasal vaccination such as the favourable electrostatic interaction with the
negatively charged mucosal lining that promotes mucoadhesion. Previous studies
showed that the delivery of an intranasal influenza vaccine using a mucoadhesive
gel induced stronger and faster antibody responses both in the mucosa and
systemically compared to soluble controls'.

Here, we show that the c-di-GMP-loaded cationic liposomes can be used as a
platform to induce strong CD8* T cell responses against a variety of peptide antigens
derived from SARS-CoV2 and influenza. Furthermore, we use liposomes loaded with
an influenza-derived antigen in an accelerated prime-boost regime'® '® consisting
of a nasal prime followed by a systemic boost and show that this immunization
strategy induces a strong and durable CD8* T cell response both systemically and
in the lungs and it leads to a reduction of viral load in lungs of mice after influenza
challenge.

MATERIALS

Lipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-3-
trimethylammonium-propane (DPTAP) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Cholesterol was obtained from Sigma-Aldrich (Zwijndrecht,
the Netherlands). Adjuvant bis-(3'-5')-cyclic dimeric guanosine monophosphate
(c-di-GMP) was purchased from Invivogen (San Diego, CA, USA). Peptides were
purchased from GenScript Biotech (Rijswijk, the Netherlands). The agonistic anti-
CD40 antibody (clone 1C10, hybridoma) was kindly provided by Frances Lund,
Department of Microbiology, University of Alabama at Birmingham, AL, USA.
The antibodies Thy1.2 (CD90.2)-PE-Cy7, CD8a-PE-Dazzle 594, CD8a-Brilliant
Violet 510, CD8a-FITC, IFNy-APC, CD69-PE, CD103-Brilliant Violet 510, CD4-
APC, Ly6G-PerCP, F4/80-Brilliant Violet 650 were purchased from Biolegend (CA,
USA). The antibodies CD8a-FITC, CD8a-PE, IFN-y-eFluor450, TNF-a-PE, CD69-
FITC, CD103-FITC, CD4-eFluor450, Ly6C-PE, CD11b-APC, CD19-FITC and Fixable
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Viability Dye-APC-eFluor780 were purchased from eBioscience (ThermoFisher
Scientific, MA, USA).

A/PR/8/34 H1IN1 (PR8 H1N1) virus was a kind gift from Dr. A. Huckriede (UMC
Groningen, NL) 2. Stock solutions in allantoic fluid (2.7 x 10° TCID50/ml) were thawed
on ice and diluted in cold PBS to 20,000 TCID50/ml before nasal administration
into mice.

METHODS
SARS-CoV2 peptide antigen selection

For the selection of SARS-CoV2-derived peptides to load into the cationic liposomes,
we screened the amino acid sequence of the virus surface glycoprotein (NCBI
Reference Sequence: YP_009724390.1) and the nucleocapsid phosphoprotein
(NCBI Reference Sequence: YP_009724397.2) and selected previously described?!,
conserved epitopes with high predicted binding affinity for HLA-A*11:01.

Preparation of cationic liposomal formulations

Liposomes were prepared using the lipid film hydration method as previously
described??. Briefly, a total of 10mg of DSPC, DPTAP and cholesterol dissolved
in chloroform were mixed in a round-bottom flask in a molar ratio of 4:2:1
(DSPC:DPTAP:CHOL). The lipids were mixed with 200ug of bis-(3'-5')-cyclic
dimeric guanosine monophosphate (c-di-GMP). The organic solvent was removed
by means of a rotary evaporator with pressure set at 180 mbar and connected to
a water bath at 40°C. The dry lipid film was hydrated with 1 mL of either milliQ
water or 500 ug of peptide dissolved in milliQ water. The resulting suspension of
multilamellar vesicles was snap-frozen using liquid N, and freeze-dried overnight
using a Christ alpha 1-2 freeze-dryer (Osterode, Germany). The dry product was
re-hydrated stepwise by first adding 25% of the final volume of phosphate buffer
(PB) 10 mM pH 7.4 followed by vortex and 30 minutes incubation at 60°C in a water
bath. This step was repeated one more time. A final re-hydration step involves the
addition of the remaining 50% of the final volume of PB 10mM pH 7.4, vortex and
incubation in 60°C water bath for at least 1 hour. The lipid concentration after re-
hydration was 5 mg/mL. The formulation was down-sized by means of high-pressure
extrusion using a LIPEX Extruder (Northern Lipids Inc., Canada) connected to a
water bath at 60°C. Formulations were extruded 4x through 400nm and 200nm
stacked track-etched polycarbonate membranes (Whatman® Nucleopore™, GE
Healthcare, Little Chalfont, UK). The resulting monodisperse formulations were
purified using Vivaspin centrifugal concentrators (MWCO 100 kDa, Sartorius,
Gottingen, Germany) to remove non-encapsulated peptides and c-di-GMP. Finally,
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formulations for intranasal administration were further concentrated using a N, gas
flow.

Characterization of the formulations

The z-average hydrodynamic diameter (Za..), polydispersity index (Pdl)
and ¢-potential of the formulations were determined using dynamic light scattering
(DLS) and laser Doppler electrophoresis in a Zetasizer NanoZS (Malvern
Panalytical, UK).

Peptide and c-di-GMP concentrations were determined by reverse-phase ultra-high
performance liquid chromatography (UPLC). For quantification of the peptides, a
modified Bligh-Dyer method was used to extract and separate the peptide from the
liposomes. In short, 100 yL of formulation was mixed with 250 pL of methanol, 250
uL of 0.1M hydrochloric acid 0.1M and 250 pL of chloroform. The mix was vortexed
for 30 seconds and centrifuged for 10 minutes at 1000G. A sample was taken from
the water-methanol upper phase containing the peptides. The extracted sample
was analysed by injecting 10 pyL of sample into a 1.7 ym BEH C18 column (2.1 x 50
mm, Waters ACQUITY UPLC, Waters, MA, USA). Column temperature was set at
40°C. A mobile phase linear gradient was applied to the column starting with 95%
milliQ water with 0.1% TFA (solvent A) and 5% acetonitrile with 0.1% TFA (solvent
B) and going to 95% solvent B in 7 minutes. The gradient was followed by 95%
solvent B for 2 minutes and back to 95% solvent A for 3 minutes. Flow rate of the
mobile phase was set at 0.5 mL/min. Peptides were detected by absorbance at 220
nm using ACQUITY UPLC TUV detector. To quantify the c-di-GMP concentration
in the formulations, 10 pL of the liposomal formulation was directly injected into a
1.7 um BEH C18 column (2.1 x 50 mm, Waters ACQUITY UPLC, Waters, MA, USA),
without previous sample pre-treatment. The mobile phases and the gradient applied
were the same as for quantification of the peptides. The detection of c-di-GMP was
done by absorbance at 254 nm using ACQUITY UPLC TUV detector.

Animals

Mice were bred in the Animal Research Facility of Leiden University, Faculty of
Science, The Netherlands or the Animal Care Facility of Hannover Medical School,
Germany, under standard laboratory conditions. Animals were provided with food
and water ad libitum. Animal experiments were reviewed and approved by the Ethics
Committee for animal experiments of Leiden University or by German institutional
and government boards (LAVES). Animal work was performed according to Dutch
and/or German Government regulations and Directive 2010/63/EU of the European
Parliament.
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In vivo screening of antigen-specific inmune responses
to SARS-CoV2-derived antigens

Transgenic mice expressing human HLA-A11 were immunized intravenously
with a mix of liposomes loaded with 5 ug of c-di-GMP and 10 nmol of the SARS-
CoV2-derived peptides COVN361, COV1020, COVN134, COVS757 and COVN310
(peptides details in Supplementary Table 1). After 1 week, mice received an
intravenous boost with a mix consisting of 50 nmol of each of the SARS-CoV2
peptides, 5 pg c-di-GMP and 50 pg of agonistic anti-CD40 antibody. Blood was
collected via submandibular bleeding on day 7 (after prime) and day 27 (after
boost) for ex vivo restimulation with the individual peptides and flow cytometry
analysis. Epitope-specific CD8* T cell response was investigated by intracellular
IFNy staining as previously described?® 24, Briefly, stimulation of peptide-specific T
cells was performed by incubation of cell suspensions with the respective SARS-
CoV2-derived peptides (2 ug/ml) in presence of GolgiPlug (1/1000 dilution) (Becton
Dickinson, San José, CA, USA) in RPMI medium (Gibco), supplemented with 10%
FCS (Gibco), penicillin (50 U/ml), streptomycin (50 ug/ml) (Bio&Sell). Unstimulated
T cells in presence of GolgiPlug were used as control for background cytokine
production. Cells were incubated overnight at 37°C and 5% CO.. Prior to staining,
cells were treated with TruStain FcX (Biolegend) to block Fc-receptors for 15
minutes at 4°C, then stained for CD8a-FITC (53-6.7), IFNy-APC (XMG1.2), TruStain
FcX (anti-mouse CD16/32) and CD90.2 (53-2.1). Samples were analysed by flow
cytometry data in a FACSCanto Il (BD Bioscience, Heidelberg, Germany).

