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Chapter 1

Obesity, type 2 diabetes and metaflammation

Chronic imbalance between energy intake and expenditure results in overweight and obesity.
These conditions are defined by elevated body mass index (BMI; 25-29.9 kg/m?* and >30 kg/
m?, respectively) as a gauge for adiposity and predispose for developing co-morbidities like
type 2 diabetes, cardiovascular diseases, and some forms of cancer. Although preventable,
obesity prevalence has reached epidemic proportions, afflicting over 650 million adults
as of 2016 (1), and over 450 million suffered from type 2 diabetes in 2019 (2). Lifestyle
interventions - encompassing either dietary, physical, behavioral, or a combination - have
been proven efficacious in reducing obesity-associated risks and improving quality of life, yet
post-intervention weight maintenance remains a considerable challenge (3). In fact, although
mechanistically incompletely understood (4-6), formerly obese individuals are at risk for
accelerated post-dieting weight regain (7). Although type 2 diabetes and other obesity-
induced metabolic dysfunctions are drug-treatable, most entail symptomatic treatments,
and new, innovative therapeutic strategies are still required to both provide alternatives to
conventional medicine and act in concert with lifestyle interventions for alleviating disease.

Understanding the pathophysiology of obesity-induced metabolic dysfunctions may
assist in developing such new therapeutic strategies. Chronic nutritional overload causes
adipocyte hypertrophy and hyperplasia that eventually results in white adipose tissue (WAT)
dysfunction, at least partly through hypoxia-induced adipocyte cell death (8, 9). This is
believed to trigger inflammation, where recruited immune cells produce proinflammatory
cytokines that generate a vicious circle exacerbating inflammation, as well as inhibit
adipocyte canonical insulin signaling and promote lipolysis-derived fatty acid efflux. These
events promote ectopic lipid deposition in skeletal muscle and the liver, contributing to
development of non-alcoholic fatty liver disease (NAFLD). This disruption of skeletal
muscle and liver homeostasis promotes local inflammation, hepatic gluconeogenesis and
tissue-specific insulin resistance via proinflammatory cytokines and lipotoxicity, together
contributing to whole-body insulin resistance and development of type 2 diabetes (10, 11)
(Figure 1). Hence, type 2 diabetes is driven by so-called chronic, low-grade inflammation
particularly in metabolic tissues, also coined metaflammation (12).

Conceivably, most research on metaflammation has focused on WAT, as this is
considered the etiological origin of an inflammatory cascade that impairs whole-body
insulin sensitivity. It is well-established that cells of both the innate and adaptive immune
system accumulate in WAT during obesity and are either associated with or drive insulin
resistance (13, 14). A key paradigm herein is the recruitment of monocytes through the
monocyte chemoattractant protein 1 (MCP-1)-CCR2 axis and subsequent development into

proinflammatory macrophages upon encountering the WAT inflammatory milieu (15-17). .
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Chapter 1

Macrophage-derived proinflammatory cytokines, such as tumor necrosis factor (TNF) and
interleukin (IL)-1B, were shown to inhibit tissue-specific insulin signaling (18, 19) (Figure
1). Similarly, activation and impaired survival of Kupffer cells (KCs), the liver-resident
macrophages, and recruitment of proinflammatory monocyte-derived KCs contribute to
NAFLD pathogenesis and progression towards non-alcoholic steatohepatitis (NASH) (20-
22) (Figure 1). Although well-established, the environmental and cellular changes dictating
proinflammatory macrophage activation in the context of obesity are hitherto not fully
understood, and identifying new mechanisms may provide novel therapeutic targets or
strategies

In addition to macrophages, dendritic cells (DCs) were also shown to contribute to
obesity-induced metabolic dysfunctions (23-25). DCs are specialized antigen presenting
cells that bridge the innate and adaptive immune system by governing T cell responses
dependent on the inflammatory and metabolic context, both aiding in defense against
pathogens and maintenance of immune homeostasis. Obesity promotes DC accumulation
in metabolic tissues, and mice lacking DCs or with impaired DC migration are protected
against metaflammation and insulin resistance (23-25). Furthermore, both WAT and liver
are populated by different T cell subsets. Here, interferon (IFN)-y-producing CD4* T helper
1 (Th1) cells and IL-17A-producing Th17 cells increase during obesity, and are considered to
contribute to insulin resistance (as reviewed in (26) and (27)). The T cell priming capacity of
DCs is increasingly recognized to be driven by their cellular metabolic rewiring, facilitating
co-stimulatory marker and cytokine expression necessary for skewing T cell differentiation
(28). Accordingly, the metabolic microenvironment of DCs has considerable impact on its
T cell priming functions (29). However, the mechanistic underpinnings of DC-mediated T

cell priming in metabolic tissues in the context of obesity are yet incompletely understood.

Type 2 immunity, metabolic homeostasis and parasitic worms

During homeostasis, the maintenance of insulin sensitivity in metabolic tissues is under the
control of the immune system. Specifically in lean WAT, Th2 cells and type 2 innate lymphoid
cells (ILC2s) produce the canonical type 2 cytokines IL-4, IL-5 and IL-13, of which IL-5
maintains WAT eosinophil homing (30). These eosinophils are the principal producers
of IL-4, and together with Th2 and ILC2-derived IL-4 and IL-13 promote alternative
activation of macrophage through IL-4Ra and/or IL-13Ral/2-mediated activation of the
transcription factor STATG6 (30-33). Since tissue macrophages are well-established sentinels
of homeostasis (34, 35) and this immunological circuit appears to culminate in alternative

activation of macrophages, these cells are considered the effector cells that maintain tissue



General introduction

insulin sensitivity (Figure 2). Although not as extensively studied, similar processes are
believed to also contribute to maintenance of insulin sensitivity in the liver (36). One could
imagine that restoring this impaired type 2 immunity environment in obese individuals may
restore insulin sensitivity and mitigate obesity-induced metabolic dysfunctions.

Parasitic helminth worms are the strongest natural inducers of type 2 immunity (37).
Indeed, cross-sectional studies have shown that individuals living in helminth-endemic areas
are less likely to develop metabolic dysfunctions (38), and pharmacological elimination
of helminths worsened metabolic parameters associated with insulin resistance (39, 40),
indicative of an inverse correlation between helminth infection and metabolic dysfunctions.
In line with this, experimental infection of obese mice with different helminth species (31,
41-43), as well as treatment with helminth-derived immunomodulatory molecules (41,
42, 44), induced type 2 immunity in metabolic tissues and improved whole-body insulin
sensitivity. Together, this suggests that type 2 immunity, induced by helminths or their
molecules, may hold promise in treatment of metabolic disorders, although causality and

underlying mechanisms remain to be established.

ILC2 Th2cell
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Figure 2. Type 2 immunity in lean WAT. See text for details. AAM: alternatively-activated macrophage.
Created with BioRender.com

Thesis outline

Immunometabolism is a rapidly evolving new field at the intersection of immunology and
metabolism that consists of two inter-related branches: [1] cellular immunometabolism,
i.e. how intracellular metabolism dictates immune cell function; and [2] systemic
immunometabolism, 7.e. how immune cells control tissue-specific and whole-body metabolic
homeostasis. The work presented in this thesis mainly focuses on how immune cells regulate

tissue-specific and whole-body metabolic homeostasis in various experimental contexts. To

11




Chapter 1

this end, we mainly used preclinical mouse models of obesity, insulin resistance and type
2 diabetes to dissect the underlying molecular mechanisms and explore various therapeutic
strategies.

In part 1, we investigate the molecular mechanisms involved in the control of metabolic
homeostasis by myeloid cells. Chapter 2 is an example of cross-fertilization of the two arms of
immunometabolism, investigating whether manipulation of macrophage metabolism affects
immune cell function and, consequently, whole-body metabolism. Here, we investigate the
effects of macrophage-specific deletion of ATP citrate lyase (Acly), a metabolic enzyme
linking cellular metabolism to immune cell function, on inflammatory disorders such as
obesity-induced type 2 diabetes. Chapter 3 describes the discovery of a new role for the
soluble form of the mannose receptor, a cell surface receptor involved in antigen binding and
internalization, in the regulation of macrophage proinflammatory activation and metabolic
homeostasis. Next, chapter 4 summarizes and discusses the impact of the mannose receptor
and other family members of the C-type lectins on regulating immune cell functions and
their effects on metaflammation. Finally, in chapter 5, which constitutes another example
of a study bridging the two arms of immunometabolism, we investigate how the nutrient
sensor liver kinase B1 (LKB1) governs DC function in the context of obesity. Collectively,
this section describes novel mechanisms that control metabolic homeostasis, providing
potential new leads for therapeutic interventions.

In the second part of this dissertation, we investigate whether immunomodulatory
(helminth) molecules improve metabolic dysfunctions of obese mice, and study the underlying
mechanisms. Chapter 6 first provides a literature overview on regulation of metabolic
homeostasis by immune cells and the impact of helminths and their immunomodulatory
molecules. Among these molecules are the immunomodulatory soluble egg antigens (SEA)
of the helminth Schistosoma mansoni. In chapter 7, we next investigate how S. mansoni SEA
and w1, a type 2 immunity-inducing molecule present in S. mansoni SEA, may promote
insulin sensitivity in a mouse model of diet-induced obesity. Finally, in chapter 8 we explore
the immunometabolic effects of a novel plant extract, named Totum-63 and developed for
the treatment of pre-diabetes, on obese mice. Altogether, this part provides new insights
into how immunomodulatory (helminth) molecules can regulate whole-body metabolic
homeostasis.

To conclude, chapter 9 highlights the main findings of this thesis and provides
suggestions for future research investigating immunological control of obesity-induced

metabolic dysfunctions.
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MOLECULAR MECHANISMS INVOLVED
IN THE CONTROL OF METABOLIC
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Chapter 2

Abstract

Macrophages are highly plastic, key regulators of inflammation. Deregulation of macrophage
activation can lead to excessive inflammation as seen in inflammatory disorders like
atherosclerosis, obesity, multiple sclerosis and sepsis. Targeting intracellular metabolism is
considered as an approach to reshape deranged macrophage activation and to dampen the
progression of inflammatory disorders. ATP citrate lyase (Acly) is a key metabolic enzyme
and an important regulator of macrophage activation. Using a macrophage-specific Acly-
deficient mouse model, we investigated the role of Acly in macrophages during acute and
chronic inflammatory disorders. First, we performed RNA sequencing to demonstrate that
Acly-deficient macrophages showed hyperinflammatory gene signatures in response to acute
LPS stimulation 77 vitro. Next, we assessed endotoxin-induced peritonitis in myeloid-specific
Acly-deficient mice and show that, apart from increased splenic /6 expression, systemic and
local inflammation were not affected by Acly deficiency. Also during obesity, both chronic
low-grade inflammation and whole-body metabolic homeostasis remained largely unaltered
in mice with Acly-deficient myeloid cells. Lastly, we show that macrophage-specific Acly
deletion did not affect the severity of experimental autoimmune encephalomyelitis (EAE),
an experimental model of multiple sclerosis. These results indicate that, despite increasing
inflammatory responses in vitro, macrophage Acly deficiency does not worsen acute and
chronic inflammatory responses iz vivo. Collectively, our results indicate that caution is
warranted in prospective long-term treatments of inflammatory disorders with macrophage-
specific Acly inhibitors. Together with our earlier observation that myeloid Acly deletion
stabilizes atherosclerotic lesions, our findings highlight that therapeutic targeting of

macrophage Acly can be beneficial in some, but not all, inflammatory disorders.
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Myeloid ATP citrate lyase regulates macrophage inflammatory responses
in vitro without altering inflammatory disease outcomes

Introduction
Macrophages are key players in the first line of cellular defense. These highly plastic

immune cells can adopt several activation states to respond to the situation at hand. Under
homeostatic conditions, functional pro- and anti-inflammatory macrophages are in balance
to fight pathogens and to restore tissue damage. Unbalanced macrophage activation may
lead to chronic inflammation as seen in atherosclerosis, multiple sclerosis (MS) and obesity
or it can lead to hyper-inflammation as occurs during sepsis (1-3).

Metabolic reprogramming of macrophages has been proposed as a promising therapeutic
target to combat inflammatory disorders (4, 5). Typical in vitro lipopolysaccharide (LPS)-
activated inflammatory macrophages switch towards an increased flux through glycolysis
and the pentose phosphate pathway to fuel their energy demands for eliciting immune
responses, highlighting the central role of metabolism in inflammation (6). Interfering
with such metabolic shifts may hamper persistent activation of inflammatory macrophages.
Recently, Lauterbach et al. (2019) showed that early after LPS activation, the metabolic
enzyme ATP citrate lyase (Acly) becomes activated in macrophages and provides the cell
with cytosolic acetyl-CoA from increased glucose uptake and citrate accumulation (7).
Increased cytosolic acetyl-CoA allows for histone acetylation to stimulate the expression
of inflammatory genes and is involved in fatty acid synthesis and cholesterol biosynthesis
(7-9). Hereby, Acly links glycolysis and mitochondrial metabolism to lipid metabolism
and histone acetylation, marking Acly as a potential metabolic target for tackling excessive
inflammation (9, 10). /z vitro studies indicated that short-term inhibition of Acly by small
molecule inhibitors or knockdown through siRNAs can dampen macrophage inflammation
(7, 8, 11). Likewise, systemic inhibition of Acly in vivo reduces inflammatory outcomes in
endotoxin-induced peritonitis (7). However, through a recently developed myeloid-specific
Acly knockout mouse model, we revealed a discrepancy in the translation of iz vitro findings
to in vivo settings (12). In contradiction to previous studies, LysM-Cre-mediated Acly-
deficient macrophages revealed increased inflammatory signaling in in vitro LPS-elicited
responses and in atherosclerotic plaques iz vivo (12). Despite increased inflammatory
signaling, myeloid Acly deficiency resulted in increased atherosclerotic plaque stability (12).
These data underline the need for a better understanding of targeting of Acly in macrophages
specifically in the potential treatment of acute and chronic immune disorders.

Here, to decipher how Acly deficiency in myeloid cells affects acute and chronic
inflammatory responses, we first analyzed LPS-activated macrophages by RNA-sequencing
(RNA-seq). We demonstrated in an unbiased way that Acly-deficient macrophages display
deregulated cholesterol handling and elevated inflammatory gene expression signatures after

both 3 and 24 hours of LPS stimulation 7 vizro. Remarkably, we show that iz vive disease
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outcomes of different inflammatory conditions, i.e. endotoxin-induced peritonitis, obesity
and experimental auto-immune encephalitis (EAE) remain largely unaffected by myeloid
Acly deficiency. Together with our previous findings in atherosclerosis, these data highlight
that myeloid-specific targeting of Acly is beneficial only in some inflammatory disorders and

is likely compensated in others.

