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1. Introduction

1.1 Western diet affects the innate immune system

1.1.1 Metaflammation and the adipose tissue

Obesity is increasing worldwide, and it is an important risk factor for chronic inflammatory
noncommunicable diseases (NCDs) like cardiovascular disease, cancer and type 2
diabetes (Hildebrand and Pfeifer, 2025). The link between obesity and NCDs is excess
nutrient availability, which leads to a low-grade chronic inflammation, termed
“‘metaflammation” (Hotamisligil, 2017) (Fig. 1). Obesity induces chronic inflammation in
metabolically active tissues such as the white adipose tissue (WAT) (Kawai et al., 2021),
liver (Koyama and Brenner, 2017), skeletal muscle (Wu and Ballantyne, 2017), brain (Jais
and Bruning, 2017) and pancreatic islets (Yong et al., 2021). Metaflammation studies
center around the WAT as it is both an energy-storage as well as an endocrine organ.
Adipokines, secreted from the adipose tissue (AT), encompass adipocyte-specific
molecules, such as leptin and adiponectin, as well as cytokines, such as interleukin (IL)-
6 and tumor necrosis factor a (TNFa) (Tilg et al., 2025). Adipokines can be considered
key regulators of metabolic inflammation as they enable the communication between
different tissues and organs via specific receptor expression on the target organ. Other
metabolic organs also communicate by releasing signaling mediators, called hepatokines
(liver), enterokines (gut) or myokines (muscle) (Dos Santos et al., 2021; Tilg et al., 2025).
A prototypic hepatokine is fibroblast growth factor 21 (FGF21), which is also an important
adipokine (Flippo and Potthoff, 2021; Tilg et al., 2025). It affects various metabolic
processes, e.g., enhances insulin sensitivity and regulates energy homeostasis (J. Xu et
al., 2009 a; J. Xu et al., 2009 b), and has anti-inflammatory effects, e.g., mitigating lupus
nephritis progression (Zou et al., 2024).

Immune cells in the AT adopt pro-inflammatory phenotypes during obesity, leading to
systemic complications such as insulin resistance, hyperglycemia, and dyslipidemia that
increase cardiometabolic risk (Schleh et al., 2023). In obese AT, regulatory T cells (Tregs)
are decreased (Feuerer et al., 2009), while CD8+ cytotoxic T cells are increased
compared to helper CD4+ T cells (Kiran et al., 2021; Nishimura et al., 2009).
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Fig. 1: Metaflammation:

Metabolic inflammation link between | |festy le
adaptations and NCDs.
Nutrient excess leads to
obesity and  metabolic
inflammation.  Adipokines
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- l[ (2025); MASLD = Metabolic
{ ) dysfunction-associated
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NCDs £ lu @
4 ‘ Among CD4+ T cells, pro-
Cancer MASLD Myocardial

infarction

andstoke  INflammatory Th1/Th17 cells
are increased as opposed to anti-inflammatory Th2 cells (Nishimura et al., 2009; Strissel
et al., 2010), promoting the infiltration of macrophages (Nishimura et al., 2009).
Macrophages are the most abundant immune cells in AT, increasing from about 10 % of
all immune cells in the lean state to over 40 % in obesity (Lumeng et al., 2007; Weisberg
et al.,, 2003a). They are highly plastic and adapt to local cues to maintain tissue
homeostasis through functions such as tissue repair, debris clearance through
phagocytosis, and metabolic regulation (Coats et al., 2017). In the AT specifically,
macrophages help buffer lipids, present antigens, and coordinate communication within
and between organs (Schleh et al., 2023). Different macrophage populations exist in the
AT, identifiable by different surface marker expression. Pro-inflammatory macrophages
express the classical marker CD11c which was found in mice during obesity, but not in
the lean state (Lumeng et al., 2007). Another pro-inflammatory marker, relevant for
antigen presentation, is histocompatibility complex class Il (MHC Il) (Gautier et al., 2012),
whereas anti-inflammatory murine macrophage markers are CD206, CD163, and T cell
immunoglobulin mucin protein 4 (Tim4) (Félix et al., 2021). However, the classical division
into pro- and anti-inflammatory macrophages is not sufficient to describe adipose tissue
macrophages (ATM) as surface marker expression patterns differ from activated
macrophages as described in vitro (Kratz et al., 2014). In obese AT, ATM increase
glycolysis and oxidative phosphorylation which are potentially driven by increased levels

of inflammatory lipids, hypoxia, insulin, and leptin signaling and are therefore termed
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metabolically activated macrophages (Coats et al., 2017; Kratz et al., 2014). Proteomic
analysis of human ATM revealed a distinct set of metabolically activated macrophage
marker expression including adenosine triphosphate (ATP) binding cassette subfamily A
member 1 (ABCA1), scavenger receptor CD36, and perilipin 2 (PLIN2), which are involved
in lipid metabolism (Kratz et al., 2014).

The interplay of macrophages and adipocytes has been demonstrated by recent work of
Cox et al. (2021), showing that tissue-resident macrophages control the lipid storage and
expansion of white adipocytes in the visceral (around abdominal organs) and
subcutaneous (underneath the skin) fat via the platelet-derived growth factor cc (PDGFcc)
which they release upon diet-intake. Blockade of PDGFcc lead to reduced fat storage and
increased energy expenditure, especially via thermogenesis in brown adipose tissue.
Notably, these effects were independent of the effects mediated by C-C chemokine
receptor (CCR)2+ monocyte-derived macrophages, i.e. insulin resistance and liver
steatosis. CCR2+ monocytes infiltrate the obese AT and are associated with a pro-
inflammatory AT profile (Weisberg et al.,, 2006). The described interplay shows the
importance of ATM on AT homeostasis and remodeling.

WAT expands through hyperplasia, the formation of new adipocytes, or hypertrophy, the
enlargement of existing adipocytes by storage of fat (Haczeyni et al., 2018). When
hypertrophic growth predominates, it promotes tissue hypoxia, fibrosis, and inflammation,
contributing to the development of metabolically unhealthy obesity characterized by
insulin resistance and systemic metabolic dysfunction (Ghaben and Scherer, 2019). Acute
loss of insulin signaling in mice results in lipodystrophy, marked by enhanced lipolysis and
adipocyte apoptosis, leading to increased blood glucose levels, insulin resistance and
hepatic steatosis. Notably, these metabolic disturbances are transient; within 10-30 days,
AT regenerates through increased preadipocyte proliferation and differentiation, restoring
adipose mass and metabolic homeostasis (Sakaguchi et al., 2017).

Committed preadipocytes develop from multipotent, mesenchymal precursor cells, which
can develop into myoblasts, chondroblasts, or osteoblasts (Cawthorn et al., 2012).

Committed preadipocytes retain a fibroblast-like morphology once they enter a growth
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arrest. Upon an adipogenic stimulus, preadipocytes re-enter the cell cycle and generate
daughter cells for the differentiation into mature adipocytes by upregulation of the master
regulator of adipogenesis peroxisome proliferator-activated receptor-y (PPARYy), as well
as the transcription co-activators CCAAT/enhancer-binding protein a and 8 (C/EBPa and
C/EBP) (Ghaben and Scherer, 2019). In vivo, insulin is the only known physiological
stimulus, in vitro, the differentiation factors insulin, the glucocorticoid dexamethasone, and
the cyclic adenosine monophosphate (cCAMP)-elevating drug IBMX induce adipogenesis
in the murine pre-adipose cell line 3T3-L1 (Cave and Crowther, 2019) and in murine
primary stromal vascular fraction (SVF) (Rodeheffer et al., 2008).

1.1.2 Trained innate immunity induced by Western Diet

The bone marrow niche is a dynamic microenvironment that maintains hematopoietic
stem cells (HSC), supports their self-renewal and differentiation, and regulates the release
of blood cells into the circulation (Mendelson and Frenette, 2014; Morrison and Scadden,
2014). It comprises diverse cell types, including endothelial and mesenchymal stromal
cells (MSC), adipocytes, osteoblasts, and immune cells, all of which adapt to physiological
changes such as infection, inflammation, aging, or metabolic stress (Ambrosi et al., 2017;
Burberry et al., 2014; Woods and Guezguez, 2021). Endothelial and stromal cells are
important for HSC maintenance and mobilization, by producing C-X-C motif chemokine
ligand (CXCL)12 to control HSC retention (Greenbaum et al., 2013; Sugiyama et al.,
2006).

Under inflammatory stress or infection, emergency myelopoiesis occurs - a shift in
hematopoiesis toward rapid myeloid cell production (Chavakis et al., 2019; Swann et al.,
2024). Increased levels of granulocyte-monocyte progenitors (GMP) are observed which
give rise to circulating monocytes that may infiltrate tissues to combat microbial infections
(Weiskopf et al., 2016). Cytokines, growth factors, and pathogen-associated signals (e.g.
lipopolysaccharide (LPS)) stimulate this process (Demel et al., 2022; Manz and Boettcher,
2014). Acute exposure of the pro-inflammatory cytokine IL-13 promotes early myeloid
differentiation, addressing the need for increased levels of myeloid cells, however chronic
IL-1 exposure leads to HSC exhaustion and impaired regeneration (Pietras et al., 2016).
Similarly, transient interferon-a (IFNa) signaling activates quiescent HSC, whereas
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prolonged stimulation reduces their self-renewal (Essers et al., 2009). Beyond
hematopoietic cells, stromal components actively shape emergency hematopoiesis: MSC
secrete C-C motif chemokine ligand (CCL)2 upon LPS stimulation, promoting myeloid
differentiation via CCR2 (Yamazaki et al., 2024 ), while endothelial cells increase vascular
permeability to facilitate vascular leakage and hence egress of immune cells into the
circulation (Prendergast et al., 2017; Vandoorne et al., 2018).

Trained immunity (T1) describes a metabolic and epigenetic remodeling of innate immune
memory leading to enhanced myelopoiesis and cytokine responsiveness upon secondary
encounter of a stimulus (Fig. 2) (Johansson et al., 2023; Netea et al., 2020; Ochando et
al., 2023). Tl can be divided into central Tl, the reprogramming of stem cells in the bone
marrow, and peripheral Tl, the reprogramming in circulating and tissue-resident cells (H.
Y. Kim and Lee, 2025). Tl is induced by both infection-related triggers such as 3-glucan
(Mitroulis et al., 2018) and Bacillus-Calmette-Gueérin (BCG) vaccination (Kaufmann et al.,
2018; Kleinnijenhuis et al., 2014; Sun et al., 2024), and endogenous metabolic triggers
such as oxidized low-density lipoprotein (oxLDL) (Bekkering et al., 2014; Keating et al.,
2020) and mevalonate (Bekkering et al., 2018). Metabolic and epigenetic mechanisms
involve increased glycolysis and oxidative phosphorylation, along with elevated levels of
TCA cycle-derived metabolites (a-ketoglutarate, fumarate, succinate) that regulate
histone modification enzymes like ten-eleven translocation (TET) methylcytosine
dioxygenases (Arts et al., 2016; Bhargavi and Subbian, 2024; Ferreira et al., 2024).

‘ - Fig. 2: Basic
Metabolic and epigenetic .
reprogramming mechanism of

trained immunity. A
Y primary stimulus

p— e}
= _‘Zg‘ V3 induces metabolic
il and epigenetic
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: . I heightened cytokine
primary stimulus secondary stimulus response upon a
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00933
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Tl can be beneficial - enhancing protection against infections and tumors - but may also
become maladaptive, sustaining chronic inflammation and increased risk for disease
progression (Bekkering et al., 2021; Bhargavi and Subbian, 2024; Ochando et al., 2023;
Schluter et al., 2025). Previously encountered inflammatory diseases such as myocardial
infarct, heart failure, ischemic stroke, and periodontitis, induce maladaptive Tl which have
been shown to exacerbate atherosclerosis (Dong et al., 2024), cardiac dysfunction
(Nakayama et al., 2024; Simats et al., 2024), arthritis (Li et al., 2022), and cancer (Koelwyn
et al., 2020), respectively. Notably, most of these studies have been conducted in mice
and further research is needed to confirm these findings in humans.

Due to globally increased hygiene conditions and medication to treat infectious disease,
and simultaneous increases in availability of processed foods, rich in fat and sugars,
maladaptive Tl - through metabolic imbalances and chronic inflammation
(metaflammation) - is on the rise. Christ et al. (2018), demonstrated that Western-type diet
(WD) feeding of low-density lipoprotein (LDL) receptor knockout mice (Ldlr’") mice leads
to Tl in the bone marrow. WD consumption triggered systemic inflammation, enhanced
myelopoiesis, and epigenetic and transcriptional reprogramming of GMP; effects that
persisted even after returning to a normal diet. Additionally, weight cycling (losing and
regaining weight) showed acceleration of atherosclerosis progression (Scolaro et al.,
2025) and alternating high fat and chow diet feeding has been shown to increase the risk
for atherosclerosis by neutrophil reprogramming (Lavillegrand et al., 2024).

Hyperlipidemia and dietary fatty acids have been linked to maladaptive Tl, with the AT
playing a role in sustaining inflammatory memory. Mice switched from a high-fat to a chow
diet retain elevated adipose inflammation, insulin resistance, and glucose intolerance,
indicating long-term immune imprinting (Blaszczak et al., 2020). Saturated fatty acids
(SFAs), abundant in Western and ketogenic diets, have also been investigated. Seufert
et al. (2022), showed that ketogenic diet feeding increased myelopoiesis in the bone
marrow and amplified systemic inflammation after LPS challenge. Similarly, palmitic acid,
a key SFA, enhances macrophage inflammation in vitro and increases mortality in vivo
following secondary LPS stimulation, implicating it in immunometabolic dysfunction. Pre-
incubation with the appetite-regulating adipokine and hormone leptin promotes innate
immune training by augmenting TNFa production upon re-stimulation with LPS or R848



15

in human primary monocytes (Gomez et al., 2024). Together, these findings indicate that
lipid excess - particularly through saturated fatty acids and AT-derived signals - can drive
maladaptive Tl, perpetuating inflammation and metabolic disease.

A key driver of maladaptive Tl is signaling via IL-13 which is downstream of nucleotide-
binding domain leucine-rich repeat containing (NLR) family, pyrin domain containing 3
(NLRP3) inflammasome activation and which is secreted mainly by myeloid cells. Blocking
the NLRP3-IL-1[3 signaling axis was shown to limit maladaptive Tl (Christ et al., 2018; Li
et al., 2022; Simats et al., 2024).

Thus, while the ability of the bone marrow to “train” HSC provides a mechanism for rapid
immune readiness, its dysregulation under chronic metabolic or inflammatory stress

contributes to persistent myeloid activation and the pathogenesis of NCDs (Fig. 3).

Myeloid lineage Fig. 3: The connection
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- . .
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1.2. Atherosclerosis

Atherosclerotic cardiovascular diseases (ASCVD) have become a global health burden
and remain the leading cause of death worldwide. In 2021, ischemic heart disease alone
accounted for 13% of all deaths (WHO). Atherosclerosis, the underlying pathology, is a
dyslipidemic and chronic inflammatory condition, characterized by the formation of
atherosclerotic plaques within the artery walls, ultimately leading to impaired blood flow
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(Libby, 2021). These plaques can restrict oxygen and nutrient delivery to tissues and
organs, and their rupture obstruct blood flow in critical arteries, resulting in life-threatening
events such as myocardial infarct and stroke.

1.2.1 The role of monocytes and macrophages in disease pathogenesis

Atherosclerosis begins when the endothelial barrier of arteries becomes compromised,
allowing LDL-cholesterol (LDL-C) to infiltrate the subendothelial space through
interactions with LDL receptors (LdIr) on endothelial cells (Tabas et al., 2007). In
response, vascular cells release chemokines and express adhesion molecules which
recruit monocytes into the intima. Non-classical Ly6C'°" monocytes are more efficient at
lipid uptake within the circulation, a feature that promotes their patrolling activity and
contributes to atheroprotection (Marcovecchio et al., 2017; Quintar et al., 2017), whereas
classical Ly6CM9" monocytes display a greater tendency to infiltrate the arterial wall (I.
Hilgendorf et al., 2015). Monocyte recruitment to the subendothelial space is crucial for
atherosclerosis induction and is coordinated via CCR2 (Boring et al., 1998; Saederup et
al., 2008), CCRS5 and CX3 motif chemokine receptor 1 (CX3CR1) (Tacke et al., 2007).
Monocytes migrate beneath the endothelium and differentiate into macrophages which
internalize oxLDL via scavenger receptors, e.g., CD36 (Park, 2014). Continuous oxLDL
uptake leads to cytosolic cholesterol ester lipid droplet accumulation and the formation of
lipid-laden “foam cells”, a hallmark of atherosclerosis (Hansson and Libby, 2006).
Macrophages in the atheromatous plaque display a high heterogeneity and different
ontogenies, and may have specialized functions in inflammation, lipid handling, and
homeostasis (von Ehr et al., 2022).

Beyond lipid accumulation, oxLDL acts as a danger-associated molecular pattern (DAMP)
that triggers sterile inflammation through pattern recognition receptors (PRRs).
Specifically, it signals via Toll-like receptor (TLR) 4 and TLR6 heterodimers, which is
regulated by the CD36 scavenger receptor (Stewart et al., 2010). The downstream
signaling cascade of this heterotrimeric complex activates MyD88-dependent nuclear
factor-kB (NF-kB), a key transcription factor that drives inflammatory priming and
expression of proinflammatory genes. Among the many genes regulated by this pathway,
NLR family pyrin domain containing 3 (NLRP3) — a member of the NOD-like receptor
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(NLR) subfamily of pattern-recognition receptors (PRR) — has become major focus of
inflammatory research and is implicated in a wide range of disease conditions. NLRP3
forms a multimeric protein complex, involving the adapter protein apoptosis-associated
speck-like protein containing a CARD (ASC) and the effector zymogen caspase-1, termed
NLRP3 inflammasome. Following transactivation, caspase-1 becomes cleaved and
activated, and processes other effector molecules including pro-IL-1b into its active form.
The NLRP3 inflammasome is a central mediator of inflammation, and its activation is a

tightly regulated process (Latz et al., 2013).

Notably, cholesterol crystals — hallmark of atherosclerotic plaque - are potent activators of
NLRP3, linking dysregulated lipid metabolism directly to inflammatory signaling (Duewell,
Kono, Rayner, Sirois, Bauernfeind, et al., 2010). High cholesterol crystal-containing oxLDL
can provide both signals within the NLRP3 activation cascade: it activates TLR4-NF-kB
signaling to induce inflammasome and pro-IL-1b/-IL-18 priming, and increased oxLDL
uptake can lead to intracellular cholesterol crystal deposition, which causes lysosomal
damage and NLRP3 activation (Duewell et al., 2010; Sheedy et al., 2013). As result,
NLRP3 activation triggers the cleavage of pro-IL-13 and pro-IL-18 into their active cytokine
forms and subsequent pyroptosis, a pro-inflammatory cell death pathway (Ding et al.,
2016). These processes drive leukocyte recruitment, inflammation, and plaque instability,
forming the immunometabolic foundation of atherosclerosis progression. Furthermore,
oxLDL, cholesterol crystals and IL-1B are important triggers of maladaptive Tl and
preventing the accumulation of these factors may contribute to reduced systemic low-

grade inflammation induced by myeloid cells.

1.2.2 Risk factors

The American Heart Association publishes annual updates on the latest statistics
concerning heart disease, stroke, and cardiovascular risk factors. These reports
encompass both “core health behaviors” - such as smoking, physical activity, nutrition,
sleep, and obesity - and “health factors,” including cholesterol levels, blood pressure,
glucose regulation, and metabolic syndrome, all of which contribute to overall

cardiovascular health (Martin et al., 2025).
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An emerging risk factor is clonal hematopoiesis of indeterminate potential (CHIP), a
condition characterized by an age-related clonal expansion of leukemogenic mutations in
HSC, increasing the risk especially for cancer (Genovese et al., 2014; Jaiswal et al., 2014)
and cardiovascular diseases (Jaiswal and Ebert, 2019; Tall and Fuster, 2022). Aging
skews HSC differentiation toward myeloid-biased lineages (Dykstra et al., 2011; Pang et
al., 2011), which potentiates the risk of developing CHIP and consequently adverse
cardiovascular risk (Diez-Diez et al.,, 2024; Gumuser et al., 2023). Among CHIP
mutations, loss-of-function mutations of Tet methylcytosine dioxygenase 2 (Tet2) promote
vascular inflammation through NLRP3 inflammasome-mediated IL-13 production, and
atherosclerosis progression in mice (Fuster et al., 2017). Hematopoietic aging, marked by
the loss of regenerative capacity, shows increased IL-1 production, which fosters the
development of inflammatory MSC and steady state engagement of emergency
myelopoiesis in the bone marrow (Mitchell et al., 2023). Both aging and high fat diet lead
to the accumulation of adipocytes in the bone marrow which impairs both hematopoietic
and bone regeneration (Ambrosi et al., 2017). These findings demonstrate how closely
the bone marrow niche and atherosclerosis are tied together and point out the importance

of investigating how atherosclerosis can be treated on bone marrow level.

1.2.3 Current treatment

The major strategy for preventing atherosclerosis are cholesterol-lowering therapies.
Significant and sustained reductions in LDL-C are achieved through pharmacological
interventions targeting different aspects of cholesterol metabolism, including cholesterol
biosynthesis (e.g., statins, bempedoic acid), intestinal cholesterol absorption (ezetimibe),
and hepatic LDL particle clearance via proprotein convertase subtilisin/kexin type 9
(PCSK9) inhibition (Visseren et al., 2021). The contribution and chronification of
inflammatory responses to disease pathogenesis and progression are widely accepted,
and clinical trials have been conducted to study the effect of anti-inflammatory treatments.
The CANTOS trial (Canakinumab Anti-inflammatory Thrombosis Outcomes Study)
unequivocally demonstrated the validity of the inflammation hypothesis by showing that
selective inhibition the NLRP3 inflammasome substrate |IL-18 significantly lowered the risk
of recurrent cardiovascular events, independently of lipid levels (Ridker et al., 2017).
However, canakinumab (monoclonal antibody targeting L-1[)-treated patients had a
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higher risk of death from infection, as compared to the placebo group. This underscores
the importance of balancing the antiinflammtory effects in favor of mitigating CVD risk,
and the proinflammtory effects to clear infections. In addition, large-scale randomized
clinical trials have demonstrated that low-dose colchicine effectively reduces recurrent
major cardiovascular events (Nidorf et al., 2020; Tardif et al., 2019). This benefit is
attributed to its inhibition of tubulin polymerization and alteration of leukocyte
responsiveness (Cronstein et al., 1996; Dalbeth et al., 2014; Leung et al., 2015). Based
on this evidence, the Food and Drug Administration (FDA) approved the first anti-
inflammatory therapy for ASCVD in 2023 (Libby and Soehnlein, 2025). In contrast, clinical
trials using other anti-inflammatory treatments, such as low-dose methotrexate, did not
show benefits (Ridker et al., 2019). Emerging evidence suggests that the cardiovascular
benefits of incretin mimetic therapies may partly result from their anti-inflammatory effects,
which appear at least partly independent of weight loss, as reduced inflammation was
seen even in conditions without weight loss (Drucker, 2016). In the SELECT trial
(Semaglutide Effects on Cardiovascular Outcomes in People with Overweight or Obesity),
semaglutide treatment in obese, non-diabetic individuals reduced the inflammatory
marker high-sensitivity C-reactive protein (hsCRP) levels to a degree comparable to IL-13
inhibition in the CANTOS study (Lincoff et al., 2023).