In vivo evaluation of Influenza-specific immune
responses

C57BI6/J mice between 8 and 12 weeks old were weighted before the start of
the experiments and randomly allocated to the different control or experimental
groups using the randomization software RandoMice® and using weight as
a blocking factor for the randomization method?. On day 1, animals were
immunized with DSPC:DPTAP:Cholesterol liposomes containing 10 nmol
of the murine immunodominant influenza epitopes PAjzui233 (PA224) 26 and
NP3gs-374 (NP366) 27 peptides and 5 pg of c-di-GMP. Animals received 10 yL of
formulation intranasally, 100 pL of formulation intravenously through the tail vein
or subcutaneous under the skin over the neck. For intranasal immunizations mice
were lightly anaesthetized with 0.6 L/min of 4% isoflurane. On day 7, a blood sample
of 50-100 yL was taken from the animals by tail vein cut, and 200 pL of either
DSPC:DPTAP:Cholesterol liposomes containing the peptide(s) antigen(s) and c-di-
GMP or a boost mix containing antiCD40 agonistic antibody (clone 1C10, hybridoma
provided by Frances Lund, Department of Microbiology, University of Alabama
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at Birmingham, AL, USA), c-di-GMP, and peptides was administered intravenous
through the tail vein. At the end of the experiment, mice received an intravenous
injection of 3 ug of anti-mouse antiCD45.2-Allophycocyanin (antiCD45.2-APC)
in order to label all T cells in circulation, therefore allowing the identification of
tissue-infiltrated T cells from circulating T cells as previously described®. Mice
were sacrifice by cervical dislocation 3 minutes after antiCD45.2-APC injection.
After sacrifice, spleen, lungs, and inguinal lymph nodes were collected for ex vivo
restimulation and flow cytometry analysis.

In vivo challenge of vaccinated mice with PR8 H1N1

Based on the results from the previous experiment, we chose the most optimal
prime immunization route, antigen and boost formulation to vaccinate mice and
subsequently challenge them with influenza virus. Mice between 8 and 12 weeks
old were weighted and randomly allocated to either treatment or control group.
Mice in treatment group received an intranasal or subcutaneous immunization
DSPC:DPTAP:Cholesterol liposomes containing 10 nmol of PA224 antigen peptide
and 5 pg of c-di-GMP, while mice in the control group received an intranasal
immunization with the same cationic liposomal formulation containing 5 pg c-di-
GMP but no antigen peptide or intranasal PBS. Intranasal immunizations were
performed as described above. On day 7 after prime immunization, a blood
sample was drawn via tail vein cut and mice received an intravenous injection of
DSPC:DPTAP:Cholesterol liposomes containing either 10 nmol of PA224 and 5
ug of c-di-GMP (treatment group) or 5 ug c-di-GMP only or PBS (control group).
On day 14, 50-100 pL blood sample was taken via tail vein cut. On day 35 mice
were weighted to determine baseline weight before viral challenge. For the viral
challenge, mice were lightly anaesthetized with 0.6 L/min of 4% isoflurane and a
50 pL suspension containing 1000 TCIDs, (median tissue culture infectious dose)
of PR8 H1N1 was applied to the nostrils. After viral challenge mice were weighted
daily and sacrificed on day 39 by cervical dislocation. Lungs were collected for viral
titer quantification and ex vivo T cell restimulation. Lung samples were mechanically
disrupted and digested with collagenase and DNAase | enzymes for 30 minutes
at 37°C. Digested samples were passed through a cell strainer and immune cells
were isolated using 35% Percoll density gradient centrifugation, followed by ex vivo
restimulation with PA224 and flow cytometry staining. Spleens were restimulated ex
vivo with PA224, stained for flow cytometry. BAL samples were directly stained for
Thy1.2-PE-Cy7, CD8a-Brilliant Violet 510, CD4-eFluor450, Ly6G-PerCP, Ly6C-PE,
CD11b-APC, CD19-FITC and fixable viability dye APC-eFluor 780 and analysed by
flow cytometry in Cytoflex S (Beckman Coulter, CA, USA).
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Ex vivo restimulation and flow cytometry analysis of
samples

Prior to restimulation, organ samples were processed into a single cell suspension.
Spleen, lungs and blood samples were lysed using Ammonium-Chloride-Potassium
(ACK) lysing buffer. Samples were stimulated with either 5 yg/mL of peptide and 3
ug/mL of Brefeldin A (BrefA) or only 3 ug/mL of BrefA (unstimulated control) for 5
hours at 37°C and using bone marrow derived dendritic cells as feeder cells. After
stimulation, blood samples were stained for Thy1.2-PE-Cy7, CD8a-FITC, IFNy-
eFluor450 and fixable viability dye APC-eFluor780 and analysed by flow cytometry
in Cytoflex S (Beckman Coulter, CA, USA). Spleen, lymph nodes and lung samples
were stained for Thy1.2-PE-Cy7, CD8a-PE, CD4-APC, CD69-FITC, CD103-Brilliant
Violet 510, IFNy-eFluor450 and fixable viability dye APC-eFluor780 and analysed
by flow cytometry in Cytoflex S (Beckman Coulter, CA, USA).

Measurement of viral titers

Lung samples for measurement of viral titer were mechanically homogenized using
glass mortar and pestle in guanidine thiocyanate (GTC) immediately after collection
of the organ and store at -80°C until the quantification of viral titers was performed.
RNA was isolated from samples using phenol/chloroform extraction. The RNA
was concentrated further using a mini-prep column. RNA to cDNA transcription
was performed using RevertAid M-MuLV reverse transcriptase according to
manufacturer instructions. Quantitative viral gene determination was performed
using SYBR Green Master Mix on QuantStudio 6 Flex (Applied Biosystems, Life
Technologies). Standard curve was prepared with known viral titers and used to
quantify the viral load in lung tissue.

Statistical analysis

Statistically significant difference between conditions was assessed by one-way
ANOVA followed by Tukey’s multiple comparison test, two-way ANOVA followed
by Sidak multiple comparisons test or two-tailed unpaired t-test. P-values lower
than 0.05 were considered significant. Software used for statistical analysis was
GraphPad Prism 9.3.1 for Windows (GraphPad Software, California, USA).
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RESULTS

Intravenous prime-boost regime induces a potent
antigen-specific CD8* T cell response to a variety of
peptide antigens

Table 1. Physicochemical characteristics of liposomal formulations. Data shown

represents the average * standard deviation of at least two separate batches of
formulation (n = 2).

C-potential LE%

Formulation Zave (NM) PDI (mv) peptide
DSPC:DPTAP:CHOL:cdiGMP 178.1+2.68 0.11+0.031 33.25+2.53
DSPC:DPTAP:CHOL:cdiGMP:PA224 194.0+£15.62  0.097+0.053  29.01+5.29 2.51
DSPC:DPTAP:CHOL:cdiGMP:NP366 223.1+8.75 0.064+0.024  27.90+1.18 8.12

DSPC:DPTAP:CHOL:cdiGMP:COVN361 218.0+16.26  0.085+0.056  32.39+0.68 4.97
DSPC:DPTAP:CHOL:cdiGMP:COVS1020 206.4+11.58 0.062+0.018  31.52+0.88 7.66
DSPC:DPTAP:CHOL:cdiGMP:COVN134 202.6+16.64 0.083+0.020 30.26%2.27 6.15
DSPC:DPTAP:CHOL:cdiGMP:COVS757 201.2+20.45 0.15+0.082 30.28+1.18 8.71
DSPC:DPTAP:CHOL:cdiGMP:COVN310 207.1+8.225 0.11+0.034 31.12+2.67 3.23

To study the capacity of the cationic liposomal formulations (physicochemical
properties in Table 1) to induce virus-specific CD8* T cell responses in vivo, we
immunized mice with cationic liposomes loaded with a variety of different peptide
antigens derived from SARS-CoV2 or HIN1 influenza. One week after prime
immunization mice received a boost with a mix of antiCD40 antibody, c-di-GMP
and free peptides, to expand potential low frequency responses’®. We observed a
strong CD8* T cell response against the epitopes COVN361 and COVN134 from
SARS-CoV2 in blood of vaccinated mice after prime-boost regime but only weak
or no detectable responses against the other three antigens COVS1020, COVS757
and COVNS310 (Figure 1C). In the case of mice immunized with cationic liposomes
loaded with the influenza peptides PA224 and NP366, we observed a strong CD8*
T cell response against PA224 but only a minimal response for NP336 after prime
immunization. Following boost immunization with antiCD40, c-di-GMP and free
peptides, the PA224-specific CD8* T cell response had massively expanded,
however again the NP366-specific response in spleen of mice after prime and
boost was close to undetectable (Figure 1D). Thus, this subunit vaccine formulation
allows expansion of a selection of SARS-CoV2 and influenza specific CD8*T cells.
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Figure 1. Inmune responses after immunization with viral peptide-loaded cationic liposomes. (A)
Representative flow cytometry plots of blood-derived CD8+ T cells after prime and before boost
restimulated with NP366, PA224 or no peptide as control. (B) Representative flow cytometry plots
of spleen-derived CD8+ T cells on day 27 after boost restimulated with NP366, PA224 or no peptide
as control. (C) SARS-CoV2-specific CD8+ T cell response in blood after prime and after 27 days
after boost with antiCD40, peptide and c-di-GMP. (D) Influenza-specific CD8+ T cell response in
blood after prime and in spleen on day 30 after boost. * p < 0.05, ** p < 0.01, **** p < 0.0001 de-
termined using (A) two-way ANOVA followed by Sidak multiple comparisons test or (B) two-tailed

unpaired t-test.
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Intravenous, intranasal and subcutaneous prime
immunization followed by systemic boost induce a
potent and long lasting CD8* T cell response