Results

Macrophage Acly deficiency increases inflammatory signaling in vitro

To study the effects of Acly deficiency on inflammatory responses in macrophages, we

8 mice with mice expressing Cre under control of the myeloid cell-specific

crossed Acly
LysM promotor (Lyz2-Cre)(12). We have previously shown that naive, unstimulated
Acly-deficient bone marrow-derived macrophages (BMDMs) display deregulated lipid
metabolism compared to control BMDMs, whereas inflammatory cytokines were increased
only after LPS stimulation (12). Hence, we stimulated control (Acly") and Acly-deficient
(Acly™®) bone marrow-derived macrophages (BMDMs) in vitro with LPS for 3 and 24
hours to examine inflammatory activation in an unbiased way through RNA-seq (Figure
1A). Efficiency of Acly deletion was confirmed at protein level by Western Blot and at gene
expression level by RNA-seq since Acly was amongst the most downregulated genes in Acly™
X0 macrophages after both 3- and 24-hours LPS stimulation (Figure 1B, Supplementary

M-KO

Figure 1A). Of all significantly regulated genes between control and Acly™*° macrophages,
only 30 were overlapping after both 3- and 24-hours LPS stimulation, indicating timing-
dependent activation patterns (Figure 1C). However, pathway analysis revealed that similar
pathways were affected by Acly deletion after 3- and 24-hours LPS activation (Figure 1D).
We found Acly-dependent regulation of pathways related to fatty acid and cholesterol
biosynthesis and observed that while cholesterol levels were similar, desmosterol levels were
still decreased after inflammatory activation with LPS (Supplementary Figure 1B). Next to
lipid metabolism, pathway analysis revealed that genes involved in inflammatory signaling
were affected upon Acly deletion (Figure 1D). To specifically assess the effect of Acly deletion
in BMDMs on the expression of inflammatory genes, we first selected the most highly
induced genes in LPS-stimulated control macrophages at both time points (Log,(Fold
Change)>5 and adjusted p-value<0.05; Figure 1E-F). 15 out of the 175 genes that were

M-KO

most induced after 3 h LPS treatment were differentially expressed in Acly™* macrophages

in comparison to controls (Figure 1E). Likewise, 17 out of the 159 top-induced genes were

differentially regulated after 24 h treatment with LPS (Figure 1F). At both time points,

M-KO

the majority of differentially expressed genes was upregulated in Acly macrophages,
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AFigure 1. Legend

Figure 1. Macrophage Acly deficiency upregulates LPS-induced inflammatory gene expression
in vitro. (A) Control and AclyM-*® BMDM:s were stimulated with LPS for 3 or 24 h and analysed
by RNA-sequencing. (B) Volcano plot of differentially expressed genes between control and Acly-
deficient BMDMs after 3 or 24 hour LPS stimulation highlighting the top 5 most significant up- and
down-regulated genes. (C) Venn diagram showing overlap in deregulated genes by Acly deficiency
after 3 and 24 hours LPS activation. (D) Deregulated pathways in Acly-deficient macrophages
as determined by Reactome, KEGG and GO pathways. (E-F) Expression in control versus Acly-
deficient BMDMs of genes that are most highly LPS-induced after 3h (£) or 24h (F) LPS stimulation
in control BMDMs. (n=3 per group)

indicating that deletion of Acly in macrophages potentiates inflammatory responses. Among
them, the 5 genes that were significantly altered in naive Acly-deficient BMDMs compared
to control BMDMs are mainly involved in lipid metabolism and cell cycle regulation,
indicating that increased inflammatory responses are likely not due to differences at baseline
(Supplementary Figure 1C). //6 and Nos2 were among the most upregulated genes in LPS-

M-KO

stimulated Acly™*® macrophages, corresponding with our earlier observations that Acly-

deficient macrophages secrete more IL-6 and nitric oxide in response to LPS (12). Together,
this analysis indicates that inflammarcory signaling is increased in LPS-activated Acly™*©

macrophages in vitro.

Acute endotoxin-induced peritonitis is largely unaffected in myeloid-specific Acly-

deficient mice

To analyze whether our findings translate to altered acute inflammatory responses iz vivo,
Acly™*© and control mice were injected intraperitoneally (i.p.) with LPS (or vehicle control)
as a commonly used endotoxin-induced peritonitis model (Figure 2A) (7, 13). In line with
the RNA-seq data, we found increased LPS-induced /6 expression in spleens of Acly™*©
mice when compared to control mice, whereas splenic expression of other cytokines remained
unaltered (Figure 2B). Both local (peritoneal) and systemic (plasma) cytokine and chemokine

levels were induced by LPS to a similar extent in Acly™*©

and control mice (Figure 2C;
Supplementary Figure 2A). However, LPS treatment resulted in slightly decreased relative
myeloid cell recruitment and slightly increased relative B cell recruitment to the peritoneum
in Acly-deficient mice as assessed by flow cytometry on peritoneal exudate cells (Figure 2D-
E; Supplementary Figure 2B). We did not find increased neutrophil-related chemokine gene
expression (Cxcll, Cxcl2) or tolerogenic cytokine gene expression (//10, Tgfb) in peritoneal
exudate cells at baseline (Supplementary Figure 2E). However, myeloid cells displayed a
decreased percentage of viable cells in the peritoneum upon LPS induction, at least partly

explaining the reduced abundance of these cells (Supplementary Figure 2C).
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AFigure 2. Legend

Figure 2. Myeloid Acly deficiency barely alters systemic and local immune responses in acute

endotoxin-induced peritonitis. (A) Control and Acly™*® mice received an intraperitoneal injection

of LPS or vehicle control. After 2 hours, spleens, blood and peritoneal fluid were collected. (B) Splenic
gene expression of inflammatory cytokines. (C) Peritoneal and plasma cytokine levels in vehicle
control and LPS-treated control and AclyM*© mice. (D) Peritoneal exudate cell counts. (E) Relative
distribution of peritoneal exudate cell levels as assessed by flow cytometry. (F) Relative distribution of
white blood cells as assessed by flow cytometry. (G) Abundance of blood monocyte subsets as defined
by Ly6C expression. Values represent mean+SEM (n=3/3/10/10 (Ctrl vehicle/KO vehicle/Cerl LPS/
KO LPS)). *P<0.05 by ordinary one-way ANOVA with Sidak’s post hoc test for multiple comparisons.

To investigate whether circulating immune cell levels were altered in the absence of myeloid
Acly, we analyzed blood leukocytes. Flow cytometry revealed increased frequencies of NK
cells and neutrophils in response to LPS injection, with no differences between control and

Acly™*0 mice (Figure 2F). Interestingly, circulating neutrophils in Acly™*©

mice displayed
also decreased viability in response to LPS, indicating regulation of cell survival by Acly
(Supplementary Figure 2D). Circulating monocyte subtypes displayed a similar increase
in Ly6C"" and Ly6C™ abundance at the expense of Ly6C"&" upon LPS injection in both

control and AclyM*©

mice (Figure 2G). Together, these data indicate that myeloid Acly
deficiency alters neither local nor systemic cytokine responses and results in slightly altered
cellular responses upon LPS injection locally, potentially through regulation of myeloid cell

viability.

Obesity-induced chronic low-grade inflammation and EAE onset and severity are
unaffected in myeloid-specific Acly-deficient mice

Obesity and MS are diseases characterized by chronic immune activation, which drives
disease progression. During obesity, adipose tissue macrophages (ATMs) are exposed to a
lipid-rich environment that drives proinflammatory macrophage activation (14). To assess
the effect of obesity on Acly levels in ATMs, we assessed its expression in an RNA-seq data
set from ATMs that were sorted from mice fed a control low-fat diet (LFD) or a high-fat
diet (HFD) for 16 weeks (Figure 3A). Obesity increased Acly expression in ATMs from
obese mice (Figure 3B), which led us to investigate the effects of myeloid Acly deficiency

on metabolic outcomes in obesity. Hence, we fed control and Acly™*©

mice a LFD or
HFD for 16 weeks and assessed whole-body metabolic parameters and chronic low-grade
inflammation in the circulation and metabolic tissues (Figure 3C). Myeloid-specific Acly
deficiency did not impact diet-induced body weight changes when compared to controls

(Figure 3D). However, Acly™*© mice displayed slightly aggravated glucose intolerance after
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HFD feeding (Figure 3E), whereas insulin sensitivity was unaffected (Figure 3F). As expected,
plasma IL-6 and TNF levels and circulating monocytes were higher in HFD-fed mice, but
were not affected by myeloid-specific Acly deficiency (Figure 3G-H; Supplementary Figure
3A). In both visceral white adipose tissue (epididymal; eWAT) and the liver, two of the
main metabolic organs, diet-induced changes in myeloid cell composition deteriorate tissue-
specific insulin sensitivity. In WAT, depletion of eosinophils, recruitment of monocytes and
accumulation of neutrophils and CD11c¢* proinflammatory macrophages are associated with
metabolic dysfunctions (15). While HFD feeding indeed increased CD11c* macrophage
abundance, myeloid Acly deficiency did not alter these changes (Figure 31-J; Supplementary
Figure 3B-C). Also, neutrophil abundance in WAT was similar after HFD feeding in both
genotypes (Supplementary Figure 3D). Likewise, recruitment of neutrophils, monocytes
and activation of Kupffer cells are associated with hepatic insulin resistance (16-18).
Whereas hepatic neutrophil recruitment was unchanged, Kupffer cells were increasingly
activated upon HFD feeding. Acly deficiency did not affect these parameters, but did result
in increased hepatic monocyte recruitment upon HFD feeding when compared to HFD fed
controls. (Figure 3K-L; Supplementary Figure 3B). Yet, gene expression of typical obesity-
induced macrophage and cytokine genes Adgre (F4/80), Irgax (CD11c), Tnf, and Ccl2
remained unaltered by myeloid Acly deficiency in both eWAT and liver (Figure 3M). These
data indicate that obesity-induced chronic low-grade inflammation remains unaffected
upon myeloid Acly deficiency iz vivo and causes minor local changes. Lastly, during MS,
chronic inflammatory activation affects the central nervous system. We analyzed the effect
of myeloid Acly deficiency on disease onset and progression by applying an EAE model
(Supplementary Figure 4A). Also in this chronic inflammatory condition, we did not find

differences in disease onset and severity between control and Acly™*®

mice (Supplementary
Figure 4B-D). Taken together, our data indicate that deleting Acly in macrophages increased
their inflammatory potential iz vitro, but did not affect acute and chronic inflammatory

conditions in peritonitis, obesity and EAE iz vivo.
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«Figure 3. Legend

Figure 3. Obesity-related chronic low-grade inflammation remains unaffected by myeloid Acly
deficiency. (A) Control mice received a control low-fat diet (LFD) or a high-fat diet (HFD) for 16
weeks, after which macrophages were sorted from white adipose tissue (WAT). (B) Acly expression in
WAT macrophages after 16 weeks of LEFD or HFD. (n=6/8 (LFD/HFD)) (C) Control and Acly™*®
received a LFD or HFD for 16 weeks, after which blood, liver and WAT were collected. (D) Body
weight during the course of 16 weeks. (E) Blood glucose levels during glucose tolerance test (GTT)
and derived area under the curve (AUC) in control and Acly™™*® mice after LFD or HFD. (F) Blood
glucose levels during insulin tolerance test (ITT) and AUC in control and Acly™*® mice after LFD
or HFD (n=3/3/6/7 (Ctrl LFD/ KO LFD/Ctrl HFD/KO HFD)). (G) Plasma cytokine levels at 12
weeks of diet intervention (n=3/3/10/10 (Curl LED/ KO LED/Curl HED/KO HED)). (H) Circulating
monocyte levels. (I) WAT myeloid cell abundance, (J) percentage of CD11c¢* macrophages in WAT.
(K) Liver myeloid cell abundance, (L) percentage of CD11c* Kupffer cells. (M) Gene expression levels
of indicated genes in liver and WAT (n=3/3/6/7 (Cul LED/ KO LFD/Cul HFD/KO HFD)). Values
represent mean+SEM. *P<0.05, **P<0.01 by ordinary one-way ANOVA with Sidak’s post hoc for
multiple comparisons.

Discussion

In recent years, Acly arose as a potential metabolic target in combating inflammatory
disorders (7, 8, 11, 12). In this study, we demonstrated that Acly-deficient BMDMs have a
hyperinflammatory gene signature when activated with LPS iz vitro. Apartfrom increased splenic
1/6 expression, other systemic or local inflammatory readouts determined in blood, spleen, and
peritoneum were unaltered in myeloid-specific Acly-deficient mice during endotoxin-induced
peritonitis iz vivo. Likewise, neither obesity nor EAE-related inflammation were affected by
myeloid Acly deficiency. These results indicate that, although iz vifro inflammatory responses
were increased in LysM-Cre-mediated Acly-deficient cells, myeloid Acly deficiency did not
alter acute and chronic inflammatory disease outcomes iz vivo in mouse models of obesity,
peritonitis, and MS. These results highlight that therapeutic targeting of macrophage Acly is
likely not beneficial for all inflammatory disorders.

Targeting Acly in inflammation provides the opportunity to target cellular respiration,
cholesterol biosynthesis, and histone acetylation (9). In an earlier study, we observed similar
cellular respiration and glycolysis rates, alike histone acetylation levels but a disrupted fatty
acid and cholesterol biosynthesis in naive Acly-deficient macrophages (12). Our current
observations confirm that even after 3- or 24-hour LPS-activation, cholesterol biosynthesis
and related pathways are still among the most deregulated pathways in Acly-deficient
macrophages, indicating the persistence of the effect of Acly knockdown in macrophages.
Interestingly, RNA-sequencing of BMDMs treated with an Acly inhibitor in combination
with LPS for 4 hours does not show a deregulation of cholesterol metabolism, but rather

highlights pathways related to immune responses (7). These discrepancies may be explained
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by differences in the timing of the Acly inhibition, knockdown and knockout methods.
Whereas acute inhibition or siRNA-mediated knockdown might not allow sufficient time
for the cell to overcome acute metabolic dysregulation, a genetic knockout approach can
induce adaptive changes to rewire metabolic pathways during differentiation and hereby
secure sufficient cytosolic acetyl-CoA levels. Indeed, genetic Acly deficiency in multiple
mammalian cell types shows an increased abundance of Acetyl-CoA synthetase short chain
family member 2 (ACCS2) as well as an increased flux through this enzyme to secure cytosolic
acetyl-CoA for de novo lipogenesis from endogenous acetate (19-21). In turn, this acetate-
derived acetyl-CoA in cancer cells can induce histone acetylation and lipogenesis (22). In
line with this, both unstimulated and 3-hour LPS-activated Acly-deficient macrophages
display increased expression of Acss2, indicating that macrophages can at least partly restore
acetyl-CoA levels and adapt metabolism upon long-term Acly deletion (12).

Apart from differences in regulation of metabolism between genetic Acly deletion
and acute inhibition 7z vitro, both methods of targeting Acly show opposite regulation of
inflammatory responses (7, 8, 11). Since metabolism can dictate inflammatory responses
in macrophages, the hyperinflammatory response in Acly-deficient macrophages may be an
effect of i) increased flux through ACSS2 and/or ii) deregulated cholesterol biosynthesis.
Firstly, in line with our results, Acly-deficient adipocytes show increased inflammatory gene
signaling in combination with increased Acss2 expression (21). Also T cells with affected
metabolism and an increased flux through ACSS2 have been shown to display an augmented
inflammatory response (23). These findings fit with the notion that acetate-derived acetyl-
CoA is able to drive increased inflammatory responses (24). The possible link between
ACSS2 and inflammation is a potential mechanistic explanation that increased ACSS2 may,
at least partly, be a determinant of increased inflammatory signaling during genetic Acly
deficiency. Secondly, we previously showed in unstimulated Acly-deficient macrophages
that a deregulation of cholesterol biosynthesis results in decreased levels of the cholesterol
pathway-intermediate desmosterol (12). Decreased desmosterol levels and subsequent
blunted inhibition of inflammatory responses by liver X receptor (LXR) may also partly
explain the hyperinflammatory genotype of Acly-deficient inflammatory macrophages. Since
desmosterol levels are still decreased after 3- and 24-hour LPS stimulation, it highlights
that cholesterol-related pathways are still affected on both gene expression and sterol level
in LPS-stimulated Acly-deficient macrophages. When such metabolic adaptation occurs
during long-term inhibition with small molecule inhibitors of Acly remains unknown and
could be examined by using conditional inducible knockouts.

We now demonstrate that genetic Acly deletion specifically in macrophages does

not alter inflammatory readouts in endotoxin-induced peritonitis except for splenic
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1/6 expression, indicating that myeloid Acly deficiency may only mildly alter local LPS-
elicited inflammatory responses in the spleen. Splenic 7/6 is expressed by bone marrow-
derived myeloid cells upon i.p. LPS injection (25), which indicates that increased splenic 7/6
expression in myeloid Acly-deficient mice is likely due to its higher expression by myeloid
cells. However, since only local alterations were evident in myeloid Acly-deficient mice,
it implies that there are unidentified factors that explain the lack of a hyperinflammatory
response in vivo, which we did observe iz vitro. While expression of tolerogenic cytokines
or chemo-attractant chemokines in peritoneal cells was similar in control and Acly™*© at
baseline, there could be other unanalyzed factors regulated by myeloid Acly at baseline
that attenuate a hyperinflammatory response iz vivo. Another explanation of differences in
responses 7 vitro and in vivo could be that tissue-resident macrophages do not all express
equal amounts of Acly or the LysM-promotor at baseline or after activation, indicating that
myeloid Acly deletion mediated by the LysM-Cre system will not affect all tissues to a similar
extent (as can be extracted from GSE63341, GSE122108). Alternatively, decreased viability
of myeloid cells upon i.p. injection with LPS might explain a reduced ability to mount
inflammatory responses iz vivo.