1.2.4 Mouse models of atherosclerosis

Investigating specific aspects of atherosclerosis pathogenesis requires suitable animal
models, as this multifactorial disease involves numerous interacting processes that cannot
be easily isolated or studied in humans. Although mouse models do not fully replicate
human physiology, they offer several key advantages: they allow genetic manipulation,
straight forward to handle, reproduce fast, and develop disease in a reasonable amount
of time (Emini Veseli et al., 2017a). Among murine models, the decision of which one to
use strongly depends on the research question, for example, whether early or advanced
plaque stages are of interest, whether the focus lies on disease development under chow
diet, lipid metabolism, immune response and inflammation, or plaque instability.
Correspondingly, different mouse models allow detailed investigation of spontaneous
lesion formation, diabetes-associated atherosclerosis, lipoprotein metabolism, reverse
cholesterol transport (RCT), immune regulation and inflammation, or fibrosis and plaque
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rupture (Oppi et al., 2019). The two most commonly used mouse lines are Apoe™ (Plump
etal., 1992; S. H. Zhang et al., 1992) and LdIr" (Ishibashi et al., 1993) mice. More recently,
the PCSK9-AAV model, which uses an adenoviral vector for the induction of
hypercholesterolemia and atherosclerosis, has gained popularity due to the flexibility of
genetic background and animal species that can be used (Gistera et al., 2022).

Apolipoprotein E (ApoE) is a glycoprotein primarily synthesized in the liver and the brain
and it is present on specific lipoproteins. It serves as a ligand for receptor-mediated uptake
and clearance of chylomicron and very low-density lipoproteins (VLDL) remnants from the
circulation. Several mouse models expressing human APOE isoforms (APOE €2, APOE
€3, APOE ¢4) demonstrate clear isoform-specific effects on lipid handling and disease
risk. APOE e4-expressing mice show a lower astrocytic cholesterol efflux (Gong et al.,
2002), and exhibit more severe neural and metabolic phenotypes than APOE €3 mice
(Raber et al., 1998). In humans, there is conserved proinflammatory immune signature of
APOE ¢4 carriers leading to an increased susceptibility for neurodegenerative diseases
(Shvetcov et al., 2025). In the absence ApoE, these particles accumulate in the
bloodstream, leading to elevated cholesterol levels. Apoe” mice spontaneously develop
atherosclerotic plaques as early as of 3 months of age even when fed a standard chow
diet, and plaque development is further accelerated when the animals are fed a high fat
and high cholesterol containing diet, a so called western-type diet (Western Diet; WD)
(Plump et al., 1992). ApoE is also expressed on the surface of hematopoietic stem and
progenitor cells (HSPC), and Apoe deficiency induces the HSPC proliferation, leading to
monocytosis and neutrophilia and finally monocyte accumulation within atherosclerotic
lesions (Murphy et al., 2011). Mechanistically, ApoE has been suggested to influence
cholesterol efflux by modulating ATP-binding cassette (ABC) transporters ABCA1 and
ABCG1. Compared to Ldir’~ mice, Apoe’ exhibit markedly higher cholesterol levels
(hypercholesterolemia) and a stronger inflammatory phenotype, reflected by pronounced

leukocytosis.

1.3 Cyclodextrins

Cyclodextrins are cyclic oligosaccharides consisting of a macrocyclic ring of five or more
a-D-glucopyranose units linked by a-(1,4) glycosidic bonds (Fig. 4a). They are produced
from starch by enzymatic digestion (Schmid, 1989). Their distinctive toroidal structure -
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with a hydrophilic exterior and hydrophobic inner cavity - enables the formation of inclusion
complexes with a wide range of lipophilic molecules. This host-guest interaction can
modify the solubility, stability, and bioavailability of encapsulated compounds, making
cyclodextrins valuable tools in pharmaceutical formulation and drug delivery. The three
naturally occurring cyclodextrins - a-, B-, and y-cyclodextrin - differ primarily in cavity size
and aqueous solubility, allowing for tailored applications (Loftsson and Brewster, 2010).
For example, a-cyclodextrin is effective in binding phospholipids, whereas [3-cyclodextrin
is more effective in binding cholesterol (Del Valle, 2004; Ohtani et al., 1989). The most
common cyclodextrin complex type consists of one ‘guest’ molecule per cyclodextrin (1:1
ratio) which stands in a dynamic equilibrium with free molecules in solution (Challa et al.,
2005) (Fig. 4c).
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Although cyclodextrins possess a predominantly hydrophilic outer surface, they exhibit
relatively low aqueous solubility, ranging from 2 % (w/w) for B-cyclodextrin to 26 % for y-
cyclodextrin (Davis and Brewster, 2004). To overcome this limitation, numerous
chemically modified derivatives have been developed in which hydroxyl groups are
randomly substituted with other functional moieties, greatly enhancing solubility (Fig. 4b).
The most common modifications include methylation, hydroxypropylation, and
sulfobutylation. Chemically modified derivatives, such as 2-hydroxypropyl-3-cyclodextrin
(HPBCD) and sulfobutylether-B-cyclodextrin (SBEBCD), are particularly relevant in
parenteral formulations, where they increase drug safety and tolerability (Challa et al.,
2005). HPBCD has shown therapeutic promise as an active drug in cholesterol-related
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disorders such as Niemann-Pick type C (NPC) disease (B. Liu et al., 2009, 2010; Matencio
et al., 2020) and atherosclerosis (H. Wang et al., 2019; Zimmer et al., 2016), by promoting
cholesterol solubilization, transport, and efflux. Ongoing research into novel cyclodextrin
derivatives continues to expand their potential as versatile platforms for both novel
therapeutic and diagnostic applications (Neaz et al., 2024).

1.3.1 2-hydroxypropyl-B-cyclodextrin (HPBCD)

HPBCD exhibits a markedly improved aqueous solubility of approximately 60% (w/w),
compared to only 2% (w/w) or 16.6 mM of the parental 3-cyclodextrin (Davis and Brewster,
2004). An inherent limitation of B-cyclodextrin are nephrotoxic effects at highly dosed s.c.
administration, as urinary excretion is the main elimination route. Due to the relatively poor
water solubility of B-cyclodextrin, it causes renal tubular damage (Karl-Heinz Fromming
and Jozsef Szejtli, 1994; Perrin et al., 1978). Studies on the toxicity and pharmacokinetics
of HPBCD demonstrated that nephrotoxic effects are markedly reduced, compared to the
parental B-cyclodextrin, and its toxic effects are minimal in model animals (rats, mice, and
dogs), particularly following oral administration, where fecal excretion represents the
primary elimination route (Gould and Scott, 2005). Intravenous administration of HPRCD

caused histopathological alterations in the lungs, liver, and kidneys, which were reversible.

Human studies have similarly shown good tolerability without signs of nephrotoxicity. In a
clinical investigation of intravenously administered itraconazole/HPBCD inclusion
complexes, HPBCD exhibited a small volume of distribution (VD = 0.2 L/kg) and a short
half-life (t12= 1.7 h), indicating very low tissue penetration and plasma protein binding
(Zhou et al., 1998). Following parenteral administration, HPBCD is not metabolized and
mainly eliminated in the urine, with total plasma clearance following glomerular filtration
rate. Consequently, renal impairment can prolong its elimination half-life. However, in
individuals with normal kidney function, approximately 90 % of the administered HPBCD
is excreted within 6 hours, and 99 % within 12 hours (Loftsson and Brewster, 2010).

1.3.2 Therapeutic potential of HPBCD in atherosclerosis treatment

Atherosclerosis is marked by excessive cholesterol accumulation, making it a compelling
target for therapeutic interventions with HPBCDs. Owing to their high cholesterol-binding
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affinity (Ganjali Koli and Fogolari, 2023), which enables cholesterol mobilization from
foamy macrophages (Atger et al., 1997; S. M. Liu et al., 2003), and the encouraging
outcomes observed in NPC treatment (B. Liu et al., 2009, 2010), HPBCD has been
proposed a promising candidate for atherosclerosis therapy. Notably, work by Zimmer et
al. (2016), demonstrated that HPBCD exerts atheroprotective effects in vivo, further
supporting its potential to modulate cholesterol homeostasis and attenuate disease
progression. In Apoe” mouse models of atherosclerosis, s.c. administration of HPBCD led
to the reduction of plaque burden in both a prophylactic and therapeutic setting. The study
showed that HPBCD led to a significant reduction of cholesterol crystals within
atherosclerotic lesions. Mechanistically, in vitro data show that HPBCD increased
cholesterol crystal dissolution and cellular cholesterol efflux from both cholesterol crystal-

loaded and normocholesterolemic macrophages.

mMRNA profiling of murine bone marrow-derived macrophages and ex vivo cultured human
atherosclerotic plaques showed that HPBCD induced cellular reprogramming of
macrophages and increased the production of cholesterol-derived oxysterol metabolites
such as 27-hydroxycholesterol (27-OHC). Oxysterols are modifiers of sterol regulatory
element-binding protein 2 (SREBP-2) (Griffiths and Wang, 2020), a transcription factor
involved in cholesterol synthesis, and are potent activator of liver-X-receptors (LXR). Liver
X receptors LXRa and LXR[ are oxysterol-activated nuclear receptors that coordinate
cholesterol efflux, lipid metabolism, and inflammatory gene regulation, with LXRa being
highly expressed in liver and adipose tissue, while LXRp is ubiquitously expressed and
maintains systemic cholesterol homeostasis (Repa et al., 2000; Tontonoz and
Mangelsdorf, 2003). LXRs induce the reverse cholesterol transport, the excretion of
cholesterol from cells via ABCA1/ABCG1 transporters, and promotes anti-inflammatory
effects (B. Wang and Tontonoz, 2018). Notably, the observed atheroprotective activity of
HPBCD was independent of ABCA1 and ABCG1, which is in alignment with previous
findings showing that LXR agonists reduced atherosclerosis in the absence of ABCA1/G1
(Kappus et al., 2014). In contrast, studies in rabbits sugggest that the atheroprotective
effects of HPBCD are mediated through enhanced cholesterol efflux via ABCA1 and
ABCG1, increased levels of high-density lipoprotein (HDL)-cholesterol and a reduction in

triglycerides (H. Wang et al., 2019), all of which are positively linked to reduced
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atherosclerosis risk (Groenen et al., 2021). Notably, in these studies HPBCD was
administered orally rather than subcutaneously, which implies distinct bioavailability and

may explain differences in the underlying mechanisms.

1.4 Research aims

HPBCD ameliorates atherosclerosis in mice through several proposed mechanisms,
including enhanced cholesterol crystal solubilization, stimulation of macrophage
cholesterol metabolism and efflux, and anti-inflammatory effects mediated by LXR-
dependent suppression of inflammatory gene expression. What remains unclear,
however, is whether HPBCD acts exclusively on macrophages within atherosclerotic
plaques or whether it also affects HSPC in the bone marrow and circulating immune cells.
This question is particularly relevant because WD not only drives plaque formation but
also induces trained myelopoiesis in the bone marrow, thereby contributing directly to
atherogenesis. Thus, preventing or reversing WD-induced Tl could represent an additional
mechanism by which HPBCD reduces atherosclerosis.

Moreover, WD profoundly alters metabolic tissues, including inducing WAT hypertrophy
and inflammation, which exert systemic effects and increase cardiovascular risk.
Determining whether HPBCD modulates this immunometabolic axis - through reduced
secretion of proinflammatory mediators or changes in adipose-tissue immune composition
- may reveal previously unrecognized atheroprotective pathways and deepen our
understanding of HPRCD as a therapeutic candidate.

In this thesis, | pursued two central objectives.

1. To determine whether HPBCD modulates WD—induced Tl in bone marrow HSPC,
which generate primed myeloid cells that enter the circulation and may infiltrate
atherosclerotic lesions.

2. To assess whether HPBCD influences the WAT - the primary site of

metaflammation and a key driver of systemic low-grade chronic inflammation.
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2. Material and methods

2.1 Material

2.1.1 Consumables

Table 1: List of consumables

Product Company

Pipette Tips RT L TS 1000 uL FL 768A/8 Mettler Toledo
Pipette Tips RT L TS 200 pL FL 960A/10 Mettler Toledo
Pipette Tips RT L TS 20 yL FL 768A/8 Mettler Toledo

Microlance™ 3 needle, 23 G x 1”, 0.6 x 25 mm

BD Biosciences

Microlance™ 3 needle, 26 G x 1/2", 0.45 x 13 mm

BD Biosciences

100 Sterican® needle, 27 G x 3/4”, 0.40 x 20 mm

B. Braun

Omnifix®-F Luer-Lock Solo syringe, 1 mL

B. Braun

Tissue culture plates (96-well), sterile, flat bottom, with lid

Greiner Bio-One

Tissue culture plates (96-well), sterile, U-shaped bottom, with
lid

Greiner Bio-One

Microscopy plates (96-well), sterile, flat bottom, black wall,

clear bottom, with lid

Revvity, Inc.

MicroWellTM Plates, 96 well, Nunc-ImmunoTM (ELISA plate)

ThermoFisher

Tissue culture plates (24-well)

Greiner Bio-One

Cell culture dish, PS, 60/15 mm

Greiner Bio-One

MicroAmp Optical 384-Well Reaction Plate (qPCR plate)

Applied Biosystems™,
ThermoFisher

Microplate, 384 Well, PS, F-Boden (HTRF plate)

Greiner Bio-One

15 and 50 mL centrifuge tubes

Greiner Bio-One

8-well RealTime PCR-Gef./tubes, PP, clear BRAND
Easystrainer 70 and 100 pm, sterile Corning
Whatman® filter FP 30/0.2 CA-S, 0.2 um, 7 bar max. Merck
0.5, 1.5, and 2.0 mL Eppendorf safe-lock tube Eppendorf
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5 mL Polystyrene flow cytometry tubes

Sarstedt

LS-Columns Miltenyi Biotec
Microscope slides ISO 8037/1 epredia

2.1.2 Cell culture and biochemistry

Table 2: List of cell culture materials
Product Company
Fetal calf serum (FCS) GibcoTM

Fatty acid-free bovine serum albumin (BSA) (Albumin-H2)

PanReac Applichem

Penicillin-Streptomycin (Pen/Strep) (10,000 U/ml)

GibcoTM

Dulbecco’s Phosphate-buffered saline (PBS) GibcoTM
RPMI 1640 Medium GibcoTM
DMEM/F-12 (1:1) + GlutaMAXTM-I GibcoTM
DMEM, high glucose, HEPES, no phenol red GibcoTM
Lipopolysaccharide (LPS)-EB Ultrapure InvivoGen
Pam3CysK4 InvivoGen
R848 (Resiquimod) InvivoGen
CpG ODN 1668 InvivoGen
DMXAA (5,6-dimethylxanthenone-4-acetic acid, Vadimezan) | InvivoGen
TrypLE Express GibcoTM
Biotin Sigma

D-PA Sigma

IBMX  (3,7-Dihydro-1-methyl-3-(2-methylpropyl)-1H-purine- | Sigma-Aldrich
2,6-dione)

Dexamethasone Sigma-Aldrich
Insulin solution human Sigma-Aldrich
Rosiglitazone Sigma-Aldrich
Norepinephrine Sigma-Aldrich
Formaldehyde Solution (PFA) 16 % (w/v) Methanol-free ThermoFisher
Formalin, formaldehyde, 10 % buffered solution EMS
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Table 3: List of buffers

Buffer Components

WAT buffer PBS containing 0.5 % BSA

Blocking buffer ELISA PBS containing 1 % BSA

MACS/FACS buffer PBS containing 2 % FCS and 2 mM EDTA

PBS/EDTA buffer PBS containing 2 mM EDTA

Red blood cell lysis buffer (RBC) ddH20 containing 150 mM NH,CI, 10 mM KHCO3,
0.1 mM Na,EDTA, pH 7.2-7 .4, sterile filtrated

2.1.3 Commercial reagents and kits

Table 4: List of commercial reagents and kits

Product Company

Mouse IL-6 DuoSet ELISA R&D Systems, Bio-Techne
Mouse TNFa DuoSet ELISA R&D Systems, Bio-Techne
Mouse FGF-21 DuoSet ELISA R&D Systems, Bio-Techne
HTRFTM Mouse IL-6 Cisbio, revvity

HTRFTM Mouse TNFa Cisbio, revvity

Mouse 12-plex cytokine panel Ayoxxa Biosystems GmbH
Mouse 11-plex chemokine panel Ayoxxa Biosystems GmbH
Olink Target 48 Mouse Cytokine panel Olink

Mouse Luminex Discovery Assay R&D Systems, Bio-Techne

(customized 19 plex panel)

MILLIPLEX MAP Mouse Adipokine Magnetic | Millipore, Merck
Bead Panel-Multiplex

MILLIPLEX MAP Mouse Adiponectin Millipore, Merck
Magnetic Bead- Single Plex

Adipose Tissue Progenitor Isolation Kit, | Miltenyi Biotec

mouse
UltraPureTM 0.5 M EDTA, pH 8.0 Invitrogen
7-AAD Viability Staining Solution BioLegend

TheraPEAK® ACK Lysing Buffer (1x) Lonza
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Precision Count BeadsTM

BioLegend

FcR Blocking Reagent, mouse

Miltenyi Biotec

MACS® Cell Storage Solution

Miltenyi Biotec

BeadBug™ prefilled tubes, 2.0 mL capacity Merck
QIAzol Lysis Reagent QIAGEN
miRNeasy RNA isolation kit QIAGEN

SuperScript™ Il
10,000 U (200 U/pL)

Reverse Transcriptase

ThermoFisher

primaQUANT 2x qPCR CYBR-Green Master
Mix, no ROX, blue

Steinbrenner Laborsysteme GmbH

primaQUANT CYBR ADVANCED 2x gqPCR
SYBRGreen Master Mix with ROX, blue

Steinbrenner Laborsysteme GmbH

Pierce™ BCA Protein Assay Kit

ThermoFisher

NP-40 10 % Sigma/Roche
Tween-20 Sigma/Roche
Digitonin Promega

1 M Tris-HCI ThermoFisher
1 M MgClI2 Sigma
lllumina Tagment DNA Enzyme and Buffer | lllumina
(TDE1)

MinElute Reaction Cleanup Kit QIAGEN
IDT® for lllumina® DNA/RNA UD Indexes Set | lllumina

A, Tagmentation (96 Indexes, 96 Samples)

NEBNext High-Fidelity 2X PCR Master Mix NEB

D1000 ScreenTape Assay Agilent

AMPure XP Beads for DNA Cleanup

Beckman Coulter

ChemiBLOCKER

Millipore, Merck

Nonidet® P40
(Triton-X 100)

(Substitute) BioChemica

PanReac AppliChem

Aqua-Poly/Mount Mounting Medium Polyscience
Tissue-Tek® O.C.T.™ Compound Sakura

mPIC proteinase inhibitor cocktail Sigma

Free Glycerol Reagent Sigma-Aldrich
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Glycerol Standard Solution

Sigma-Aldrich

12-230 kDa Separation Module

ProteinSimple, part of Bio-Techne

EZ Standard Pack 1 12-230 kDA

ProteinSimple, part of Bio-Techne

Luminol-S

ProteinSimple, part of Bio-Techne

Peroxide

ProteinSimple, part of Bio-Techne

Streptavidin HRP

ProteinSimple, part of Bio-Techne

ATGL (30A4) Rabbit mAb #2439

Cell Signaling Technology

Anti-Rabbit Secondary Antibody

ProteinSimple, part of Bio-Techne

2.1.4 Animal experiments

Table 5: List of reagents for animal experiments

W7 HP7 Pharma cyclodextrin

Product Company
2-hydroxypropyl-B-cyclodextrin,  Cavitron™ | Ashland
W7 HP5 Pharma cyclodextrin
2-hydroxypropyl-B-cyclodextrin,  Cavitron™ | Ashland

NaCl 0.9 % Isotonische Kochsalzlosung

Fresenius Kabi

Dulbecco’s Phosphate-buffered saline (PBS)

Gibco™, ThermoFisher

Heparin-Natrium Braun 25.000 IE/ 5 ml

Injektions-/Infusionslosung

B. Braun

Ketamin

serumwerk bernburg

Xylazin

serumwerk bernburg

2.1.5 Antibodies

Table 6: List of antibodies and dyes for flow cytometry/FACS

Ab reactivity Fluoro- Clone Dilution Company Catalog
chrome Number

LIVE/DEADTM 1:2000 | ThermoFisher | L34976A
Fixable Near-IR
Ter-119 APC-Cy7 TER-119 | 1:50 BioLegend 116223
Ly6G APC 1A8 1:200 BioLegend 127614
Ly6C APC HK1.4 1:400 BioLegend 128016
CD11b APC M1/70 1:200 BioLegend 101212
CD5 AF647 53-7.3 1:200 BioLegend 100613
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CD34 AF647 RAM34 1:400 BD 560230
CD117 (c-Kit) FITC 2B8 1:200 BD 561680
CD16 (FcyRIIl)/ | BV650 2.4G2 1:200 BD 740457
CD32 (FcyRII)
Sca-1 (Ly6A/E) | PE D7 1:150 BD 562059
CD45R (B220) | FITC RA3-6B2 | 1:400 ThermoFisher | 11-0452-82
CD19 FITC 1D3 1:400 ThermoFisher | 11-0193-82
CD3e FITC 500A2 1:400 ThermoFisher | 11-0033-82
CDh4 FITC RM4-5 1:400 ThermoFisher | 11-0042-82
CD8b FITC H35-17.2 | 1:400 ThermoFisher | 11-0083-82
TER-119 FITC TER-119 | 1:400 ThermoFisher | 11-5921-82
CD2 FITC RM2-5 1:400 ThermoFisher | 11-0021-82
LY6G FITC 1A8 1:400 BioLegend 127605
CD11b FITC M1/70 1:400 ThermoFisher | 11-0112-82
CD117 (c-Kit) APC- ACK2 1:400 ThermoFisher | 47-1172-82
eFluor780

Sca-1 (Ly6A/E) | Pacific Blue D7 1:400 BioLegend 108120
CD16 (FcyRIIl)/ | PE 93 1:200 BioLegend 101307
CD32 (FcyRIl)
CD34 AF647 HM34 1:200 BioLegend 128606
CD45 PE-Cy7 30-F11 1:200 BD 552848
CD11b BV510 M1/70 1:200 Biolegend 101245
Ly6C APC HK1.4 1:200 Biolegend 128016
Ly6G BV421 1A8 1:200 Biolegend 127628
CD115 (CSF- PE AFS98 1:200 Biolegend 135505
1R)
CD3e FITC 500A2 1:200 ThermoFisher | 11-0033-82
CD19 APC-Cy7 6D5 1:200 BioLegend 115530
7AAD 1:50 BioLegend 420403
CD335 (NKp46) | PE 29A1.4 1:400 BioLegend 137604
CD3 PE 17A2 1:400 BioLegend 100206
CD19 PE 1D3/CD1 | 1:400 BioLegend 152408