As systemic intravenous (IV) administration is not a preferred administration route
and does not lead to effective establishment of lung T,,2°, we next aimed to address
whether the cationic subunit vaccine may induce antigen-specific CD8* T cells
response through local administration routes. We compared 1V, intranasal (IN)
and subcutaneous (SC) prime with ¢-di-GMP and PA224-loaded cationic liposomes.
Control mice received empty liposomes intranasally. After prime immunization, all
mice (including the control group) received an IV boost with antiCD40 antibody,
c-di-GMP and PA224. After IV priming, only the IV and SC route induced detectable
CD8* T cell response in blood. Thirty days after boosting, all groups showed
massive expansion of PA224-specific CD8* T cells in the spleen (Figure 2B), lungs
(Figure 2C) and lymph node (Figure 2D), revealing that the liposomal formulation
is not restricted to IV use. Interestingly, the percentage of PA224-specific T cells
expressing CD103 was significantly higher in the IN-immunized mice compared to
SC or IV groups (Figure 2E), suggesting that a larger fraction of the cells are Ty,
cells. As we have previously shown that IV boosting may expand the number of
locally induced T.»*°, we evaluated the number of PA224-specific CD8* T cells in
the lung parenchyma after boosting, using the intravascular staining protocol to
exclude CD8+* T cells in the capillary beds. Indeed, the percentage of lung-infiltrated
CD8* T cells was significantly higher in the IN prime group compared to systemic
immunization (Figure 2F). Overall, this data indicates that an IN prime with cationic
liposomes induces a systemic CD8* T cell response and a local response in the
lungs with characteristics of tissue-resident CD8* T cells.
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Figure 2. CD8+ T cell responses to PA224 after prime through different administration routes.
(A) PA224-specific CD8+ T cell responses in blood after prime and before boost immunization.
PA224-specific CD8+ T cell response in (B) spleen, (C) lungs and (D) inguinal lymph nodes on day
30 after boost. (E) PA224-specific CD8+ T cells expressing CD103 in lungs. (F) Lung-resident CD8+
T cells identified by lack of staining with antiCD45.2-APC administered IV shortly before sacrifice.
*p<0.05 ** p<0.01, *** p<0.001, **** p <0.0001 determined using one-way ANOVA followed by
Tukey’s multiple comparison test.

Both heterologous and homologous prime-boost
strategies induce strong CD8* T cell responses

Although the antiCD40-based boost mix was able to induce a potent CD8* T cell
response, the use of monoclonal antibodies in prophylactic vaccines has several
limitations in terms of cost, manufacture and side effects®'. Therefore, we next
compared the CD8* T cell response elicited by this heterologous prime-boost
regime versus a homologous prime-boost regime where both prime and boost
consist of the cationic liposomal formulation. Control mice did not receive prime or
boost immunizations. We observed that both immunization regimes were able to
induce a potent PA224-specific CD8* T cell response in both spleen (Figure 3A)
and lungs (Figure 3B) after intranasal prime followed by intravenous boost, however
higher variation in the response was observed in the liposome boost group (SD =
15.92) compared to the antiCD40 boost group (SD = 4.89). No significant differences
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were found between the two prime-boost regimes in the frequency of CD103 in the
PA224-specific CD8* T cell population (Figure 3C). This data indicates that both
homologous and heterologous prime-boost strategies induce similar CD8* T cell
responses systemically and locally in the lungs.
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Figure 3. Comparison of boost immunization with either antiCD40 boost mix or cationic liposomes
after intranasal prime. PA224-specific CD8+ T cell response in (A) spleen and (B) lungs on day 7
after boost. (C) Frequency of CD103 in PA224-specific (IFNy+) CD8+ T cells in the lungs. ** p <
0.01, *** p < 0.001, **** p < 0.0001 determined using one-way ANOVA followed by Tukey’s multiple
comparison test.

Response to intranasal immunization correlates with a
reduction in lung viral titers upon Influenza infection

After confirming that the prime and boost immunizations with cationic liposomes
was able to induce a systemic PA224-specific CD8* T cell response, including a
strong response in the lungs, we aimed to determine if these CD8* T cells are able to
reduce the viral load in the lungs after challenge with PR8 H1N1 virus. Mice received
an IN prime immunization with either cationic liposomes loaded with c-di-GMP
(control) or liposomes loaded with PA224 and c-di-GMP (vaccinated), followed by
systemic boost with the same formulation 7 days later. On day 35 of the experiment
(27 days after boost immunization), mice were challenged with a lethal dose of HIN1
PR8 (1000 TCID50) and 4 days later they were sacrificed. The results from blood
samples taken before (Figure 4A) and after (Figure 4B) boost confirm a significant
increase in PA224-specific CD8* T cells in the vaccinated group compared to control
at 7 days after boost. Furthermore, the vaccinated group showed a strong PA224-
specific CD8* T cell response in the lungs (Figure 4C). The reduction in body weight
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in all the mice confirmed that the infection was successful, with no significant
differences in weight loss between groups (Figure 4D). Lung viral titers on day
4 after infection trended downward but were not significantly different between
vaccinated and control groups, due to 3 non-responders in vaccinated group (Figure
4E). Viral titers however showed a clear negative correlation with the CD8* T cell
response elicited after booster immunization (Figure 4F).
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Figure 4. Challenge experiment. (A) CD8+ T cell response before and (B) after boost. (C) PA224-spe-
cific CD8+ T cell response in lungs. (D) Weight post infection. (E) Viral titers in lungs 4 days after
infection and (F) correlation between lung viral titers and systemic CD8+ T cell response after boost.
**p<0.01, ** p<0.001 determined using one-way ANOVA followed by Tukey’s multiple comparison
test. Correlation p-value and r correlation coefficient determined using Person’s correlation test.
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Local CD8* T cell response after intranasal immunization
reduces viral burden upon influenza infection

To determine the role of the local and systemic influenza specific CD8* T cell
response in the viral burden reduction, we next compared the viral loads 4 days
after infection in intranasally primed versus subcutaneously primed mice. Control
mice were primed with intranasal PBS and boost IV with PBS. Mice primed
subcutaneously showed a stronger systemic immune response both one week
after boost (Figure 5A) and immediately before the infection (Figure 5B) compared
to the intranasal group, suggesting the systemic PA224-specific memory CD8* T cell
response was larger in the SC versus the IN vaccinated mice. After infection animals
in all groups lost a significant percentage of body weight (Figure 5C), indicating a
successful viral infection. Interestingly, we observed a significant decrease in viral
load in the group that received cationic liposomes intranasally compared to the
control, but this protective effect was not observed in mice primed subcutaneously
(Figure 5D). When comparing the viral load to the PA224-specific CD8* T cell
response elicited by the formulations in the IN group, we observed an inverse
correlation (Figure 5E) while no correlation was present in the group immunized
subcutaneously (Figure 5F). Thus, although the IN vaccination led to a smaller
systemic virus-specific CD8* T cell response, the induction of local T, appear to
provide superior protection against HIN1 PR8 infection. Indeed, the bronchoalveolar
lavage (BAL) fluid, which can be used as a proxy to study the inflammatory state
of lungs upon infection®, showed change in the leukocyte composition. The cell
composition of the BAL of immunized mice on day 4 after infection showed no
differences between control and vaccinated mice in terms of granulocytes (Figure
6A) or monocytes/macrophages (Figure 6B). A significant increase in B cell content
of in the SC prime group could be observed compared to both control and IN groups
(Figure 6C). Similarly, the BAL showed an increase in lymphocytes in the SC group
compared to control (Figure 6D). When looking at the two major T cell subsets, we
observed an increase in CD4* T cells in the IN group compared to SC primed mice
(Figure 6E). Finally, both IN and SC groups showed significantly higher percentages
of CD8* T cells in the BAL compared to control (Figure 6F). Overall, this data shows
that immunized mice present an enhanced recruitment of T cells to the lungs upon
infection, with the response mainly driven by CD8* T cells.
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Figure 5. Viral challenge after intranasal and subcutaneous immunizations. PA224-specific CD8+ T
cell responses in blood (A) on day 7 and (B) before infection on day 27 after boost. (C) Mice weight
post infection. (D) Viral titers in lungs 4 days after infection. Correlation between lung viral titers and
PA224-specific CD8+ T response after boost in (E) intranasal group and (F) subcutaneous group. *
p<0.05, ** p < 0.01, **** p <0.0001 determined using one-way ANOVA followed by Tukey’s multiple
comparison test. P-value and r correlation coefficient determined using Person’s correlation test.
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Figure 6. Cell composition of bronchoalveolar lavage (BAL) of immunized and control mice. Per-
centage of (A) granulocytes (Ly6G+ Ly6C-) and (B) monocytes (Ly6G- Ly6C+) in the myeloid cell
compartment in BAL. (C) Percentage of B cells. (D) Percentage of T cells in live cell population in
BAL. Percentage of (E) CD4+ T cell subset and (F) CD8+ T cell subset within the T cell population.
* p<0.05, ** p<0.01, **** p < 0.0001 determined using one-way ANOVA followed by Tukey’s multiple
comparison test.