In sharp contrast, systemic inhibition of Acly in vivo with small molecules resulted
in lower circulating cytokine levels in an endotoxin-induced model of peritonitis (7). This
implies that beneficial effects from systemic inhibition with a small molecule inhibitor are
either not solely mediated by its effect on macrophages, or cells undergoing small molecule-
inhibition of Acly are not successive to adaptive metabolic changes as Acly-deficient
macrophages are. However, since small molecule inhibition in macrophages in vitro shows
decreased inflammation, it is likely that beneficial effects in peritonitis are at least partly
macrophage-mediated.

Interestingly, Acly inhibition was also shown recently to be utilized for immune
evasion by uropathogenic Escherichia coli by suppressing cytokine production during
cystitis, providing additional evidence that Acly is linked to inflammatory responses (26).
Additionally, circulating Acly was recently shown to be increased during sepsis, suggesting
an immunological role for Acly in the discase (27). We found a decreased abundance of
viable myeloid cells after activation with LPS in Acly™*© mice and an increased abundance
of neutrophils at baseline, which might indicate that responses to an infection with live
pathogen may be altered upon myeloid Acly deficiency. Although sterile, acute LPS-induced
peritonitis does not fully reflect bacterial infections, common transcriptional macrophage
responses to both gram-positive and —negative bacteria and bacterial compounds have been

M-KO

shown (28). Together with our findings, one could speculate that Acly™™* mice respond

similar to live pathogen challenge when compared to control mice. However, this should be
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examined in more detail in future studies.

Lastly, we show that WAT macrophages display increased expression of Acly after HFD
feeding. Genetic myeloid Ac/y-deletion, in turn, did not alter inflammatory outcomes, but
resulted in a slightly impaired glucose tolerance in obesity. As whole-body insulin sensitivity
was not impaired, this hints at a mild inhibition of insulin-independent glucose uptake.
Interestingly, obese mice with an adipocyte-specific knockout of Acly also showed impaired
glucose handling (21). Additionally, Acly expression is positively correlated with glucose
transporter 4 (GLUT4) expression in human adipose tissue (21), indicating co-regulation of
these proteins in this particular setting. If such co-regulation of glucose transporters exists,
one cannot completely exclude the possibility that the observed metabolic defect in Acly™*©
mice is secondary to decreased glucose uptake in myeloid cells.

Collectively, our results indicate that caution is warranted in prospective long-term or
chronic treatments of inflammatory disorders with macrophage-specific Acly inhibitors. The
findings of this study aid in further understanding the interaction between macrophage Acly
and inflammatory disorders. Further studies into the development of new cell-specific Acly
inhibitors can build upon the idea that chronic myeloid Acly therapy does not benefit or

worsen inflammatory disorders like sepsis, obesity and EAE.

Methods

Animals, treatment and diet

C57Bl/6] mice with JoxPsites flanking exon 9 of the Acly gene (Aclyf™)(20) were crossed with
Lyz2-Cre transgenic mice to generate mice with a myeloid-specific deletion of Acly (Acly™
KO). All mouse experiments were conducted after approval by the Committee for Animal
Welfare (University of Amsterdam, VU University Amsterdam and Leiden University
Medical Center).

Acute endotoxin-induced peritonitis was achieved by intraperitoneally injecting age-,
weight-, and sex-matched 17-week-old control and Acly™*© mice with 5 pg/g bodyweight
LPS (From Escherichia coli serotype O55:B5; Sigma) in PBS or with PBS only for control.
Mice were randomly allocated to either PBS control (n=3) or LPS experimental conditions
(n=10). 2 hours after LPS injection, mice were euthanized by CO, asphyxiation. Blood
was collected by cardiac puncture with ethylene-diamine-tetraacetatic acid (EDTA; Gibco)-
pretreated syringes. Peritoneal lavage was performed by injecting 5 mL 2mM EDTA in
PBS in the peritoneal cavity followed by careful removal of the maximum volume of lavage
fluid possible (3.8-4.6 mL). Subsequently, spleens were harvested and snap frozen in liquid

nitrogen for RNA isolation.
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EAE was induced in age- and sex-matched 12-week-old control and Acly mice

by 0.2 mL subcutaneous injection of myelin oligodendrocyte glycopeptide (MOG),; . in
an emulsion with complete Freund’s adjuvant (CFA; Hooke Laboratories) followed by two
times intraperitoneal injection of 200 ng pertussis toxin (PTX) dissolved in PBS (Hooke
Laboratories) on 2 successive days. Mice were weighed, monitored and scored on EAE
symptoms (0 = healthy; 1 = limp tail; 2 = ataxia and/or paresis of hind limbs; 3 = paralysis of
hind limbs and/or paresis of forelimbs; 4= tetraplegia; 5 = moribund or dead) (29, 30) daily
for the course of 30 days by 2 independent researchers blinded to mouse genotypes. In case
clinical signs were less severe than typically observed, clinical scores were graded as x-0.5’.
Obesity was induced by feeding mice a high-fat diet (HFD). Group randomization
was systematically performed before the start of the experiment, based on age, body weight,
fat mass and fasting blood glucose levels. 9- to 17-week-old male control and Acly™*© mice
were fed a low-fat diet (LFD, 10 kcal% fat, D12450B, Research Diets) (n=4) or a high-fat
diet (45 keal% fat, D12451, Research Diets) (n=8) for 16 weeks, during which body weight

was monitored using a conventional weighing scale.

BMDM isolation and BMDM culture

Bone marrow cells were flushed from femurs and tibias of control and AclyM*©

mice. Bone
marrow-derived macrophages (BMDMs) were generated by culturing in complete RPMI-
1640 (Gibco) containing 25 mM HEPES, 2 mM L-glutamine, 10% FCS (Gibco), 100
U/ml penicillin, 100 pg/ml streptomycin (Gibco), and 15% L929-conditioned medium
(LCM) for 7 days. Control and Acly™*® cells were collected and plated for RNA-sequencing
at a density of 5*10° cells per well in a 24-well plate and left untreated or stimulated with
100 ng/mL LPS (Sigma) for 3 or 24 hours.

Transcriptomics

Total RNA was isolated from BMDM:s using an RNeasy Mini Kit with DNase treatment
(QIAGEN) followed by strand-specific library construction using the KAPA mRNA
HyperPrep kit (KAPA Biosystems). Samples were sequenced as previously described (12,
31). Briefly, sequencing was performed on an HiSeq 4000 instrument (Illumina). Reads
were aligned to mouse genome mm10 using STAR 2.5.2b. Indexing and filtering of BAM
files was done with SAMrools after which raw tag counts and RPKM values were summed
using HOMERZ2’s AnalyzeRepeats.pl script. Differentially expressed genes were analyzed
using DESeq2 package in R. Volcano plots and heatmaps were generated using ggploz2,
ggrepel and pheatmap packages. Genes were considered differentially expressed between
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control and Acly™*® BMDMSs when Log?2 fold change >0.75 and adjusted p-value <0.05.
Pathway analysis was performed by Metascape (32) [http://metascape.org] on regulated
genes in 3- or 24-hour LPS-induced Acly™*® BMDMs when compared to 3- or 24-hour
LPS-induced control BMDMs, respectively.

Immunoblotting

Immunoblotting was performed as described previously (12). Briefly, BMDMs stimulated
with LPS for 24 hours and lysed on ice in NP40 cell lysis buffer (ThermoFisher) with fresh
protease inhibitor cocktail (Sigma-Aldrich) and fresh PhosSTOP (Sigma-Aldrich). Lysates
were analyzed for protein concentration with a BCA assay (ThermoFisher) and inactivated
by heating at 95°C for 10 min. 4-12% Bis-Tris gels (ThermoFisher) were used for protein
separation and nitrocellulose membranes (Bio-Rad) for blotting. Membranes were incubated
with antibodies against ACLY (1:1000, Abcam, ab40793) and a-Tubulin (1:2000, Sigma-
Aldrich, T5168) and signal was visualized using horseradish peroxidase (HRP)-conjugated
secondary antibodies in 5% BSA TBS-T and developed using SuperSignal West Pico
Chemiluminescent PLUS Substrate (ThermoFisher).

Sterol analysis

Sterol analysis in LPS-activated macrophages was performed as described previously (12).
Briefly, LPS-stimulated BMDMs were homogenized and incubated with an internal standard
and saponificated during 2-hour incubation at 80°C. Sterols were extracted using hexane
and quantified using a GC system (CPSil5 column, Agilent GC 7890B) with FID detection
followed by GC-MS and selected ion monitoring of tMS-derivaties on an MSD5977A MS

detector in EI+-mode.

Gene expression analysis

Total RNA from snap frozen spleens was isolated using GeneJET RNA Purification Kit
from ThermoFisher and following manufacturer’s protocol for Total RNA Purification from
Mammalian Tissue. Briefly, tissue was disrupted by crushing with mortar and pestle in
lysis buffer supplemented with 2% v/v B-mercaptoethanol. Lysates were homogenized by
pipetting up and down and transferred to tubes before vortexing. Subsequently, samples
were deproteinized by proteinase K. RNA isolation was performed on supernatants
after centrifugation using the Purification Columns and wash buffers provided with the

isolation kit. cDNA was transcribed using a High-Capacity cDNA Reverse Transcription
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Kit (ThermoFisher). Gene expression analysis was performed with SYBR Green Fast mix
(Applied Biosystems) on a Viia7 system (Applied Biosystems). Expression levels were
normalized to average levels of housekeeping genes ribosomal protein large PO (Rplp0) and
Cyclophilin A (Ppia).

RNA from snap-frozen adipose tissue and liver samples of LFD and HFD-fed mice
was isolated using Tripure RNA Isolation reagent (Roche Diagnostics) and the phenol-
chloroform extraction method. Total RNA (1 pg) was reverse transcribed and quantitative
real-time PCR was performed with SYBR Green Core Kit on a MylQ thermal cycler (Bio-
Rad). mRNA expression was normalized to Rp/PO mRNA content and expressed as fold
change compared to LFD-fed control mice as indicated, using the AACT method. Primer

sequences used are depicted in Supplementary Table 2.

Cytokine and chemokine analysis

Levels of IL-6, TNE, IL-12p70, IL-1B, and IL-10 were quantified in plasma and peritoneal
lavage from mice with acute LPS-induced peritonitis using ELISA (Life Technologies),
according to manufacturer’s protocol. CXCL1 and CXCL2 were analyzed in peritoneal
lavage fluid from naive and LPS-injected mice using ELISA (R&D systems), according to
manufacturer’s protocol. Circulating IL-6 and TNF levels in obese mice were analyzed on
plasma samples from 4h-fasted mice using the Cytometric Bead Array enhanced sensitivity

kits (CBA; BD Biosciences) according to the manufacturer’s recommendations.

Isolation of stromal vascular fraction from adipose tissue

After 16 weeks on diet, LFD-fed lean and HFD-fed obese mice were sacrificed through an
overdose of ketamine/xylazine. eWAT was collected after a 1-minute transcardial perfusion
with PBS and digested as described previously (33, 34). In short, collected tissues were
minced and incubated for 1 hour at 37°C under agitation (60 rpm) in HEPES-buffered
Krebs solution (pH 7.4) containing 0.5 g/L collagenase type I from Clostridium histolyticum
(Sigma-Aldrich), 2% (w/v) dialyzed bovine serum albumin (BSA, fraction V; Sigma-Aldrich)
and 6 mM D-Glucose. The disaggregated adipose tissue was passed through a 200 pm filter
(Sefar) that was washed with PBS supplemented with 2.5 mM EDTA and 1% FCS. After
allowing the adipocytes to settle, the infranatant, consisting of immune cells, was collected
and pelleted at 350 x g for 10 minutes at room temperature. Subsequently, the pellet was
treated with erythrocyte lysis buffer (0.15 M NH,Cl; 1 mM KHCO;; 0.1 mM Na EDTA).
Cells were next washed with PBS/EDTA/FCS, and counted using a hemocytometer.
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Isolation of leukocytes from liver tissue

Livers were collected and digested as described previously (33, 34). In short, livers were
minced and incubated for 45 minutes at 37°C in RPMI 1640 + Glutamax (Life Technologies)
containing 1 mg/mL collagenase type IV from C. histolyticum, 2000 U/mL DNase (both
Sigma-Aldrich) and 1 mM CaCl,. The digested liver tissues were passed through a 100
pum cell strainer that was washed with PBS/EDTA/FCS. Following washing with PBS/
EDTA/ECS, samples were centrifuged at 50 x g to pellet hepatocytes (3 minutes at 4°C).
Next, supernatants were collected and pelleted (530 x g, 10 minutes at 4°C). Following
erythrocyte lysis, CD45* leukocytes were isolated using LS columns and CD45 MicroBeads
(35 pL beads per liver, Miltenyi Biotec) according to manufacturer’s protocol and counted

using a hemocytometer.

Flow cytometry

White blood cells from mice with acute endotoxin-induced peritonitis were collected by
centrifugation of 1 mL collected blood and subsequent red blood cell lysis with ACK lysis
buffer. Cells from peritoneal lavage were collected by centrifugation. White blood cells and
cells collected by peritoneal lavage were labeled by staining for 30 minutes on ice in the dark
with the following fluorescently-labelled antibodies diluted in staining buffer: CD8-BV421
(1:100), CD4-BV510 (1:150), Ly6C-BV605 (1:600), CD11c-BV650 (1:100), F4/80-
BV711 (1:100), CD45-BV785 (1:500), Ly6G-FITC (1:200), MHC-II-PerCP-Cy5.5
(1:400), CD19-PE (1:100), CD11b-PE-Cy7 (1:400), NK1.1-APC (1:200), CD3-AF700
(1:50) (all from Biolegend). Unspecific antibody binding was blocked by an anti-CD16/32
antibody (1:100, BD Bioscience) and dead cells were excluded from analysis after staining
with fixable viability dye-¢780 (1:1000, eBioscience). Fluorescence was captured using a BD
LSR Fortessa and analyzed using FlowJo 10.0.7 analysis software.

Purified epidydimal white adipose tissue (eWAT) stromal vascular cells and liver
leukocytes were stained with the fixable live/dead marker Zombie-UV (1:1000; Invitrogen),
fixed with 1.9% formaldehyde (Sigma-Aldrich) and stored in staining buffer at 4°C in
the dark until subsequent surface staining and flow cytometry within 4 days. Cells were
labeled with the following fluorescently-labelled antibodies diluted in staining buffer:
Siglec-F-BV605 (1:200; BD Biosciences), CD64-PE (1:100), Ly6C-APC-Cy7 (1:700),
CD11¢-BV421 (1:100), F4/80-BV711 (1:200), CD45-BV785 (1:400; all Biolegend) and
CD11b-PE-Cy7 (1:6000; eBioscience), for analysis of innate immune cells, and CD11c-
FITC (1:100), CD11b-FITC (1:100), GR-1-FITC (1:200), CD4-BV650 (1:200; all BD
Biosciences), NKI1.1-FITC (1:400; eBioscience), B220-PE-Cy7 (1:200), CD3-BV605
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(1:400), CD8-BV711 (1:200) and CD45-BV785 (1:400; all Biolegend) for analysis of
adaptive immune cells. All antibodies used for flow cytometry are listed in Supplementary

Table 3.

Glucose and insulin tolerance tests

An intraperitoneal whole-body glucose tolerance test (ipGTT) was performed after 15 weeks
on diet in 6h-fasted mice, as previously reported (33, 34). In short, after an initial blood
collection from the tail vein (t = 0), a glucose load (2 g/kg total body weight of D-Glucose;
Sigma-Aldrich) was administered i.p., and blood glucose was measured at 20, 40, 60, and 90
min after glucose administration using a hand-held Glucometer (Accu-Chek).

An intraperitoneal whole-body insulin tolerance test (ipITT) was performed after 15
weeks on diet in 4h-fasted mice, as described previously (33, 34). Briefly, a bolus of insulin
(0.75U/kg total body mass; NOVORAPID) was administered i.p. after an initial blood
collection from the tail vein (t = 0), and blood glucose was measured at 20, 40, 60, and 90

min after insulin administration using a Glucometer.

Statistical analysis

Data are presented as mean + standard error of the mean (SEM). Statistical significance
was tested using either a two-tailed Student's ¢ test for comparing 2 samples or an ordinary
one-way ANOVA followed by Sidak’s correction for multiple comparisons in GraphPad
Prism software (8.2.1). P-values < 0.05 were considered statistically significant indicated by
*p<0.05, **p<0.01, **p<0.001.