9
Ly-6G PE 1A8 1:400 BioLegend 127608
CD170 (Siglec- | PE S17007L | 1:400 BioLegend 155506
F)
CD45 APC-Cy7 30-F11 1:400 BioLegend 103116
CD11b PE-Cy7 M1/70 1:400 BioLegend 101216
F4/80 BV421 BM38 1:400 BioLegend 123131
TIM4 AF647 F31-5G3 | 1:400 BioLegend 129907
CD11c BV605 N418 1:400 BioLegend 117333
CD3e, CD11b, | V450 500A2, 1:400 BD 561301
CD45R, Ly-76, M1/70, Biosciences
Ly6G/Ly6C RA3-6B2,

TER-119,

RB6-8C5
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Sca-1 (Ly6A/E) | BV786 D7 1:400 BD 563991
Biosciences

CD117 (c-Kit) FITC 2B8 1:400 BD 561680
Biosciences

CD135 (FLT3) PE-Cy5 A2F10 1:400 BioLegend 135312

CD48 (BLAST- | PerCP-Cy5.5 | HM48-1 1:400 BioLegend 103422

1)

CD150 (SLAM) | PE W19132B | 1:400 BioLegend 162606

CD16 (FcyRII)/ | BV711 93 1:400 BioLegend 101337

CD32 (FcyRII)

CD127 (IL7R-a) | BV650 A7R34 1:400 ThermoFisher | 25-1271-82

CD34 PE/DazzleTM | SA376A4 | 1:200 BioLegend 152209

594
CD41 (ITGA2B) | APC MWReg3 | 1:200 BioLegend 133913
0

CD61 (ITGB3) BV480 2C9.G2 1:200 BD 746665

Biosciences

2.1.6 Fluorescent staining for microscopy

Table 7: List of antibodies and dyes used for fluorescent staining

Antibody or dye Manufacturer Catalog number
Ki-67 Invitrogen 14-5698-82
Alexa Fluor® 647 AffiniPure® Dianova 712-605-153
Donkey Anti-Rat IgG (H+L)
DAPI Invitrogen D1306
LD540 Prof. Christoph Thiele, LIMES, | NA

University of Bonn

2.1.7 qPCR primers

Table 8: List of gPCR primer sequences

Gene Forward primer sequence Reverse primer sequence

Hprt TGAAGTACTCATTATAGTCAAGGGCA | CTGGTGAAAAGGACCTCTCG
Pnpla2 | TGTGGCCTCATTCCTCCTACC GCAGATGTCACTCTCGCCTG
Lipe CAGAAGGCACTAGGCGTGATG GCTTGCGTCCACTTAGTTCCA

2.1.8 Instruments

Table 9: List of instruments
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Instrument

Company

ID7000 Spectral Analyser 5L

Sony Biotechnology

BD FACSAriaTM Fusion Flow Cytometer

BD Biosciences

Attune NxT Flow Cytometer

ThermoFisher

BD FACS Canto™ I

BD

LuminexTM FLEXMAP 3DTM Instrument System

ThermoFisher

LUNARIS Reader 96

Ayoxxa Biosystems

Evos FL Microscope

Life technologies

ZEISS Stemi 508 Zeiss
ZEISS Celldiscoverer 7 Zeiss
ZEISS Axio Scan.Z1 Zeiss
Leica Stellaris 8 Leica

QuantStudio 6 Flex Real-Time-PCR System

ThermoFisher

Wes™

ProteinSimple, part of Bio-Techne

NanoDrop One Microvolume Spectrophotometer ThermoScientific
peqSTAR 2x Gradient Thermocycler Peqlab, VWR
VI-CELL BLU Beckmann Coulter
Homogeniser Bead Mill MAX VWR

SpectraMax i3x, Multi-Mode Microplate Reader

Molecular Devices

4200 TapeStation System Agilent

2.1.9 Software

Table 10: List of software
Software Developer
GraphPad Prism v. 10.6.1 GraphPad Software LCC
RStudio for MacOS v. 2024.04.2+764 Posit PBC
FlowJo for MacOS v.10.10.0 FlowJo, LCC (BD)
Adobe lllustrator 27.8 Adobe

Microsoft® Excel for Mac v.16.78

Microsoft Corporation

Microsoft® Word for Mac v.16.78

Microsoft Corporation

Mendeley Reference Manager v. 2.138.0

Elsevier Ltd.
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Fiji (based on ImageJ2 v. 2.16.0/1.54p) Fiji Community
Zen Blue 3.1 Zeiss
BioRender.com BioRender

2.2 Mice

2.2.1 Husbandry

All animal experiments were performed in accordance with the German law of animal
protection and local institutional animal care committees (Landesamt fur Natur, Umwelt
und Verbraucherschutz, LANUV) and with the permission of the state North Rhine-
Westphalia (81-02.04.2019.A111, 81-02.04.2023.A004). Mice were kept under specific
pathogen-free conditions in individually ventilated cages in the mouse facilities of the
University Hospital Bonn, the Haus fur Experimentelle Therapie (HET), and the
Immunological Facility of Experimental Therapy (iFET). The enclosures for laboratory
rodents in both the HET and the iFET had a standardized air temperature of 22 °C, 50 -
60 % humidity and up to 15 air changes per hour. The animals were housed in polysulfone
cages under standard conditions with a 12-hour light/dark cycle and they were provided
with complete feed and fresh water ad libitum. Purchased mice were acclimatized for at
least one week before the diet was changed to an experimental diet. Either standard chow
diet (SC) (Cat. No. V1534-300, Sniff Spezialdiaten GmbH), WD containing 21% fat, 19.5%
Casein, 1.25% Cholesterin (Cat. No. 88137, Ssniff) or the matched purified control diet
(CD) to 88137 were given, depending on the experimental condition. Mice were
euthanized under deep anesthesia induced by ketamine and xylazine, followed by a
terminal blood collection via cardiac puncture. In the experiments involving Ldlr~ and
Apoe™ mice, animals were perfused with PBS to allow subsequent brain analysis by
collaboration partners.

2.2.2 Mouse lines

2.2.2.1 B6J wildtype
The C57BL/6J mice (JAX stock #000664) is the inbred to which Ldlr"- and Apoe™ lines
were backcrossed. B6J wildtype (WT) mice were either purchased from Charles River or

bred inhouse.
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2.2.2.2 Ldir-

The B6.129S7-LdIrtm1Her/J mutant strain (JAX stock #002207, common name Ldir")
was purchased from Charles River. The insertion of a neomycin-resistance cassette into
the gene encoding for the low-density lipoprotein receptor (Ldlr) is predicted to encode a
truncated protein that will not bind LDL (Ishibashi et al., 1993). This leads to elevated
serum cholesterol levels (200-400 mg/dL), which can reach very high levels (>2,000
mg/dL) when fed a high fat diet (Ishibashi et al., 1994).

2.2.2.3 Apoe™-

The B6.129P2-Apoetm1Unc/J mutant strain (JAX stock #002052, common name Apoe™)
was purchased from Charles River. Apoe™ mice have a mutant Apoe gene, inactivated by
insertion of a neomycin-resistance gene that disrupts the Apoe gene (Piedrahita et al.,
1992). Mice that are homozygous for the mutant gene have no APOE in the plasma, but
markedly elevated total plasma cholesterol. Apoe” mice have baseline
hypercholesterolemia of approximately 600-700 mg/dL at eight weeks of age and develop
fatty streaks in the proximal aorta at three months of age.

2.2.3 Mouse models

2.2.3.1 LdIr’ diet induction model

Female, nine-week-old Ldlr"- mice were fed a WD or CD for four weeks. HPRBCD
(Cavitron™ W7 HP7) or PBS as vehicle (Veh) control were administered as single doses
via oral gavage (500 mg/kg/day) or subcutaneous (s.c.) injection (2g/kg/day) on the last
two days before euthanasia. The mice were housed in the HET.

2.2.3.2 WT diet induction model

Male, eight-week-old WT mice were fed a WD for six weeks. During the last three weeks
HPBCD (Cavitron™ W7 HP5) or PBS was administered s.c. twice per week (2g/kg/day).
The mice were housed in the iFET.

2.2.3.3 Apoe™ atherosclerosis model
Female and male, eight-week-old Apoe”’- mice were used for atherosclerosis experiments
and were housed in the HET facility. The studies were designed and conducted by the
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group of Prof. Sebastian Zimmer (Heart Centre, University Hospital Bonn) who kindly
shared access to samples and data. During the prevention (prophylactic) model, mice
were fed a WD for eight weeks and were concomitantly treated with HPBCD (Cavitron™
W7 HP5 or W7 HP7) or sodium chloride (NaCl) as Veh control. An additional dietary
control group was fed with SC and did not undergo any injections, allowing for organ
retrieval under untreated conditions. The study included 10 male and 5 female mice per
treatment group, and 5 mice of each sex for the chow-fed control group. In the regression
(therapeutic) model, mice were first fed a WD for eight weeks to induce atherosclerosis,
followed by a four-week chow diet phase during which HPBCD or NaCl was administered.
HPBCD and NaCl were administered via intraperitoneal (i.p.) injection (2g/kg/day) twice a
week in both models.

2.3 Methods
2.3.1 Preparation of HPBCD

HPBCD was prepared by dissolving it in PBS or NaCl as indicated. For cell culture
experiments, a stock solution of 200 mM HPBCD was prepared and filtrated using a
0.2 um filter unit attached to a sterile syringe. It was stored at 4°C and used for up to two
weeks. Prior to use, the solution was vortexed to ensure homogeneity.

Several forms of HPBCD exist and two of them were used in the following work, which are
Cavitron™ W7 HP5, Ashland (referred to as “HPBCD-HP5” or “HP5”) and Cavitron™ W7
HP7, Ashland (referred to as “HPBCD-HP7” or “HP7”), manufactured by Wacker Chemie.

2.3.2 Isolation of primary cells

2.3.2.1 Bone marrow

To isolate bone marrow cells, legs were dissected into femora and tibiae, and muscle and
connective tissue were carefully removed. Bones were disinfected with 70 % ethanol prior
to cutting open both ends. For Fluorescent-activated cell sorting (FACS) of GMP, front
legs were dissected in addition to the hind legs. Bone marrow was flushed with 20 mL
PBS/EDTA buffer using a 27 G needle attached to a 20 mL syringe. For flow cytometry
and cell culture experiments, bones were placed in a 0.5 mL microcentrifuge tube with a
hole at the bottom, which was positioned inside a 1.5 mL tube pre-filled with 100 yL of
sterile FACS buffer. The bone marrow was centrifuged at 2,500 x g for 1 min, and the
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supernatant was collected in PCR strips. These samples were centrifuged again at 350 x
g for 5 min at 4°C. The cell-free supernatant was transferred into fresh PCR strips and
stored at -20°C for IL-1B8 ELISA. The cell pellet remaining in the 1.5 mL tube was
resuspended in 1 mL RBC lysis buffer and incubated on ice for 15 min. The cell
suspension was then passed through a 70 um cell strainer into a 50 mL Falcon tube, and
the reaction was stopped by adding 10 mL PBS/EDTA buffer. Cells were centrifuged at
340 x g for 5 min at 4°C, the supernatant was aspirated, and the pellet was resuspended
in 1 mL FACS buffer. Finally, cell numbers were determined using an automated cell

counter.

2.3.2.2 Blood

Blood was drawn by cardiac puncture from the left arterial ventricle using a 23 G needle
coated with EDTA and transferred into a 1.5 mL tube containing 10 pL of 0.5 M EDTA.
For serum collection, no anticoagulant was used and the samples were kept at room
temperature (RT) for approximately 30 min to allow complete coagulation, and were then
centrifuged at 1,000 x g for 15 min at 4°C. The resulting serum was immediately snap
frozen in liquid nitrogen. For plasma collection, blood was centrifuged at 800 x g for 10
min at 4°C or 7,500 rpm for 8 min at 4°C, and the plasma layer was collected and snap
frozen. In experiments involving atherosclerotic plaque analysis, blood was drawn from
the inferior vena cava using a heparinized 26 G needle. For isolation of circulating immune
cells, red blood cells were lysed by adding 1 mL RBC buffer. After 15 min incubation at
RT, samples were centrifuged at 350 x g for 5 min at 4°C. The lysis step was repeated
once, and the remaining cells were resuspended in 1 mL FACS buffer. 500 pL of the cell

suspension were used for flow cytometry analysis.

2.3.2.3 Stromal vascular fraction

Gonadal white adipose tissue (QWAT) was surgically removed from mice and processed
for stromal vascular fraction (SVF) isolation. The gWAT was transferred into 2 mL tubes
containing 1 mL of ice-cold WAT buffer and was minced into small pieces (approx. 2 mm).
The minced tissue was transferred into a 50 mL Falcon tube and the 2 mL tube was rinsed
with 2 mL of WAT buffer which was added to the 50 mL Falcon tube. An freshly prepared

enzyme solution (Table 11) was added 1:1 and tissues were digested for 30 min at 37°C
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with agitation (180-190 rpm). For cell culture experiments, the following steps were done
under sterile conditions. The digestion was quenched by adding WAT buffer and the
dissociated cells were passed through a 100 um cell strainer and centrifuged at 500 x g
for 10 min at 4°C. The resulting supernatant containing mature adipocytes was aspirated,
and the pellet, consisting of the SVF, was resuspended in Ammonium-chloride-potassium
lysis buffer (ACK) lysis buffer for 2 min at RT. The reaction was stopped by adding WAT
buffer and another round of centrifugation at 500 x g for 7 min at 4°C. Isolated cells were

then further subjected to antibody staining for flow cytometry.

Table 11: Enzyme solution for SVF isolation.

Total volume Collagenase Il (200 DNAse (15,000
(per tissue) WAT buffer | mL in PBS) CaCl2(1M) | mL)
3mL 3mL 30 pL 15 pL 15 pL

2.3.3 Flow cytometry

Bone marrow cells, circulating immune cells and ATM were analyzed by flow cytometry.
If the analysis was done on the next day, cells were stored in MACS Cell Storage Solution
overnight. Isolated cells were stained in a 96-well flat bottom plate. For staining circulating
cells and ATM, FcR blocking reagent was added (1:100). If LIVE/DEAD™ Fixable Near-
IR was used, cells were incubated in 100 pL of the diluted dye (1:1,000 in PBS) for 20 min
at RT protected from light. After a washing step with PBS, cells were stained with antibody
staining solution for 30 min at 4°C in the dark, then 60 pL FACS buffer was added and the
plate was centrifuged at 350 x g for 5 min at 4°C. The supernatant was decanted and the
pellets were resuspended in 100 yL FACS buffer. For measurements at the Attune NxT
Flow cytometer cells remained in the 96-well plate, for other cytometers the cells were
transferred into 5 mL polystyrene tubes and the volume was adjusted equally with FACS
buffer. When 7-AAD was used as Live/Dead stain, it was added shortly before
measurement (1:50). Counting beads were added as a last step (1:15-1:8). Samples were
analyzed on the Attune NxT Flow Cytometer, BD FACS Canto™ II, ID7000 Spectral
Analyser 5L and BD FACSAriaTM Fusion Flow Cytometer. Cell counts per yL were

calculated with the following formula:

cells _ #cells * cell volume [puL] 4 1 000 beads
pL "~ #beads * bead volume [uL] pL
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2.3.4 Sorting of cells

2.3.4.1 Fluorescent-activated cell sorting (FACS)

GMP were sorted from mixed bone marrow cell populations by FACS with the BD
FACSAriaTM Fusion Flow Cytometer. Cells were stained as described above and sorted
into 1.5 mL tubes containing either 700 L ice-cold phenol/guanidine-based QIAzol Lysis
Reagent, if the downstream analysis was RNA-seq, or 250 yL FACS buffer, if the
downstream analysis was Assay for Transposase-Accessible Chromatin (ATAC)-seq.

2.3.4.2 Magnetic-activated cell sorting

Adipocyte-precursor cells were isolated from SVF cells using Magnetic-activated cell
sorting (MACS) according to the manufacturer’s instructions (Miltenyi Biotec). SVF cells
were incubated with the non-adipocyte progenitor depletion cocktail of the Adipose Tissue
Progenitor Isolation Kit (1:10) which contains anti-CD31, anti-CD45 and anti-TER119
antibodies conjugated to magnetic beads. Samples were run through LS columns followed
by three washes with MACS buffer. Unlabeled cells were collected, centrifuged at 500 x
g for 7 min at 4°C and resuspended in growth medium for culturing (referred to as SVF

Lin- cells).

2.3.5 Ex vivo stimulation of bone marrow cells

96-well cell culture plates were pre-filled with 50 pL of stimuli (4x) in RPMI1640
supplemented with L-Glut, 10 % FCS and 1 % Pen/Strep beforehand and thawed on the
day of the experiment. Bone marrow cell suspensions were prepared as described above
and were added to the prepared plates in 150 pL of medium (200,000 cells/well). Cells
were stimulated with the following ligands overnight: Pam3CysK4 (TLR2; 0.1, 10, or 100
ng/mL;), LPS (TLR4; 1, 10, or 100 ng/mL), R848 (TLR7/8; 10 or 100 ng/mL, or 10 pg/mL),
CpG (TLR9; 1 or 5 pM) and DMXAA (murine STING agonist; 50 ug/mL). On the following
day, plates were centrifuged at 350 x g for 5 min at 4°C to promote attachment of the cells
to the plate bottom. Subsequently, supernatants were collected and stored at -20°C for
cytokine measurement by ELISA or HTRF.
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2.3.6 In vitro adipogenesis

The media used were either published (K. |. Hilgendorf et al., 2019) or established by the
lab of Prof. Dagmar Wachten (Institute of innate Immunity, University of Bonn). SVF Lin
cells were pre-seeded in 6 cm cell culture dishes with 5 mL growth medium and incubated
at 37°C and 5 % CO2. The next day, cells were washed three times with growth medium
and fresh medium was added for further incubation. The medium was exchanged two
days later and cells were seeded one day after, before reaching total confluency estimated
using the Evos FL. Cells were harvested with trypsin, counted using an automated cell
counter and were seeded into a black 96-well microscopy plate with 20,000 cells/well in
300 pL of medium. On the following day, adipogenesis was induced (day 0) using the
minimal or full induction cocktail, and with or without of HPBCD-HP5 or HP7. The
undifferentiated control cells received growth medium. The induction medium was
replaced by maintenance medium on day 3. On day 6, the old medium was exchanged
and stored at -20°C for FGF-21 ELISA. On day 8 post induction, the medium was
removed, cells were fixed with 4 % paraformaldehyde (PFA) for 10 min and subsequently
washed with PBS. For studying the kinetics of the proliferation marker Ki-67, cells were
fixed on day 0, 3, 6, and 8, in order to compare the development of Ki-67 expression over
time. Fluorescence images of adipogenesis assays were acquired automatically using a
ZEISS Celldiscoverer 7 microscope. Image analysis was performed in Fiji (Imaged) and
AdipoQ (Sieckmann et al., 2022) with customized parameters to identify adipocytes and
lipid droplets. Representative images are shown as maximum projections around the
sharpest focal plane, generated with the Imaged plugin ExtractSharpestPlane_JNH
(Hansen et al., 2021; https://doi.org/10.5281/zenod0.5646492).

Table 12: Media for the adipogenesis assay

Medium Components

DMEM/F-12 (1:1) (1x) + GlutamaxTM-I
+10 % FCS

+ 1 % Pen/Strep

+ 0.1 % Biotin (33 pM)

+ 0.1 % D-Pantothenic acid (17 pM)

Growth medium
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Growth medium
+ 5 pyg/mL insulin
Full induction cocktail
+ 1 uM Dexamethasone

+ 100 yM 3-isobutyl-1-methylxanthine (IBMX)

+ 1 uM rosiglitazone

Growth medium

Minimal induction cocktail + 0.4 pg/mL insulin

+ 0.1 uM Dexamethasone

+ 20 yM 3-isobutyl-1-methylxanthine (IBMX)

Maintenance medium Growth medium

+ 1 pg/mL insulin

2.3.7 Explant culture

Male, four days old (P4) pups were euthanized by decapitation using scissors. The
precursor tissue of the gWAT was collected by isolation of the testis. Using the ZEISS
Stemi 508 and fine scissors and forceps, the testis was removed from the epididymis and
the precursor adipose tissue. The remaining tissue was cultured in 150 yL RPMI medium
with 10 % FCS, 1 % Pen/Strep, with or without HPBCD-HP5 and HP7 in a 96-well tissue
culture plate at 37°C and 5°C CO.. On the following day, 250 pL medium were added and
three days later the complete medium was exchanged with fresh 500 yL medium. On day
five after explant isolation, the tissues were fixed with 4 % PFA for 30-40 min at RT and
subsequently washed with PBS. Confocal imaging was done using z-stacks and images
were analyzed in Fiji (Imaged) and AdipoQ (Sieckmann et al., 2022) with customized
parameters to identify lipid droplets.

2.3.8 Fluorescent staining

Differentiated and fixed adipocytes were blocked with CT (0.5 % Triton X-100, 5 %
ChemiBLOCKER in PBS) for 30 min at RT. Cells were stained with the primary antibody
against the proliferation marker Ki-67 (1:500) for 60 min, followed by the secondary
antibody (anti-rat AF647, 1:150) and DAPI (1:10,000) for 30 min. Lastly, lipid droplets were
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stained with LD540 (1:2000-1:10,000, depending on batch) for 15 min. Cells were stored
in PBS at 4°C until they were imaged with the ZEISS Celldiscoverer 7.

Fixed gWAT explants were blocked with CT for 15 min at RT, washed with PBS and
stained with LD540 (1:2000) and DAPI (1:10,000) in PBS for 30-45 min at RT. Tissues
were washed three times with PBS and mounted on a slide using PolyA Mount. The slides
were dried overnight protected from light and then stored at 4°C until imaging at the

confocal microscope Leica Stellaris 8.

2.3.9 Lipids

2.3.9.1 Lipolysis assay

The ex vivo lipolysis assay was adapted from the protocol by Roy et al., 2022. The gWAT
from male and female WT mice was excised and cut into equally weighed pieces of
approximately 15 mg. Tissue fragments were first placed in ice-cold PBS and then
transferred to a 24-well plate containing 200 pL of lipolysis assay medium (high glucose
DMEM supplemented with 2% fatty acid-free BSA) and the indicated concentrations of
HPBCD. Norepinephrine (NE, 1 uM) served as a positive control. Tissues were minced
into small pieces (approx. 2 mm) and incubated for 2 h at 37°C and 5 % COZ2. Following
incubation, 40 pL of the medium was transferred in duplicates to a 96-well plate, and 60 uL
of free glycerol reagent was added. A free glycerol standard solution was included as a
positive control and for quantification. After 5 min incubation at 37°C, absorbance was
measured at 540 nm using a SpectraMax Microplate Reader. Glycerol concentrations
were calculated in Microsoft Excel and normalized to tissue weight and the untreated

control condition.