DISCUSSION

Vaccine efficacy has traditionally been measured by the capacity to induce potent
antibody responses, while the induction of cellular immunity has been a secondary
goal. However, recent studies have highlighted the importance of T cell responses
for long-lasting protection against viral infections® 32. The induction of cellular
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immunity in addition to the antibody response could overcome the problem of virus
variants that escape humoral immunity due to the high mutation rates of certain
proteins such as hemagglutinin in Influenza virus®*. Cytotoxic CD8* T cells are
key players in anti-viral cellular immunity since they can directly kill infected cells.
CD8*T cells can recognize antigenic epitopes that are usually not accessible to
antibodies, and they often target more conserved epitopes of the virus, such as
those derived from the nucleoprotein or the virus polymerase®*. Furthermore, the
generation of these immune responses locally in the respiratory tract, in the form of
virus-specific T,, responses, is crucial for protection and could reduce transmission
of respiratory viruses like influenza and coronaviruses™. Cellular immunity can
be achieved through vaccination with live attenuated vaccines, however the safer
and easier to manufacture subunit vaccines are not so efficient at inducing T cell
responses.

Here, we show that a subunit vaccine consisting of cationic liposomes loaded with
c-di-GMP and a single-epitope antigen induces a potent, long-lasting and antigen-
specific CD8* T cell response both systemically and locally in the lungs against
different antigen peptides derived from SARS-CoV2 and influenza. Furthermore,
CD8* T cells in the lungs of intranasally primed mice showed higher expression
of CD103 (Figure 2F and 3C), a common marker of memory CD8* T cells and we
showed an increase in lung-resident CD8* T cells in this group using intravascular
CD45.2 staining (Figure 2E). While the generation of this type of cellular immunity
often requires long intervals between prime and boost®®:3¢, we show that this vaccine
formulation can induce long-lasting memory CD8* T cells after an accelerated
prime-boost regime. Translated to humans, this rapid induction of a potent memory
T cell response can have logistics advantages for prompt and efficient immunization
against new pandemic virus strains of influenza or SARS-CoV2.

The lack of response against some of the peptides tested (Figure 1) indicates that
the selection of appropriate viral epitopes during early stages of vaccine design is
key. In this study, we compared two different epitopes from influenza virus, PA224
derived from the virus polymerase acidic protein, and NP366 derived from the viral
nucleoprotein. Although T cell immunity in primary influenza infections in C57BI/6
mice seems to be almost equally divided between NP366-specific CD8* T cells and
PA224-specific CD8* T cells¥, in our experiments PA224 epitope induced stronger
CD8* T cell responses compared to NP366. Antigenic competition might explain the
weak immune responses towards some of the SARS-CoV2 epitopes and previously
reported immunogenic epitopes such as NP366%. Future studies should take in
to account this effect of antigenic competition for the selection of peptide antigens
and the design of administration strategies®.
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In previous studies, a heterologous prime-boost regime where prime immunization
consisted of cationic liposomes and boost was performed with agonistic antiCD40
monoclonal antibody mixed with antigens and adjuvants has proven to induce a
strong CD8* T cell response against tumour antigens*®. Here, we show that prime
and boost can be performed with the same liposomal formulations leading to a
comparable immune response (Figure 3). This could have advantages in terms of
affordability of such vaccines for both viral infections and cancer since it circumvents
the need to use costly monoclonal antibodies. Furthermore, side effects associated
to antiCD40 antibodies, such as cytokine storm, could be acceptable in the context
of anti-cancer therapies but not for prophylactic vaccination*'. Future research
should investigate the source of the increased variability on the elicited immune
response when boost was performed with cationic liposomes in comparison to the
agonistic antiCD40 boost mix and the formulation should be optimized further to
reduce this variability.

We show that intranasal prime is key for this viral burden reduction (Figure 5D and
5E) since subcutaneously primed mice showed comparable viral titers to the control
group despite the stronger systemic immune response in this group (Figure 5A and
5B). These results are in line with previous studies that have shown that CD8* T
cell responses induced by intranasal vaccination with non-replicating adjuvanted
vaccine are protective against influenza infections, in contrast with the CD8* T cell
responses induced through subcutaneous immunization3®. The improved capacity
of intranasally administered formulation to induce this lung-resident memory CD8*
T cells can lead to a faster response upon infection and a better control of the viral
infection in the lungs.

Finally, the study of the cell composition of the bronchoalveolar lavage (BAL)
of immunized and infected mice showed an increased recruitment of T cells to
the lungs in all vaccinated mice compared to control (Figure 6). Infected mice
immunized subcutaneously showed a better recruitment of B cells while intranasal
prime had an increased recruitment of CD4* T cells. Previous studies have shown
that CD4+* T cells can act synergistically with CD8* T cells to control influenza
infections*? 43, and perhaps contributed to the improved control of the infection in
this group. Cationic liposomes have shown to be able to induce strong CD4+* T cell
responses as well as CD8* T cell responses?2. Future research should study the
delivery of both CD8* and CD4* T cell epitopes from influenza in cationic liposomes
to induce a complete cellular immune response.

All in all, our work suggests that prime-boost vaccination strategies against
respiratory viral infections could be more effective and powerful if the first
immunization is administered intranasally.
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CONCLUSION

Our study shows that intranasal immunization followed by a rapid systemic boost
with a single-epitope liposomal subunit vaccine induces a potent CD8* T cell
response both systemically and locally in the lungs. The local CD8* T cells elicited
by vaccination expressed higher levels of CD103, associated to tissue-resident
memory phenotype, and led to lower viral titers in lungs of influenza-infected mice
compared to control.
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SUPPLEMENTARY DATA
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Supplementary Table 1. Details of SARS-CoV2-derived peptides loaded into cationic
liposomes and used for in vivo screening. Binding affinity to HLA-A*11:01 predicted using

NETMHCpan4.0
Predicted
Amino acid binding Protein accession
Peptide name sequence affinity to Protein number and
q HLA-A*11:01 position
(n)

COVN361 KTFPPTEPK 7.7 Nucleoprotein PODTC9 [361-369]
COVS1020 ASANLAATK 12.3 Spike POD':%;SMO-
COVN134 ATEGALNTPK 27.5 Nucleoprotein PODTC9 [134-143]
COVS757 GSFCTQLNR 44.4 Spike PODTC2 [757-765]
COVN310 SASAFFGMSR 30.9 Nucleoprotein PODTC9 [310-319]
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Chapter 8

GENERAL SUMMARY

The immune system is a set of organs, cells and molecules that defend the organism
against pathogens or substances recognized as foreign. It can be broadly divided
in two arms, the innate and the adaptive immunity. The innate immunity is the first
line of defence against an infection, it is rapidly mounted, but it is not antigen-
specific and it cannot generate immunological memory. The adaptive immunity, on
the other hand, needs more time to develop since it requires the clonal expansion
of antigen-specific immune cells but it can generate immunological memory that
will rapidly mount a secondary immune response upon reinfection with the same
pathogen. Antigen-presenting cells (APCs) are the connection between innate and
adaptive immunity, since they can capture antigens, process them, and present
them in their cell surface to cells from the adaptive immune system such as T cells,
initiating the adaptive immune response'. An over or under activation of the immune
system is the root of many diseases. In autoimmune diseases, the natural tolerance
towards self-antigens is broken, leading for example to the destruction of 8 cells in
type 1 diabetes (T1D) or the myelin sheath of neurons in multiple sclerosis (MS) 2-2.
Not only in autoimmune diseases, but also in other highly prevalent diseases, such
as atherosclerosis, the main underlaying cause of cardiovascular diseases, the
inflammatory response triggered against self-antigens seems to be involved in the
aetiology of the disease®. In other cases, the immune system can fail to mount a
sufficient immune response against a pathogen leading to widespread infection
that can cause the host’s death. In this thesis, we show that liposomes, a versatile
type of nanoparticle, can be applied to restore immune tolerance in autoimmune
diseases and to activate antigen-specific protective immune responses against
infections.

Nanoparticles can be used as delivery systems for both small molecules and
macromolecules such as proteins, peptides or oligonucleotides. The majority of
this thesis focuses on the use of liposomes, nanometric vesicles formed by a
phospholipid bilayer enclosing an aqueous core. Liposomes are highly versatile
delivery systems since they can transport both hydrophobic and hydrophilic cargo
loaded in the phospholipid bilayer or in the aqueous core, respectively. Furthermore,
fine-tunning their physicochemical properties such as size, shape, rigidity or surface
charge (C-potential) allows the control of the liposome’s biodistribution and biological
effect®. Among the different applications for liposomes, antigen delivery is especially
interesting. Liposomes can protect antigens from proteolytic degradation, and they
can direct the antigen delivery to specialized cells such as APCs®. Furthermore, the
co-delivery of antigens and molecules with adjuvant capacity allows the modulation
of immune responses. Liposomes can transport cargo to APCs, such as dendritic
cells (DCs), by taking advantage of the intrinsic high endocytic capacity of these
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cells’. The type of antigen presentation by DCs determines the type of adaptive
immune response. For example, the presentation of antigens in the context of
a high expression of co-stimulatory molecules such as CD86, CD80 or CD40
and pro-inflammatory cytokines will skew the immune response towards a pro-
inflammatory response mediated by Th1 or Th17 lymphocytes, necessary to fight
viral and bacterial infections®. On the other hand, the presentation of antigens by
DCs in the context of low levels of co-stimulatory molecules and high levels of anti-
inflammatory cytokines will induce a tolerogenic responses mostly mediated by T
regulatory cells (Tregs)®. The use of nanoparticles for the co-delivery of antigens
and molecules that modulate the expression of co-stimulatory signals is therefore
a promising strategy to apply in conventional prophylactic vaccines and tolerogenic
vaccines to restore immune homeostasis in autoimmune diseases.