Data availability
RNA-sequencing data of BMDM experiments is deposited in the GEO-database under

accession number: GSE169189. Remaining raw data supporting the conclusions of this

article will be made available by the authors upon reasonable request.
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Supplementary information
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Supplementary Figure 1. (A) Protein levels of Acly in 24-hour LPS-activated BMDMs, assessed by
immunoblotting analysis (B) Cholesterol and desmosterol levels in 24-hour LPS-activated BMDMs.
(C) Significantly regulated LPS-induced genes in unstimulated BMDM:s.



SSC-Area

Peritoneum

Myeloid ATP citrate lyase regulates macrophage inflammatory responses
in vitro without altering inflammatory disease outcomes

CXCLA (pg/ml)

Blood+Peritoneal Lavage
Cells

m Ctrl
o Ac|yM-KO
M Ctrl

55 AclyMko

+LPS

Blood

Peritoneal Lavage

Peritoneum
Viable cells (%)

T Cells

Acly

-
@

-
o

gene expression
a
o

Relative normalized

=
o

B Cells

Relative normalized

gene expression

£
i
i

Singlets Live leukocytes B Cells T Cells CD8"T Cells CD4*T Cells
. s 4
8 & $ i
T ' o i
i 5 i
a : -
- ° o pla
_ r o
FSC-Area FSC-Area CD45 - BV785 | CD3 - Alexa Fluor 700 CD4 - BV510
1
NK Cells i Monocytes  Neutrophils Ly6(.‘;‘°"’ LyﬁC,"“""‘“’m LySSCW-
Live leukocytes -————— >
%) -
o 8] ~
< E &
5 ' 2
X 2 2
z 2 il
CD45 - BV785 CD11b - PE-Cy7 Ly6C - BV60S
NK Ce]ls Myeloid o(‘alls Neutrophils
Live leukocytes -—————»
[¢]
a (8]
=
o T
z g
=z 2

]

B

CD45 - BV785

50

Blood
Viable cells (%)

& : o ME
NK Cells  Neutrophils CD11b+ cells T Cells
Cxcl1 1o
[e]
861 85
5% 5%
£g 8
£ g £ %
o o oo
o =) 20
55 55
o D Qo O
4 '3

CD11b - PE-Cy7

B Cells NK Cells Neutrophils Monocytes
Tgfb
I Ctrl
= AclyMre
B Ctrl
B AclyM0 +LPS

Relative normalized
gene expression

43




Chapter 2

ASupplementary Figure 2. Legend

Supplementary Figure 2. (A) Levels of CXCL1 and CXCL2 in peritoneal lavage. (B) Flow
cytometry gating strategy for analysis of blood and peritoneal B cells, T cells, CD4'/CD8" T cells,
NK cells, Monocytes/Myeloid cells, and Neutrophils. (C-D) Viability of cell subsets as defined by
flow cytometry in peritoneum (C) and blood (D). (E) Gene expression on peritoneal exudate cells
atbaseline. Values represent mean+SEM (n=3/3/10/10 (Curl vehicle/KO vehicle/Cerl LPS/KO LPS)).
*P<0.05 by ordinary Two-way ANOVA with Sidak’s post hoc test for multiple comparisons.
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Supplementary Figure 3. (A-B) Flow cytometry gating for eosinophils, neutrophils and monocytes in blood
(A) and for eosinophils, neutophils, monocytes, macrophages (Kuppfer cells in liver), CD11c* macrophages,
B cells and T cells in liver and WAT. (C) Flow cytometric detmination of immune cell composition in liver
and WAT per gram of tissue. (D) Neutrophil abundance in WAT upon HFD feeding. Values represent mean
+ SEM (n=3/3/6/7 (Cul LFD, KO LFD, Cul HFD, KO HED))
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Supplementary Figure 4. Experimental autoimmune encephalitis (A) Control and Acly™*° mice
were injected subcutaneously with a myelin oligodendrocyte (MOG)-solution and intraperitoneally
wth pertussis toxin (PTX). (B) Weight progression during the course of 30 days in control and Acly™
KO mice. (C) EAE scoring during the course of 30 days and derived area under the curve (AUC) in
control and AclyM*© mice. (D) Days until onset of symptoms in control and Acly™*© mice. Values
represent mean + SEM (n=6/6 (ctrl/Acly™*©)

Supplementary Table 1. Cell abundance in blood an peritoneal lavage (PL), accompanying Figure
2E,F

Ctrl AclyM¥o Curl + LPS ACLYMXC + LPS
PL Average ~ SD  Average SD  Average SD  Average SD
NK Cells 1.8 05 1.3 02 13 05 1.2 0.3
Neutrophils 0.4 02 5.6 * 40 20 1.3 0.8 2.6
CDI11b+cells  50.4 8.0 44.0 17.2 421 135 24.1 * 97
B Cells 35.0 7.8 36.1 144 424 10.3 615 11.4
T Cells 5.2 0.8 3.1 0.6 43 09 34 0.4
- CD8+ T Cells 12.3 1.4 9.3 3.1 10.6 3.5 8.8 1.6
- CD4+ T Cells 67.4 8.3 55.7 18.4 69.0 6.0 75.2 7.6
(n=) 3 3 9 10
Curl AclyM¥© Curl + LPS ACLYM¥° + LPS

Blood Average  SD  Average SD  Average SD  Average SD
NK Cells 4.7 1.2 4.0 02 144 56 212 7.3
Neutrophils 10.0 53 5.1 3.1 133 46 16.17 12.4
Monocytes 10.4 0.5 9.1 3.1 21 .1 1.9 0.8
B Cells 57.7 6.4 623 3.8 512 7.8 428 8.5
T Cells 13.8 4.7 157 3.1 138 50 127 4.8

- CD8+ T Cells 48.4 2.4 47.7 1.1 51.4 2.0 54.9 4.0
- CD4+ T Cells 49.2 2.1 49.4 0.9 45.5 2.4 41.8 5.3
(n=) 3 3 10 10

# 1 outlier detected with ROUT’s outlier test (Graphpad Prism 8.2.1)
* P<0.05, significanT difference between Ctrl and Acly™*® from same stimulation
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Supplementary Table 2. List of primer sequences

Marker Forward primer

Reverse primer

Endotoxin-induced peritonitis model

Iq}lpo GGACCCGAGAAGACCTCCTT GCACATCACTCAGAATTTCAATGG
Ppia TTCCTCCTTTCACAGAATTATTCCA CCGCCAGTGCCATTATGG

Il1b AAAGAATCTATACCTGTCCTGTGTAATGAAA GGTATTGCTTGGGATCCACACT

1l6 GCTACCAAACTGGATATAATCAGGAAA CTTGTTATCTTTTAAGTTGTTCTTCATGTACTC
110 TTTGAATTCCCTGGGTGAGAA CTCCACTGCCTTGCTCTTATTTTC
T nf CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
I12b GGTGCAAAGAAACATGGACTTG CACATGTCACTGCCCGAGAGT

At‘ly CCCCAAGATTCAGTCCCAAGT GCCTTGGTATGTCGGCTGAA

Cxcll ACCCAAACCGAAGTCATAGCC AGACAGGTGCCATCAGAGC

Cxcl2 CATCCAGAGCTTGAGTGTGAC CTTTGGTTCTTCCGTTGAGGG

T gfb GTCACTGGAGTTGTACGGCA AGCCCTGTATTCCGTCTCCT
Obesity model

Igplpo TCTGGAGGGTGTCCGCAACG GCCAGGACGCGCTTGTACCC

Adgre CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG
I@ax GCCACCAACCCTTCCTGGCTG TTGGACACTCCTGCTGTGCAGTTG
Cel2 TCAGCCAGATGCAGTTAACGCCC GCTTCTTTGGGACACCTGCTGCT
T nf GTCCCCAAAGGGATGAGAAG CACTTGGTGGTTTGCTACGA
Supplementary Table 3. List of antibodies used

Marker Fluorochrome Clone Supplier Catalog Number
Endotoxin-induced peritonitis model

FVD €780 eBioscience 65-0865-14
CD45 BV785 30-F11 Biolegend 103149
CD19 PE 6D5 Biolegend 115507
CD3 Alexa Fluor 700 17A2 Biolegend 100215
CD8a BV421 53-6.7 Biolegend 100753
CD4 BV510 RM4-5 Biolegend 100553
NK1.1 APC PK136 Biolegend 108709
Ly6G FITC 1A8 Biolegend 127605
CD11b BV650 M1/70 Biolegend 101239
F4/80 BV711 BMS8 Biolegend 123147
Ly6C BV605 HK1.4 Biolegend 128035
Obesity model

Zombie uv Invitrogen 423107
CD45 BV785 30-F11 Biolegend 103149
Siglec-F BV605 E50-2440 BD Biosciences 740388
CD11b PE-Cy7 M1/70 eBioscience 25-0112
CD11b FITC M1/70 eBioscience 11-0112
Ly6C APC-Cy7 HK1.4 Biolegend 128026
CD64 PE X54-5/7.1 Biolegend 139304
F4/80 BV711 BMS8 Biolegend 123147
CDl11c BV421 N418 Biolegend 117330
CDl11c FITC HL3 BD Biosciences 553801
B220 PE-Cy7 RA3-6B2 Biolegend 103221
CD3 BV605 17A2 Biolegend 100237
GR-1 FITC RB6-8C5 BD Biosciences 553126
NK1.1 FITC PK136 eBioscience 11-5941
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Abstract

Proinflammatory activation of macrophages in metabolic tissues is critically important in
the induction of obesity-induced metalammation. Here, we demonstrate that the soluble
mannose receptor (SMR) plays a direct, functional role in both macrophage activation
and metaflammation. We show that sMR binds CD45 on macrophages and inhibits its
phosphatase activity, leading to a Src/Akt/NF-kB-mediated cellular reprogramming toward
an inflammatory phenotype both in vitro and in vive. Remarkably, increased serum sMR
levels were observed in obese mice and humans and directly correlated with body weight.
Importantly, enhanced sMR levels increase serum proinflammatory cytokines, activate tissue
macrophages and promote insulin resistance. Altogether, our results reveal sMR as regulator
of proinflammatory macrophage activation, which could constitute a therapeutic target for

metaflammation and other hyperinflammatory diseases.
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Introduction

Metaflammation defines a chronic inflammatory state in response to prolonged excessive nutrient
intake and is characterized by low-grade inflammation of metabolic tissues (1). Macrophage
reprogramming toward an inflammatory phenotype plays a critical role in obesity-induced
metaflammation (2, 3). In lean individuals, macrophages in metabolic tissues maintain tissue
homeostasis and insulin sensitivity, potentially through secreting anti-inflammatory cytokines,
for example, TGF-b and IL-10 (1). In metaflammation, however, macrophages in adipose tissue
and liver are activated through proinflammatory factors in their microenvironment, such as high
levels of saturated free fatty acids (FA) and IFN-y. Consequently, these macrophages produce high
amounts of tumor necrosis factor (TNF), which directly inhibits canonical insulin signaling (4),
leading to ectopic fat deposition in the liver and in skeletal muscles (5). Additionally, activation
of Kupfer cells (KCs), the liver-resident macrophages, promotes recruitment and activation of
inflammatory monocytes, which contribute to hepatic insulin resistance and steatosis (6-8).

The MR (also termed CD206) is a type I transmembrane protein belonging to the
C-type lectin family, which is mainly expressed by subpopulations of macrophages, dendritic
cells and endothelial cells (9, 10). The MR consists of a cysteine-rich region, a fibronectin
type 1l domain, eight C-type lectin-like domains (CTLDs), a transmembrane region and
a short cytosolic tail. Due to its high affinity for glycosylated antigens, the MR plays an
important role in antigen uptake and presentation (11, 12). In addition to its functions as
a transmembrane protein, the extracellular part of the MR can be shed by metalloproteases
and released into the extracellular space (13, 14). Hence, soluble MR (sMR) can be detected
in murine and human serum, and its level was found to be increased in patients with a variety
of inflammarory diseases (15-20), correlating with severity of disease and even mortality.
However, a physiological role of the sMR has not been studied yet, and it remains unclear
whether the sMR can actively trigger inflammation.

Here, we report that sMR enhances macrophage proinflammatory activation, both
in vitro and in vivo, and promotes metaflammation. We demonstrate that the sMR directly
interacts with CD45 on the surface of macrophages and inhibits its phosphatase activity,
leading to Src/Akt/NF-kB-mediated cellular reprogramming toward an inflammatory
phenotype. Additionally, we found enhanced sMR serum levels in obese mice and humans

and show that sMR-induced activation of macrophages triggers metaflammation iz vivo.

Results

Soluble MR enhances proinflammatory cytokine secretion by macrophages

To investigate whether the MR is involved in the proinflammatory activation of macrophages,

we first stimulated bone marrow-derived macrophages from wild-type or MR-deficient mice
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with LPS. We found increased secretion of the proinflammatory cytokines TNE, IL-6, IL-
1B and IL-12 in MR-expressing wild-type macrophages (Figure 1A). Because the MR itself
lacks intracellular signaling motifs and hence no MR-mediated signaling has been described
so far, we hypothesized that the sMR, resulting from the shedding of the MR extracellular
region (Supplementary Figure 1A), might play a role in macrophage activation through
direct interaction with macrophage surface proteins. To investigate this hypothesis, we
generated a fusion protein consisting of the Fc region of human IgG1 and the extracellular
region of the MR (encompassing the cysteine-rich region, the fibronectin region, and
CTLD1-2) (FcMR) (21). We showed that treatment of MR-deficient macrophages with
FecMR also enhanced proinflammatory cytokine secretion after LPS stimulation compared
to isotype control-treated cells (Figure 1B). We observed similar results when treating MR-
deficient macrophages with commercially available recombinant MR protein, consisting
of the complete extracellular region of the protein (Figure 1C), suggesting that binding
of sMR to the macrophage surface might indeed be responsible for the observed effects.
To definitively prove that the sMR causes the observed increase in cytokine production,
we purified sMR from the supernatant of MR-expressing macrophages (Supplementary
Figure 1B) and showed that its administration to MR-deficient macrophages increased the
secretion of TNF after LPS stimulation (Supplementary Figure 1C). Similar results were
obtained from FcMR-treated primary macrophages isolated from murine liver, spleen or
peritoneal cavity (Figure 1D), and in human monocyte-derived macrophages (moM¢) after
addition of recombinant human MR (Figure 1E) or after small interfering RNA (siRNA)-
mediated down-regulation of the MR (Figure 1F). Interestingly, sMR also promoted a
shift in cellular energy metabolism toward increased glycolysis in both murine and human
macrophages (Supplementary Figure 1D-E), a bioenergetic hallmark of proinflammatory
activation in macrophages (22, 23). Taken together, these data demonstrate that the sMR

enhances proinflammatory activation of both murine and human macrophages.

sMR induces a proinflammatory phenotype in macrophages

To further dissect the effect of the sMR on macrophages, we treated MR-deficient
macrophages with FcMR for 4, 12 or 24 h and performed RNA sequencing (RNA-seq)
analysis (Figure 2A). Principle component analysis (PCA) revealed clear transcriptomic
distinction of the samples in all analyzed conditions (Figure 2B). A heatmap of the 1,366
differentially expressed (DE) genes between FcMR treatment and control presented the
substantial changes in gene expression due to the FeMR treatment over time with overlapping
and unique gene sets (Figure 2C, Supplementary Figure 2A). Gene ontology enrichment
analysis based on these shared and specific DE gene sets up-regulated upon FcMR treatment

clearly confirmed inflammatory activation of macrophages (Supplementary Figure 2B).
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Figure 1: sMR induces proinflammatory cytokine secretion by macrophages. (A) Secretion of
TNE IL-6, IL-1B, and IL-12 by LPS-treated WT or MR-deficient (MR”) macrophages. (B) TNE,
IL-6, and IL-1B secretion by LPS-treated MR-deficient macrophages after incubation with FcMR.
(C) Secretion of TNF by LPS-stimulated MR-deficient macrophages after addition of 0.3 pg/mL
recombinant murine MR (rMR). (D) Primary murine macrophages were isolated from liver, spleen,
or peritoneal cavity (PEC) of WT mice by magnetic separation of F4/80" cells. Secretion of TNF
after LPS treatment and stimulation with FcMR were determined by ELISA. (E) Secretion of TNF
by LPS-treated human monocyte-derived macrophages (moM®) after stimulation with 0.3 pg/mL
recombinant human MR (thMR). (F) Secretion of TNF, IL-6, and IL-1B by LPS-stimulated human
moM® after siRNA-mediated down-regulation of the MR. All graphs are depicted as mean + SEM;
for all experiments, n = 3. *P < 0.05

The most significantly up-regulated genes in response to FcMR treatment further emphasized the
strong and dynamic proinflammatory activation of macrophages, with well-known immunological
key mediators such as TNE IL-6, IL-1b, and IL-12 (Figure 2D, Supplementary Figure 2C).
To dlassify the response elicited by sMR within the broad spectrum of macrophage activation
phenotypes, we performed an enrichment analysis using macrophage activation signatures derived
from our previous study comprising macrophages treated with 28 different immunological stimuli
(24) and the gene sets of FEMR-mediated up-regulated genes per time point. This analysis revealed
a striking similarity of FcMR-induced expression patterns to macrophage signatures associated
with a chronic inflammatory phenotype, as induced by TNE PGE2, and P3C (TPP) in our
previous stimulation study (Figure 2E, Supplementary Figure 2D), further substantiating that the

sMR reprograms macrophages toward a proinflammatory phenotype.
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sMR activates macrophages by binding and inhibiting CD45

Next, we investigated the molecular mechanisms regulating sMR-induced macrophage
reprogramming and searched for binding partners of the MR on the macrophage surface.
To this end, we isolated cell lysates from macrophages that previously underwent surface
biotinylation and performed immunoprecipitation using FeMR. Western blot analysis using
streptavidin allowed us to monitor cell surface proteins interacting with sMR, including a
clear band at the molecular weight of the phosphatase CD45 (between 180 and 220 kDa,
depending on the splice variant; Supplementary Figure 3A), a known binding partner of
the MR (25). Indeed, coimmunoprecipitation experiments revealed a physical interaction
between the MR and CD45 on macrophages (Figure 3A-B).