2.3.9.2 Cholesterol

Sterols and oxysterols in plasma were quantified using gas chromatography (GC) coupled
with either flame ionization detection (FID) for cholesterol or mass spectrometry in
selected ion monitoring mode (GC-MS-SIM) for non-cholesterol sterols and oxysterols,
following established protocols (So$i¢-Jurjevi¢ et al., 2019). The work was conducted by
the laboratory of Prof. Dr. Dr. rer. nat. Dieter Lutjohann (Institute of Clinical Chemistry and

Clinical Pharmacology, University Hospital Bonn).
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Sterols were converted into O-trimethylsilylated (TMSi) and oxysterols into di-O-
trimethylsilylated derivatives to enhance volatility and chromatographic separation.
Chromatographic separation was performed on a DB-XLB column (30 m x 0.25 mm i.d.,
0.25 ym film; J&W Scientific Alltech, USA). GC-FID analyses were conducted on an
Agilent HP 6890 Series system, and GC-MS analyses on an Agilent HP 6890N coupled
to an HP 5975B quadrupole mass detector, both equipped with automated injectors and
samplers. Each plasma sample was spiked with internal standards: 5a-cholestane (50
Mg), epicoprostanol (1 ug), and deuterated oxysterols: [?H,]24(R,S)-hydroxycholesterol
(50 ng), [He]7a-hydroxycholesterol (100 ng), and [?Hs]27-hydroxycholesterol (100 ng).
Samples were saponified with 1 M ethanolic NaOH at 60 °C for 1 h, and lipids were
extracted three times with cyclohexane. The extracts were evaporated under nitrogen at
60 °C and redissolved in n-decane (80 pL). Aliquots were derivatized using a
trimethylsilylating reagent (chlorotrimethylsilane: hexamethyldisilazane:pyridine = 9:3:1)
for 1 h at 70 °C. Automated splitless injections (2 pL) were performed using helium (1
mL/min) for GC-MS-SIM and hydrogen (1 mL/min) for GC-FID. The GC oven was held
at 150 °C for 3 min, increased to 290 °C at 20 °C/min, and held for 34 min. Sterol and
oxysterol concentrations were determined from peak area ratios relative to internal
standards using calibration curves from authentic reference compounds. Compound
identities were confirmed by full-scan mass spectra and characteristic fragment ions,
ensuring accurate and specific quantification of plasma sterols and oxysterols.

2.3.9.3 Lipidomics

Lipid extraction from gWAT and plasma were performed by Dr. Jelena Zurkovic in the lab
of Prof. Christoph Thiele (Life and Medical Sciences Institute (LIMES), University of Bonn).
All solvents were HPLC grade or LC-MS grade. Lipid extraction from murine plasma and
adipose tissue was performed using a CHCI;/MeOH (1:5) extraction. For plasma samples,
2 uL of plasma were mixed with 500 L of extraction mix containing class-specific internal
standards. For adipose tissue, up to 10 mg of tissue (precisely weighed) were processed
using the same extraction solvent with proportional amounts of internal standards.
Samples were sonicated (10 s for serum, 15 min for tissue) and centrifuged at 20,000 x g
for 2 min. The supernatant was combined with 200 uL CHCI; and 800 uL 1 % acetic acid,

briefly vortexed, and centrifuged again at 20,000 x g for 2 min. The upper aqueous phase
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was discarded, and the lower organic phase was collected and evaporated in a speed
vacuum concentrator (45 °C, 10 min). Dried lipids were reconstituted in spray buffer (2-
propanol/MeOH/H,0, 8:5:1, 10 mM ammonium acetate) and sonicated for 5 min prior to
analysis. Samples were analyzed by shotgun lipidomics using a Thermo Q Exactive Plus
mass spectrometer equipped with a HESI |l ion source. Spectra were acquired in positive
ion mode, and raw files were converted to .mzML format for analysis with LipidXplorer
using custom mfql files. Lipid species were identified and quantified based on internal
standard intensities. Data was analyzed in Microsoft Excel.

2.3.10 Gene expression analysis

2.3.10.1 RNA isolation

Ribonucleic acid (RNA) was extracted using the QIAzol Lysis Reagent and the miRNeasy
RNA isolation kit. Bone marrow cells were lysed and isolated according to the
manufacturer’s protocol. For gWAT, pre-filled BeadBugTM tubes were filled with 700 pL
QlAzol and the tissue was added and homogenized using the Bead Mill MAX. Samples
were centrifuged at 10,000 x g for 10 min at 4°C and the supernatant was transferred into
a clean RNase-free 1.5 mL tube. Centrifugation and supernatant transfer were repeated
approximately 4-5 times until the supernatant was clear of fat. Then the column-based
RNA isolation was performed.

2.3.10.2 cDNA synthesis

RNA was converted to complementary deoxyribonucleic acid (cDNA) by reverse
transcription. The final reaction was set up to a volume of 20 uL containing RNA (approx.
100-500 ng), 0.5 uM Oligo(dT)18 primer, 5mM DTT, 0.5 mM dNTPs and 20 U SuperScript
lll reverse transcriptase with associated first-strand buffer. The cDNA synthesis was
conducted by first diluting the RNA with ribonuclease (RNAse)-free water and adding
Oligo(dT)18 primer. Samples were heated up in a thermocycler to 65°C for 5 min, the
program was paused, and samples were cooled down on ice for at least one minute. The
mastermix containing DTT, dNTPs, the reverse transcriptase and the according buffer
was added. The reverse transcription was performed at 50°C for 50 min and the reaction
was inactivated at 85°C for 5 min. The cDNA was stored at -20°C until usage.
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2.3.10.3 gPCR

The quantitative polymerase chain reaction (QPCR) was set up in a 384-well plate and a
final volume of 10 pyL containing cDNA, 0.4 uM gene-specific primer pairs (Table 8),
RNAse-free water and primaQUANT 2x qPCR CYBR-Green Master Mix, no ROX, blue
(alternatively ADVANCED with ROX). The amplification was performed using the
QuantStudio 6 Flex and the following temperature cycles: 95°C 10 min; 40x [95°C, 15 sec;
60°C, 1 min]. The target gene expression relative to the housekeeping gene hypoxanthin-

guanin-phosphoribosyltransferase (Hprt) was calculated using the AACT method.

2.3.10.4 Bulk RNA-sequencing and analysis

RNA-sequencing (seq) was performed at the Next generation sequencing (NGS) Core
facility of the University of Bonn. RNA integrity was determined using the High Sensitivity
RNA Screen tape assay with a 4200 TapeStation system (Agilent). RNA libraries were
prepared using the QuantSeq 3' mRNA Library Prep Kit (Lexogen). Sequencing was
carried out on an lllumina NovaSeq 6000 platform in single-end mode with a read length
of 1 x 100 bp, yielding an average coverage of approximately 15 million raw reads per
sample.

Data analysis was performed by Lena Standke and Dr. Jamie Gearing from the Latz lab,
Institute of Innate Immunity, Bonn and DRFZ, Berlin, using R (R Core Team, 2023). Read
alignment of adapter-trimmed FASTQ files was performed with default settings. Stranded
gene counts were then obtained using the featureCounts function and the Ensembl Mus
musculus GRCm39 GTF annotation file (v107).

Differential gene expression analyses were performed using using the edgeR (Robinson
et al., 2009) and limma (Ritchie et al., 2015) packages. A DGEList object was created
from the featureCounts output analysis and Ensembl gene IDs were annotated using the
biomaRt package (Durinck et al., 2005, 2009). A design matrix was constructed with
samples grouped according to their combination of diet (WD or CD), treatment (HP7 or
Veh) and application route (oral or sc). One outlier sample (WD_Veh_oral_5) was
excluded from further processing. Lowly expressed genes were removed using the
filterByExpr function with a minimum count of 20 and normalisation factors were calculated
using the TMM method (Robinson and Oshlack, 2010).
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The edgeR cpm function was used to calculate log> counts per million (CPM) normalised
expression values. Principal component analysis (PCA) plots were created using the
plotMDS function with a common gene selection of the top 50 most variable genes. Counts
were transformed using the voom method (Law et al., 2014) and a linear model was fit
using the edgeR voomLmFit function. Groups were compared using the contrasts.fit
function and moderated t-statistics were calculated using eBayes (Phipson et al., 2016).
Differentially expressed gene were defined as those with a false discovery rate (FDR)-
adjusted p -value < 0.05. Venn diagrams showing the overlap of significantly up- and
down-revaluated between different comparisons were made with help of the limma
vennDiagram function.

The eBayes moderated t-statistics for comparisons of interest were used with the limma
barcodeplot function to display monocytic signature (Cd34, Csfi1r, Cfp, Ly86) and
granulocytic signature (S700a8, S100a9, Ets1, Pglyrp1, Cd63, Ceacam1) gene sets
(Christ et al., 2018) and an LXR target gene set (Zimmer et al., 2016).

For comparison with other cell types, gene counts and sample annotation were obtained
from the Haemopedia mouse RNA-seq data set (Choi et al., 2019). The edgeR cpm
function was used to calculate log2CPM expression values. Genes were restricted to the
11,950 common genes between the RNA-seq data set and the Haemopedia data.
Haemopedia data were then filtered to only bone marrow progenitor cells and the top
1,000 most variable genes across these samples were selected. Average log-.CPM values
for the RNA-seq data were calculated using the aveLogCPM function. Pearson
correlations were then calculated between each Haemopedia progenitor sample and the

average RNA-seq data based on these 1,000 genes.

2.3.11 ATAC-sequencing and analysis

For ATAC-seq 50,000 flow sorted GMP were processed following the published protocol
by Buenrostro et al., 2013, with modifications by the Kaestner lab, University of
Pennsylvania and adjustments made by the S. Schmidt/Latz group. Briefly, cells were
washed with cold PBS, centrifuged at 350 x g for 5 min, resuspended in lysis buffer and
after 3 min incubation on ice were rinsed with wash buffer. After centrifugation at 500 x g
for 10 min at 4°C, the supernatant was discarded and the pellet containing the nuclei was
resuspended with the transposition reaction mix using the lllumina Tagment DNA Enzyme
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and Buffer (TDE1) kit. Samples were incubated at 37°C for 30 min on a thermomixer at
1,000 rpm and DNA was isolated using the MinElute Reaction Cleanup Kit. ATAC-seq
libraries were generated by PCR amplification and using the IDT® for lllumina® DNA/RNA
UD Indexes Set A, Tagmentation kit. PCR products were purified using double-sided bead
purification with AMPure XP beads and library quality was assessed using Agilent D1000
ScreenTape Assays for TapeStation. Libraries were sequenced on an lllumina NovaSeq
6000 platform using an S1 flow cell at the NGS Core facility, University of Bonn. The
sequencing was carried out in paired-end mode with a read length of 2 x 50 bp (100 cycles
in total) and each sample achieved an average coverage of approximately 40 million

reads.

Table 13: Buffers for ATAC-seq cell preparation

Buffer Components
Resuspension Buffer Nuclease-free H20
+ 10 mM Tris-HCI, pH 7.5
+ 10 mM NaCl
+ 3 mM MgClI2
Lysis Buffer Resuspension Buffer

+ 0.1 % v/iv NP-40
+ 0.1 % v/v Tween-20
+ 0.1 % v/v Digitonin

Wash Buffer Resuspension Buffer
+ 0.1 % Tween-20

ATAC-seq analysis was done by Svetozar Nesic, PhD, Bioinformatics Core facility,
University of Bonn. The data was processed using the nf-core/atacseq pipeline (v1.2.2)
implemented in Nextflow (v22.04.5) with the Docker profile. Fastq reads were trimmed
and aligned to the Mus musculus reference genome (GRCm38) using the Burrows-
Wheeler Aligner (BWA). Genome annotation files (FASTA, GTF, and BED) were obtained
from Ensembl, and blacklisted regions (GRCm38-blacklist.bed) were excluded from
downstream analysis. Duplicate reads and mitochondrial fragments were removed prior

to peak calling. Peaks were called with MACS2 (broad peaks, cutoff = 0.1) using an



47

effective genome size of 1.87 x 109 bp. Read counting and differential chromatin
accessibility analysis were performed using DESeq2 to identify differentially open
chromatin regions (DORs) between experimental groups. The Bioconductor package
csaw (Lun A, Smyth G., 2024) was used to determine differentially open regions using a
sliding window analysis. Statistical significance was determined based on the FDR and
absolute log> fold change (|log2FC|). Regions with FDR < 0.05 and |log2FC| > 1 were
considered significantly differentially accessible. Regions with FDR > 0.05 and |log2FC| <
1 were classified as non-significant, while those with FDR > 0.05 but [log2FC| > 1 were

highlighted as showing large, yet statistically non-significant, changes.

2.3.12 Histology

2.3.12.1 Atherosclerotic plaque

Preparation of atherosclerotic plaques was performed by members of the Zimmer
laboratory (Heart Center, University hospital Bonn). Hearts and aortas were rinsed with
NaCl and embedded in Tissue-Tek® O.C.T.™. Cryosections of 8 uym thickness were
prepared from the aortic root area of the heart and subsequently stained with hematoxylin
and eosin (HE). Images were acquired using a ZEISS Axio Observer 7 microscope, and
image analysis was carried out with ZEN 3.19 (ZEN lite).

2.3.12.2 Adipocyte morphology in gWAT

Excised gWAT samples were fixed in formalin for 30 min at RT, then washed and stored
in PBS. Paraffin embedding, sectioning, and HE-staining were performed at the Histology
Platform of the University Hospital Bonn. Sections were imaged using a Zeiss Axio Scan.
Z1 microscope of the Microscopy Core Facility of the University of Bonn. Image analysis
was conducted in Fiji (Image J) and AdipoQ (Sieckmann et al., 2022) with customized
preferences to identify and analyze adipocyte morphology.

2.3.13 Protein Biochemistry

2.3.13.1 Preparation of protein lysates
For gWAT protein lysates, pre-filled BeadBugTM tubes were filled with 1 mL protein lysis
buffer (in mM: 10 Tris/HCI pH 7.6, 140 NaCl, 1 EDTA, 1 % (v/v) TritonX-100, 1:500
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mPIC) and the tissue was added and homogenized using the Bead Mill MAX. Samples
were centrifuged at 10,000 x g for 10 min at 4°C and the supernatant was transferred into
a clean RNase-free 1.5 mL tube. Centrifugation and supernatant transfer were repeated
approximately 3-5 times until the supernatant was clear of fat. Protein concentrations were
determined using the Pierce™ BCA Protein Assay Kit following the manufacturer’s
instructions, with minor modifications. The assay volumes were reduced from 200 pL to
190 uL of BCA reagent mix and from 25 yL to 10 yL of sample or standard. Bovine serum
albumin (BSA) standards were prepared in protein lysis buffer, and absorbance was
measured using a SpectraMax Microplate Reader.

2.3.13.2 Simple Western protein analysis (Wes™)

Protein separation and detection was performed using the Wes™ system and its
corresponding separation module following the manufacturer's protocol. Protein
quantification was based on the area under curve (AUC), calculated in the Compass
software. For the regression model, 5 pg of protein were used and for the prevention
model 1 ug (females) or 1.5 ug (males) were loaded. Samples were diluted in ddH20 prior

to analysis.

2.3.13.3 Measurement of cytokine secretion and analysis

Enzyme-linked immunosorbent assays (ELISA), homogeneous time-resolved
fluorescence assays (HTRF), and multiplex assays (Ayoxxa, Olink, and Luminex
Discovery Assay) were performed according to the manufacturer’s instructions. For
ELISA, assay volumes of capture and detection antibody, as well as sample volume were
reduced by half. For HTRF, assay volumes were reduced by a fourth from 16 uL to 12 pL
of sample volume and from 4 yL to 3 yL antibody mix. Absorbance or emission were
measured with a SpectraMax Microplate Reader. The Ayoxxa panels were read on the
LUNARIS™ Reader 96, and Olink measurements were carried out using the Olink
Signature Q100 at the Max Delbruck Center, Berlin, Germany. For bead-based assays
from Millipore or R&D Systems, samples were analyzed on a Luminex™ FLEXMAP 3D ™
instrument. Missing values for adiponectin of females in the regression model are due to
limited capacity of sample number on the plate and dropouts of two samples with low bead

counts.
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Data analysis of ELISA and HTRF were done in Microsoft Excel. Cytokine data from
Ayoxxa were analyzed in R by Kai Zimmer (guest scientist in S. Schmidt lab, Institute of
Clinical Chemistry and Clinical Pharmacology, Bonn) and Titus Schluter (Netea lab,
Radboud University, Nijmegen). Data from the Olink Target 48 Mouse Cytokine panel
were pre-processed by Matthias Ziehm (MDC & BIH Proteomics Platform, Max Max
Delbrick Center, Berlin) and analyzed by Dr. Jamie Gearing (Latz lab, DRFZ, Berlin) in R
using the limma package (Ritchie et al., 2015). A design matrix was created based on diet
(WD or CD) and treatment (HPS or Veh), including plate as a batch effect. One sample
(WD-HP5, mouse 10) was excluded due to QC warnings, and two cytokines (IL-31,
CXCL12) were removed for being below quantification limits in > 50% of the samples,
resulting in 41 out of 43 total analytes for analysis. DE was assessed with ImFit,
contrasts.fit, and eBayes (Phipson et al., 2016) (including a mean-variance trend).
Proteins with an adjusted p < 0.05 were considered significantly differentially expressed.
For Luminex assays, the median fluorescence intensity of the beads was recorded and
quantified using Flexmap 3D software with five-parameter logistic (5-PL) weighted
analysis. Data analysis and visualization was performed in RStudio. Samples with low
bead counts for all measured protein were excluded, as were proteins with more than 50

% missing data or low bead numbers (< 30). Missing values are shown in grey.

2.3.14 Statistics

Statistical analysis was performed using GraphPad Prism. Data were analyzed by one-
way or two-way analysis of variance (ANOVA), followed by appropriate post hoc tests with
correction for multiple comparisons. Dunnett’s test was applied when comparing each
treatment group to a designated control, while Tukey’s multiple comparison test was used
for pairwise comparisons among all groups. Statistical significance was determined at an
alpha level of 0.05 (95% confidence interval). Significance levels are indicated as follows:
*p<0.05 ** p<0.01, ™ p<0.001 and **** p < 0.0001.
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3. Results

3.1 Effects of Cavitron™ W7 HP7 (HPBCD-HP7) on inflammation and hematopoiesis
in the LdIr’- model

To examine how HPBCD influences the effects of WD on the immune system, we
conducted an experiment adapted from the Tl model published by Christ et al. (2018).
Female Ldlr- mice received a WD or matched CD for 4 weeks, and HPBCD (Cavitron™
W7 HP7, here: HPBCD-HP7) was administered orally or via s.c. injection on two
consecutive days preceding euthanasia and subsequent tissue collection (Fig. 5a).

3.1.1. Effects of WD and HPBCD-HP7 on the bone marrow and systemic cytokines

In the oral treatment group, WD induced significantly increased weight, which was lower
in the HPBCD-HP7 treatment group. Within the s.c. group, WD had no effect on BW,
whereas HPBCD-HP7 co-administration significantly increased it (Fig. Sb-c).

Cytokine and chemokine profiling were performed to assess systemic inflammatory
responses. The cytokine assay revealed no elevation among the eight detectable
cytokines (Fig. 5d). Four cytokines (IL-1B8, TNFa, IL-4 and IL-17A) were below the
detection limit. In contrast, the chemokine assay showed markedly increased levels of
CCL3, CCL22, CCL5 and CCL19 under WD conditions, which were attenuated by
additional HPRBCD-HP7 treatment. These findings indicate that WD feeding primarily
induces a chemokine-driven inflammatory response that is mitigated by HPBCD-HP7 (Fig.
5e). Other chemokines like CCL11, CXCL10, CCL4, CCL2 and CXCL1 were higher in the
WD group, and there was no difference compared to the mice that were additionally
treated with HPBCD.

To examine myelopoiesis, a hallmark of WD-induced effects, we assessed GMP using
flow cytometry (Fig. 5f, Fig. S1). WD feeding led to an increase in GMP compared to CD,
which was reduced following HPBCD-HP7 treatment (Fig. 5g). This was significant in the
oral condition, but not in the s.c. group. In the latter, frequencies were generally lower in
than in the oral group.
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Fig. 5: Systemic effects of short-term HPBCD-HP7 administration in LdI/r’- mice on
WD. a) Study design: female Ldlr’- mice received a WD for four weeks and were treated
with HPBCD-HP7 (HP7; 2 g/kg BW) or PBS (Veh) orally or via s.c. injection on two
consecutive days prior to euthanasia. Blood and bone marrow were collected for
downstream analysis. b) BW development over time in oral vs s.c. treatment groups. c)
Quantified weight change expressed as AUC. (d, e) Heat maps of serum cytokines (d)
and chemokines (e) stratified by application route, diet, and treatment. (f) Flow cytometry
gating strategy for bone marrow analysis. (g) Frequency of GMP in the bone marrow.



52

Statistical analysis was performed by two-way ANOVA and Dunnett's multiple
comparisons post hoc test; displayed p-values are adjusted for multiple testing. n = 3-5
mice per group.

3.1.2 Transcriptomic response of GMP to WD feeding and HPRCD-HP7 treatment

GMP were sorted for RNA- and ATAC-sequencing. To confirm GMP enrichment we used
the transcriptomic data to compare the gene expression profiles of the sorted cells with
known hematopoietic progenitor subsets using the Haemopedia database (Fig. 6a). The
analysis supports that the identified gene sets are predominantly associated with GMP,
rather than with other progenitor subsets such as common lymphoid progenitors (CLP) or
megakaryocyte—erythrocyte progenitors (MEP). After data normalization, unsupervised
clustering of the top 50 differentially expressed genes was performed to identify the main
drivers of variation within the dataset (Fig. 6b). The principal components PC1 and PC2
had values of 14 % and 9 %, indicating that overall, there was a rather small difference
between the samples. As indicated by different coloring of conditions, neither diet nor
treatment appeared as significant driver of clustering, whereas the route of administration
(oral vs s.c.) showed the strongest impact (Fig. S2). Differential expression (DE) analysis
revealed fewer than ten DE genes in the WD vs. CD and HP7 vs. Veh comparisons (Fig.
6¢). The WD-Veh vs. CD-Veh comparison in the oral group showed the highest number
of DE genes. Here, six genes were downregulated (mt-Nd4, C1qc, mt-Nd2, Casp2, Smg1,
Bcl9) and three genes were upregulated (Hmox1, Apoc1, Psap) (Fig. 6d). Increased
Apoc1 mRNA expression stood out with the highest fold change (FC) indicating changes
related to increased lipid and cholesterol uptake, which is expected during WD feeding. In
the comparison WD-HP7 vs WD-Veh, up to four genes were significantly altered. One of
them, mt-Atp6, was downregulated in the s.c. group and upregulated in the oral group.
Further, Hmox1 and C71q1 were influenced by both WD and HPBCD-HP7 (Fig. 6¢). Heme
oxygenase (Hmox1) is an inducible enzyme that becomes activated upon oxidative stress,
such as reactive oxygen species and free heme, but also by hypoxia or lipid accumulation
and acts as a cellular stress-response protein (Vijayan et al., 2018).