Although lipid nanoparticles have been widely and successfully used in the SARS-
CoV2 vaccines against the COVID-19 pandemic, there are still many unknowns that
prevent nanoparticle-based therapies and vaccines to realise their full potential.
In this thesis, we try to shed light to some of the gaps in knowledge in the field.
On one hand, there is still limited knowledge on the precise contribution of the
different physicochemical properties of nanoparticles to the elicited immune
response. This is particularly challenging to study in the case of liposomes where
altering the lipid composition will likely lead to changes in several physicochemical
and biological properties of the nanoparticle such as C-potential, rigidity and
protein corona. Furthermore, although there have been significant advances in
the last few years in the mass production of liposomes and lipid nanoparticles,
certain formulations are still challenging to produce in a high-throughput manner.
For instance, liposomes containing phospholipids with high transition temperatures
such as DSPG. The high rigidity and negative charge of DSPG-containing liposomes
are key for the induction of Treg responses by tolerogenic vaccines as previously
shown'. Finally, in the case of tolerogenic vaccines, a key challenge to overcome is
the need to precisely characterize the antigens and epitopes driving autoimmunity.
This is specially challenging in diseases that are not classical autoimmune diseases,
such as atherosclerosis, where the immune response towards self-antigens is one
of the factors contributing to the disease's progression, together with genetic and
environmental factors* ' 12,

In Chapter 2, we review tolerogenic strategies against prevalent autoimmune
diseases such as multiple sclerosis (MS) and type 1 diabetes (T1D). We summarize
the lessons that can be learned from the efforts to bring these therapeutic
approaches to the clinic and the challenges to apply tolerogenic therapies to
atherosclerosis, one of the most prevalent chronic diseases in the western world'.
Atherosclerosis is an inflammatory disease of the arteries, characterized by the
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infiltration and accumulation of low-density lipoproteins (LDL) in the subendothelial
space of the arteries, forming atherosclerosis plaques. The accumulation of LDL
particles also triggers the recruitment of immune cells to the incipient lesion,
initiating an inflammatory response that leads to further grow of the plaque'. These
plagues can restrict blood flow to certain parts of the body or rupture generating a
thrombus, which leads to the most common clinical manifestation of atherosclerosis
in the form of myocardial infarction or stroke. Several lines of evidence highlight
the importance of autoimmunity in the development of atherosclerosis. On one
hand, the presence of auto-reactive B and T cells and circulating antibodies
against LDL demonstrates that the immune response in atherosclerosis is, at
least in part, directed towards self-antigens'™ . Furthermore, there is a clear
correlation between atherosclerosis and classical autoimmune diseases, such as
rheumatoid arthritis (RA), with RA patients having a significantly higher risk of
suffering a cardiovascular event* '. Finally, the opportunity to target the immune
component of atherosclerosis as a therapeutic strategy is evidenced by the
significant residual cardiovascular risk of patients after intensive statin therapy,
mostly associated with higher levels of inflammatory markers?®. Clinical trials, such
as the CANTOS or COLCOT trials, have shown that systemic immune suppression
can significantly reduce the incidence of cardiovascular events, but at the expense
of higher risk of fatal infections'®2°. Therefore, the side effects of chronic immune
suppression would hardly be acceptable for the prevention of cardiovascular events.
The induction of antigen-specific immune tolerance, mediated by Tregs, would be
a better approach and it has been studied in clinical trials against RA, T1D and
MS. In these diseases, both cell-based and peptide-based strategies have been
used in clinical trials and have proven to be generally safe and well-tolerated.
The use of cell-based approaches involves the ex vivo differentiation of DCs into
tolerogenic DCs and the coating to the cells with the target antigens. The costs
associated with the manufacture of these tolerogenic DCs has often limited the
number of patients enrolled in the trials and therefore the power of the safety
and efficacy conclusions?'. The peptide-based approaches have shown promising
results in RA, T1D and MS?224 however in some cases the efficacy was limited to
subgroup of patients with specific HLA types, as seen in a phase Il trial with MS
patients?2. The use of cocktails of peptides instead of single peptides has shown
better results?. The careful selection of the peptide dose is important since too
high doses can lead to unwanted pro-inflammatory T cell activation, therefore these
clinical trials often include a dose escalation period®. Finally, the administration
route also plays a key role for peptide-based tolerance induction, with mucosal
and intradermal routes showing the best results®* 26, In summary, antigen-specific

182



Summary and discussion

tolerogenic therapies have shown to be safe but their effectiveness depends on the
careful choice of the target antigen(s), dose and administration route.

A key knowledge gap that differentiates autoimmune diseases like MS and T1D
from atherosclerosis is that while autoimmune responses against myelin and
B cells proteins are clearly characterized, the antigens driving pro-atherogenic
immune responses are far less established. The study of antigen-specific immune
responses in atherosclerosis is essential for the development of tolerogenic
vaccines against the disease. In chapter 3, we aim to shed light on this using
an immunopeptidomics approach. Previous studies have made use of in silico
analysis of candidate proteins such as ApoB100 to scan the amino acid sequence
of the protein and determine potential good binders to HLA molecules?” 2. In this
chapter, we use immunopeptidomics to isolate and identify peptides presented by
HLA class Il molecules directly from atherosclerosis plaques of patients undergoing
endarterectomy surgery. We identified 20 epitopes derived from ApoB100, the
main protein in LDL particles. Using the expression of the T cell activation marker
CD40L as a proxy, we show that a subset of 22% of atherosclerosis patients have
detectable levels of CD4* T cells that respond to these epitopes. Interestingly, the
level of CD4* T cell response in this subset of patients correlated positively with
histologically determined plaque vulnerability. Future studies should investigate
the use of these ApoB100-specific CD4* T cell responses as biomarkers of
atherosclerosis progression. Further characterization of this CD4* T cell response
showed that upon peptide stimulation, these cells produce IL-17 and IL-10, but also
other cytokines such as IL-5, IL-9 or IL-6, suggesting that the ApoB100-specific
T cell population does not present a unique phenotype. These findings are in
line with previous studies showing that the ApoB100-specific T cell response in
atherosclerosis evolves from a Treg mediated response towards a pathogenic Th1/
Th17 phenotype in advanced stages of the disease?®. Restoring the immunological
balance by inducing ApoB100-specific Tregs or preventing Th1/Th17 polarization
using tolerogenic nanoparticles loaded with the epitopes identified here is a
promising therapeutic strategy that should be explored further.

Besides the definition of the target antigens, the delivery system needs to be
optimized for tolerance induction in human. Previous studies have shown that
liposomes composed of DSPC:DSPG:Cholesterol are good candidates for this task
and have shown promising results in animal models™. However, the first studies
with this formulation in an in vitro human system did not recapitulate the tolerogenic
properties seen in mice®. In chapter 4, we show that the translation from pre-clinical
models to patients might require the presence of a tolerogenic molecule such as
1a,25-dihydroxyvitaminD3 (vitaminD3). Liposomes loaded with vitaminD3 were able
to induce a tolerogenic phenotype in vitro in human monocyte-derived DCs. This
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tolerogenic phenotype was characterized by the expression of ILT3 and a lower
expression of the co-stimulatory molecule CD83. Furthermore, these tolerogenic
DCs were able to induce FoxP3* CD25* Tregs that also expressed high levels
of CTLA-4 and TIGIT. The anionic DSPG liposomes loaded with vitaminD3 were
also able to induce IL10-producing Tregs, an anti-inflammatory cytokine essential
for the immunomodulatory function of Tregs. This is in line with mouse studies
showing that anionic liposomes are better internalized by APCs and have better
tolerogenic capacity than cationic liposomes®’. Most importantly, these tolerogenic
DCs inhibited the polarization of T cells towards the pro-inflammatory subsets Th1
and Th17. In a further step towards the translation of these tolerogenic formulations
to human, we studied the intradermal administration of vitaminD3-loaded liposomes
in ex vivo human skin. We observed a selective migration of CD14+ dermal DCs,
that have previously shown to be able to induce Tregs®'. All in all, in this chapter we
show that upon inclusion of vitaminD3, anionic liposomes can induce tolerogenic
immune responses not only in animal models but also in human in vitro and ex vivo
setups. The next steps in the clinical translation of peptide-based liposome vaccines
will require the evaluation of antigen-specific T cell responses in ex vivo human
models such as the intradermal skin injections shown in this chapter.