CD45 can be expressed as different isoforms, depending on alternative splicing of its
three exons A, B, and C. To identify the CD45 isoform interacting with sMR, we assessed
their respective expression using isoform-specific antibodies. Analysis by Western blot and
flow cytometry clearly showed the absence of exons A, B, and C in bone marrow-derived
macrophages (Supplementary Figure 3B), pointing out that these cells only express the
CD45RO isoform. This is in accordance with our RNA-seq data, which showed a specific
read coverage of all exons of Cd45 except for exons A, B, and C (Supplementary Figure
3C). Additionally, we showed that primary macrophages from spleen, white adipose tissue
(WAT), liver, and the peritoneal cavity also expressed the CD45RO isoform (Supplementary
Figure 3D), which is in agreement with previous literature (26). Accordingly, we confirmed
the direct interaction of FeMR with CD45RO from primary splenic macrophages by far
Western blot (Supplementary Figure 3E).

Since little is known about CD45 phosphatase activity in macrophages, we next
investigated whether CD45 is active in these cells. Therefore, we immunoprecipitated
CD45 from macrophage lysates and added 4-nitrophenyl phosphate (pNPP), from which
dephosphorylation by CD45 can be quantified using colorimetry. We monitored a clear
phosphatase activity, which was blocked by a CD45-specific inhibitor (Supplementary
Figure 3F), demonstrating the presence of active CD45 in macrophages. Next, we tested
the effect of sMR on CD45 phosphatase activity. To this end, we immunoprecipitated
CD45 from lysates of FcMR-treated macrophages and showed that dephosphorylation of
pNPP was reduced when compared to isotype control-treated cells (Figure 3C), indicating
that the MR inhibited CD45 phosphatase activity. In a second approach, we assessed the
dephosphorylation of a synthetic peptide containing pY505 of Lck, a specific substrate
of CD45. We showed that preincubation of macrophages with FcMR increased pY505
phosphorylation (Figure 3D), confirming the inhibitory effect of the MR on CD45
phosphatase activity.
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AFigure 2. Legend

Figure 2: RNAseq analysis identifies a proinflammatory phenotype in MR-treated macrophages.
(A) Schematic overview of the bioinformatics RNA-seq analysis strategy. (B) Principal component
analysis based on variance-stabilized counts of all 23,250 present genes. (C) Heatmap of hierarchically
clustered, normalized, and z-scaled expression values of the union of 1,366 DE genes between FcMR-
treated and control samples. (D) Normalized and z-scaled expression values of the union of the top
25 DE genes of each time point significantly up-regulated in at least two consecutive time points
ranked according to their FEMR vs control samples visualized in a heatmap. (E) Dot plot of gene
set enrichment analysis results of 49 predefined stimulus-specific macrophage expression signatures
comprising 28 different stimuli on the FcMR-specific DE genes for each time point. TPP: TNE
PGE2, and Pam3Cys; PA: palmitic acid.

To investigate whether sMR-mediated inhibition of CD45 phosphatase activity
plays a role in macrophage activation, we down-regulated CD45 expression using siRNA
(Supplementary Figure 3G). Similar to inhibition of CD45 by sMR, CD45 down-regulation
resulted in increased expression of TNE IL-6, IL-1B and IL-12 after stimulation with LPS
(Figure 3E). Importantly, addition of FcMR after down-regulating CD45 had no further
effect on cytokine secretion (Figure 3F), demonstrating that the activating effect of the MR

on macrophages was indeed due to its inhibition of CD45.

sMR-mediated inhibition of CD45 activates a Src/Akt/NF-kB signaling cascade in

macrophages

We next investigated how sMR-mediated inhibition of CD45 results in macrophage
reprogramming toward a proinflammatory phenotype. First, we screened for overrepresented
transcription factor (TF) binding motifs in the nonprotein coding regions of FcMR-specific
up-regulated DE genes. Network visualization of enriched TF binding motifs and their
potential target DE genes clearly exposed NF-kB as the dominating transcriptional regulator
of differential gene expression across all three time points (Figure 4A). In fact, from 351
known NF-kB target genes, 118 genes (34%) were significantly DE after FCMR treatment on
at least one time point (Supplementary Figure 4A-B, Supplementary Dataset 1). Moreover,
from all 351 NF-kB target genes, only 269 genes displayed a clear expression (BaseMean
expression value > 10) in macrophages, of which 117 genes (43%) were increased by FcMR.
This proportion even increased up to 49% for all target genes with BaseMean expression
value > 1,000 (61 out of 124 target genes), suggesting a clear activation of NF-kB by the
sMR. Indeed, macrophage treatment with FcMR significantly downregulated IkBa (Figure
4B), an inhibitor of NF-kB, which disables its nuclear translocation retaining NF-«B in the

cytosol. Accordingly, enhanced nuclear translocation of both NF-kB subunits p65 and p50
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(Figure 4C) and increased recruitment of p65 toward the TNF promotor (Supplementary
Figure 4D) were observed after treatment with FcMR.

Subsequently, we aimed at identifying the signaling cascade leading from FcMR-
mediated inhibition of CD45 to activation of NF-kB. Since CD45 can lead to the activation
of Src kinases (27), Src in turn can activate Akt (28), and both Src and Akt have been
associated with NF-kB activation (29-32), we investigated whether FcMR-mediated
inhibition of CD45 resulted in NF-kB activation through signaling via Src and Ake.
Indeed, FcMR treatment increased phosphorylation and hence activation of Src (Figure
4D). Furthermore, blocking Src using three different chemical inhibitors (PP2, KX2-
391 and A419259) markedly decreased TNF secretion (Figure 4E). Of note, the effect
of FcMR on TNF secretion was abolished in the presence of these Src inhibitors (Figure
4F), demonstrating that FeMR-induced macrophage activation depends on Src signaling.
Similarly, Fe MR treatment clearly increased phosphorylation of Ake (Figure 4G) and
addition of an Akt-specific inhibitor decreased LPS-induced secretion of TNE IL-6 and
IL-1B (Figure 4H). Also here, the stimulatory effect of FcMR on cytokine secretion was
abolished by Akt inhibition (Figure 4I), showing an important role for Akt signaling in
FecMR-enhanced TNF secretion. Accordingly, inhibition of Akt prevented FcMR-induced
translocation of NF-kB into the nucleus (Supplementary Figure 4D).

Taken together, these data demonstrate that sMR-mediated inhibition of CD45 results
in activation of a Src/Akt signaling pathway leading to nuclear translocation of NF-kB and

macrophage reprogramming toward an inflammatory phenotype.

Serum sMR is up-regulated in obesity and promotes high-fat diet-induced metabolic
dysfunctions and hepatic steatosis

Next, we monitored whether the inflammatory effect of the MR on macrophages regulates
inflammatory processes iz vivo using a murine model of obesity-induced metaflammation.
We first investigated whether high fat diet (HFD) feeding resulted in changes in serum
sMR levels (Supplementary Figure 5A) and we demonstrated significantly increased sMR
concentrations in the serum of HFD-fed obese mice, as compared to lean control diet (CD)-
fed mice (Figure 5A). Additionally, serum sMR levels positively correlated with body weight
and fat mass of the mice (Figures 5B-C). In humans, serum sMR levels were also increased
in obese individuals when compared to lean subjects (Figure 5D) and correlated positively
with body mass index and fat mass (Figures 5E-F), indicating a direct correlation between

serum sMR levels and obesity in both humans and mice.
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Figure 3: MR inhibits phosphatase activity of CD45 on macrophages. (A) Macrophage cell lysates
were immune precipitated using a CD45-specific and body and stained for FeMR binding by far Western
blot. (B) Macrophage lysates were immune precipitated with FeMR or isotype control and stained for
CD45 by Western blot. (C) CD45 was precipitated from lysates of FEcMR- or isotype control-treated
macrophages and incubated with 4-NPP in the presence or absence of the CD45 inhibitor SF1670.
Graph depicts CD45-mediated dephosphorylation of 4-NPP measured by colorimetry. Samples
precipitated without CD45 antibody were used as controls. (D) CD45 was precipitated from lysates of
FcMR- or isotype control-treated macrophages and incubated with the CD45 substrate TATEGQ-pY-
QPQ. Graph depicts the phosphorylation status of TATEGQ-pY-QPQ. Samples precipitated without
CD45 antibody were used as controls. (E) Secretion of TNE, IL-6, IL-1B, and IL-12 by LPS-stimulated
macrophages after siRNA-mediated down-regulation of CD45. (F) Influence of FeMR on secretion of
TNE IL-6, IL-1B, and IL-12 by LPS-stimulated macrophages after siRNA-mediated down-regulation of
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Figure 4: MR reprograms macrophages to a proinflammatory phenotype via Src/Akt/NF-«kB
signaling. (A) Network visualization of significantly enriched (g-value < 0.1) TF binding motifs
(blue) of the MSigDB motif gene set and their potential targets (colored in red according to their FC)
among the up-regulated DE genes after 4, 12, or 24 h of FcMR treatment. (B) MR-deficient
macrophages were treated with FcMR or isotype control. Total IkB was determined by Western blot.
(C) MR-deficient macrophages were treated with FEMR or isotype control. p65 and p50 were
monitored in the cytosolic and nuclear fraction by Western blot. (D) MR-deficient macrophages were
treated with FcMR or isotype control. Src and phosphorylated Src (pSrc) were determined by Western
blot. (E) MR-deficient macrophages were treated with 3 mM PP2, 1 mM KX2-391, or 1 mM
A419529 and stimulated with LPS. TNF secretion was monitored by ELISA. (F) FcMR or isotype
control-treated MR-deficient macrophages were incubated with PP2, KX2-391, or A419259 and
stimulated with LPS. Secretion of TNF was determined by ELISA. (G) MR-deficient macrophages

59




Chapter 3

AFigure 4. Legend

were treated with FcMR or isotype control for 30 min. Akt and phosphorylated Akt (pAkt) were
determined by Western blot. (H) MR-deficient macrophages were treated with 5 mM MK-2206 and
stimulated with LPS. TNE IL-6, and IL-1B secretion was monitored by ELISA. (I) FeMR or isotype
control-treated MR-deficient macrophages were incubated with MK-2206 and stimulated with LPS.
Secretion of TNE, IL-6, and IL-1P was determined by ELISA. All graphs are depicted as mean + SEM;
for all experiments, n > 3. *P < 0.05.

Subsequently, we analyzed changes in MR-expressing cells as putative source for
increased sMR serum levels in HFD-fed mice. In spleen and WAT of both CD- and HFD-fed
mice, nearly all MR-expressing cells were CD45*, whereas in liver, CD45" cells also expressed
the MR. These latter cells were identified as CD31*CD146" liver sinusoidal endothelial
cells (LSECs), which were indeed previously reported to express the MR (9). Importantly,
whereas no differences in MR expression could be detected in CD45" cells, a clear increase in
MR cells was observed in CD45* hematopoietic cells in spleen, liver and WAT of HFD-fed
obese mice compared to CD-fed mice (Figure 5G). Of note, CD45*MR* cells in all three
organs were mainly identified as CD64'F4/80* macrophages (Supplementary Figure 5B-C).
Taken together, this demonstrates that obesity increased MR-expressing macrophages in
spleen, liver and WAT.

To test whether increased sMR levels regulate macrophage-mediated inflammatory
diseases 7 vivo, we then analyzed the development of obesity-induced metaflammation
in MR-deficient mice (Figure 6A). Whereas no differences in body weights were found
between wild-type and MR-deficient mice on CD, MR-deficient mice gained slightly less
weight on HFD (Figure 6B). This effect was not due to a decrease in caloric intake, as
HFD-fed MR”" mice rather displayed a mild increase in food consumption when compared
to WT mice (Supplementary Figure 6A). Furthermore, the HFD-induced reductions in
locomotor activity, energy expenditure, and carbohydrate oxidation observed in WT obese
mice were found to be partly reverted in MR” mice (Supplementary Figure 6B-E). Analysis
of body composition showed that the lower body weight in HFD-fed MR-deficient mice
resulted exclusively from a reduction in fat mass, without affecting lean mass (Figure 6C).
Accordingly, the weights of epididymal, mesenteric and subcutaneous (inguinal) WAT; as well
as brown adipose tissue (BAT), were lower in HFD-fed MR-deficient mice (Supplementary
Figure 7A-B). This decrease in WAT mass in HFD-fed MR mice appears to be due to
reduced adipocyte hyperplasia rather than hypertrophy (Supplementary Figure 8A-E).
Of note, no significant differences between genotypes were observed in gene expression
of proteins involved in adipocyte differentiation and FA metabolism in epididymal white

adipose tissue (eWAT; Supplementary Figure 8F) nor in beiging or thermogenic markers in
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inguinal white adipose tissue (IWAT) and BAT, respectively (Supplementary Figure 8G-H).
Liver weight was also markedly lower in HFD-fed MR-deficient mice as compared to wild-
type controls (Figure 6D), suggesting a reduction in hepatic steatosis. Indeed, MR-deficient
mice were completely protected against HFD-induced hepatic steatosis (Figure 6F-G).
Accordingly, hepatic triglycerides, total cholesterol and phospholipids contents (Figure 6H,
Supplementary Figure 7F), and hepatic gene expression of lipid droplet-associated proteins
(Supplementary Figure 7H) were markedly lower in HFD-fed MR” mice. Furthermore,
the expression of various genes encoding proteins involved in FA transport and storage were
significantly decreased in HFD-fed MR mice, whereas no changes in expression of genes
implicated in FA oxidation were observed (Supplementary Figure 7I). Circulating alanine
aminotransaminase (ALAT) levels were also markedly decreased in HFD-fed MR-deficient
mice (Supplementary Figure 7G).

We next assessed metabolic consequences of MR deficiency. Although no differences
in metabolic parameters were observed between genotypes in CD-fed mice, HFD-fed MR-
deficient mice displayed lower fasting plasma insulin levels than wild-type mice, whereas
fasting glucose levels were unchanged (Supplementary Figure 7C-D). The calculated
Homeostasis Model Assessment of Insulin Resistance index was significantly reduced in
HFD-fed MR-deficient mice (Figure 6E), suggesting that insulin resistance is less severe
in these mice. In line with this, whole-body insulin sensitivity (Figure 6I) and glucose
tolerance (Figure 6]) were higher, despite similar insulin levels (Supplementary Figure 7E),
in HFD-fed MR-deficient mice compared to wild-type mice. Importantly, the alleviated
hepatic steatosis and whole-body metabolic homeostasis were still observed when HFD-
fed MR-deficient mice were weight-paired to their wild-type counterparts (Supplementary
Figure 11A-D), indicating that MR deficiency protects against HFD-induced metabolic
dysfunctions independently of body weight changes. Altogether, these data indicate that the

MR might contribute to obesity-induced metabolic dysfunctions.