Following an unbiased approach, we further investigated whether we could observe the
gene signature enrichments that have been described for GMP in Christ et al. (2018).
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Fig. 6: Transcriptomic profiling of GMP after WD feeding and HPBCD-HP7 (HP7)
treatment. GMP were FACS-sorted from bone marrow and subjected to RNA-seq
analysis. a) Comparison of gene expression profiles with hematopoietic progenitor
subsets using the Haemopedia database. b) Unsupervised clustering of the top 50
differentially expressed genes and principal component analysis (PCA1, PCA2), colored
by diet or treatment group. c) Venn diagram of DE genes from the indicated comparisons.
d) List of DE genes with annotated biological processes (Uniprot keywords, UP_KW). Red
shading indicates positive average expression (AveExpr) or logz-transformed FC (logFC);
blue shading indicates a low AveExpr or negative logFC. (e-g) Barcode plots showing the
enrichment of (e) monocytic, (f) granulocytic and (g) LXR target genes signatures.

The monocytic signature (Cd34, Csf1r, Cfp, and Ly86) was not enriched in the WD groups
compared to the CD group (Fig. 6e). Granulocytic signature genes (S7100a8 and S7100a9,
Ets1, Pglyrp1, Cd63, and Ceacam1) were slightly upregulated in the oral group and
unchanged in the s.c. group (Fig. 6f). In addition to WD effects, we examined whether
HPBCD-HP7 induces the liver-X-receptor (LXR) target genes, as reported by Zimmer et
al. (2016). No enrichment was observed in HPBCD-HP7-treated GMP compared to Veh,

with LXR targets (Fig. S3) being distributed among both up- and downregulated genes
(Fig. 69).

3.1.2 Chromatin accessibility profiling of GMP in response to WD feeding and HPBCD-
HP7 treatment

Epigenetic changes are a hallmark of Tl and have previously been described as an effect
of WD by Christ et al. (2018). To investigate this, open chromatin regions of sorted GMP
were analyzed by ATAC-seq. Among the relevant comparisons, only the WD vs. CD
comparison in the oral group showed significant changes in chromatin accessibility after
FDR correction (Fig. 7a). Eleven of the seventeen regions with an FDR < 0.05 and a
llog2FC| > 1 were unannotated. Two regions corresponded to computationally predicted
genes (Gm44939 and Gm11175), and four overlapped with protein-coding loci (Jund,
Igcn, Akap12 and CoqZ2), suggesting potential regulation on transcription factor level and
within oxidative phosphorylation pathways. These loci were unaffected in the
corresponding s.c. group (Fig. 7a). Analysis of HPBCD-HP7 compared to Veh during WD
feeding displayed no regions that matched the significance criteria.
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Fig. 7: Chromatin accessibility profiling of GMP after WD feeding and HPBCD-HP7
treatment. (a,b) Volcano plots showing differentially open chromatin regions (DOR)
identified by ATAC-seq in GMP comparing (a) WD-fed vs CD-fed LdIr’~ mice and (b)
HPBCD-HP7 (HP7)-treated vs Veh-treated mice. (c) Chromatin accessibility tracks at the
transcription start sites (TSS) of Abca? and Tet2 (oral treatment groups). Statistical
significance was determined using FDR correction and logz2FC thresholds, as indicated.
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Nevertheless, a few regions showed a |log2FC| > 1; for example, Jun and Akap12 that
showed enhanced chromatin accessibility upon HPBCD-HP7 treatment (Fig. 7b). This
trend contrasts with the effect of WD, which appeared to reduce the chromatin
accessibility, as compared to CD. In the s.c. group, five annotated gene regions were
induced by HPBCD-HP7 - none of which overlapped with those from the oral group (Fig.
7b) - indicating differential effects dependent on the route of treatment administration.

Similar to the transcriptome analysis, a targeted approach of selected genes of interest
followed the initial unbiased approach. Christ et al. (2018) reported that WD increased
chromatin accessibility at the Abca? and Tet2 loci. In our analysis, neither diet, nor HPBCD

treatment affected accessibility of these gene regions (Fig. 7c).

Together, the results of multiplex cytokine and chemokine profiling, FACS analysis of bone
marrow-resident GMP, and subsequent RNA and ATAC-seq analyses revealed only
minimal effects of WD compared to CD across all levels examined. The same holds true
for HPBCD-HP7 effects compared to the Veh group.

3.2 Modulation of inflammation and hematopoiesis by Cavitron™ W7 HP5 (HPBCD-
HP5) in WD-fed WT mice

Previous experiments in Ldlr”- mice provided no compelling evidence for an effect of either
the diet or the HPBCD treatment. Consequently, we adapted the experimental design to
account for potential cofounding factors. Because mouse facilities differ in their
microbiological environments, which can influence the gut microbiome and thereby diet-
related outcomes, the study was relocated within the university hospital campus from the
HET to the iFET. In addition, the WD feeding period was extended from four to six weeks,
and male WT mice were used instead of female Ldlr- mice. Finally, the treatment
compound Cavitron™ W7 HP7 (HPBCD-HP7) was exchanged for Cavitron™ W7 HP5
(HPBCD-HPS5), an analogue with a lower degree of hydroxyl substitutions used in the
previous publication by Zimmer et al. (2016). Two independent experiments were
conducted. Due to limitations in animal numbers, the group receiving the CD and HPBCD
was omitted from the follow-up experiment. Male WT mice were fed either a WD or
matched CD for six weeks, and HPBCD-HPS was administered s.c. twice weekly (similar
to Zimmer et al. (2016), beginning in the third week of the study (Fig. 8a). BW changes
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over time were calculated as the area under the curve (AUC) using the trapezoidal rule
(Fig. S3) and indicated minor batch effects between experiments. For better intra-
experimental comparison, values were normalized to the CD/Veh group (Fig. 8b). Both
WD groups showed significant weight gain relative to the CD group, with HPRCD-HPS
treatment resulting in an even greater increase compared to the Veh group.

3.2.1 Effects of HPBCD-HPS on immune cells in the bone marrow and circulation

Hematopoiesis in the bone marrow was analyzed by flow cytometry, including HSC and
oligopotent cell populations other than GMP (Fig. 8c). Results show that there was
significant increase in HSC populations (both cell counts and frequencies) with WD and
HPBCD-HP5 compared to control groups (Fig. 8d). In contrast, HPBCD-HPS5 alone did not
induce this effect in CD-fed mice. Other analyzed cell populations remained unaffected by
both WD and HPBCD-HPS5 treatment.

To assess circulating immune cells egressing from the bone marrow, an additional flow
cytometric analysis was performed (Fig. 8e). The CD-Veh group was excluded from the
analysis due to an insufficient number of data points resulting from handling issues in the
initial experiment. There were no changes in the frequencies of both lymphoid and myeloid
cell populations (Fig. 8f).

To further address WD-induced immune cell priming, bone marrow cells were stimulated
overnight with various TLR ligands and the stimulator of interferon genes (STING) ligand
5,6-dimethylxanthenone-4-acetic acid (DMXAA). TNFa and IL-6 served as biomarker
readout for TLR- or DMXAA-induced cytokine response (Fig. 9). WD alone led to no or
minor increases in cytokine levels. The strongest effect was observed upon CpG
stimulation (Fig. 9a). HPBCD-HPS5 partially enhanced the WD effect, resulting in higher
TNFa levels following LPS or R848 stimulation, and slightly increased levels of IL-6
following CpG stimulation. DMXAA induced neither TNFa nor IL-6. To capture a broader
dynamic range of the potential innate immune training effects, different concentrations of
the stimuli were applied (Fig. 9b).
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Fig. 8: Effects of HPBCD-HP5 on immune cells in bone marrow and blood of WD-fed
WT mice. a) Study design: male WT mice were fed a WD for 6 weeks and treated with
HPBCD-HPS (HP5; 2 g/kg BW) or PBS (Veh) via s.c. injection for the last three weeks
prior to euthanasia. Blood and bone marrow were collected for downstream analysis. b)
Quantified BW changes expressed as AUC over the course of WD feeding. c), e)
Representative flow cytometry gating strategy for analysis of c¢) bone marrow HSPC
populations and e) circulating immune cells in the blood. d), f) Frequencies of HSPC and
circulating immune cell subsets. Statistical analysis was performed by two-way ANOVA
and Tukey’s multiple comparisons post hoc test; displayed p-values are adjusted for
multiple testing. n = 8-14 mice per group from two independent experiments (indicated by
circle or triangle symbol shape of data points).

The results showed that the highest concentration of Pam3CysK4 (100 ng/mL) was
required to induce cytokine secretion under both dietary conditions. For LPS, stimulation
with 10 ng/mL and 100 ng/mL induced measurable cytokine levels. Most samples showed
slightly higher cytokine levels with increasing LPS concentrations, whereas some showed
lower or markedly higher responses, resulting in greater variability and a lack
concentration dependence. For R848, IL-6 levels increased in concentration-dependent
manner, whereas TNFa showed only minor changes. For CpG, 1 yM induced high
cytokine responses, which were variably attenuated or further increased at 5 uM. As WD
did not substantially alter cytokine secretion (Fig. 9b), it appears unnecessary to include

all different stimuli concentrations in future experiments.

3.2.3 Effects of HPBCD-HPS5 on systemic cytokine responses

To investigate the effects of WD and HPRCD-HPS on systemic inflammation, cytokine
levels were quantified using the Olink Target 48 Mouse Cytokine panel. Plasma samples
of the first mouse experiment, which included all four treatment groups, were analyzed.
The comparison of the WD-Veh vs CD-Veh group revealed significantly enriched levels of
IL-17A and IL-17F only (Fig. 10a-b, e). In contrast, comparing WD-HPS vs CD-HP5
showed multiple highly significantly upregulated chemokines, such as CCL4, CXCL2, and
CCL2 and also significantly upregulated cytokines, such as TNFa, IFNy, and IL-17F (Fig.
10a-b, e), along with the growth factors FGF21 and hepatocyte growth factor (HGF) (Fig.
10a-b, f). One significantly downregulated analyte was found, which was macrophage
colony stimulating factor (M-CSF) (Fig. 10a-b), a cytokine inducing differentiation of

hematopoietic stem cells into macrophages (Mossadegh-Keller et al., 2013).
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Fig. 9: Cytokine secretion of ex vivo-stimulated bone marrow of WD-fed, HPBCD-
HP5-treated WT mice. Bone marrow cells isolated from WD- or CD-fed, HPBCD-HP5
(HPS)- or Veh-treated mice were stimulated ex vivo with various TLR agonists for 24 h.
TNFa and IL-6 secretion in culture supernatants was quantified by ELISA. a) Heat map
and b) line graphs showing cytokine concentrations. ‘# indicates values below the lower
limit of detection (set to 0) or above the upper limit (set to the maximum value of the
standard curve).

The comparison of CD-HP5 vs CD-Veh showed no significant changes. The comparison
of WD-HP5 vs WD-Veh showed a similar trend to WD-HP5 vs CD-HPS5, with several
cytokines (e.g., IL-17A, IL-17F, IL-6, GM-CSF) showing lower levels without reaching



Concentration (pg/mL)

Fig. 10: Plasma cytokine profiling in WD-fed, HPBCD-HP5-treated WT mice.
Cytokines were measured using the Olink Target 48 Mouse Cytokine panel. a) Heat map
showing the FC of detected cytokines across indicated comparisons. b), c) log2FC
comparison plots illustrating the effects of b) WD feeding and c) HP5 treatment on plasma
cytokine concentrations. Proteins are highlighted if they meet the significance threshold in
one or both of the comparisons indicated. d-f) Individual plots for d) CXCL2, e) IL-17F, and
f) FGF21 are shown. Statistical analysis was performed using empirical Bayes moderated
t-tests followed by a correction for multiple testing using the Benjamini Hochberg FDR
method. Significantly changed cytokines are indicated by asterisks. n = 7-8 mice per
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statistical significance (Fig. 10a, c, e). A few analytes displayed increased levels, of which
only CXCL2, CCL2 were significantly altered (Fig. 10a, c-d). Overall, WD alone induced
only mild cytokine effects, which was markedly amplified under HPBCD-HPS treatment

conditions; HPBCD-HP5 alone only had minimal effects.

3.3 Effects of HPBCD-HP7 and HPBCD-HP5 on atherosclerosis, inflammation and
the adipose tissue in Apoe” mice

Previous experiments in Ldlr’-and WT mice did not reveal overt inflammatory effects of
WD feeding. To further investigate diet-induced inflammation, we therefore utilized the
Apoe”’- model, which exerts a higher degree of systemic inflammation and atherosclerosis
compared to other murine models (Emini Veseli et al., 2017b; Oppi et al., 2019) Different
study designs were employed to study prophylactic (prevention model) (Fig. 11a) or
therapeutic (regression model) effects (Fig. 11b) of HPRCD-HP7 and HPBCD-HPS5 on
atherogenesis development. Within the prevention model design, we added a control
group of mice fed SC to account for the investigation of potential diet effects.

3.3.1 HPBCD-HP5 and HPBCD-HP?7 effectively reduce atherosclerosis

In both models, atherosclerotic plaques size was reduced by HPBCD treatment in male
mice (Fig. 11c-d). In the prevention model, plaque area was reduced by approximately
10 % (Fig. 11¢) and in the regression model by about 13 % (Fig. 11d) compared with the
untreated WD group. The average plaque area of untreated mice was approximately 25
% in the prevention model and 38 % in the regression model, and it was comparable
between male and female mice. However, no plaque reduction was observed in female
mice following HPBCD treatment. In the prevention model, HPBCD-HPS even led to a
significant increase in plaque area (Fig. 11c¢); indicating a clear sex-dependent interaction
with the treatment modality.

To characterize lipid metabolism parameters relevant to atherosclerosis progression, total
cholesterol, the cholesterol metabolite 27-OHC (shown to be induced by HPRCD-HP5 in
an LXR-dependent manner (Zimmer et al., 2016)), and triacylglycerides (TAG) were
measured. As expected, In the prevention model, total cholesterol was highly induced by
WD compared to SC in both male and female mice (Fig. 11e), which could not be shown
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Fig. 11: Effects of HPBCD-HP5 and HPBCD-HP7 on atherosclerosis in the Apoe™’-
model. a), b) Study design: male and female Apoe” mice were fed a WD for eight weeks
and either a) treated with HPBCD-HPS (HP5) or HPBCD-HP7 (HP7) (2 g/kg BW) or NaCl
(Veh) via i.p. injection twice weekly (atherosclerosis prevention model, Prev), or b)
switched to SC for four additional weeks with HPRBCD treatment as described above
(atherosclerosis regression model, Regr). A dietary control cohort (SC-fed, untreated) was
included for comparison in the prevention model. Heart, blood, bone marrow, and adipose
tissues were collected for analysis. c), d) Plaque burden: representative HE-stained
sections of the aortic root area in the heart and quantification of the average
atherosclerotic plaque area in the c) prevention and d) regression models. e-g) Plasma
lipids: e) total cholesterol, f) 27-OHC, and g) TAG. Statistical analysis was performed by
two-way ANOVA followed by Dunnett’'s multiple comparisons test. Displayed p-values are
adjusted for multiple testing. n (males) = 5-10, n (females) = 3-6 mice per group.

for the regression model as a SC-control group was not included. The average cholesterol
levels (median) of the control group (WD-Veh) were about 2.5-fold lower in the regression
model, as compared to the prevention model (approx. 1,000 mg/dL vs. 400 mg/dL), which
is likely due to the switch from atherogenesis induction with WD (eight weeks) to the
regression phase with SC (four weeks) prior to euthanasia. In the prevention model, both
HPBCD compounds decreased total plasma cholesterol in both sexes, with a significant
reduction observed only in the male group. In the males of the regression model, there
was a reduction of cholesterol upon HPBCD therapy of >2-fold, which was higher
compared to the prevention model (up to approximately 1.3-fold). In the female groups,
the effects of HPBCD-HPS and HPBCD-HP?7 differed markedly. HPBCD-HPS5 significantly
reduced cholesterol levels, whereas HPBCD-HP7 was less effective resulting in values
comparable to those of the Veh group. In contrast, 27-OHC levels were markedly
increased by HPBCD treatment in males of both models and in females of the regression
model (Fig. 11f). HPBCD-HP5 appeared to be a slightly more potent inducer of 27-OHC
in females, as there was a trend toward higher levels in the prevention model that was
absent with HPBCD-HP7. Moreover, in the regression model, the increase in 27-OHC
among females was significantly greater with HPBCD-HP5 than with HPRCD-HP?7.

WD feeding increased TAG levels in male mice in the prevention model, which were
significantly lowered by HPBCD-HPS5; a similar trend was observed for HPBCD-HP7
despite lacking significance (p = 0.1105). In female mice, HPBCD treatment appeared with
a slight increase of TAG levels. In the regression model, no differences were seen

between control and treatment groups. The baseline levels of the mice treated with NaCl
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(WD-Veh) were similar to those of the mice fed SC in the prevention model. This suggests
that switching from WD to SC was sufficient to reduce TAGs to “normal” levels.

To assess systemic inflammatory effects, cytokines in the plasma were measured. A
customized panel of 19 cytokines was created, of which eight (CXCL1, GDF-15, CCL2,
S100A9, ICAM-1, G-CSF, CCL3, and PCSK9) could be reliably measured (Fig. 12). In the
prevention model, the values of the treatment groups were mostly unchanged compared
to the Veh group (Fig. 12a). The SC-fed group showed overall lower cytokine levels, with
GDF-15 and CCL3 showing particularly low levels compared to the WD-fed control group.
In the regression model, not all samples could be measured due to limited assay capacity.
We therefore decided to include mainly male mice, as plaque regression was observed in
those groups earlier (Fig. 12b). Overall, there was no difference in cytokine levels
compared to the control group.
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Fig. 12: Effects of HPBCD-HP5 and HPBCD-HP7 on plasma cytokine levels in WD-
fed, Apoe’ mice. Cytokines, chemokines, and other atherosclerosis-related proteins
were measured using a multiplex Luminex assay. Data are shown as log>-transformed
concentrations, normalized to the mean of the WD-Veh controls (calculated separately for
each sex). a), b) prevention and regression models, respectively. n = 5-10 (prevention
model), n = 1-6 (regression model).
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3.3.2 Effects of HPBCD-HP5 and HPBCD-HP7 on hematopoiesis

To investigate alterations on HSPC populations, we conducted flow cytometry-based
phenotyping. An extended panel allowed us to analyze sub populations of LSK (lineage
Scal1* cKit") cells, including short-term (ST; LSK FLT3- CD150" CD48"), long-term (LT;
LSK FLT3" CD150" CD48") HSC, and multipotent progenitor populations (MPP), which
can differentiate into distinct lineages (Fig. 13a). MPP2 (LSK FLT3- CD150" CD48"),
MPP3 (LSK FLT3- CD150° CD48*), and MPP4 (LSK FLT3* CD150"), display lineage
biases toward megakaryocyte/erythrocyte, myeloid, and Ilymphoid differentiation,
respectively (Pietras et al., 2015; Solomon et al., 2020).

In the prevention model, no significant differences between SC- and WD-fed control mice
were observed regarding lineage- Scal- cKit* (LS'K) cells which encompass the
committed sub populations GMP, common myeloid progenitors (CMP) and MEP (Fig.
13b). In males, HSC and MPP2-4 populations were significantly lower in the SC-fed group
compared to WD-Veh group. This was not observed in the females, despite showing
similar trends. ST- and LT-HSC also appeared less frequent in SC-fed mice, but lacking
significance. In the absence of statistically significant differences, the effects observed
following HPBCD treatment are considered indicative trends: Across the LS'K population
and its subpopulations, HPBCD-HPS5 and HPBCD-HP7 treatment resulted in frequencies
similar to the WD-Veh group in males. In females, however, most populations showed
modest increases, except for the CMP subset. This trend is reflected, to some extent, in
the relative frequencies of MPP2-4. Male mice treated with HPBCD-HPS5 or HPRCD-HP7
displayed similar frequencies of ST- and LT-HSC as the WD-Veh group, whereas female

mice showed slight increases.

In general, the SC-fed mice exhibited a smaller spread of the data compared to the WD-
fed mice. This suggests that WD and perhaps the HPBCD treatment induced variable
effect sizes, indicating interindividual variability in response. The effects observed here
are also largely reflected in absolute cell counts per puL (Fig. S4a, b). The difference
between LSK counts in male mice of the SC-fed group compared to the WD-Veh group is
apparent (Fig. S4b).
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Fig. 13: Effects of HPBCD-HP5 and HPBCD-HP7 on bone marrow hematopoietic
cells of WD-fed Apoe’- mice. a) Representative flow cytometry gating strategy for
analysis of bone marrow hematopoietic cells. b) Frequencies of HSPC. c) MFI of CD41
and CD61 on LT-HSC. D) IL-18 concentrations in the bone marrow supernatants after
flushing. Statistical analysis was performed by two-way ANOVA followed by Dunnett’s
multiple comparisons test. Displayed p-values are adjusted for multiple testing. n (males)
= 5-10, n (females) = 5-8 mice per group.

In the regression model, the HPRCD treatment does not change frequencies of most of
the HSPC populations in both male and female mice (Fig. 13b). However, there is a
significant increase of MPP4 in the males with HPBCD-HP7. This is not reflected in
absolute cell counts (Fig. S4b). Here, HPBCD-HP7 induced a significant increase of CMP,

LSK, LT-HSC and MPP3 (Fig. S4a, b) and a non-significant elevation of MPP2.

To further characterize LT-HSC, we measured CD41 and CD61, surface markers that hint
toward myeloid cell polarization (CD41) (Gekas and Graf, 2013) and increased immune
responses to inflammation (CD61) (Mann et al., 2018). WD alone did not lead to a higher
Mean Fluorescence Intensity (MFI) of those biomarkers (Fig. 9¢). However, HPBCD-HP5
treatment induced a significant increase of both CD41 and CD61 in male mice in the
prevention model. Overall, increased frequencies of CD41* LT-HSC were observed (Fig.
S4c). No changes on MFI level were seen in the regression model; however, cell counts
of CD41* LT-HSC were significantly increased following HPRBCD-HP7 treatment in male
mice (Fig. S4c).

Since the bone marrow cytokine milieu can influence (hematopoietic) stem cell
differentiation, it may be indicative of the inflammatory status; for example, by increased
lineage-skewing stimuli such as IL-13 (Mitchell et al., 2023; Pietras, 2017). We measured
IL-18 in the supernatant of freshly isolated bone marrow cells (Fig. 13d). In the prevention
model, SC feeding resulted in lower levels of IL-1B relative to WD-Veh control mice,
although not significantly. HPBCD-HP5 or HPBCD-HP7 treatment slightly increased IL-1[3
levels in male mice, whereas females remained unchanged. In the regression model, both
HPBCD treatments showed an opposite trend, with mildly reduced IL-1 levels compared
with WD-Veh controls.
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Fig. 14: Effect of HPBCD-HP5 and HPBCD-HP7 on cytokine secretion by ex vivo TLR
ligand-stimulated bone marrow cells. Flushed bone marrow cells were counted and
seeded into plates pre-filled with the indicated stimuli for 24h. Cytokine levels were
measured by a) ELISA or b) HTRF. a), b) TNFa and IL-6 concentrations from the a)
prevention and b) regression model separated by sex. Statistical analysis was performed
by two-way ANOVA followed by Dunnett’s multiple comparisons test. Displayed p-values
are adjusted for multiple testing. n (males) = 5-10, n (females) = 2-8 mice per group.