After showing in chapter 4 that DSPC:DSPG:Cholesterol liposomes incorporating
vitaminD3 have potential applicability in humans, in chapter 5 we aim to tackle the
problem of the manufacturing of these formulations. Traditional lab-scale methods
for the preparation of liposomes, such as the lipid film hydration method, have little
upscale potential. In short, this method starts with the creation of a dry lipid film by
evaporating the organic solvent in a rotary evaporator followed by hydration of the
dry lipid film with an aqueous solvent that contains the antigen to be encapsulated?®2.
The process often involves a freeze-drying step after the hydration of the lipid film
to increase the loading efficiency of the antigen. The hydration step generates a
suspension of large multilamellar vesicles that needs to be extruded through multiple
filters at high pressure until the desired particle size is achieved. Furthermore, the
extrusion process needs to occur at a temperature above the transition temperature
of the phospholipids, which in the case of DSPC:DSPG:Cholesterol liposomes is
55°C. This process is labour intensive, involves multiple steps and it has high energy
requirements, making very difficult the production of large batches of formulations
necessary for the clinical development of these nanoparticles. The production of
liposomes using microfluidics is a one-step process that does not require solvent
evaporation or extrusion. There are commercially available systems such as the
NanoAssemblr® platform from Precision Nanosystems, but this equipment can be
expensive, microfluidics cartridges are not reusable, and the temperature control is
not optimal. Therefore, in chapter 5 we propose the use of a reusable and off-the-
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shelf glass herringbone micromixer for the preparation of DSPC:DSPG:Cholesterol
liposomes. The formation of liposomes in this system is dominated by the controlled
mix of an organic solvent containing phospholipids and an aqueous solvent
containing the antigen to load®. The micromixer can be fully submerged in a
temperature-controlled water bath, ensuing the desired temperature in the mixing
channel. Using this system, we show that the average particle size of the liposomes
can be fine-tuned by changing the flow rate ratio (FRR) between organic and
aqueous solvents and that peptides with a wide range of charge and hydrophobicity
can be encapsulated. Furthermore, we show that the encapsulation efficiency of
the tolerogenic adjuvant vitaminD3 in DSPC:DSPG:Cholesterol liposomes was
substantially increased in the formulations prepared with microfluidics compared
to the conventional lipid film hydration method. The biologically active form of
vitaminD3 is costly therefore the increase in encapsulation efficiency presents
a significant advantage. The manufacture of DSPC:DSPG:Cholesterol liposomes
using microfluidics facilitates the production of these formulations under Good
Manufacturing Practice (GMP) conditions®*, a pre-requirement for moving these
tolerogenic nanoparticles closer to the clinic. Future development of the technology
should focus on the use of scalable and in-line methods for the down-stream
processing of formulations, for example using tangential flow filtration to separate
the liposomes from the non-encapsulated peptides and adjuvants.

Besides the inclusion of tolerogenic molecules, such as vitaminD3, previous
research has shown that nanoparticle rigidity is a key physicochemical parameter
that determines the tolerogenic capacity of liposomes. For instance, highly rigid
liposomes composed of DSPC:DSPG:Cholesterol have shown to have better
capacity to induce Tregs compared to liposomes with a more fluid membrane like
DOPC:DOPG?®. The level of unsaturation of the phospholipids” acyl chains and
the presence of cholesterol in the bilayer are the main determinants of liposome
rigidity®®. However, the lipid composition of the bilayer can also affect other
properties of the nanoparticle such as the protein corona, the set of proteins that
interact with the liposome surface in a biological fluid®. In chapter 6, we use a
hybrid nanoparticle consisting of a PLGA particle covered with a DOPC:DOPG lipid
bilayer (DOPG/PLGA hybrids) in order to obtain a highly rigid nanoparticle but with
fluid lipid bilayer. We show that while these particles can deliver the antigen to APCs
and induce Treg responses in vitro, they fail to replicate the same effect in vivo.
The DOPG/PLGA hybrid nanoparticles were not able to induce antigen-specific
T cell proliferation in vivo while the DSPC:DSPG:Cholesterol liposomes induced
significant T cell expansion. Furthermore, although previous studies have shown the
capacity of rigid anionic liposomes to arrest the development of atherosclerosis in
mice'?, these hybrid particles did not have any effect on atherosclerosis progression
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or plaque composition, nor did they induce antigen-specific T cell responses in this
context. We hypothesized that the in vivo behaviour of these lipid nanoparticles may
be more influenced by the protein corona than by the particle rigidity. The changes
in average particle size, polydispersity index (Pdl) and surface charge (-potential)
of the formulations after incubation with mouse serum or foetal bovine serum
confirm the formation of a protein corona when in a biological medium. Furthermore,
the coating of the nanoparticles with proteins that have been previously reported to
play a role in nanoparticle uptake, such as ApoE?®8, ApoB100%* or C1q'°, revealed
that ApoB100 might drive cell uptake in formulations with a DOPC:DOPG lipid
bilayer, regardless of their rigidity, while the complement protein C1q is the main
mediator of uptake for DSPC:DSPG:Cholesterol liposomes as previously reported'.
The presence of cholesterol in the lipid bilayer is another important difference
between the formulations studied here, therefore follow up studies should address
the role of cholesterol in the formation and composition of the protein corona and
how it influences the tolerogenic properties of lipid nanoparticles. This chapter
highlights the complexity of assigning specific physicochemical properties of
nanoparticles to a certain biological effect, since changes in the phospholipid
composition affects nanoparticle rigidity but also determines the composition
of the protein corona. Future studies should follow a comprehensive approach
to determine the effect of small changes in phospholipid composition in both
physicochemical properties of the nanoparticle, the protein corona composition
and their biological effect. The large number of parameters to consider and the
interaction between them might require the use of more sophisticated statistical
methods, such as Design of Experiments (DoE), that allow the study of multiple
parameters and their interactions in a time-efficient manner.

In chapter 7 of this thesis, we focus on the other main application of liposome-based
vaccines, the induction of protective immune responses against viruses. In the
field of vaccines against respiratory viruses such as coronavirus and influenza,
there is a need for subunit vaccines that can induce cellular immune responses
locally in the lungs. Cationic liposomes have been studied before for their immune
activating properties*' and these delivery systems present advantages for intranasal
vaccination since the electrostatic interaction with the negatively charged surface
mucosa improves the absorption of the formulation*? 43, In this chapter, we present
a subunit vaccine formulation based on cationic liposomes loaded with the adjuvant
cyclic dimeric guanosine monophosphate (c-di-GMP) and different influenza and
SARS-CoV2-derived antigens. A rapid prime and boost immunization regime with
this formulation induces potent and long-lasting CD8* T cell responses in mice.
Compared to intravenous administration, the intranasal prime with this vaccine
formulation induced more balanced systemic and lung-specific immune responses,
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and more importantly this administration route allowed the induction of lung memory
CD8* T cell responses. Finally, we show that the vaccination with cationic liposomes
loaded with c-di-GMP and the influenza epitope PA224 leads to a reduction of lung
viral titers after challenge with PR8 H1N1 influenza virus compared to unvaccinated
mice and that the intranasal prime immunization is essential for this protective
effect of the vaccine. The induction of a protective immune response using an
accelerated prime-boost regime can be key for the effective and fast immunization
of the population in response to rapidly spreading respiratory viral infections such
as SARS-CoV2 and influenza.

FUTURE PERSPECTIVES

In this thesis, we aim to move forward the field of immune-modulatory nanoparticles,
both from the delivery system perspective and the identification of target antigens.
Nowadays, the most advanced therapies used in the clinic to target excessive
inflammation and autoimmunity are biologics, mainly monoclonal antibodies, such
as Adalimumab, an anti-TNFa antibody, or interferons such as IFN-B*. Other
tolerance-inducing therapies that did not reach the clinic yet but that are being
tested in clinical trials are cell-based therapies. These therapies consist of the
ex vivo modification of DCs or T cells to transform them into tolIDCs or Tregs and
subsequently transfer them back to the patient. A promising type of T cell therapy
to treat autoimmunity are CAR-Tregs, engineered Tregs expressing a chimeric
antigen receptor (CAR) to target specific antigens*. Monoclonal antibodies and
other immune suppressors currently used in clinical practice are not antigen-specific
and induce general immune suppression leaving patients more prone to infections'.
On the other hand, cell-based therapies such as tolDCs or CAR-Tregs are or can
be antigen-specific, however the complex manufacture and their often-unstable
tolerogenic phenotype are major limitations*®. Therefore, the + in vivo generation of
tolDCs and Tregs, such as the approach proposed in this thesis, can be considered
as the next major step forward in the field of antigen-specific immune modulation.

Several recommendations can be derived from this thesis as the field advances
towards the clinical application of these therapeutic strategies. On one hand, the
design of clinical trials to test efficacy of tolerogenic therapies against atherosclerosis
represents a significant challenge due to the large and heterogeneous target
population. Furthermore, the slow and progressive development of the disease
makes necessary the follow up of patients in clinical trials over several years
or even decades. Therefore, the initial clinical trials to put to test tolerogenic
therapeutic strategies against atherosclerosis should target the subpopulation of
patients that can potentially benefit the most from these therapies. In this context,
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immunopeptidomics can be applied to identify common antigenic targets in cohorts
of patients such as those with more vulnerable plaque characteristics or with high
residual inflammatory risk.

Future clinical trials of tolerogenic nanoparticles might also benefit from research
into less invasive and potentially more tolerogenic administration routes, such as
intranasal and intradermal administration. The promising results from the intradermal
administration of anionic liposomes in ex vivo human skin shown in chapter 4 of this
thesis prompts further research into other administration routes, such as intranasal
administration. Intranasal antigen delivery using anionic liposomes could harness
the natural capacity of the airways mucosa to induce tolerogenic responses®.

Although this thesis and previous research have shown the potential of anionic
liposome to induce tolerance, the field would benefit from further optimisation
of tolerogenic formulations. We observed that liposome formulations that have
previously shown to have intrinsic tolerogenic capacity in mouse models, need to
include a tolerogenic adjuvant such as vitaminD3 to induce tolerogenic responses
in human in vitro and ex vivo models. This should be considered for the future
optimisation of key parameters such as size, C-potential, rigidity and/or protein
corona and these experiments should be carried out using human in vitro or ex
vivo models as far as possible.