MR promotes inflammatory macrophage accumulation in eWAT and liver during

obesity

Since our in vitro data demonstrate that the MR reprograms macrophages toward an
inflammatory phenotype, we next investigated whether the observed metabolic changes in
MR-deficient mice might be caused by reduced proinflammatory macrophage activation in
metabolic tissues.

As previously reported, HED significantly increased obesity-associated proinflammatory
CD11c" adipose tissue macrophages (ATMs) in eWAT of wild-type mice (33), whereas total




Chapter 3

ATMs and monocytes were not affected (Figures 6K-M, Supplementary Figure 9). Remarkably,
while no significant differences in total ATMs and monocyte numbers were observed between
genotypes, inflammatory CD11c¢* ATM numbers were found to be significantly higher in
HED-fed MR-expressing wild-type mice as compared to MR-deficient mice (Figure 6K-M),
and strongly correlated with whole-body insulin resistance (Figure 6N).

In the liver, HFD significantly increased proinflammatory CD11c* KCs and
monocytes in wild-type mice, while total KCs were not affected (Figure 60-Q). Similar to
what was observed in eWAT, inflammatory CD11c* KCs, but also monocytes, were more
abundant in liver of MR-expressing wild-type mice as compared to MR-deficient mice,
of which the CD11c¢* KCs again correlated strongly with insulin resistance (Figure 6R),
while total KCs were not affected (Figure 60-Q). This was associated with higher expression
of genes involved in proinflammatory macrophage activation in liver and WAT of MR-
expressing wild-type mice (Supplementary Figure 10B,D). Importantly, these differences in
proinflammatory macrophage abundances in metabolic tissues were still present when wild-
type and MR-deficient mice were weight-paired (Supplementary Figure 11E-F), indicating
that also the regulation of obesity-induced proinflammatory macrophages by the MR is
independent of changes in body weight. By contrast, MR deficiency neither affected other
myeloid and lymphocyte subsets nor T cell-associated cytokines gene expression in e WAT
or liver from HFD-fed mice (Supplementary Figure 10).

Taken together, these data provide first indications that the MR might contribute to

obesity-induced metaflammation.

sMR treatment induces proinflammatory cytokines, metabolic dysfunctions, and

increased proinflammatory macrophages

To univocally determine the role of the MR in metaflammation, we investigated whether
in vivo administration of sMR in lean mice is able to induce macrophage activation and
metabolic dysfunctions, by intraperitoneally injecting FcMR or isotype control every three
days for four weeks (Figure 7A). We first monitored circulating cytokine levels in response to
a single intraperitoneal injection of FcMR in CD-fed mice. In accordance with our in vitro
experiments, even a single injection of FEMR acutely increased serum levels of TNF and IL-6
and the chemokine MCP-1/CCL2 compared to isotype control-treated mice (Figure 7B).
After four weeks of treatment, we monitored a mild increase in body weight in FcMR-
treated mice compared to control mice (Figs. 7C-D). In addition, insulin sensitivity, as measured
by an acute drop in blood glucose levels following insulin intraperitoneal (i.p.) injection,
was reduced in FeMR-treated mice compared to control mice (Figs. 7E-F), confirming the

detrimental effect of the sMR on whole-body metabolic homeostasis. Importantly, the effect
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of FcMR on HFD-induced insulin resistance was even more pronounced when mice were fed
an HFD concomitantly with FcMR treatment for four weeks, underlining the inflammatory

effect of the sMR in mice fed an HFD (Supplementary Figure 12).
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Figure 5: sMR is up-regulated in obesity. (A) sMR levels in the serum of wild-type or MR-deficient
mice after HFD or CD feeding. (B-C) Correlation of sMR serum levels and body weight (B) or fat
mass (C) of all mice depicted in A. (D) sMR levels in the serum of lean and obese humans. (E-F)
Correlation between sMR serum levels and body mass index (£) or fat mass (F). (G) Wild-type mice
were fed an HFD or CD for 18 weeks. MR-expressing cells were quantified in different organs.
Results are expressed as means + SEM; n=7 mice per group for G. *P < 0.05.

FcMR treatment increased macrophage numbers in eWAT of lean mice (Figure 7G).
Moreover, gene expression of /16, Tnf; 1/6 and Ce/2 was increased in e WAT of FeMR-treated
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lean mice (Figure 7H). Accordingly, macrophages isolated from these mice showed increased
secretion of most of these cytokines upon stimulation with LPS (Figure 7I), demonstrating
that, in lean mice, increased serum sMR levels induce the secretion of proinflammatory
cytokines, induce whole-body insulin resistance and promote macrophage activation in

metabolic tissues 7 vivo.
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HFD or CD for 18 weeks. (B) Body weight of mice on diet for 18 weeks. (C) Lean and fat mass after
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«Figure 6. Legend (Continued)

18 weeks on diet determined by MRI. (D) Liver weight after 18 weeks on diet. (E) Homeostasis
Model Assessment of Insulin Resistance index (HOMA-IR) based on blood glucose and fasting
insulin. (F-G) Hematoxylin and eosin staining (¥) and quantification (G) of hepatic steatosis. (H)
Levels of liver triglycerides. (I) Intraperitoneal insulin tolerance test. Blood glucose levels were
measured at the indicated time points, and the area under the curve (AUC) of the glucose excursion
curve was calculated as a surrogate measure for whole-body insulin resistance. (J) Intraperitoneal
glucose tolerance test. The AUC of the glucose excursion curve was calculated as a surrogate measure
for whole-body glucose intolerance. (K-M) Numbers of total monocytes (K), macrophages (L), and
CD11c* macrophages (M) per gram eWAT determined by flow cytometry. (N) Correlation between
eWAT CD11c* macrophages and whole-body insulin resistance, assessed by the AUC of the glucose
excursion curve. (O-Q) Numbers of total monocytes (0), KCs (2), and CD11c* KCs (Q) per gram
liver determined by flow cytometry. (R) Correlation between CD11c* KCs and whole-body insulin
resistance. Results are expressed as means + SEM; n=5-15 mice per group. *P <0.05.
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Figure 7: Increased MR levels regulate whole-body metabolism and promote inflammation.
(A) CD-fed WT mice were injected i.p. with 4.82 umoles/mouse FcMR or isotype control for 4
weeks. (B) Serum cytokine concentrations were determined by cytometric bead array (CBA) at the
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AFigure 7. Legend (Continued)

indicated timepoints post-first injection. (C-D) Graphs depicting body weight over time (C) and
overall change in body weight (D). (E-F) Intraperitoneal insulin tolerance test after FEMR treatment
of CD-fed mice. Changes in circulating glucose levels at 15 min post insulin i.p. (#). (G) The number
of F4/80* magnetic cell separation (MACS)-sorted e WAT macrophages was determined after 4 weeks
of treatment. (H) Expression of inflammatory genes in eWAT was monitored by qPCR. (I) Cytokine
secretion by F4/80* macrophages from eWAT was determined by CBA after stimulation with 100 ng/
ml LPS. BW: body weight. Results are expressed as means + SEM; n=3-5 mice per group. *P <0.05.

Discussion
The MR as a member of the C-type lectin family has mainly been described as an endocytic

receptor recognizing glycosylated antigens and mediating antigen processing and presentation
(34, 35). However, the extracellular region of the MR can be shed by metalloproteases and
released as a soluble protein in the extracellular space. Consequently, the sMR is detectable
in murine and human serum (13, 14), and recent studies reported an increase of serum
sMR levels in a variety of inflammatory diseases and serum sMR levels directly correlated
with severity of disease and mortality (15-20). Here, we demonstrated that, in addition
to a mere phenotypic correlation, the sMR plays a direct, functional role in macrophage
activation, driving reprogramming toward a proinflammatory phenotype. By interacting
with and inactivating CD45, the sMR reprograms macrophages via activation of Src/Akt
signaling and nuclear translocation of NF-kB. /n vivo, sMR levels were increased in obese
mice and humans as compared to lean controls, and we found that MR deficiency reduced
adipose tissue and liver proinflammatory macrophages and protected against obesity-
induced metabolic dysfunctions. Consistently, treatment of lean mice with sMR acutely
increased serum proinflammatory cytokines and induced both tissue macrophage activation
and systemic insulin resistance.

Although wild-type (WT) and MR” mice on CD were phenotypically similar in
term of body composition and whole-body metabolic homeostasis, MR”" mice on HFD
appeared to be slightly resistant to HFD-induced body weight gain and displayed markedly
improved insulin sensitivity and glucose tolerance when compared to WT mice. However,
it is important to underline that body weight pairing of obese mice from the two genotypes
clearly indicated that the lower body weight observed in HFD-fed MR’ mice only
marginally contributed to their lower hepatic steatosis, improved whole-body metabolic
homeostasis and phenotypic changes in AT and liver macrophages. In addition, we found
that sMR injections promoted inflammation but only induced mild insulin resistance
in lean WT mice. Although significant, this effect was modest and may be explained by

several factors, including the timing of administration and dosage, but also by the fact
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that lean mice are highly insulin sensitive. Of note, injecting sMR at the start of HFD
feeding accelerated the development of insulin resistance, which supports a role for sMR in
promoting metaflammation.

In this study, we found increased MR* cells in spleen, liver, and eWAT upon HFD
feeding, which were almost exclusively macrophages. Since cell surface MR can be shed and
released as a soluble form, obesity-induced changes in tissue homeostasis may increase MR
expression and sMR release by macrophages, creating increased local and systemic sMR levels
to promote macrophage-mediated inflammation and metabolic dysfunctions. An important
factor in this process could be the ligand-inducible TF PPAR-y, which is activated, among
others, by free FAs. Indeed, single-cell RNA sequencing analysis of adipose tissue immune
cells revealed that PPAR signaling is among the up-regulated pathways in obesity-induced
lipid-associated macrophages in both mice and humans (36). Since Mrcl (encoding the
MR) is also a direct target gene of PPAR-y (37), obesity-induced activation of PPAR-y
in macrophages may lead to enhanced transcription of the MR, eventually resulting in
increased sMR levels. One of the limitations of our study was the use of constitutive whole-
body MR” mice instead of a myeloid cell-specific knockout model, which is currently not
available. As such, the main cellular source of circulating proinflammatory sMR remains to
be confirmed, although it is conceivable that a significant part of the increased circulating
sMR during obesity may also be derived from non-myeloid MR-expressing cells, such as
LSECs.

Our data demonstrate that macrophage activation by the MR was due to MR-
mediated inhibition of CD45, which in turn leads to activation of Src and Akt, and nuclear
translocation of NF-kB. CD45 has been postulated to inhibit Src kinases (27) and Akt
(28), a known regulator of NF-kB (30, 31, 38). Here, we show that CD45-mediated
dephosphorylation of Src induces Akt-mediated nuclear translocation of NF-kB, and that
the sMR uses this signaling pathway to induce macrophage reprogramming toward an
inflammatory phenotype. MR-mediated macrophage activation depended on Akt signaling,
as its inhibition abrogated MR-mediated nuclear translocation of NF-kB and ensuing TNF
and IL-6 secretion by macrophages. Additionally, Akt has been postulated as a regulator
that can fine tune NF-kB-mediated responses through regulating efficient binding of p65 to
specific target promoters (32). Of note, these authors demonstrated that NF-kB-mediated
expression of TNF was particularly sensitive to Akt signaling, which is in accordance with
the Akt-dependency of TNF expression after MR-induced activation of macrophages
described here.

The immunometabolic phenotype of obese MR-deficient mice resembles that of
mice deficient for MGL/CLECI10A, another member of the C-type lectin family. Indeed,
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these mice displayed reduced hepatic steatosis, insulin resistance and glucose intolerance
upon HFD when compared to wild-type mice, a feature that was associated with lower
AT proinflammatory macrophages (39). In another context, MGL/CLEC10A was also
shown to bind and inactivate CD45 (40), offering the possibility that MGL/CLEC10A
can directly induce macrophage reprogramming by inhibition of CD45, similar to the MR.
Future studies will have to reveal whether MGL/CLECI10A indeed plays a direct role in
macrophage activation, whether its expression is also increased in HFD-induced obesity, and
whether this may be mediated by a soluble form of MGL/CLEC10A.

In summary, we demonstrate that a soluble form of the MR reprograms macrophages
toward an inflammatory phenotype by interacting with CD45 on the surface of these
macrophages. MR-mediated inhibition of CD45 activated Src and Ake kinases, leading to
nuclear translocation of NF-kB and induction of a transcriptional program that ultimately
results in enhanced inflammatory cytokine production. Furthermore, sMR levels in serum of
obese mice and humans are increased, strongly correlating with body weight and adiposity,
a feature that needs however to be confirmed in female mice and larger population studies.
Accordingly, MR deficiency resulted in fewer adipose tissue and liver proinflammatory
macrophages and protection against hepatic steatosis and metaflammation, whereas
increased MR levels induced elevated serum proinflammatory cytokines, macrophage
activation and metabolic dysfunctions. Altogether, our results identify sMR as a regulator of
proinflammatory macrophage activation and could contribute to the development of new
therapeutic strategies for metaflammation and other hyperinflammarory diseases. Targeting
MR-mediated activation of macrophages using antibodies, nanobodies, aptamers or small
molecules that could prevent MR interacting with macrophage CD45RO might open new

possibilities for therapeutics aimed at dampening (meta)inflammation.

Material and Methods
Antibodies and Reagents

A detailed list of antibodies and reagents is included in the Supplementary information.

Generation of bone marrow-derived macrophages
Bone marrow was flushed from the femurs and tibias of mice and cultured for 7 days in
medium containing 2.5 % supernatant of a Granulocyte Macrophage Colony-Stimulating

Factor (GM-CSF)-producing cell line (total concentration 150 ng/mL).
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Generation and purification of FceMR

FcMR proteins (encompassing the CR region, the FN II domain and CTLD1-2 fused to the
Fe region of hlgG1) and isotype controls (Fc region of hIgG1) were generated as described
previously (21). For all in vitro experiments, FcMR and isotype controls were used in a

concentration of 10 pg/mL.

Monitoring secretion of TNE, IL-6, IL-1B and IL-12

Macrophages were incubated with 10 pg/mL FcMR or isotype control, 300 ng/mL
recombinant MR (2535-MM-050, R&D Systems), 30 ng/mL purified sMR, 3 uM PP2, 1
uM KX2-391, 1 uM A419259 or 5 uM MK-2206. After 2 h, LPS was added in the given
concentrations. Unless indicated differently, supernatants were collected at 3 h (TNF) or
18 h (IL-6, IL-12p70) post-LPS stimulation. For secretion of IL-1pB, cells were incubated
with LPS for 3 h and with 10 mM nigericin for another 1 h. Secreted cytokine levels were
measured by enzyme-linked immunosorbent assay (ELISA). Levels of TNE, IL-6, IL-1B,
and MCP-1 in the circulation at 2 h post-FcMR, or isotype control injection, or in culture
supernatant of LPS-treated eWAT macrophages were measured using the cytometric bead

array kits (BD Biosciences), per manufacturer’s recommendations.

Mice and diet

All animal experiments were performed in accordance with the Guide for the Care and Use
of Laboratory Animals of the Institute for Laboratory Animal Research and have received
approval from the university Ethical Review Boards (DEC No. 12199; Leiden University
Medical Center, Leiden, The Netherlands). To reduce variation due to sex hormone
cycles on whole-body metabolism, male mice were used for all iz vivo experiments. MR-
mice were generated on C57BL/6] background, regularly backcrossed to C57BL/6], and
compared to age-matched C57BL/6] wild-type mice from the same mouse facility. To
minimize eventual effects of genotype-dependent microbiota differences on metabolic and
immunological outcomes, the beddings of WT and MR mice were frequently mixed before
randomization. All mice were housed in a temperature-controlled room with a 12-hour
light-dark cycle. Throughout the experiment, food and tap water were available ad libitum.
The 8- to 10-weeks-old male mice were randomized according to total body weight, lean
and fat mass, and fasting plasma glucose, insulin, TC and TG levels, after which they were
fed an HED (45% energy derived from fat, D12451, Research Diets) or a CD (10% energy
derived from fat, D12450B, Research Diets) for 18 weeks. An @ priori power calculation

was done. Analysis was performed blinded to the conditions. For i vivo FEMR treatment,
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C57BL/6] wild-type littermate mice were randomized as above. Subsequently, mice were
biweekly intraperitoneally injected with 50 ug FeMR or 6.75 pg isotype control, to yield the
same administered dose of hIgG1, for four weeks while either on CD or concomitant with
the start of HFD feeding.