Beside flow cytometric analyses, we investigated Tl effects on bone marrow cells following
WD feeding by ex vivo re-stimulation and subsequent cytokine level measurement. We
stimulated isolated BM cells with TLR stimuli (Pam3CysK4, LPS, R848, CpG, and
DMXAA) at concentrations selected from previous results (Fig. 9) and measured TNFa
and IL-6 in the supernatant using ELISA and HTRF. In the prevention model, CpG (TLR9)

stimulation induced a significant increase in TNFa in the WD-Veh group, with a similar,
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but nonsignificant trend for R848 (TLR7/8), while other stimuli had no effect (Fig. 14a).
HPBCD-HPS5 and HPBCD-HP7 exerted differential effects depending on sex and stimulus.
In males, HPBCD-HPS amplified the LPS (TLR4)-induced increase in TNFa, whereas in
the females, HPBCD-HP7 attenuated the R848- and CpG-induced TNFa responses. IL-6
displayed a similar overall pattern to TNFa. In the regression model, HPBCD-HP7
significantly increased LPS- and CpG-induced TNFa levels in males and in females an
upward trend was seen (Fig. 14b). A significant decrease of Pam3CysK4 (TLRZ2) induced

IL-6 was observed with HPBCD-HP5 in males and a similar trend was seen in females.

To conclude, the effects of WD on the bone marrow were mostly restricted to increased
frequencies of hematopoietic stem cells relative to SC-fed mice and small effects on
cytokine secretion after ex vivo stimulation and IL-18 in the bone marrow. No WD-induced
increase of GMP was observed. HPBCD displayed sex- and treatment model-dependent
effects on stem cell frequencies (e.g. increased CD41* and CD61* LT-HSC) in the bone
marrow and cytokine secretion after ex vivo stimulation. In general, the effects were rather

pro-inflammatory than anti-inflammatory.
3.3.3 Effects of HPBCD-HPS and HPBCD-HP7 on circulating immune cells

Circulating immune cells were analyzed by flow cytometry using the antibody panel and
gating strategy shown above (Fig. 8e). The cell population frequencies were similar
across treatments. in the prevention experiment, leukocytes (CD45" of live) showed a high
variation, which may account for batch effects from the three different sacrifice days. This
is demonstrated in the graph, each symbol shape indicating a different day (Fig. 15).
HPBCD-HPS significantly lowered (HPBCD-HP7 trending) inflammatory monocytes
(CD11b* Ly6C" of CD45*) in females in the regression model. This effect was not seen
for males or in the prevention model. T cells were significantly increased by HPBCD-HP7
in the prevention model, and by HPBCD-HPS5 in the regression model. In absolute cell
numbers, other observations were made, in fact HPBCD-HP7 induced significant increase
of all analyzed cell types in the males from the prevention model (Fig. S5).
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Fig. 15: Effect of HPBCD-HP5 and HPBCD-HP7 on circulating immune cells in the
blood. Frequencies of myeloid and lymphoid cells in the circulation, analyzed by flow
cytometry. In the prevention model, single data points for leukocytes indicate a different
day of sacrifice (circle, triangle, rectangle). Statistical analysis was performed by two-way
ANOVA followed by Dunnett’'s multiple comparisons test. Displayed p-values are adjusted
for multiple testing. n (males) = 4-10, n (females) = 5-8 mice per group.

3.3.4 Effects of HPBCD-HPS and HPBCD-HP7 on weight gain and ATM

Given the close relationship between atherosclerosis and metabolic alterations,
particularly those involving lipid metabolism (Libby, 2021; Stroope et al., 2024), we next
analyzed the effects of HPBCD on the AT depot. The gWAT was of particular interest, as
it is the largest visceral fat depot in mice and exhibits a high degree of immunological
responsiveness to increased energy availability, e.g. through macrophage infiltration and
TNFa secretion (Kolb, 2022; Weisberg et al., 2003b; H. Xu et al., 2003). The inguinal fat
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tissue (IWAT) lies subcutaneously and is less responsive at the cellular and metabolic
level (van Beek et al., 2015).

To evaluate diet-induced obesity effects, including increases in body and fat-pat weight
(de Moura e Dias et al., 2021), BW was examined both as an absolute endpoint and as a
longitudinal measure expressed as AUC (g * week) (Fig. 16a). SC-fed mice were added
as a dietary control group, but since they were not part of the actual experiment, there
was no weight data recorded over time. In the prevention model, SC-fed mice displayed
a significantly reduced BW relative to the WD-Veh group, but there was no difference
between the WD-HPBCD conditions compared to the Veh group. Notably, the difference
of SC and WD was higher within the males than the females. In the regression model,
there were no significant changes, although HPRCD-HP5 showed a strong tendency for
increased BW changes in males (p=0.0590).

We next weighed metabolic organs and normalized them to BW. In the prevention model,
SC-fed mice showed significantly lower gWAT/BW and iWAT/BW ratios than WD-Veh
mice (Fig. 16b). HPBCD-HP5 and HPBCD-HP7 reduced gWAT/BW and HPBCD-HP5
significantly lowered iWAT/BW in males. Liver/BW ratios were reduced in SC-fed mice,
but not altered with HPRCD treatment. In the regression model, across all conditions and
in both sexes, gWAT/BW and iWAT/BW ratios showed no significant differences. For
liver/BW ratios, no major effects were detected except for HPBCD-HP7, which increased
liver/BW in males (Fig. 16b).

To elucidate which effects HPBCD-HP5 and HPRBCD-HP7 have on ATM in the gWAT, we
isolated the SVF and analyzed the percentage of different populations using flow
cytometry (Silva Ribeiro et al., 2024) (Fig. 16 c, d). Macrophage (m®; CD11b* F4/80* of
CD45" lin") frequencies were significantly reduced in males by HPBCD-HPS5 in both the
prevention and the regression model, whereas HPBCD-HP7 reduced the frequencies
significantly only in the prevention model (Fig. 16d). Monocyte-derived macrophages
(CD11b* F4/80* TIM4'°c CD45* lin") were slightly increased in WD-fed mice in the
prevention model, which is in line with the literature (Weisberg et al., 2003a). Both HPRCD
reduced the frequency of monocyte-derived macrophages to the level of SC-fed mice,
although this effect was only significant for HPBCD-HPS and CD11c” macrophages.
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Fig. 16: Effects of HPBCD-HP5 and HPBCD-HP7 on BW, metabolic organs and ATM.
Apoe™ mice of the prevention (Prev) and regression (Regr) atherosclerosis models were
fed with WD and treated with HPBCD-HP5 (HP5) and HPRCD-HP7 (HP7) (2x/week). a)
BW as absolute values and longitudinal measurement as AUC b) Tissue weights of iWAT,
gWAT, and liver. c) Representative flow cytometry gating strategy of the isolated SVF from
gWAT. d) Frequency of macrophage populations. €) MFI of TIM4 on total macrophages,
f), 9) TNFa and IL-6 concentrations from the e) prevention and f) regression model.
Statistical analysis was performed using two-way ANOVA followed by Dunnett’'s multiple
comparisons test. Displayed p-values are adjusted for multiple testing. n (males) = 5-10,
n (females) = 5-8 mice per group.

In the regression model, there was a reduction of specifically CD11c", but not CD11c*
monocyte-derived ATM. No effects were observed in the females; however, the
frequencies of total and monocyte-derived ATM were lower in females as compared to
males. The frequency of tissue-resident ATM was lower in the males of the WD-Veh group
compared to the SC-fed group. HPRBCD-HP5 and HPBCD-HP7 treatment significantly
lowered cell frequencies in males of the prevention model. In the regression model, the
effect of HPBCD-HPS was similar, and it was also observed in the females. The
expression of TIM4, a marker of tissue-resident ATM (Huh and Kim, 2021; Magalhaes et
al., 2021), on total macrophages was similar across treatments (Fig. 16e).

As macrophages shape the cytokine milieu around them, we tested whether pro-
inflammatory cytokines changed upon loss of ATM in the gWAT (Fig. 16f, g). In the
prevention model, TNFa and IL-6 had the tendency of increased levels in the males of the
WD-Veh group relative to the SC group (Fig. 16f). Females already showed these levels
already at baseline level (SC) and did not show further increases upon WD feeding.
HPBCD treatment marginally lowered the increased TNFa levels in males, but had no
effects in females. In the regression model, similar trends were observed, albeit at
generally higher cytokine levels relative to the total protein concentrations (Fig. 169).

In summary, the frequencies of ATM were reduced by HPBCD treatment in male mice,
independent of their origin, which did not correlate with reduced cytokine levels in the AT.

3.3.5 Effects of HPBCD-HPS5 and HPRCD-HP7 on adipocyte morphology

The major cell type in the AT are adipocytes, and we thus investigated whether we find
structural changes in the gWAT architecture following HPBCD treatment (Fig. 17a, b).
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Fig. 17: Effects of HPBCD-HP5 and HPBCD-HP7 on adipocyte morphology in the
Apoe’- prevention and regression model. a), b) Representative HE-stained sections of
gWAT from the a) prevention (Prev) and b) regression (Regr) model. Scale bar = 50 pym.
c), e) Adipocyte size distribution quantified from images as shown in a) and b) for the c)
Prev and e) Regr model. d), f) Relative adipocyte cell size, normalized to the mean value
of the WD-Veh group of the respective experiment. Statistical analysis was performed
using two-way ANOVA followed by Dunnett’'s multiple comparisons test. Displayed p-
values are adjusted for multiple testing. n (males) = 5-10, n (females) = 5-8 mice per group.

As expected, adipocytes from mice fed a WD showed an increased cell size phenotype in
both male and female mice, compared to the SC-fed mice (Fig. 17c). This is evident from
the reduced frequency of smaller-adipocytes (e.g., 10-20 x10 um?) and the increased size
of larger adipocytes (e.g., 100-200 x10 ym?). This finding is further reflected in an
increased average cell size (Fig. 17d). In contrast, HPBCD-HP5 and HPBCD-HP7-treated
males, but not females, showed a reduced size gain in the prevention model. In the

regression model, HPBCD-HP5 treatment increased the proportion of 100-200 x10 um?
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cells in males, whereas HPRCD-HP5 and HPBCD-HP7 increased the proportion of 10-30
x10 ym? cells in females (Fig. 17e). These effects had no major impact on average cell
size (Fig. 17f).

To conclude, HPBCD-HP5 and HPBCD-HP7 reduced the hypertrophic cell phenotype
induced by WD, and enabled hyperplasia in male mice in the prevention model. This
means, that the adipose tissue grew by increasing cell frequency instead of cell growth
which is usually associated with a lean and healthy tissue (Horwitz and Birk, 2023).

As HPBCD treatment induced changes in the fat tissue, especially the gWAT, we
measured a set of hormones and other markers, which are secreted by the adipose tissue,
and are commonly dysregulated during obesity, inflammation, and metabolic syndrome
(Hotamisligil, 2017). In the prevention model, WD feeding induced increased levels of
insulin, leptin, total PAI-1, and resistin in the gWAT in both male and female mice, with
more pronounced effects in the males (Fig. 18a). In the males, leptin and total PAI-1 were
significantly elevated upon WD, as compared to SC. No effects were seen with HPBCD
treatment, the values remained similar to the WD-Veh group. Plasma adiponectin, which
exerts atheroprotective effects and is reduced in plasma under conditions of chronically
high insulin, was measured (Fig. 18b). In the prevention model, adiponectin was reduced
in the WD-fed females compared to the SC-fed group, but no treatment effects were
observed. In the males no effects were seen either. In the regression model, not all
samples could be measured; therefore, mainly male samples were selected, as they also
showed the plaque area reduction. However, just a trend toward reduced adiponectin
plasma levels were seen. In summary, HPBCD did not affect general adipokine secretion
levels in the gWAT or the circulation.

As the morphological changes, which were seen in the histological analysis, could have
various origins, we tested the HPBCD-HP5 and HPBCD-HP7 treatment efffects on
lipolysis in adipocytes, i.e. the breakdown from triacylglycerides to glycerol and fatty acids

(Zechner et al., 2012) (Fig. 18d), which may account for a reduction in fat mass.
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Fig. 18: Effects of HPBCD-HP5 and HPBCD-HP7 on adipokines and lipolysis markers
in the gWAT of WD-fed Apoe’ mice. a) Heat maps of adipokines measured in the gWAT
from mice of the prevention model using a multiplex Luminex assay. b) Adiponectin
concentration in the plasma measured by a single-plex Luminex assay. c) FGF21 levels
in gWAT measured by ELISA. d) Lipolysis steps and involved enzymes e), f) Relative
MRNA expression of e) Pnpla2 and f) Lipe in the gWAT, normalized to the reference gene
Hprt. g), h) Representative Wes (ProteinSimple) images showing ATGL protein
expression in the gWAT of the (g) prevention model and h) regression model i)
Quantification of the protein expression shown in g), h), expressed as AUC. Statistical
analysis was performed using two-way ANOVA followed by Dunnett's multiple
comparisons test. Displayed p-values are adjusted for multiple testing. n (males) = 4-10,
n (females) = 5-8 mice per group. Read about missing values for adiponectin in methods.

One factor, which induces lipolysis, is FGF21 (Inagaki et al., 2007), which was shown to
be induced by HPRCD-HPS in the WT model used earlier (Fig. 10f). Therefore, we
analyzed FGF21 in protein lysates generated from gWAT tissue and found that HPBCD-
HPS induced highly significant increases of FGF21 levels in the prevention model,
predominantly in the male group (Fig. 18c). HPBCD-HP7 showed a tendency for
increased FGF21 levels. In the regression model, no effects were observed.

To validate whether the lipolysis (Fig. 18d) was induced in the gWAT, we measured the
MRNA and protein expression of adipose triglyceride lipase (ATGL, gene name Pnpla2),
which is the enzyme that catalyzes the first hydrolysis step, removing one fatty acid and
resulting in a diacylglyceride (Zimmermann et al., 2004). In the prevention model, WD
feeding induced minor upregulations of both mRNA and protein levels in males and
females. HPBCD-HPS treatment induced a slight increase of Pnpla2 mRNA level in the
males (Fig. 18e), but this was not reflected on protein level (Fig. 18g, i). In the regression
model, HPBCD-HP5 induced a significant upregulation of Pnpla2 mRNA levels (Fig. 18e)
and a moderate increase in ATGL protein levels (Fig. 18h, i) in the males. In females, a
trend of increasing Pnpla2 mRNA levels was seen, however, without changes on protein
level. The second step of the lipolysis reaction is catalyzed by hormone-sensitive lipase
(HSL, gene name Lipe), which creates a monoacylglyceride and a free fatty acid. Lipe
mMRNA levels were overall unchanged in both models across all conditions (Fig. 14f). To
conclude, HPBCD-induced lipolysis in the gWAT could not entirely be confirmed.
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3.3.6 Effects of HPBCD-HPS and HPRCD-HP7 on ex vivo lipolysis

As previous observations suggested potential induction of lipolysis, the ability of HPBCD-
HPS and HPBCD-HP7 to stimulate this process was tested in a more controlled setting.
Using an ex vivo lipolysis assay on gWAT from adult WT mice, we observed a dose-
dependent increase in lipolysis, indicated by elevated release of free glycerol into the
medium. This effect was primarily observed in incubated tissue samples from male mice
(Fig. 19a) rather than female mice (Fig. 19b). However, as most of the results did not
reach statistical significance, these findings should be considered a trend. Nevertheless,
they are consistent with the sex-dependent effects on lipolysis observed in the in vivo
models (Fig. 19).
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Fig. 19: Lipolytic capacity of HPBCD-HP5 and HPBCD-HP7 in gWAT explants of male
and female WT mice. Isolated gWAT from adult WT mice was cut into pieces and
stimulated with the respective concentrations of HPBCD-HPS (HP5) and HPBCD-HP7
(HP7) for 2 h. a) Free glycerol levels were measured in the supernatant. NE,
norepinephrine. Data represents mean + SEM of three independent experiments. If male
and female gWAT was treated within the same experiment, the same symbol shape is
used. Statistical analysis was performed using two-way ANOVA followed by Dunnett’s
multiple comparisons test. Displayed p-values are adjusted for multiple testing. n (males)
= 2-5, n (females) = 4-5 mice per group.

3.4 Modulation of adipocyte differentiation by HPBCD-HP5 and HPBCD-HP7

3.4.1 The effects of HPBCD-HP5 and HPBCD-HP7 on adipogenesis in vitro
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Fig. 20: Effects of HPBCD-HP5 and HPBCD-HP7 on ex vivo adipogenesis of SVF
cells. a) Isolated SVF from gWAT of WT mice were cultured and adipogenesis was
induced in pre-adipocyte cells. Cells were fixed on the day of induction (day 0), as well as
on day 3, 6 and 8. Cells were stained with DAPI, LD540 and Ki-67. Representative images
showing adipogenesis and cell proliferation. Scale bar = 100 um b) Adipogenic index as
lipid area relative to nuclei area. c) FGF21 levels in the cell supernatants on day 6
measured by ELISA. d) Ki-67" nuclei indicating proliferating cells. Statistical analysis was
performed using two-way ANOVA followed by Dunnett’s multiple comparisons test.
Displayed p-values are adjusted for multiple testing. n=3-6 mice per condition; similar
shapes of the data points indicate different mice from the same experiment.
Undiff=undifferentiated, MIN=minimal induction, FI=full induction

As reduced adipocyte size could result not only from enhanced lipolysis of stored fat but
also from altered adipocyte differentiation, we investigated whether HPBCD-HPS and
HPBCD-HP7 treatment interferes with the maturation of preadipocytes into mature lipid-
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storing adipocytes. We therefore cultured the SVF (Lin") of WT mice, and added HPBCD-
HPS or HPBCD-HP7 to the adipogenesis induction cocktail to assess effects on lipid
droplet formation (Fig. 20a). Both HPBCD exhibited a similar response pattern, with the
lower concentration (1 mM) showing a tendency toward a higher adipogenic index
compared with the higher concentration (5 mM), although this difference was not
statistically significant (Fig. 20b). The addition of HPBCD to the minimal induction cocktail,
which lacks rosiglitazone - an activator of PPARy and master regulator of adipocyte

differentiation - also resulted in a slight increase in adipogenic indices.

To test whether FGF21-inducing effects of HPBCD-HP5 and HPBCD-HP7 in AT could be
reproduced in vitro, we measured FGF21 levels in day-6 cell supernatants by ELISA.
FGF21 secretion levels generally rose with adipocyte differentiation, correlating positively
with the adipogenic index (Fig. 20c). FGF21 secretion may primarily reflect adipogenesis
rather than a direct effect from cyclodextrin treatment, as no increase of FGF21 was
observed when HPBCD were added to the minimal induction medium.

Lastly, we investigated effects of HPBCD-HPS and HPBCD-HP7 on the proliferation of
adipocyte precursor cells. We therefore assessed the frequency of Ki-67* nuclei over four
different time points (day 0, 3, 6 and 8) (Fig. 20d). Ki-67 is an antigen solely expressed in
proliferating cells, but not in quiescent or resting cells in the GO phase of the cell cycle
(Gerdes et al., 1984). In general, the proliferation was highest on day 0 before the addition
of any induction medium. On day 3, the proliferation rate had dropped by about 4-fold
relative to day 0 and was slightly higher in the undifferentiated control cells compared to
the treated condition. The frequency of proliferating cells increased over time, and the
difference between undifferentiated and differentiated cells disappeared. However,
HPBCD had no measurable effect on proliferation. Off note, Ki-67+ nuclear counts did not
differ by the end of differentiation, further supporting the absence of an effect on cell

proliferation (Fig. S6).
3.4.2 The effects of HPBCD-HPS and HPBCD-HP7 on adipogenesis in ex vivo explants

Another way to study the effects on adipocyte differentiation is the use of explants from
adipose precursor tissue. This approach is independent of the artificial application of an



82

induction cocktail to trigger adipogenesis, and may therefore better reflect physiological
conditions (Han et al., 2011). A limitation of this approach is the availability of precursor
tissue exclusively from male pups, as it is anatomically connected to the testis and cannot
be readily identified in females.
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Fig. 21: Effect of HPBCD-HP5 and HPBCD-HP7 on lipid droplet formation in
precursor gWAT. Precursor gWAT was isolated from male P4 pups (WT) and treated with
HPBCD-HPS5 (HP5) or HPRBCD-HP7 (HP7) for 5 days. Tissues were fixed and stained with
LD540 and DAPI. a) Representative images of the lipid droplets (LD540) and nuclei
(DAPI). Scale bar = 50 ym. b), c) Quantification of lipid droplet b) area and c) counts. d)
Average lipid droplet size, calculated as total LD540* area divided by droplet count within
each image. Data represent mean £ SEM of three independent experiments. Statistical
analysis was performed using two-way ANOVA followed by Dunnett's multiple
comparisons test. n=2-3 independent experiments

Lipid droplets were analyzed by area and count, as the normalization to the nuclei area
was not possible. HPBCD-HPS and HPBCD-HP7 appeared to reduce both the LD540-
positive lipid droplets area and the droplet counts (Fig. 21b, ¢). However, this analysis did
not account for dark regions in the image lacking cells. Consequently, the results were
skewed by unequal distribution of empty regions within the imaged fields (Fig. 21a). Due
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to the difficulty in identifying appropriate regions within the tissue, these results were not
further processed, and additional replicates will be required to draw reliable conclusions.
This also applies for the analysis of lipid droplet sizes, which are at least independent of
tissue distribution artefacts, but may still not have been consistently derived from the

correct tissue area (Fig. 21d).
3.5 Effects of HPBCD-HP5 and HPBCD-HP7 on the liver

FGF21 is mainly produced in the liver and secreted into the circulation (Flippo and
Potthoff, 2021). We measured the FGF21 protein levels from liver lysates of the
atherosclerosis prevention and regression models. In the prevention model, slightly
elevated concentrations were detected in the WD-Veh group compared with the SC group
in both sexes (Fig. 22a). FGF21 levels increased in males following treatment with both
HPBCD, although the effect reached significance only with HPBCD-HP7. No treatment
effects were observed in the females. In the regression model, small trends toward
increased FGF21 levels were seen with HPBCD-HP7 but not with HPRCD-HP5, and

similarly to the prevention model, no effects were observed in females.
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Fig. 22: FGF21 and cytokine expression in the liver of WD-fed Apoe’- mice, treated
with HPBCD-HP5 or HPBCD-HP?7. a)-c) protein levels of a) FGF21 b) TNFa and c) IL-6
in the liver. Statistical analysis was performed using two-way ANOVA followed by
Dunnett’s multiple comparisons test. Displayed p-values are adjusted for multiple testing.
n (males) = 5-10, n (females) = 5-8 mice per group.
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The liver serves as a central hub for systemic inflammation (Kostallari et al., 2025). We
assessed pro-inflammatory cytokine secretion in the liver protein extracts by ELISA. In the
prevention model, WD feeding increased TNFa and IL-6 in both sexes, reaching
significance only in females (Fig. 22b, ¢). However, HPBCD-HPS significantly enhanced
this effect in males, particularly for TNFa, which was affected by both diet and HPRCD-
HPS treatment. In the regression model, no clear trends were observed, and cytokine
levels were generally lower than those in the prevention model.