Apart from the liposomal formulations proposed in this thesis for the induction
of immune tolerance, other type of nanoparticles have significant tolerogenic
potential. One of these formulations are mRNA lipid nanoparticles (LNPs), which
have demonstrated their efficacy as prophylactic vaccines during the SARS-CoV2
pandemic. Tolerogenic mRNA-LNP vaccines are being actively investigated by
several industrial and academic research groups. These formulations present
advantages over liposomes such as a higher and less variable loading efficiency
of antigens due to the more consistent physicochemical properties of mRNA
compared to peptides. Furthermore, these formulations can be used to deliver
mRNA encoding for large proteins such as ApoB100, which might overcome
the challenge of identifying minimal epitopes and tailoring the target antigens
to the specific HLA types. This approach however also has limitations that must
be overcome in the near future, such as the instability of mRNA compared to
peptides/proteins. Furthermore, it is not yet clear if LNPs with anionic surface
charge also have tolerogenic properties similar to the liposome counterpart and
if including tolerogenic molecules like vitaminD3 will affect the loading of mMRNA
into the nanoparticle. As these gaps in knowledge are being actively investigated,
tolerogenic mRNA-LNPs are becoming promising new tools for antigen-specific
immune modulation.
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Summary and discussion

CONCLUSIONS

In conclusion, this thesis shows the versatility of liposomes to induce both tolerogenic
immune responses in the context of inflammatory or autoimmune diseases
and protective immune responses against infections. We address some of the
challenges in liposome-based therapies and seek to bridge critical knowledge gaps
in the field. The identification of target antigens in the context of atherosclerosis,
optimization of the delivery system and the development of scalable manufacturing
methods are some of the issues covered in the chapters of this thesis. The research
presented here reveals the applicability of immunopeptidomics to study the precise
antigens and epitopes driving immune responses in atherosclerosis but could also
be useful in the context of classical autoimmune diseases. Furthermore, we lay the
foundation for the clinical translation of tolerogenic anionic liposomes by performing
human in vitro and ex vivo studies with these formulations. Finally, we also explore
the use of cationic liposomes as prophylactic vaccines against viral infections
and show their potential to generate protective T cell responses against influenza
rapidly and efficiently. Overall, this thesis highlights the potential of liposome-based
immunotherapies against autoimmune diseases and in the field of prophylactic
vaccines and prompts further research to advance in the clinical translation of
these formulations.
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NEDERLANDSE SAMENVATTIG

Het immuunsysteem is een verzameling organen, cellen en moleculen die het
organisme verdedigen tegen ziekteverwekkers of stoffen die als vreemd worden
herkend. Het kan grofweg worden ingedeeld in twee armen, de aangeboren en
de adaptieve immuniteit. De aangeboren immuniteit is de eerste verdedigingslinie
tegen een infectie, wordt snel opgebouwd, maar is niet antigeen-specifiek en kan
geen immunologisch geheugen genereren. De adaptieve immuniteit daarentegen is
wel antigeen-specifiek, maar heeft meer tijd nodig om zich te ontwikkelen. Dit type
immuunrespons kan een immunologisch geheugen genereren dat zich sneller zal
ontwikkelen bij herinfectie met dezelfde ziekteverwekker. Antigeen-presenterende
cellen (APCs) vormen de verbinding tussen aangeboren en adaptieve immuniteit.
Deze cellen kunnen antigenen vangen, verwerken en op hun oppervlak presenteren
aan andere cellen van het adaptieve immuunsysteem, zoals T-cellen, waardoor
de adaptieve immuunrespons op gang komt. Een over- of onderactivatie van het
immuunsysteem ligt aan de basis van veel ziekten. Bij auto-immuunziekten wordt
de natuurlijke tolerantie ten opzichte van zelfantigenen doorbroken, wat bijvoorbeeld
leidt tot de vernietiging van B-cellen bij type 1-diabetes (T1D) of de myelineschede
van neuronen bij multiple sclerose (MS). Bij andere veel voorkomende ziekten,
zoals atherosclerose de belangrijkste oorzaak van hart- en vaatziekten, is er ook
een ontstekingsreactie tegen zelfantigenen betrokken bij de etiologie van de ziekte.
In andere gevallen kan het immuunsysteem falen in het genereren van een afdoende
immuunrespons tegen een ziekteverwekker, wat leidt tot een wijdverspreide
infectie die fataal kan zijn. In dit proefschrift laten we zien dat liposomen, een
soort nanodeeltjes, kunnen worden toegepast om de immuuntolerantie bij auto-
immuunziekten te herstellen en beschermende immuunreacties tegen infecties te
activeren.

Nanodeeltjes kunnen worden gebruikt als afgiftesysteem voor zowel kleine
moleculen als macromoleculen zoals eiwitten, peptiden of oligonucleotiden.
Dit proefschrift richt zich op het gebruik van liposomen, nanometrische blaasjes
gevormd door een fosfolipidenbilaag die een waterige kern omsluit. Liposomen
zijn zeer veelzijdige afgiftesystemen die zowel hydrofobe als hydrofiele ladingen
kunnen vervoeren, respectievelijk geladen in de fosfolipidenbilaag of in de waterige
kern. Bovendien kan het biologische effect van liposomen worden gecontroleerd
door hun fysisch-chemische eigenschappen, zoals grootte, vorm, stijfheid of
oppervlaktelading, nauwkeurig af te stellen. Van de verschillende toepassingen
van liposomen is vooral de toediening van antigenen interessant. Liposomen
kunnen antigenen beschermen tegen afbraak en ze kunnen de antigeenafgifte
richten op gespecialiseerde cellen zoals APCs. Liposomen kunnen lading
transporteren naar APCs, zoals dendritische cellen (DCs), door gebruik te maken
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van de intrinsieke hoge opname capaciteit van deze cellen. De manier waarop
DCs het antigeen presenteren zal het type adaptieve immuunrespons bepalen.
Bijvoorbeeld, de presentatie van antigenen in de context van een hoge expressie
van co-stimulatoire moleculen zoals CD86, CD80 of CD40 en pro-inflammatoire
cytokines zal de immuunrespons doen overhellen naar een pro-inflammatoire
respons gemedieerd door Th1 of Th17 lymfocyten, noodzakelijk om virale en
bacteriéle infecties te bestrijden. Aan de andere kant zal de presentatie van
antigenen door DCs in de context van lage niveaus van co-stimulatoire moleculen
en hoge niveaus van ontstekingsremmende cytokinen een tolerogene respons
induceren die voornamelijk gemedieerd wordt door T-regulerende cellen (Tregs).
Het gebruik van nanodeeltjes voor de co-bezorging van antigenen en moleculen
die de expressie van co-stimulatoire eiwitten moduleren is daarom niet alleen een
veelbelovende strategie om toe te passen in conventionele profylactische vaccins,
maar ook bij tolerogene vaccins om de immuunhomeostase bij auto-immuunziekten
te herstellen.

Hoewel lipide nanodeeltjes op grote schaal en met succes zijn gebruikt in de SARS-
CoV2 vaccins tegen de COVID-19 pandemie, zijn er nog veel onbekendheden die
verhinderen dat op nanodeeltjes gebaseerde therapieén en vaccins hun volledige
potentieel realiseren. In dit proefschrift proberen we licht te werpen op enkele hiaten
in de kennis op dit gebied.

In hoofdstuk 2 bespreken we tolerogene strategieén tegen veel voorkomende
auto-immuunziekten zoals multiple sclerose (MS) en type 1 diabetes (T1D).
We vatten de lessen samen die kunnen worden geleerd uit de inspanningen om
deze therapeutische benaderingen naar de kliniek te brengen en de uitdagingen
om tolerogene therapieén toe te passen op atherosclerose, een van de meest
voorkomende chronische ziekten in de westerse wereld. Atherosclerose is een
ontstekingsziekte van de slagaders, gekenmerkt door infiltratie en ophoping van
lipoproteinen met een lage dichtheid (LDL) in de subendotheliale ruimte van de
slagaders, waardoor atheroscleroseplaques worden gevormd. De ophoping van
LDL-deeltjes veroorzaakt een ontstekingsreactie die leidt tot verdere groei van
de plaque. Deze plaques kunnen de bloedstroom naar bepaalde delen van het
lichaam beperken of scheuren waardoor een bloedprop ontstaat, wat leidt tot de
meest voorkomende klinische manifestatie van atherosclerose in de vorm van een
myocardinfarct of beroerte. Klinische studies hebben aangetoond dat systemische
immuunsuppressie de incidentie van cardiovasculaire voorvallen aanzienlijk kan
verminderen door de ontstekingsreactie te verminderen, maar ten koste van een
hoger risico op dodelijke infecties. Deze neveneffecten zijn nauwelijks aanvaardbaar
voor de preventie van hart- en vaatziekten. De inductie van antigeen-specifieke
immuuntolerantie zou een betere aanpak zijn en dit is reeds onderzocht in klinische
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studies tegen andere auto-immuunziekten. Deze therapeutische strategieén
zijn veilig gebleken en werden goed verdragen in klinische studies, maar hun
doeltreffendheid hangt af van de zorgvuldige keuze van de doelantigenen, de dosis
en de toedieningsweg.