Quantification and statistical analysis

All data are presented as mean + SEM. Statistical analysis was performed using GraphPad
Prism 8.0 (GraphPad Software) with unpaired t-test, one-way or two-way ANOVA, followed
by Fisher’s post hoc test. Differences between groups were considered statistically significant
at P < 0.05. Oudliers were identified according to the two-SD method. Single data points
represent mean values of distinct independent experiments (i vitro) or individual mice (in

vivo).

Data and Software availability

The complete RNAseq analysis including code and count data can be found under
jsschrepping/Embgenbroich_2020 at https://github.com/schultzelab. Additionally, the
unprocessed RNA-seq data is available online in the Gene Expression Omnibus database

(https://www.ncbi.nlm.nih.gov) under accession number GSE145369.
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Supplementary Materials and Methods

Antibodies and Reagents

a-mouse actin (20-33), a-phosphotyrosine (4G10) and a-mouse GAPDH (10B13) were
obtained from Merck, a-mouse vinculin (4650), a-mouse IkBa (44D4), a-mouse PCNA
(PC10), a-mouse Akt (9272), a-mouse pAkt (Ser473)(9271), a-mouse Src (L4A1), a-mouse
pSrc (Tyr416)(2101) and a-mouse p65 (D14E12) from Cell Signaling Technology, a-mouse
calnexin (ab22595) from Abcam and a-mouse p50 (E10) from Santa Cruz. All antibodies
used in flow cytometry are listed in Supplementary Table 1. Recombinant MR was obtained
from R&D Systems, KX2-391 from Biotrend, A-419259 from Biomol, MK-2206 from
Enzo Life Sciences, Biotin from Roth, SF1670 from Merck and thM-CSF from BioLegend.

All other chemicals were obtained from Sigma.

Purification of sMR from the supernatant of MR-expressing cells

Supernatant of bone marrow-derived macrophages was collected and loaded on an affinity
chromatography column containing Sepharose beads that were covalently linked to an anti-
MR antibody (MR5D3, BIO-RAD). After extensive washing, sMR was eluted in 0.1 M
Glycin (pH 2.5), neutralized with 1 M Tris (pH 9.0) and dialyzed against PBS containing
10% PEG for 24 h.

Sample preparation for Western Blot analysis

For whole cell lysates, samples were lysed in 10 mM triethanolamine, 150 mM NaCl, 1 mM
MgCl,, 1 mM CaCl, and 1% Triton X-100. For the extraction of nuclear extracts, cells were
lysed first in 50 mM HEPES-KOH, 1 mM EDTA (pH 8.0), 140 mM NaCl, 0.25% Triton
X-100, 0.5% Igepal and 10% glycerol and the cytosolic fraction was harvested. Afterwards,
pellets were resuspended in 10 mM Tris-HCI (pH 8.0), I mM EDTA, 100 mM NaCl,
0.5 mM EGTA, 0.1% Sodium desoxycholic acid and 0.5% sodium N-lauryl sarcosine,

sonicated and centrifuged, yielding the nuclear fraction.

Surface biotinylation and co-immunoprecipitation experiments

Bone marrow-derived macrophages were incubated with 0.5 mg/ml biotin for 30 min and
washed extensively. Afterwards, cells were lysed and 10 pg/ml FcMR was added for 1 h
on ice. Subsequently, FcMR was immunoprecipitated using protein A/G-based affinity
chromatography and samples were loaded on an SDS-PAGE for analysis by Western Blot
using streptavidin or a CD45-specific antibody. Alternatively, a CD45-specific antibody was
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added to macrophage lysates and precipitated by protein A/G-based affinity chromatography
for subsequent far Western Blot analysis using FcMR.

CD45 phosphatase assay

CD45 was immunoprecipitated from macrophage lysates and incubated with 2 mM pNPP
for 18 h at 37°C in the presence or absence of 1 uM of the CD45-specific inhibitor SF1670.
Dephosphorylation of pNPP was quantified by colorimetry at 405 nm. Alternatively,
immunoprecipitated CD45 was incubated with 0.25 pg of the biotinylated peptide
TATEGQpYQPQ for 18 h at 37 °C in the presence or absence of SF1670. Phosphorylated
TATEGQpYQPQ was monitored after affinity chromatography using streptavidin-agarose,
staining with the phosphospecific primary antibody 4G10 (Milipore), a HRP-conjugated
secondary antibody and addition of the HRP substrate TMB One (Kementec).

siRNA-mediated down-regulation of CD45

siRNA against CD45 (Mm-Ptprc_6 Flexitube siRNA, Qiagen) or control siRNA
(AAAAACAUGCAGAAAUGCUGU; containing a specific sequence of the luciferase gene)
were obtained from Qiagen. After five days of culture in GM-CSF-containing medium, cells
were electroporated with 4 pg siRNA using a Gene Pulser Xcell Electroporation Systems
(Bio-Rad) with two sequential pulses of 1000 V for 0.5 ms each. Cells were incubated for 2

days before subsequent experiments were performed.

Blood monocyte-derived macrophages and siRNA-mediated down-regulation of
MR expression

Human CD14* monocytes were isolated from blood of anonymous healthy volunteers,
as described previously (1), and cultured in RPMI 1640 (Invitrogen) supplemented with
10% heat-inactivated FSC, 100 U/ml penicillin, 100 pg/ml streptomycin and 50 ng/mL of
recombinant human M-CSF (BioLegend) in plates with Nunclon™ Delta Surface coating
(Nunc). On day 4 of differentiation, cells were electroporated with either 455 nM anti-Mrcl
siRNA or 455 nM scrambled siRNA (Dharmacon) using the Neon® transfection system
(Invitrogen) using one pulse of 1600V for 20 ms. Cells were incubated for 2 days and next
incubated for 24 h with 100 ng/ml LPS and 50 ng/ml IFN-y. Supernatant was harvested
after 24 h for analyses of TNF, IL-6, and IL-1B by ELISA using a commercially available kit
(BioLegend).
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RNA isolation and RNAseq analysis

RNA of 5x10° bone marrow-derived macrophages treated with FcMR or isotype control
for 4, 12, and 24 h was isolated with Trizol and miRNeasy micro kit (Qiagen) according
to the manufacturer’s protocol. RNA quality was assessed by visualization of 28S and 18S
band integrity on a Tapestation 2200 (Agilent). 100 ng of RNA was converted into cDNA
libraries using the TruSeq RNA library preparation kit v2. Size distribution of cDNA
libraries was measured using the Agilent high sensitivity DNA assay on a Tapestation 2200
(Agilent). cDNA libraries were quantified using KAPA Library Quantification Kits (Kapa
Biosystems). After cluster generation on a cBot, 75 bp single read sequencing was performed
on a HiSeq1500.

Bioinformatic analysis

After base calling and de-multiplexing using CASAVA version 1.8.2 and subsequent quality
control using fastQC, the 75bp single-end reads were pseudoaligned to the mm10-based
mouse Gencode reference transcriptome vM16 using kallisto version 0.44.0. Transcript
abundance estimations were imported to R and summarized on gene level using tximport (2).
Downstream analyses were performed using DESeq2 (3). After filtering of lowly expressed
genes (rowSums > 10) and variance stabilizing transformation, principal component analysis
was performed on all present genes using the prcomp package. Differential expression
analysis was performed comparing FcMR-treated samples versus controls for each time point
without pre-defined log, fold change threshold and using independent hypothesis weighting
(IHW) as the multiple testing procedure. Genes with an adjusted p-value < 0.05 and a
fold change (FC) > 2 were determined as significantly differentially expressed. Normalized
and z-scaled expression values of the union of differentially expressed (DE) genes over all
three time points were visualized in a heatmap. Gene ontology enrichment analyses were
performed on those genes shared between all three DE gene sets (shared), as well as the
respective gene sets for each time point (4 h, 12 h, and 24 h) and those genes unique for each
time point (4h.u, 12 h.u, and 24 h.u) using the R package ClusterProfiler and visualized in
a dot plot. Based on the differential expression analysis, genes with significant upregulation
in at least two consecutive time points were selected and ranked according to their FC at
each timepoint. Normalized and z-scaled expression values of the union of the top 25 genes
for each comparison were visualized in a heatmap. Furthermore, enrichment analysis on
the FcMR-specific DE genes for each time point was performed based on 49 previously
defined, stimulus-specific macrophage expression signatures encompassing 28 different

immunological stimuli, using ClusterProfiler's ‘enricher’ function. Significantly enriched
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signatures were visualized in a dot plot and normalized and z-scaled expression values of
the genes to the enriched signatures were plotted in a heatmap. To identify transcriptional
regulators responsible for the FcMR-induced changes in gene expression, transcription
factor motif enrichment analyses was performed using ClusterProfiler's ‘enricher’ function
based on the MSigDB motif gene sets on the FeMR-specific DE genes for each time point.
Motifs with g-value < 0.1 were selected and results were visualized in networks showing
the enriched TF motifs and their potential targets among the DE genes of the respective
comparison using Cytoscape v3.4.0. For determination of the CA45 transcript variant
expressed in the cells of this data set, reads were aligned to the reference genome mm10 using
Hisat2 v2.1.0 (4) and visualized using the R package Gviz (5). For additional analysis of the
NF-kB pathway, we downloaded a comprehensive list of NF-kB target genes from hzps://
www.bu.edu/nf-kblgene-resources/target-genes/ and matched the human genes with their murine
orthologs. The curated NF-kB target gene list can be found as Dataset S1. Intersecting the
resulting list of 417 murine NF-kB target genes with the set of genes detected in our bulk
RNA-seq experiment revealed the presence of 351 genes in our data set, of which 118 genes
were significantly DE on at least one time point comparing the FcMR-treated cells with
controls. Normalized and z-scaled expression values of the 351 present NF-kB target genes
were visualized in a heatmap. In addition, fold changes and mean expression values of the
significantly DE genes comparing the FcMR-treated cells with controls at the respective
time points were visualized in MA plots with colored dots indicating NF-kB targets among

the sets of DE genes.

ChIP-qPCR

Bone marrow-derived macrophages were stimulated with 10 pg/ml FeMR or isotype control
for 1 h prior to stimulation with 200 ng/ml LPS for another 90 min. Cell fixation, chromatin
isolation and ChIP was performed as described previously (6). Briefly, cells were fixed in 1%
methanol-free formaldehyde for 5 min at RT, followed by blocking in 125 mM glycine.
Nuclei were isolated by NEXSON and chromatin preparation was done using a Covaris $220
focused ultrasonicator (Peak Power: 75 W; Duty factor: 2%; Cycles/burst: 200; 8 min and
Peak Power: 140 W; Duty factor: 5%; Cycles/burst: 2005 20 min, respectively). Chromatin
preparation was incubated overnight at 4 °C with anti-p65 (clone D14E12, Cell Signaling)
or isotype control (rabbit IgG, 31235, Thermo Scientific), followed by incubation for 2 h
with Dynabeads (10003D, Thermo Scientific). Samples were eluted by 50 mM glycine pH
2.8 and decrosslinked with Proteinase K and RNase A for 30 min at 37°C and overnight at
65°C. DNA was purified by NucleoSpin Gel and PCR Clean-up Kit (740609.250, Macherey-
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Nagel). qPCR was performed with Absolute qPCR Mix (AB1162B, Thermo Scientific) on a
CFX96 Real-Time System (BioRad) using 5-GAGGCTCCGTGGAAAACTCACTTG-3’
and 5’-GCAGAGCAGCTTGAGAGTTGGGAA-3’ (TNF promoter region 1) and 5’-
CAGTTCTCAGGGTCCTATACAACACA-3 and 5-GGTAGTGGCCCTACACCTCT
GTC-3" (TNF promoter region 2) as primers.

Human samples

Serum samples from twenty-six healthy, weight-stable, nonsmoking Caucasian volunteer
subjects, 12 lean (2 males, 10 females, BMI 23.3 +/- 0.5 kg/m?) and 14 obese (2 males, 12
females, BMI 35.2 +/- 1.2 kg/m?), this latter before and after weight loss, were collected in
the framework of a clinical trial (7) and used to measure circulating sMR in a subset of still
available samples. This study (Clinical Trial Registration No. NTR2401) was approved by
the Medical Ethics Committee of the Leiden University Medical Centre and performed in
accordance with the principles of the revised Declaration of Helsinki. All volunteers gave

written informed consent before participation.

Plasma analysis

Blood samples were collected from the tail tip of 4 h-fasted mice using chilled paraoxon-
coated capillaries. sMR serum levels were determined after immune precipitation using a
MR-specific antibody, followed by fluorimetry. Blood glucose levels were determined using a
Glucometer (Accu-Check, Roche Diagnostics). Plasma total cholesterol (TC; Instruchemie),
triglycerides (TG; Instruchemie) and insulin (Chrystal Chem) were determined using
commercially available kits according to the manufacturer's instructions. The homeostatic
model assessment of insulin resistance (HOMA-IR) adapted to mice was calculated as
([glucose (mg/dl)*0.055] x [insulin (ng/ml) x 172.1])/3857 and used as a surrogate measure
of whole-body insulin resistance (8). Plasma alanine aminotransferase (ALAT) was measured

using a Reflotron® kit (Roche diagnostics).

Body composition and indirect calorimetry

Body composition was measured by MRI using an EchoMRI (Echo Medical Systems).
Groups of 6-8 mice with free access to food and water were subjected to individual indirect
calorimetric measurements at 16 weeks after the start of diet feeding for a period of 5
consecutive days using a Comprehensive Laboratory Animal Monitoring System (Columbus
Instruments). Before the start of the measurements, the animals were acclimated to the cages

and the single housing for a period of 48 h. Feeding behavior was assessed by real-time
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food intake. Spontaneous locomotor activity was determined by the measurement of beam
breaks. Oxygen consumption and carbon dioxide production were measured at 15 min
intervals. Energy expenditure and carbohydrate and fatty acid oxidation were calculated and
normalized for body surface area (kg®”), as previously described (9). The adipocyte number

per fat pad and mean adipocyte volume were determined as previously described (10).

Insulin and glucose tolerance tests

Whole-body insulin sensitivity was assessed after the indicated time on CD or HFD in
4 h fasted mice by an i.p. insulin tolerance test (ipITT). After an initial blood collection
(t=0), an i.p. bolus of insulin (1 U/kg lean body mass; NOVORAPID, Novo Nordisk) was
administered to the mice. Blood glucose was measured by tail bleeding at indicated time
points after insulin administration using a Glucometer. Whole-body glucose tolerance was
assessed after the indicated time on CD or HFD in 6 h fasted mice by an intraperitoneal
glucose tolerance test (ipGTT). After an initial blood collection (t=0), an i.p. injection of
glucose (2g D-Glucose/kg total body weight, Sigma-Aldrich) was administered in conscious
mice. Blood glucose was measured by tail bleeding at indicated time points after glucose
administration using a Glucometer (Accu-Check, Roche Diagnostics). At 15 minutes, blood

was also collected for analysis of plasma insulin levels as described above.

Histological analyses

A piece of eWAT or liver (-30 mg) was fixed in 4% paraformaldehyde (PFA; Sigma-Aldrich),
paraffin-embedded, sectioned at 4 pm and stained with Hematoxylin and Eosin (H&E). Six
fields at 20x magnification (total area 1.68 mm?) were used for the analysis of crown-like

structures and hepatic steatosis.