In summary, WD induced both FGF21 and pro-inflammatory cytokines in the liver of mice
in the atherosclerosis prevention model. Both HPBCD showed distinct effects, with
HPBCD-HP7 primarily inducing FGF21 and HPBCD-HPS enhancing a proinflammatory
signature with elevated TNFa and IL-6 levels in males.

4. Discussion

New therapies that can simultaneously reduce excess cholesterol and dampen
inflammation are highly desirable for treating patients with atherosclerosis. The aim of this
thesis was to investigate the therapeutic effects of HPBCD derivatives (HPBCD-HPS and
HPBCD-HP7) in modulating bone marrow hematopoiesis and adipose tissue (AT)
composition in the context of metaflammation and atherosclerosis. We show that both
derivatives reduce atherosclerotic plaque burden in male Apoe” mice, in both preventive
and therapeutic treatment setting. This effect was accompanied by a marked decrease in
total cholesterol and an increase in the oxysterol 27-OHC. In the prevention setting,
triacylglycerides (TAG) were also lowered. Additionally, we observed changes in gonadal
white adipose tissue (QWAT) morphology, a reduction of adipose tissue macrophages
(ATM), and elevated FGF21 levels in gWAT. Phenotyping of hematopoietic stem and
progenitor cells (HSPC) indicated that HPBCD induced only mild alterations in myeloid
reprogramming. Notably, most of these findings were observed in male, but not female
mice, highlighting a sex-dependent response to HPBCD treatment. Together, these
findings provide new insight into how cyclodextrin derivatives can modulate metabolic
inflammation. In particular the reduction of TAG is clinically relevant, as elevated TAG
levels represent a recognized risk factor for ASCVD (Akivis et al., 2024).
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4.1 Comparison between HPBCD-HP5 and HPBCD-HP7 treatment effects

The original study by Zimmer et al. (2016) used HPBCD-HPS5. In our work, we initially
tested HPRBCD-HP7, which has a higher degree of hydroxypropyl substitution than
HPBCD-HPS and therefore provides higher solubility and protection against enzymatic
degradation by amylases (Ashland, 2016). Because we examined not only s.c. injection
but also oral administration, HPBCD-HP7 was selected for the Ldlir'"- study. In subsequent
studies with WT mice, we switched to HPBCD-HPS5 as no effects were seen with HPRCD-
HP7. However, under conditions of WD-induced metaflammation, neither HPBCD
appeared to influence bone marrow parameters. Given these results, it was reasonable
to include both derivatives in the Apoe” atherosclerosis studies, to be able to compare
their anti-atherosclerotic activity with regards to the known effects shown by Zimmer et al.
(2016), and further evaluate the effects on bone marrow and AT, which has not been
looked at before.

In addition to confirming the plaque-reducing effect of HPBCD-HP5, we now demonstrate
that HPBCD-HP7 also decreases atherosclerotic plaque burden. Although both HPBCD
effectively reduced plaque area, total cholesterol, and TAG levels, differences emerged
with regard to their effects on ATM, FGF21 and ATGL induction in gWAT, and cytokine
responses in the bone marrow and liver. Overall, HPBCD-HP5 appeared to exert stronger
effects across those biomarkers.

The underlying reason likely relates to slightly different chemical properties. Compared to
the parental B-cyclodextrin, other derivatives such as sulfobutylether-B-cyclodextrin
(SBEBCD), or even a-cyclodextrins with six or y-cyclodextrins with eight glucose units, the
two forms of HPBCD that we used, are quite similar. However, while both HPRCD-HP5
and HPBCD-HP7 share the same cavity of a B-cyclodextrin, that enables preferential
binding of cholesterol, they differ in the number of substitution groups, molecular weight
and solubility. Compared to HPBCD-HP5, HPBCD-HP7 has a higher degree of
hydroxypropy! substitution, which increases its solubility by enhancing the molecule’s
amphiphilic character - combining a lipophilic carbon backbone with polar hydroxyl groups
(Ashland, 2016). In theory, this allows for better interaction with lipophilic groups, e.g.,

lipids in the adipose tissue or circulating lipoproteins. Because administration was
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performed intraperitoneally, the injected HPBCD was in close proximity to gWAT, further
supporting the possibility of depot-specific effects. These chemical distinctions may
therefore contribute to the similar, but not identical, outcomes observed across tissues.
Nevertheless, the mechanism of how these structural differences result in comparable
effects on plaque reduction and hematopoiesis, but divergent responses in adipose tissue

and liver, remain unclear.

For future clinical translation, a more detailed characterization of atherosclerotic lesions
in response to different HPBCD variants may help resolve the observed difference
between HPBCD-HPS and HPBCD-HP7. Attributes such as plaque composition (fibrous
vs lipid-rich), cap thickness, inflammation, calcification, and arterial wall elasticity are
clinically relevant measures beyond plaque size alone, and may reveal variant-specific

therapeutic signatures.
4.2 Reproducibility of WD-induced bone marrow reprogramming

A central question raised by using WD models was that WD not only leads to
atherosclerotic plaques formation, but also induces broader changes in hematopoiesis,
which is consistent with the principle of trained immunity (TI). Previous reports have
suggested that WD triggers epigenetic reprogramming of bone marrow progenitor cells
with the expansion of GMP, which leads to an increased inflammatory state within the
myeloid compartment (Christ et al., 2018). Across the different models we employed -
Ldilr -, WT, and Apoe” - we could neither consistently detect the anticipated GMP
expansion in response to WD feeding, nor did sorted GMP reveal a transcriptional shift in
RNA- and ATAC-seq profiles.

This divergence from previously reported observations underscores potential limitations
in the reproducibility of WD-induced Tl and suggests that dietary cues may be
substantially more context-dependent, influenced by genetic background, facility-specific

microbiota, or housing conditions.

One relevant factor is the use of a different control diet compared with the original
publication. In our Ldlr- and WT studies, we used a purified control diet matched to the
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WD in vitamins, trace elements, and amino acid composition, whereas the original study
employed a standard chow diet (Christ et al., 2018). In WT mice, one additional
confounding factor is their efficient cholesterol clearance due to high HDL levels, which
prevents them from developing severe hypercholesterolemia as observed in Ldlr 7 or
Apoe’- mice (Gistera et al., 2022). Although WT mice are used in atherosclerosis studies
employing proatherogenic diets (1.25 % cholesterol, 0.5 % cholic acid, and 15 % fat),
these diets induce only early fatty streaks after prolonged feeding of 10-14 weeks. After
five weeks of feeding, plasma cholesterol levels remain below 320 mg/dL (Paigen et al.,
1985), which corresponds to the baseline levels of Ldlr- (200-400 mg/dL) and is
substantially lower than those of Apoe’ mice (600-700 mg/dL). This markedly lower
cholesterol and lipid burden reduces the amount of oxLDL, a key trigger of T| (Bekkering
et al., 2014).

In our Apoe™ atherosclerosis prevention experiment, which included a standard chow
(SC)-fed control group, we did not observe a WD-induced expansion of GMP, as
compared to the SC-fed mice. However, we detected significant increases in MPP
populations - particularly the myeloid-biased MPP3 subset - and a trend toward elevated
HSC frequencies, suggesting enhanced leukocyte production. During emergency
myelopoiesis, MPP that have different lineage biases, shifts toward a myeloid
differentiation, including the lymphoid-biased MPP4 subset (Olson et al., 2020; Pietras et
al., 2015). The combination of increased HSPC, together with the absence of GMP
expansion and the lack of changes in circulating mature myeloid cells in response to WD
feeding may therefore reflect a state of emergency hematopoiesis, in which differentiation
is simultaneously retained. This is in part reflected in lower circulating cell counts of WD-
fed mice, compared to SC-fed mice. Notably, Apoe” mice show significantly increased
HSPC proliferation after ten weeks of WD feeding, whereas Ldlr"- mice do not (Murphy et

al., 2011), underscoring model-specific differences in inflammatory responses.
4.2.1 Modulation of Tl by HPBCD-HP5 and HPBCD-HP7

The above mentioned limitations have implications for interpreting the effects of
cyclodextrin treatments. If WD feeding does not reliably induce a detectable hematopoietic
shift, potential “reversal” effects of HPBCD-HPS or HPBCD-HP7 cannot be meaningfully
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evaluated at the progenitor level. As a result, our conclusions regarding the role of

cyclodextrins in TI must remain cautious.

The first approach to evaluate Tl was done in WD-fed Ldlr"- mice, from which GMP were
sorted for transcriptomic and epigenetic analysis. The results from RNA- and ATAC-seq
showed no increase of LXR target genes by HPBCD-HP7 compared to the respective Veh
group. A few DE genes were identified; however, they were not consistent among the two
treatment groups that differed in the route of administration (oral: Hmox, mt-Atp6, and mt-
Nd4 (up) vs s.c.: mt-Atp6, Ftl1, C1qc (down), and /fitm3 (up)). This highlights that the route
of drug administration influences the effect on the target organ.

The interpretation of subtle changes is further complicated by the underlying statistical
framework. Differences in statistical approaches — specifically, the use of unadjusted p-
values (Christ et al., 2018) versus multiple testing correction in our RNA-seq and ATAC-
seq analyses — may contribute to the divergent outcomes in DE gene and DOR
identification. However, even when analyzing our unadjusted data, we did not observe

increases in key marker genes such as Abca1 or Tir4.

To evaluate bone marrow niche inflammation, we measured IL-1 in the supernatants of
flushed bone marrow cells. We observed marginal increases following HPBCD treatment
within the prevention model, but not in the regression model, which may be a result of
increased frequencies of HPBCD injections (eight vs four weeks). IL-1B is a key driver of
Tl amplification (Li et al., 2022; Simats et al., 2024; Teufel et al., 2022) and future studies
are needed to monitor effects of HPBCD on inflammation of the bone marrow niche, which
also affects central (maladaptive) Tl and hematopoietic aging.

Together, these observations suggest that WD-induced hematopoietic reprogramming is
not uniformly reproducible across mouse models or dietary backgrounds. Based on the
cumulative evidence from our experiments, the Ldlr’- mouse model, combined with
standard chow (SC) rather than purified control diet (CD), appears to be the most
promising system for future studies investigating Tl effects in the bone marrow, as this
setting - at least in the oral group — yielded measurable and significant increases of GMP

frequencies.
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4.3 Reduction of adipocyte size in the gWAT by HPBCD treatment

In our Apoe™ atherosclerosis prevention model, but not in the regression model, we
observed the morphological shift from larger to smaller sized adipocytes in the gWAT.
This is a striking observation, as it may represent an important mechanistic link between
AT-driven metaflammation and atherogenesis. Several hypotheses may explain this
phenotype.

4.3.1 FGF21-induced lipolysis

One potential mechanism involves fibroblast growth factor 21 (FGF21), an adipokine with
pleiotropic metabolic functions (Flippo and Potthoff, 2021; Velingkar et al., 2023), and the
ability to promote lipolysis during fasting (Inagaki et al., 2007). Lipolysis helps to source
energy by the release of free fatty acids that then undergo -oxidation to produce acetyl-
CoA and electron carriers (Bartlett and Eaton, 2004). The acetyl-CoA can enter the
tricarboxylic acid (TCA) cycle and the electron carriers deliver electrons to the
mitochondrial electron transport chain, thereby sustaining cellular energy demands
(Houten and Wanders, 2010). In the prevention model, HPBCD-HPS5 robustly increased
FGF21 levels in males, with HPBCD-HP7 showing only a moderate induction. However,
these elevations did not correlate with increased expression of lipolytic markers like ATGL.
Conversely, in the regression model, HPRCD-HP5 did not elevate FGF21 or induce
detectable morphological changes in adipocytes, yet did increase ATGL expression. The
morphological change was likely not observed, because switching from a WD to SC alone
was sufficient to restore normal adipocyte sizes, potentially masking moderate HPRCD
effects. Because the two experiments substantially differed in feeding duration (8 vs. 12
weeks) and dietary scheme (continuous WD vs. WD followed by SC), their metabolic
contexts are not directly comparable. Nevertheless, our collective findings do not support
the hypothesis that FGF21 is a primary driver of the observed lipolysis-related effects.
This may not be as surprising, as the literature itself presents conflicting evidence
regarding the role of FGF21 in lipolysis induction; whereas Hotta et al. (2009) and Inagaki
et al. (2007) support the hypothesis, Arner et al. (2008) and Li et al. (2009) present
opposing findings. Those discrepancies likely arise from differences in experimental
systems (FGF21 transgenic mice, Fgf217- mice, ob/ob mice, 3T3-L1 adipocytes, and
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human AT; in vitro vs in vivo), different lipolysis readouts (free fatty acids, free glycerol,
MRNA levels of lipolytic enzymes, p-nitrophenyl laurate, total lipase activity assay) and
different stimuli (fasting, ketogenic diet, FGF21 injection/stimulation). Importantly, the role
of FGF21 in lipolysis has not yet been examined in Apoe” mice, likely because the
profound lipid-metabolic alterations, inherent to this genotype, make it challenging to
dissect additional regulatory effects.

4.3.2 Direct lipolytic effects of HPBCD and enhanced cholesterol mobilization

Our ex vivo lipolysis assay demonstrated a trend toward HPRCD-induced lipolysis within
2h, which suggests direct and rapid effect, rather than an indirect one that would require
transcriptional or translational changes in lipolysis-supporting molecules such as FGF21.
A direct inducer of lipolysis is norepinephrine, which acts via B-adrenergic signaling.
Binding to its receptor, norepinephrine leads to a cascade of G-protein coupled receptor
(GPCR) activation, increased levels of the second messenger cyclic adenosine
monophosphate (CAMP), activation of the protein kinase A (PKA) and phosphorylation of
HSL and perilipins, which open the droplet surface for lipases (Collins, 2012, 2025). So
far, we have no evidence, that HPBCD induces lipolysis via this pathway. However, LXRa
is an activator of Atgl, binding to an LXR response element within the promoter region (Y.
Chen et al., 2023), and could likely induce lipolysis the oxysterol-LXR axis. Induction of
the metabolization of cholesterol to oxysterols has been shown to be a mode of action of
HPBCD (Zimmer et al., 2016). Oxysterols not only passively diffuse through the cell
membrane, thereby reducing cholesterol content of the cell, but are also endogenous
ligands of the LXR transcription factor, which targets genes involved in lipid and
cholesterol metabolism, as well as inflammation. Induction of the LXR by HPRCD could

hence indirectly activate lipolysis, although this rather applies for time periods above 2 h.

HPBCD is a potent cholesterol-scavenging molecule, raising the possibility that it actively
facilitates cholesterol efflux from adipocytes, similar to what has been demonstrated for
macrophages (Zimmer et al., 2016). Our in vitro adipogenesis assay primarily examined
the differentiation of pre-adipocytes into mature adipocytes, but could be adapted to
assess whether HPBCD reduces pre-existing lipid droplets rather than preventing their
formation. Lipolysis markers could then be evaluated in cultured adipocytes using gPCR,
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Wes™  or by incorporating fluorescently labeled antibodies into the microscopic analysis.
In addition, cholesterol levels could be quantified in cells and in the supernatant, as
HPBCD is as a sink for cholesterol (Atger et al., 1997; Kilsdonk et al., 1995), which is

stored as cholesterol esters inside the lipid droplets.

We could also investigate whether lysosomal lipolysis contributes to HPBCD-mediated
effects, since this pathway represents a noncanonical mode of lipid mobilization in
adipocytes, particularly during fasting and cold exposure (Yeh et al., 2025). Lysosomal
acid lipase (LAL) hydrolyzes triacylglycerol and cholesteryl esters that reach lysosomes
either through receptor-mediated endocytosis (Goldstein et al., 1975) or via lipophagy, the
autophagic degradation of intracellular lipid droplets (R. Singh et al., 2009). In
atherosclerosis, foam cells rely on lysosomal lipolysis to convert stored cholesteryl esters
into free cholesterol, which is subsequently exported through ABCA1 and ABCG1 (Ouimet
et al., 2011). Inhibition of LAL prevents the accumulation of unesterified cholesterol in
lysosomes of NPC-mutant cells (Rosenbaum et al., 2010). Moreover, in a murine NPC
model, a single dose of HPBCD alleviated disease manifestations by promoting
redistribution of lysosomal free cholesterol into the cytosol, where it was metabolized and
excreted (B. Liu et al., 2009). This treatment also activated LXR target genes, including
Abcg1 and Cyp7a1, while reducing endogenous sterol synthesis. Together, these findings
support the idea of HPBCD to similarly modulate lysosomal lipolysis in our atherosclerosis
model.

4.3.3 No effect of HPBCD on adipocyte differentiation in vitro

Our in vitro adipogenesis experiments, HPBCD neither altered the development of lipid
droplets, nor did it change adipocyte proliferation (equivalent to hyperplasia). However,
for both HPBCD moieties a trend toward increased lipid droplet area was observed.

HPBCD-induced metabolization of cholesterol to oxysterols with subsequent LXR
activation may potentially be a link to increased lipid droplet formation. Juvet et al. (2003)
demonstrated augmented fat accumulation in murine 3T3-L1 cells and in human
adipocytes following stimulation with an PPARy agonist, which directly controlled the

expression of LXRa.
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However, the role of LXRa in adipocytes is ambiguous according to the literature. Ross et
al. (2002) reported that LXRa activation suppresses adipocyte differentiation and reduces
lipid accumulation in cultured preadipocytes, if inappropriately expressed and activated.
Activation of LXRa increased basal glucose uptake and glycogen synthesis in 3T3-L1
adipocytes elevated cholesterol synthesis, and promoted the release of non-esterified
fatty acids. In mice, LXRa agonists increased serum glycerol and fatty acid levels,
indicating enhanced adipose tissue lipolysis. In accordance with this, Matsushita et al.
(2016) showed that LXRa regulates adipocyte formation by acting as a negative regulator
of adipogenesis in bone marrow-derived MSC. MSC, isolated from LXRa/B”- mice, display
enhanced lipid droplet accumulation and adipogenic gene expression, whereas LXRa
overexpression in vitro suppresses adipocyte differentiation. Mechanistically, LXRa

maintains Wnt/B-catenin signaling, a pathway that inhibits the adipogenic program.

These findings highlight a functional link between LXR signaling and adipogenesis and
suggest that LXRa activation may contribute to white adipose tissue (WAT) remodeling in
our atherosclerosis model, although the effects of HPBCD on MSC remain unclear. This
could be explored further using our in vitro adipogenesis assay by assessing HPBCD-
induced mRNA expression changes.

4.4 Implications of HPBCD-induced ATM reduction

A notable finding is the consistent reduction of ATM across both atherosclerosis models,
especially by HPBCD-HP5 treatment. As ATM accumulate in obesity and are associated
with the development of insulin resistance, macrophage reduction appeared as a
beneficial aspect of HPBCD, especially of monocyte-derived TIM4- CD11c* cells.
Nevertheless, the following questions remain: 1) How is this reduction mediated by
HPBCD? 2) What is the impact on metabolic parameters? 3) Why is the effect sex-

specific?

Regarding the first question, one must note that we did not measure cell counts, but only
looked at population frequencies. Consequently, as macrophage frequencies declined,
several other immune cell populations increased, which were excluded by the lineage
gate, including T cells (CD3*), B cells (CD19%), neutrophils (Ly6G*), NK cells (CD335"),
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and eosinophils (CD170%). In theory, we might therefore not look at a decrease of

macrophages, but an increase of another immune cell population.

It should be noted that our gating strategy was based on CD11c and F4/80, which are not
fully macrophage-specific and may also capture dendritic cells. However, gating on F4/80*
cells likely enriches predominantly for macrophages, as dendritic cells typically show
higher CD11c expression (Gautier et al., 2012). For increased specificity, future studies
should incorporate additional macrophage markers such as MerTK and CD64 (Gautier et
al., 2012).

Regarding the second question, we hypothesized that reduction of macrophages could
alter the inflammatory milieu due to lower pro-inflammatory cytokine production, which
could affect systemic metabolic effects like insulin resistance (Hotamisligil et al., 1993;
Weisberg et al., 2006). However, our data do not show altered IL-6 and TNFa levels. In
addition, insulin, leptin, and resistin were not changed; neither was adiponectin in the
plasma, which was shown to be induced by methyl-B-cyclodextrin in 3T3-L1-derived
adipocytes (Chiang et al., 2023). Further studies may include glucose and insulin
tolerance tests to directly study the effects of HPBCD, although the Apoe’- model might
not be suitable, as these mice already perform better in glucose tolerance test, as
compared to WT mice (Y. Zhang et al., 2023), which could mask the effect of HPBCD.
Similar results are seen for Ldlr”- mice (Ngai et al., 2010). The use of db/db mice, a model

for T2D, could be used, if the focus was mainly on effects of HPBCD on hyperglycemia.

Ablation of TIM4* macrophages could be affecting lipid homeostasis, as Lyve1* TIM4*
ATM express high levels of Abca1 and aid in the post-prandial cholesterol transport
(Magalhaes et al., 2021). Blocking TIM4*, or its lysosomal function with chloroquine, leads
to inhibition of post-prandial HDL-C release. Notably, these cells do not express Nr1h3
(gene name of LXRa), but rather Kif4, an endothelial cell transcription factor that induces
Abca1 transcription. Loss of these ATM could, in principle, disrupt cholesterol and
lipoprotein handling within the gWAT. However, our data provide no evidence of impaired
cholesterol metabolism; instead, systemic cholesterol levels were reduced, suggesting an

overall improvement rather than dysregulation.
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Regarding the third question, several studies report that high-fat diet induces a more
pronounced macrophage infiltration into gWAT of male rather than female mice, with
males showing more crown-like structures and pro-inflammatory ATM (K.-H. E. Chen et
al., 2021; Lainez et al., 2018; Medrikova et al., 2012; Pettersson et al., 2012). Our finding
of reduced macrophage infiltration is therefore in line with the literature. As we do not
know the reason for macrophage reduction in males, it is difficult to speculate which effect
prevents macrophage reduction in females. Generally, sex hormones, genetic differences
(X chromosome dosage effects), and nervous signaling from the brain play a role in sex-
dependent differences that shape the adipose tissue (Fuente-Martin et al., 2013).

4.5 The connection between HPBCD, FGF21, and atherosclerosis

FGF21 and its role in atherosclerosis and metabolic diseases have been extensively
studied in the past years and several mechanisms of antiatherosclerotic effects have been
suggested, predominantly in mice (Jin et al., 2016; Tan et al., 2023). Mechanistically,
FGF21 mainly acts on the adipose tissue and liver, but not directly by targeting arterial
walls. FGF21 signaling induces adiponectin, which improves endothelial dysfunction (Lin
et al., 2015), and improved cholesterol metabolism. This was explained by reduced
cholesterol synthesis through the inhibition of hepatic SREBP-2 (Lin et al., 2015), and via
adipose tissue browning which accelerates clearance of cholesterol-rich lipoproteins (C.
Liu et al., 2022). FGF21 also exerts cardioprotective effects by preventing cardiomyocyte
injury and apoptosis through FGFR1/B-Klotho/Akt and adiponectin-dependent pathways
(Joki et al., 2015; S. Q. Liu et al., 2013), and by reducing cardiac lipid accumulation in
diabetic cardiomyopathy (Yan et al., 2015).