De studie van antigeen-specifieke immuunreacties in atherosclerose is essentieel
voor de ontwikkeling van tolerogene vaccins tegen de ziekte, omdat de antigenen
die pro-atherogene immuunreacties veroorzaken niet goed gekarakteriseerd zijn.
In hoofdstuk 3 gebruiken we immunopeptidomics om peptiden, gepresenteerd
door HLA-klasse Il moleculen, rechtstreeks uit atherosclerotische plaques van
patiénten die een endarterectomie ondergaan, te isoleren en te identificeren.
We identificeerden 20 epitopen afkomstig van ApoB100, het belangrijkste eiwit in
LDL-deeltjes, en toonden aan dat 22% van de atherosclerosepatiénten detecteerbare
niveaus van CD4* T-cellen heeft die reageren op deze epitopen. Interessant genoeg
correleert het niveau van de CD4* T cel respons in deze subset van patiénten positief
met de kwetsbaarheid van de plaque. Verdere karakterisering van deze cellen
toonde aan dat ze IL-17 en IL-10 produceren, maar ook andere cytokinen zoals IL-5,
IL-9 of IL-6, wat suggereert dat de ApoB100-specifieke T-celpopulatie geen uniek
fenotype heeft. Het herstellen van de immunologische balans door het induceren van
ApoB100-specifieke Tregs of het voorkomen van Th1/Th17-polarisatie met behulp van
tolerogene nanodeeltjes geladen met de hier geidentificeerde epitopen zou derhalve
een veelbelovende therapeutische strategie tegen hart- en vaatziekten kunnen zijn.

Naast de definitie van de doelantigenen moet het toedieningssysteem worden
geoptimaliseerd voor tolerantie-inductie bij de mens. In hoofdstuk 4 hebben we
aangetoond dat voor de vertaling van preklinische modellen naar patiénten de
aanwezigheid van een tolerogene molecule zoals 1a,25-dihydroxyvitamineD3
(vitamineD3) nodig kan zijn. Liposomen geladen met vitamine D3 waren in staat
om in vitro een tolerogeen fenotype te induceren in humane monocyt-afgeleide DCs
en deze tolerogene DCs waren in staat om FoxP3* CD25* Tregs te induceren die
ook IL-10 produceerden, een belangrijke ontstekingsremmende cytokine. Bovendien
remden deze tolerogene DCs de polarisatie van T cellen naar de pro-inflammatoire
subsets Th1 en Th17. Tot slot laten we ook zien dat intradermale toediening van
liposomen geladen met vitamine D3 in ex vivo humane huid de selectieve migratie
induceerde van CD14* dermale DCs, waarvan eerder is aangetoond dat ze Tregs
kunnen induceren. De volgende stappen in de klinische vertaling van peptide-
gebaseerde liposoomvaccins vereisen de evaluatie van antigeen-specifieke T
celresponsen in ex vivo humane modellen zoals de intradermale huidinjecties die in
dit hoofdstuk zijn getoond.
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Nadat we hebben aangetoond dat DSPC:DSPG:Cholesterol liposomen met
vitamineD3 potentieel toepasbaar zijn bij mensen, willen we in hoofdstuk 5 het
probleem van de productie van deze formuleringen aanpakken. Traditionele
laboratoriummethoden voor de bereiding van liposomen hebben weinig
opschalingspotentieel. De laboratoriumschaalmethode om liposomen te bereiden is
arbeidsintensief, bestaat uit meerdere stappen en vereist veel energie, waardoor de
productie van grote batches formuleringen erg moeilijk is. De productie van liposomen
met microfluidica is daarentegen een continu proces in één stap. In hoofdstuk 5
stellen we het gebruik voor van een herbruikbare glazen visgraat micromixer voor
de bereiding van DSPC:DSPG:Cholesterol liposomen. Met behulp van dit systeem
laten we zien dat de gemiddelde deeltjesgrootte van de liposomen nauwkeurig kan
worden afgesteld door de stromingscondities te veranderen en dat peptiden met een
breed scala aan lading en hydrofobiciteit kunnen worden ingekapseld. Verder laten
we zien dat de inkapselingsefficiéntie van het tolerogene adjuvans vitamine D3 in
DSPC:DSPG:Cholesterol liposomen aanzienlijk verhoogd was in de formuleringen
bereid met microfluidics vergeleken met de conventionele methode. De biologisch
actieve vorm van vitamine D3 is duur, daarom is de toename in efficiéntie van de
inkapseling een belangrijk voordeel. De productie van DSPC:DSPG:Cholesterol
liposomen met microfluidics vergemakkelijkt de productie van deze formuleringen
onder Good Manufacturing Practice (GMP) omstandigheden, een eerste vereiste om
deze tolerogene nanodeeltjes dichter bij de kliniek te brengen.

Naast de opname van tolerogene moleculen, zoals vitamine D3, heeft eerder
onderzoek aangetoond dat de stijfheid van de nanodeeltjes een belangrijke fysisch-
chemische parameter is die de tolerogene capaciteit van liposomen bepaalt.
De lipidensamenstelling en de aanwezigheid van cholesterol in de bilaag bepaalt de
stijfheid van het nanodeeltje, maar kan ook andere eigenschappen beinvioeden, zoals
de eiwitcorona, de verzameling eiwitten die in een biologische vloeistof interacteren
met het liposoomopperviak. In hoofdstuk 6 gebruiken we een hybride nanodeeltje
dat bestaat uit een PLGA-deeltje bedekt met een DOPC:DOPG-lipidenbilaag (DOPG/
PLGA hybriden) om een zeer stijf nanodeeltje te verkrijgen, maar met een vioeibare
lipidenlaag. We laten zien dat deze deeltjes weliswaar het antigeen kunnen afleveren
aan APCs en Treg-responsen kunnen opwekken in vitro, maar dat ze er niet in slagen
hetzelfde effect te bereiken in vivo. Hoewel eerdere studies hebben aangetoond
dat stijve anionische liposomen de ontwikkeling van atherosclerose in muizen
kunnen stoppen, hadden deze hybride deeltjes geen effect op de progressie van
atherosclerose of de samenstelling van de plaque. We stelden de hypothese dat het
in vivo gedrag van deze lipide nanodeeltjes meer beinvioed wordt door de proteine
corona dan door de stijfheid van de deeltjes. De studie van de rol van verschillende
eiwitten in de opname van nanodeeltjes onthulde dat ApoB100 de celopname zou
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kunnen stimuleren in formuleringen met een DOPC:DOPG lipidenbilaag, ongeacht
hun stijfheid, terwijl het complementeiwit C1q de belangrijkste mediator van opname is
voor DSPC:DSPG:Cholesterol liposomen, zoals eerder gemeld. Dit hoofdstuk laat de
complexiteit zien van het toewijzen van specifieke fysisch-chemische eigenschappen
van nanodeeltjes aan een bepaald biologisch effect. Toekomstige studies moeten
een allesomvattende aanpak volgen om het effect van kleine veranderingen in de
fosfolipidensamenstelling op zowel de fysisch-chemische eigenschappen van het
nanodeeltje, de proteine corona samenstelling en hun biologische effect te bepalen.

In hoofdstuk 7 van dit proefschrift richten we ons op de andere belangrijkste
toepassing van vaccins op basis van liposomen, de inductie van beschermende
immuunresponsen tegen virussen. Op het gebied van vaccins tegen respiratoire
virussen zoals coronavirus en influenza is er behoefte aan subunitvaccins die
cellulaire immuunresponsen lokaal in de longen kunnen induceren. Kationische
liposomen zijn eerder bestudeerd voor hun immuunactiverende eigenschappen
en deze afgiftesystemen bieden voordelen voor intranasale vaccinatie omdat
de elektrostatische interactie met het negatief geladen slijmvliesopperviak de
absorptie van de formulering verbetert. In dit hoofdstuk presenteren we een subunit-
vaccinformulering op basis van kationische liposomen geladen met het adjuvans
cyclisch dimeer guanosinemonofosfaat (c-di-GMP) en verschillende van influenza
en SARS-CoV2 afgeleide antigenen. Een snel start- en boost-immunisatieregime
met deze formulering induceert krachtige en langdurige CD8* T-celresponsen in
muizen. Vergeleken met intraveneuze toediening, induceerde een eerste intranasale
toediening met deze vaccinformulering meer gebalanceerde systemische en
longspecifieke immuunresponsen, en wat nog belangrijker is, deze toedieningsroute
maakte de inductie van geheugen CD8* T celresponsen in de longen mogelijk. Tot slot
laten we zien dat vaccinatie met deze liposomen leidt tot een vermindering van de
virale belasting van de longen na een uitdaging met influenzavirus. De inductie van
een beschermende immuunrespons met behulp van een versneld 'prime-boost'-
regime kan essentieel zijn voor een effectieve en snelle immunisatie van de bevolking
als reactie op zich snel verspreidende virale infecties van de luchtwegen, zoals
SARS-CoV2 en influenza.

Concluderend toont dit proefschrift de veelzijdigheid van liposomen om zowel
tolerogene immuunreacties te induceren in de context van ontstekings- of auto-
immuunziekten als beschermende immuunreacties tegen infecties. We behandelen
enkele van de uitdagingen in liposoomtherapieén en proberen kritieke hiaten in de
kennis op dit gebied te overbruggen. In het algemeen benadrukt dit proefschrift
het potentieel van op liposomen gebaseerde immuuntherapieén tegen auto-
immuunziekten en op het gebied van profylactische vaccins, en zet aan tot verder
onderzoek om de klinische vertaling van deze formuleringen te bevorderen.
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