Clinical studies have reported mixed results regarding the role of FGF21 in ASCVD.
FGF21 has been linked to cardiovascular risk, with several studies reporting that
circulating FGF21 predicts adverse outcomes or incident coronary artery disease (CAD)
in statin-treated patients and individuals with type 2 diabetes (Gan et al., 2020; Lee et al.,
2017; Ong, Hui, et al., 2019). However, one multiethnic cohort did not confirm its predictive
value in atherosclerosis patients without CVD (Ong, Campbell, et al., 2019). Nonetheless,
evidence suggests that FGF21 may serve as a biomarker for CAD primary prevention,
particularly in subclinical atherosclerosis, in patients without NAFLD or diabetes, and in
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women without prior CVD (Basurto et al., 2019; J. S. Wang et al., 2017; L. Wu et al.,
2020). Whether and how FGF21 induction causally contributes to the observed reduction
in atherosclerosis in our model remains elusive, especially as we could not detect FGF21

in the plasma.

One plausible mechanism of HPBCD-induced FGF21 secretion involves endoplasmic
reticulum (ER) stress. Cholesterol extraction from cellular membranes by HPBCD may
disturb membrane homeostasis, triggering ER stress pathways that activate ATF4 (CREB-
2), a transcriptional driver of Fgf21 (Schaap et al., 2013; Wan et al., 2014). In the liver,
Fgf21 is also induced downstream of PPARa, which senses free fatty acids that are
released upon lipolysis in the AT. Thus, both ER stress/ATF4 signaling and PPARa
activation could converge on increased FGF21 expression following HPBCD treatment.
However, the underlying mechanism of FGF21 upregulation through HPBCD could not be
identified in this study, especially the much higher increase in the gWAT compared with
the liver, the main source of FGF21.

4.6 Sex differences

Sex differences were frequently observed across our studies, including atherosclerosis
reduction, alterations in ATM, FGF21 induction, and WAT remodeling. Intriguingly, we did
not observe sex-dependent differences in baseline plaque size, which are usually reported
to be larger in female mice (Man et al., 2020).

Preclinical studies examining sex as a biological variable in atherosclerosis are limited
and require enhanced investigations, especially of the underlying mechanisms (Man et
al., 2020). Nonetheless, we can speculate on several factors that may contribute to the
divergent responses in our models. First, genetic differences linked to sex chromosomes,
including X-linked gene dosage, shape metabolic responses, e.g. differences in weight
gain upon WD feeding (Link et al., 2013; Reue, 2017; Wiese et al., 2023). It could be that
a relatively high weight gain is necessary for treatment success. Second, the different
steroid sex hormones, could be interfering with HPBCD-function, as they are derived from
cholesterol (Miller and Auchus, 2011) and are bound by HPBCD, with preference to
testosterone over estradiol (Albers and Mduller, 1992; Schwarz et al., 2017). However, as
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cholesterol is much more abundant, a scavenging of these steroids is rather limited.
Depletion of cholesterol from the plasma membrane through HPRCD, however, reduces
steroid synthesis (Deng et al., 2019). Third, sex-dependent pharmacodynamics or
pharmacokinetics of HPBCD could further modulate tissue exposure and biological
effects, although this might be less reasonable, as HPBCD is not metabolized, and
excreted via glomerular filtration. Thus, its kinetics depend primarily on kidney function,
which does not typically show strong sex differences in mice under normal conditions.

In humans, the plaques between men and women are different. Men rather display
atheromatous plaques with a thin fibrous cap, which is prone to rupture, while women
have smaller, fibrous plaques with thicker fibrous caps, high collagen and smooth muscle
cell content (Sangiorgi et al., 2013; N. Singh et al., 2017; Vrijenhoek et al., 2013; Wendorff
et al., 2015; Willem E. Hellings et al., 2007). These plaques are prone to erosion and
thrombus formation on the plaque (Ralapanawa and Sivakanesan, 2021). A recent study
reviewing genetic and epigenetic studies revealed 40 candidate genes that may explain,
at least in part, sex differences in vascular remodeling, lipid metabolism and endothelial
dysfunction. These potentially act through smooth muscle cells, endothelial cells, and
potentially, macrophages (Sakkers et al., 2023). Aging also plays a role, as women
develop an increased risk in advanced age compared to men (Hakamaa et al., 2024).

More research is required that also involves adequate representation of female
participants in clinical trials (Tobb et al., 2022). In addition, socio-cultural/economic factors
(gender) need to be addressed, to account for the complexity of human lifestyle. Even
though premenopausal females appear protected from atherosclerosis by sex hormones
and chromosomes, they face a higher risk of adverse outcomes due to late diagnosis and
less guideline-directed treatment (Roeters van Lennep et al., 2025).

In conclusion, sex-dependent differences in human atherosclerosis are well documented,
including variations in the age of disease onset and in plaque characteristics. Underlying
mechanisms may partially be explained by X-chromosome dosage effects, which
influence pathways relevant to atherosclerosis development such as lipid metabolism.
Because sex-specific mechanisms in Apoe™™ mice are not well characterized, we can only

speculate about the factors underlying the divergent responses to HPRCD treatment
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observed in our study. A deeper understanding of HPBCD actions could clarify why we
see differences in male and female mice, and what implications this could have for

therapeutic use in men and women.

Notably, a sex-specific pattern has been reported in NPC mouse studies, where female
Npc1’- mice benefited more strongly from HPBCD therapy than males, e.g. in the
prevention of weight loss and reduction of required anesthetics (Holzmann et al., 2021).
The proposed explanation involves sex- and genotype-dependent differences in estradiol
and testosterone, and a possible normalization of these hormones by HPBCD.

4.7 No reduced inflammation by HPBCD treatment

Across all in vivo experiments, we did not observe a reduction in inflammatory biomarkers;
conversely, inflammation appeared to increase. This was evident in circulating cytokine
profiles, ex vivo stimulated immune cells, bone marrow IL-13 expression, and liver as well
as AT-derived cytokines. Despite significant plaque reductions, systemic inflammation did
not decrease, which is in strong contrast to the findings of Zimmer et al. (2016). One
explanation could be of technical nature: IL-6, IL-1B8, and TNF-a were below detection
limits in our Luminex assay, and more sensitive methods, such as Olink may be required.
However, even in previous assays using the highly sensitive Olink platform we did not
observe consistent anti-inflammatory effects either, suggesting this discrepancy may not

be methodological alone.

The RNA-seq analysis of sorted GMP from HPBCD-HP7-treated Ldlr’- mice showed an
upregulation of Hmox, an indicator of homeostasis restoration, which in macrophages is
upregulated by a plethora of stimuli (Vijayan et al., 2018). As such, HPBCD might be an
inducer of oxidative stress, and could potentially increase pro-inflammatory signatures. In
the same experiment, the ATAC-seq analysis showed that Jun was more accessible upon
HPBCD-HP7 treatment. Interaction of Jun-c with the transcription factor PU.1 is critical for
myeloid development (Zhao et al., 2022), and indicates a potential skewing toward
myelopoiesis, also supporting the proinflammatory signature.

The literature provides some evidence suggesting that HPBCD may have inflammatory

effects. Although HPBCD has shown less nephrotoxicity than the parental 3-cyclodextrin,
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a study by Scantlebery et al. (2019) found nephrotoxic effects, which are easily overlooked
if the kidneys are not evaluated. This could potentially lead to systemic low-grade
inflammation. Further, Houben et al. (2021) reported time and concentration-dependent
pro-inflammatory effects of HPRCD in vivo, studying Ldlr’- mice transplanted with bone
marrow of Npc1’ (Npc1™h) mice, and in vitro, using human and murine macrophages
(RAW, THP-1, and WT bone marrow-derived macrophages). This indicates the
importance of the optimization of HPBRCD dosage, balancing out the most
antiatherosclerotic with the least pro-inflammatory effects. In addition, polymerization of
HPBCD may reduce inflammation, as demonstrated in the context of NPC (Kulkarni et al.,
2018; Tamura and Yui, 2018), and it may further allow for reduced dosage of HPBCD,
because the polymer accumulates in the atherosclerotic plaque instead of the kidneys,

which prevents fast elimination from the body (H. Kim et al., 2020).

4.8 Conclusion

Both HPBCD-HPS and HPRCD-HP7 demonstrated prophylactic and therapeutic efficacy
in male Apoe” mice, and the therapeutic (regression) model is particularly promising for
translation to human disease, as lifestyle modifications - such as dietary improvement -
are commonly recommended alongside pharmacological therapy. Although the underlying
effects could not be conclusively resolved, our data indicate HPBCD-induced changes in
the gWAT, while bone marrow HSPC populations remained largely unaltered.

Future studies should address several outstanding questions, including the origin and
mechanisms underlying the subtle, but persistent proinflammatory signature observed
with HPBCD treatment, the pathways through which HPBCD induces FGF21 and the
relevance for the induction for atherosclerosis, and, importantly, the sex-dependent

differences in treatment response.

Translating these findings into clinical application will require careful monitoring of FGF21
levels and inflammatory markers, particularly given the unresolved role of FGF21 in
human atherosclerosis and the chronic low-grade inflammation in patients with
established disease. Further investigation will be essential to fully evaluate the therapeutic
potential and safety profile of HPBCD in human cardiovascular disease.
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5. Abstract

The modern Western lifestyle offers many conveniences - sedentary routines, abundant
processed food, and digital rather than in-person contact. The immune system has not yet
adapted to these rapid socioeconomic changes. Evolution has shaped the immune system
for pathogen defense, but was never optimized for sterile, lifestyle-related stimuli that fuel
metaflammation, a chronic low-grade inflammatory condition in metabolic diseases. This
inflammatory state accelerates non-communicable diseases (NCD), including
atherosclerotic cardiovascular disease (ASCVD). Atherosclerosis is marked by
cholesterol accumulation and immune cell infiltration in the arterial wall, and is profoundly

shaped by metabolic and inflammatory imbalance.

Here, we set out to determine whether the known antiatherosclerotic effects of 2-
hydroxypropyl-B-cyclodextrin (HPBCD), a cyclic oligosaccharide, can be explained
through its effects on the white adipose tissue (WAT), a key site of metaflammation. We
further aimed to investigate potential effects on the hematopoietic phenotype, specifically
whether HPBCD counteracts Western diet (WD)-induced myeloid reprogramming in the
bone marrow, with a particular focus on the monocytic progenitor lineage, which is known
to enter both the adipose tissue and the arterial wall, thereby promoting inflammatory

disease progression.

We used two derivates of HPRBCD with different degree of substitution, HPBCD-HPS and
HPBCD-HP7, in the Apoe™ atherosclerosis mouse model. The data show significant
reduction in atherosclerotic plaque burden, accompanied with reduced cholesterol and
increased oxysterol, in both a prevention and therapeutic setting. In the prevention study,
both HPBCD increased FGF21 levels in gonadal WAT, reduced adipose tissue
macrophages (ATM), and was associated with reduced adipocyte size. Interestingly, none
of the HPBCD effects applied to female mice.

In summary, our study demonstrates that the investigated HPRCD derivatives modulate
adipose tissue morphology, reduce ATM, and stimulate FGF21 secretion from gWAT in
males. These findings offer new insight into how cyclodextrins may influence metabolic
inflammation and may contribute to their atheroprotective effects.
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Supplementary Fig. S1: Backgating of the GMP gate in the LdIr"- model. The antibody
panel used for sorting had suboptimal fluorophore and antibody combinations, which
caused difficulties in compensation (e.g. banana-shaped APC/lineage population).
Backgating was done to identify the distribution of GMP within the upstream gating
strategy. The LS'K gate was deliberately expanded to avoid the exclusion of CD34*
CD16/32* cells.
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Supplementary Fig. S2: GMP sorted from LdIr’- mice cluster mainly by application
route. The PCA plot shows the of the first two dimensions (PC1 and PC2) of the top 50
DE genes. Samples are colored by application route of HPBCD (oral vs s.c.).

Supplementary Fig. S3: List of 533 genes used for the gene set enrichment
analysis (GSEA) of sorted GMP. The list contains 533 LXR target genes that have
been published before to investigate the effects of HPBCD (Zimmer et al., 2016).

Gene Accession No.
1110032E23Rik NM 133187.2
1200011M11Rik NM 024262.1
1500035H01Rik NM 023813.3
1600002D24Rik XM 001473403.1
1600014C10Rik NM 028166.3
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1600014C23Rik XM_128667.1
1700010C24Rik NM_027401.2
1700011E24Rik XM_128789.5
1700012B15Rik NM_028796
1700017N19Rik XM_487140
1700019M22Rik NM_027076.2
1700025G04Rik NM_197990.2
1700027L20Rik XM_906114.3
1700112H15Rik XM_149010.2
1810019J16Rik NM_001083916.1
2010107E04Rik NM_027360.2
2210010L0OSRik NM_133829.1
2310005N03Rik NM_025511.2
2310005P05Rik NM_026189.2
2310011J03Rik NM_025521.3
2310028011Rik XM_901483.3
2310033K02Rik NM_001080708.1
2310035K24Rik NM_027129.2
2310040G24Rik XM_001480154.1
2310043N10Rik NR_003513.2
2310045A20Rik NM_172710.3
2610204M0O8Rik NM_198411.2
2610209M04Rik NM_025665.1
2610307008Rik XM_921606.2
2700038C09Rik NM_025598.1
2810046L04Rik NM_173382
2810439F02Rik AK080904
2810474019Rik NM_026054.2
3110003A17Rik NM_028440.1
3110023E09Rik AK014071
3830408P04Rik NM_023647
4921513D23Rik NM_001081154
4930522017Rik XM_898933.3
4930543E12Rik XM_922816
4930546C10Rik XM_484744
4932425124Rik NM_001081025.1
4932443119Rik XM_980156.1
4933402G07Rik AK016617
5031425E22Rik XM_149592.1
5033441K04Rik NM_001003948.1
5430405G24Rik XM_152907.3
5430435G22Rik NM_145509.2
5730525022Rik AK017789
5830415L20Rik NM_001042501.1
6330442E10Rik NM_178745.3
6330503K22Rik NM_182995.1
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6430548MO8Rik NM_172286
6530418L21Rik NM_175398.3
8430432M10Rik NM_176831.2
9430041J06Rik NM_001081045
9830002117Rik XM_126365.3
A430090L17Rik NM_177004
A530088I07Rik AK080244
AB124611 NM_206536.1
Abca NM_013454.3
Abcal7 NM_001031621.1
Abcg NM_009593

Abr NM_198894.1
Acls3 NM_028817.2
Acly NM_134037.2
Acp2 NM_007387.1
Acsl4 NM_001033600.1
Actn1 NM_134156.1
Adap2 NM_172133.1
Adcy7 NM_007406.1
Adk NM_134079.1
Ado NM_001005419.1
Adrbk1 NM_130863.1
Adss NM_007422.2
Aebp2 AK045838
Agpatd NM_026644.1
Al427809 NM_001033454.1
Al836003 NM_177716.2
Ak2 NM_016895.3
Akna NM_001045514.1
Akria4 NM_021473.2
Alad NM_008525.3
Aldh4a NM_175438.3
Aldh9a NM_019993.3
Ankrd55 NM_029898.2
Aoah NM_012054.2
Arf2 NM_007477.4
Arhgef10I NM_172415.2
Arid1a NM_033566.1
Arlad NM_031160.1
Arl6ip6 NM_022989.2
Art3 NM_181728.1
Asph NM_133723.2
Atp13a3 XM_001480958.1
Atpla1 NM_144900.1
Atp2a2 NM_009722.2
Atp5g3 NM_175015.2
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Atpbl NM 013795.4
Atp8b2 NM_001081182.1
Atp8b4 XM _ 141343
AxI NM _009465.3
B3galnt1 NM_020026.2
B3gat1 NM_029792.1
B4galt5 NM 019835.2
Bard1 NM_007525.2
Bbc3 NM_133234.1
BC006965 NM_146031
BC017158 NM_145590.1
Bcar3 NM_013867.1
Bcat1 NM _007532.3
Bckdhb NM_199195.1
Bel2ll NM _009743.4
Bcl7b NM_009745.1
Bex6 NM_001033539.2
Birc6 AK086619
Bms1 NM_194339.1
Bola3 NM_175277.2
Brms1l NM 134155.2
Btg2 NM_007570.2
C130026121Rik NM 175219.3
C230095G01Rik NM 178768.3
Cbar1 NM_007577.3
C730024G19Rik XM 921354.2
Casc1 NM_177222.3
Cc2d1b NM 177045.2
Ccdc109b NM_025779.2
Ccdc45 NM 177088.2
Ccnd3 NM _007632.2
Cctb5 NM_007637.2
Cd19 NM _009844.2
Cd28 NM _007642.2
Cdal NM_009690.1
Cd63 NM_007653.1
Cd9 NM_007657.2
Cdo7 NM_011925.1
Cdc215 NM _001081058.1
Cdca1 NM_023284.1
Cdca3 NM 013538.4
Cdk5rap2 NM_145990.3
Cdk6 NM _009873.2
Cdkn2aipnl NM_029976.2
Cebpd NM_007679.4
Cenpn NM_028131.3
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Cetn1 NM_007593.5
Chd2 NM _001081345.1
Chd9 NM 177224 1
Chmp4b NM_029362.3
Chsy1 NM 001081163.1
Cic NM 027882.2
Cirbp NM 007705.2
Clcab5 NM 178697.4
Clec2d NM _053109.2
Clec4d NM 010819.3
Cin6 NM_001033175.1
Clstn3 NM_153508.3
Cltc NM 001003908
Cmah NM_ 0077171
Cngb3 NM 013927.2
Cnot2 NM_028082.1
Cnpy3 NM_028065.2
Cntnap5a NM_001077425.1
Col17a1 NM 0077321
Col22a1 XM _907370.3
Col4a3bp NM_023420.1
Commd4 NM 025417 .1
Coro6 NM_ 139128.1
Cpeb2 NM 175937.2
Cps1 NM _001080809.1
Cpsf6 NM 001013391.1
Crat NM_007760.3
Creb3I2 NM_ 178661.3
Creg1 NM 011804.2
Cryga NM _007774.3
Ctsd NM _009983.2
Ctss NM_021281.1
Cux1 NM_009986.3
Cxcl4 NM 019932.2
Cyp26b1 NM 175475.2
Cyth4 NM 028195.3
D1Ertd471e NM 001164528
D4Ertd196e XM 975887 .1
D6Wsu176e NM_ 138587.4
D930001122Rik NM_ 173397
Dcbld2 NM 028523.3
Ddx50 NM_053183.1
Dhx35 NM 1457421
Diap2 NM 017398.2
Dip2c NM 001081426.1
Dirc2 NM_153550.3
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DiIx1as NR_002854.1
Dpp10 NM_199021.2
Dpp3 NM_133803.1
Dppa3 NM_139218.1
Dr1 NM_026106.4
Dtd1 NM_025314.1
Dtnb AK083752
Dusp14 NM_019819.3
Dusp6 NM_026268.2
E030010A14Rik NM_183160.3
Edem1 NM_138677.2
Efna1 NM_010107.3
Egr3 NM_ 018781
Eif2ak4 AKO077199
Eif4a2 NM_013506
Elovl5 NM_ 134255.2
Emg1 NM_013536.1
Emp1 NM_010128.4
Endod1 NM_028013.2
Entpd1 NM_009848
Epb7.2 NM_ 0135151
Eps8 NM_007945.2
Erh NM_007951.1
Erlin2 NM_153592.1
Ermpl1 NM_001081213.1
Esr1 NM_007956.4
Etvb NM_007961.3
Exoc2 NM_025588.2
Eya3 NM_010166.2
Fam129b NM_146119.1
Fam176b NM_172145.3
Fasn NM_007988.3
Fbxo32 NM_026346.1
Fcerlg NM_010185.2
Fcgri NM_010186.4
Fer113 XM _001480162.1
Fgd2 NM_013710.3
Fhi3 AF114382
Fkbp3 NM_013902.4
Fli1 NM_008026.4
Fmnli1 NM_019679.2
Fndc3b NM_ 1731821
Fndc7 NM_177091.2
Foxc1 NM_008592.2
Frrs1 NM_009146.1
Fut8 NM_016893.4
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Gabpb2 NM 029885.1
Gad2 NM 008078.1
Galnt4 NM 015737.3
Galnt9 NM 198306.1
Gapdh NM 008084.2
Gas7 NM 008088.1
Gda AK044078

Gdi2 NM 008112.4
Gene Accession no
Ggnbp1 NM 027544 .1
Gh NM 008117.2
Gltp NM 019821.2
Gm528 XM 986482.1
Gm572 NM 001085505.1
Gm71 NM 001033236.2
Gm8286 NM 001033411.1
Gng10 NM 025277.3
Gpr68 NM 175493.2
Gpx1 NM 008160.5
Gree10 NM 013535.1
Grin2b NM 008171.3
Grk5 NM 018869.2
Grm4 NM 001013385.1
Gsx1 NM 008178.2
Gtf2e1 NM 028812.3
Gtpatch4 NM 025663.2
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Supplementary Fig. S4: BW changes (AUC) of WT mice fed a WD for 6 weeks. Data
is shown of two independent experiments, with the second experiment lacking the CD-
HPS5 group.
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Supplementary Fig. S5: Effects of HPBCD-HP5 and HPBCD-HP7 on bone marrow
hematopoietic cells in WD-fed Apoe’ mice. a) Counts of LSK cells and subpopulations
b) Counts of HSC and subpopulations. ¢) Frequencies of CD41* and CD61* LT-HSC.
Statistical analysis was performed using two-way ANOVA followed by Dunnett’'s multiple
comparisons test. Displayed p-values are adjusted for multiple testing. n (males) = 7-10,
n (females) = 5-8 mice per group.
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Supplementary Fig. S6: Effects of HPBCD-HP5 and HPBCD-HP7 on circulating
immune cells in the blood. a) Cell counts of myeloid and lymphoid cells in the circulation,
analyzed by flow cytometry. Statistical analysis was performed using two-way ANOVA
followed by Dunnett's multiple comparisons test. Displayed p-values are adjusted for
multiple testing. n (males) = 7-10, n (females) = 5-8 mice per group.
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Supplement Fig. S7: Effects of HPBCD-HP5 and HPBCD-HP7 on ex vivo
adipogenesis of SVF cells. Isolated SVF (Lin") from gWAT of WT mice were cultured and
adipogenesis was induced in pre-adipocyte cells. Cells were fixed on the day of induction
(d0), as well as on day 3, 6 and 8. Cells were stained with DAPI, LD540 and Ki-67. Images
were analyzed using the AdipoQ plugin in Fiji. a) DAPI counts from day 8. Statistical
analysis was performed using two-way ANOVA followed by Dunnett's multiple
comparisons test. Displayed p-values are adjusted for multiple testing. n=3-6 mice per

condition; similar shapes of the data points indicate different mice from the same
experiment.