Hepatic lipid composition

Liver lipids were extracted as previously described (11). Briefly, liver samples (~50 mg)
were homogenized in ice-cold methanol. After centrifugation, lipids were extracted with
CH,OH:CHCI, (1:3 v/v), followed by phase separation with centrifugation (13,000
x g; 15 min at RT). The organic phase was dried and dissolved in 2% Triton X-100 in
water. Triglycerides (TG), total cholesterol (T'C) and phospholipids (PL) concentrations
were measured using commercial kits (Roche Molecular Biochemicals). Liver lipids were

expressed as nanomoles per mg protein, which was determined using the Bradford protein

assay kit (Sigma-Aldrich).
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RNA purification and qRT-PCR

RNA was extracted from snap-frozen tissue samples using Tripure RNA Isolation reagent
(Roche Diagnostics). Total RNA (1 pg) was reverse transcribed and quantitative real-time
PCR was next performed with the SYBR Green Core Kit on a MyIQ thermal cycler (Bio-
Rad). mRNA expression was normalized to Rplp0 mRNA content and expressed as fold
change compared to wild-type CD-fed mice using the AACT method. Primers are listed in
Supplementary Table 2.

Isolation of stromal vascular fraction from adipose tissue

Epididymal adipose tissues were collected in PBS, then minced and digested for 1 h at
37°C in HEPES-buffered Krebs solution (pH 7.4) containing 0.5 mg/mL collagenase type
I from Clostridium histolyticum (Sigma-Aldrich), 2% (w/v) bovine serum albumin (BSA,
fraction V, Sigma-Aldrich) and 6 mM glucose, as previously described (12). Disaggregated
adipose tissues were passed through 100 pum cell strainers or 200 pm filters and washed
with PBS supplemented with 2.5 mM EDTA and 5% FCS. Filtrate was either directly
centrifuged (350 x ¢, 10 min at RT) or rested for 10 minutes, after which infranatant was
collected and centrifuged. After centrifugation, the supernatant was discarded and the pellet
containing the stromal vascular fraction (SVF) was treated with erythrocyte lysis buffer (BD
Biosciences). After washing, cells were either directly counted, or macrophages were isolated
using LS columns and F4/80 microbeads according to the manufacturer’s protocol. Cells
were next stained with the live/dead marker Aqua or Zombie-UV (Invitrogen), fixed with
1.9% paraformaldehyde (Sigma-Aldrich) and stored in FACS buffer (PBS, 2 mM EDTA,
0.5% BSA [w/v]) at 4°C in the dark until subsequent analysis performed within 4 days.

Isolation of leukocytes from liver tissue

Livers were collected in ice-cold RPMI 1640 + Glutamax (Life Technologies), minced
and digested for 45 min at 37°C in RPMI 1640 + Glutamax supplemented with 1 mg/
mL collagenase type IV from Clostridium histolyticum, 2000 U/mL DNase (both Sigma-
Aldrich) and 1 mM CaCl,, as previously described (12). In short, the digested tissues were
next passed through 100 pm cell strainers and washed with PBS/EDTA/FCS. Following
centrifugation (530 x g, 10 min at 4 °C), the cell pellet was resuspended in PBS/EDTA/
FCS and centrifuged at 50 x g to pellet hepatocytes (3 minutes at 4 °C). The supernatant
was next collected and pelleted (530 x g, 10 min at 4 °C), followed by treatment with
erythrocyte lysis buffer. After washing, either macrophages or total leukocytes were isolated
using LS columns and F4/80 or CD45 MicroBeads (35 pl beads per liver; Miltenyi Biotec),
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respectively, according to the manufacturer's protocol. Isolated CD45 cells were counted
and processed for flow cytometry as for SVE and F4/80* cells were stimulated with FcMR
and LPS as described above.

Isolation of peritoneal macrophages

Peritoneal wash was collected in PBS supplemented with 2 mM EDTA and centrifuged
(530 x g, 10 min at 4°C). Cell pellet was treated with erythrocyte lysis buffer, counted and
processed for flow cytometry as for SVE or macrophages were isolated using MS columns

and F4/80 microbeads according to the manufacturer’s protocol.

Isolation of splenic macrophages

Spleens were collected in ice-cold RPMI 1640 + Glutamax, minced and digested for 20 min
at 37°C in RPMI 1640 + Glutamax supplemented with 1 mg/mL collagenase D (Sigma)
and 2000 U/mL DNase. The digested tissues were next passed through 100 pm cell strainers
and washed with PBS/EDTA/FCS. Following centrifugation (530 x g, 10 min at 4°C), the
cell pellet was treated with erythrocyte lysis buffer. Cells were either counted and processed
for flow cytometry as for SVE, or macrophages were isolated using MS columns and F4/80

microbeads according to the manufacturer’s protocol.

Flow cytometry

For analysis of myeloid subsets, part of the cells was first permeabilized with 0.5% saponin
(Sigma-Aldrich) or eBioscience permeabilization buffer (Invitrogen) and stained with an
antibody against YM1 conjugated to biotin prior to staining with an antibody cocktail
including streptavidin-PerCP. Cells were either next or directly stained with antibodies
directed against CD11b, CD11c, CD45, CD45.2, CD45RA, CD45RB, CD45RC, CD64,
F4/80, Ly6C, and Siglec-F in either 0.5% saponin, permeabilization, or FACS buffer. For
assessing MR-expressing cells in obesity, samples were additionally incubated with antibodies
specific for CD31, CD146, and MR. For analysis of lymphocyte subsets, cells were stained
with antibodies directed against B220, CD3e, CD11b, CD11c, GR-1, NK1.1 (all for
lineage cocktail), CD4, CD8a, CD19, IL-13, and Thyl.2. For detection of intracellular
cytokines, isolated immune cells were first ex vivo cultured for 4 hours in culture medium
in the presence of 100 ng/mL phorbol myristate acetate (PMA), 1 pg/ml ionomycin and
10 pg/ml Brefeldin A (all from Sigma-Aldrich) prior to viability staining and fixation. Cells
were measured on a FACSCanto flow cytometer or LSR-II (both BD Biosciences), and gates

were set according to Fluorescence Minus One (FMO) controls. Gating strategies can be
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found in Supplementary Figure 9. The source and information on antibodies used for flow

cytometry are listed in Supplementary Table 1.

Extracellular flux analysis

Extracellular Flux Analysis was performed as described before (13). Briefly, BMDMs or
human moM's were incubated with FeMR or isotype control (18h) or thMR (5h) respectively
and settled in RPMI-1640 (Sigma; pH = 7.4) supplemented with 5% FCS on a 96-well
assay plate (Agilent) and rested at 37°C in 0% CO, for 1 hour. Extracellular acidification
rate (ECAR) was recorded with the XF96e Extracellular Flux analyzer (Agilent) in response
to glucose (10 mM; Sigma) and oligomycin (1.5 pM; Cayman Chemical) injection.
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Supplementary information

Supplementary Table 1. FACS antibodies.

Target Clone Conjugate Source Identifier
B220 RA3-6B2 FITC eBioscience 11-0452
B220 RA3-6B2 eF450 eBioscience 48-0452
CD3e 17A2 APC eBioscience 17-0032
CD3e 17A2 FITC eBioscience 11-0032
CD4 GK1.5 PE-Cy7 eBioscience 25-0041
CD4 GK1.5 PerCP-eF710 eBioscience 46-0041
CD8a 53-6.7 APC-Cy7 Biolegend 100714
CD11b M1/70 FITC eBioscience 11-0112
CD11b M1/70 PE-Cy7 eBioscience 25-0112
CDll1c HL3 FITC BD Biosciences 553801
CDllc HL3 V450 BD Biosciences 560521
CD19 eBiolD3 eF450 eBioscience 48-0193
CD31 MEC 13.3 FITC BD Biosciences 561813
CD45 30-F11 BV785 Biolegend 103149
CD45.2 104 FITC Biolegend 109806
CD45RA RA3-6B2 Pacific Blue Biolegend 103230
CD45RB 16A FITC BD Biosciences 553099
CD45RC DNL-1.9 PE BD Biosciences 557357
CD64 X54-5/7.1 PE Biolegend 139304
CD146 ME-9F1 PE-Cy7 Biolegend 134713
CD206/MR MR5D3 APC Bio-Rad MCA2235
F4/80 BM8 APC eBioscience 17-4801
F4/80 BMS8 BV711 Biolegend 123147
GR-1 RB6-8C5 FITC BD Biosciences 553126
IL-13 eBiol3A eF450 eBioscience 48-7133
Ly6C HK1.4 APC-Cy7 Biolegend 128025
NKI.1 PK136 FITC eBioscience 11-5941
Siglec-F E50-2440 BV605 BD Biosciences 740388
Siglec-F E50-2440 PE BD Biosciences 552126
Thy1.2 30-H12 APC-¢F780 eBioscience 47-0902
YM1 Polyclonal Biotin R&D Systems BAF2446
Other reagents Source Identifier
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Invitrogen 134957
Zombie UV™ Fixable Viability Kit Biolegend 423107
Streptavidin - PerCP BD Biosciences 554064
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Supplementary Table 2. qPCR primers.

Gene Accession number Forward primer Reverse primer

Acaca NM_133360.2 CAGCTGGTGCAGAGGTACCG TCTACTCCGCAGGTACTGCCG
Acadm NM_007382 TACCCGTTCCCTCTCATCAA CACCCATACGCCAACICTTC
Acox1 NM_015729 GGGACCCACAAGCCTCTGCCA GTGCCGTCAGGCTTCACCTGG
Adipog NM_009605 GGAATGACAGGAGCTGAAGG CGAATGGGTACATTGGGAAC
Cel2 NM_011333.3 TCAGCCAGATGCAGTTAACGCCC GCTTCTTTGGGACACCTGCTGCT
Cd36 NM_001159558  GCAAAGAACAGCAGCAAAATC CAGTGAAGGCTCAAAGATGG
Cebpa NM_007678.3 TGCCGGGAGAACTCTAACTC CTCTGGAGGTGACTGCTCAT
Cidea NM_007702 CTCGGCTGTCTCAATGTCAA CCGCATAGACCAGGAACTGT
Cidec NM_178373 CCATCAGAACAGCGCAAGAAG AGAGGGTTGCCTTCACGTTC
Cox8b NM_007751.3 GACCCCGAGAATCATGCCAA CCTGCTCCACGGCGGAA

Cptla NM_013495 AGGAGACAAGAACCCCAACA AAGGAATGCAGGTCCACATC
DilkI NM_010052.5 GTACCCCTAACCCATGCGAG TGCACAGACACTCGAAGCTC
Fabpl NM_017399.4 GCCACCATGAACTTCTCCGGCA GGTCCTCGGGCAGACCTATTGC
Fasn NM_007988 CACAGGCATCAATGTCAACC TTTGGGAAGTCCTCAGCAAC
Infg NM_008337 CGGCACAGTCATTGAAAGCC TGTCACCATCCTTTTGCCAGT
iy NM_008361 GACCCCAAAAGATGAAGGGCT ATGTGCTGCTGCGAGATTTG

14 NM_021283 CCTCACAGCAACGAAGAACA ATCGAAAAGCCCGAAAGAGT

16 NM_031168.1 TGTGCAATGGCAATTCTGAT CICTGAAGGACTCIGGCTTTG
110 NM_010548 GACAACATACTGCTAACCGACTC ATCACTCTTCACCTGCTCCACT
1l12a NM_001159424  GGTGAAGACGGCCAGAGAAA GTAGCCAGGCAACTCTCGTT
Il17a NM_010552 TCATCCCTCAAAGCTCAGCG TTCATTGCGGTGGAGAGTCC
Itgax NM_021334.2 GCCACCAACCCTTCCTGGCTG TTGGACACTCCTGCTGTGCAGTTG
Lep NM_008493 CCCTGTGTCGGTTCCTGTGGC GCGGATACCGACTGCGTGTGT
Mprcl NM_008625.2 TTCAGCTATTGGACGCGAGG GAATCTGACACCCAGCGGAA
Pparg NM_011146 TACATAAAGTCCTTCCCGCTGAC GTGATTTGTCCGTTGTCTITTCCT
Ppargela NM_008904.2 CCCAGAGTCACCAAATGACCCCA CCTCTTGGTTGGCGGTGGCA
Rplp0 NM_007475 TCTGGAGGGTGTCCGCAACG GCCAGGACGCGCTTGTACCC
Ly6a/Scal NM_001271416.1 TGCCCATCAATTACCTGCCC TTGAGAATCCACAATAACTGCTGC
Sed 1 NM_009127.4 GCTCTACACCTGCCTCTTCGGGAT  TCCAGAGGCGATGAGCCCCG
Tbx1 NM_011532.2 CAAGGCAGGCAGACGAATGT TACCGGTAGCGCTTGTCATC
Tgfb1 NM_011577 GCTGAACCAAGGAGACGGAA ATGTCATGGATGGTGCCCAG

Inf NM_013693 GTCCCCAAAGGGATGAGAAG CACTTGGTGGTTTGCTACGA
Trfrsf NM_011612.2 GGAGCTAACGAAGCAGGGTT CGTCTAGAGAGCAGTTCGTCC
Uepl NM_009463 TCAGGATTGGCCTCTACGAC TGCATTCTGACCTTCACGAC
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Dataset S1. NF-kB-targeted genes regulated by sMR.
hetps://www.pnas.org/doi/suppl/10.1073/pnas.2103304118/suppl_file/pnas.2103304118.sd01 xlsx
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Supplementary Figure 1. Purification of sMR from the supernatant of MR-expressing cells and
its effect on cytokine secretion. (A) The presence of the MR in the cell lysates or supernatant from
wild-type or MR-deficient macrophages was determined by Western blot. (B) sMR was purified by
affinity chromatography using a Protein A/G column covalently linked to an MR-specific antibody.
Images depict silver staining (left) and Western blot using a MR-specific antibody (right). (C) MR-
deficient macrophages were treated with purified sMR (30 ng/mL) and stimulated with LPS. Secretion
of TNF was determined after 18 h by ELISA. (D-E) Real-time glycolysis in FcMR or isotype control-
treated mouse macrophages (D) or recombinant human MR-treated human monocyte-derived
macrophages (E) as measured through extracellular acidification rate (ECAR). Cells were pre-
incubated in glucose-free medium (basal), followed by sequential addition of glucose and oligomycin.
Glycolysis is calculated as the increase in ECAR in response to glucose ([ECAR Glucose] — [ECAR
Basal]). All graphs are depicted as mean + SEM; for all experiments, n = 3. *P <0.05.
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Supplementary Figure 2. RNAseq analysis of bone marrow-derived macrophages incubated with
FcMR or isotype control for 4, 12, or 24h. (A) Venn diagram of 1,366 DE genes in FcMR-treated
versus control samples. (B) Dot plot of gene ontology enrichment analysis (GOEA) results of the DE
genes shared between all three DE gene sets (shared), the respective DE gene sets for each time point
(4 h, 12 h, and 24 h) and those DE genes unique for each time point (4 h.u, 12 h.u, and 24 h.u). (C)
Expression of indicated cytokines after treatment with FcMR or isotype control as measured by
RNAseq. (D) Heatmap of hierarchically clustered, normalized and z-scaled expression values of the
genes corresponding to the enriched stimulus-specific macrophage expression signatures shown in

Figure 2E. *P <0.05.
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Supplementary Figure 3. Inhibition of CD45 by the MR. (A) Lysates from surface biotinylated
macrophages were immune precipitated with FEMR or isotype control and analyzed by Western blot
using neutravidin. (B) CD45 isoforms on bone marrow-derived macrophages (BMDMs) analyzed by
Western blot and flow cytometry. (C) Visualization of the RNAseq read coverage of the murine Cd45
locus. (D) Analysis of CD45 isoforms on macrophages from spleen, liver, white adipose tissue (WAT)
and the peritoneal cavity (PEC) by flow cytometry. Open circles indicate fluorescence minus one
(FMO) controls. (E) F4/80* splenic macrophages were isolated by magnetic separation. Cell lysates
were analyzed by far Western blot after staining with FcMR or isotype control or by Western blot with
antibodies against CD45 and vinculin. (F) CD45 was immune precipitated from cell lysates from
BMDMs and incubated with 4-NPP in the presence or absence of the CD45 inhibitor SF1670.
Graph depicts dephosphorylation of 4-NPP. Samples without CD45 antibody were used as controls.
(G) siRNA-mediated down-regulation of CD45. All graphs are depicted as mean + SEM; for all
experiments, n > 3. *P <0.05.
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Supplementary Figure 4. Regulation of NF-kB target genes by FEMR. (A) Normalized and z-scaled
expression values of 351 NF-kB target genes present in our data set across time and treatments. 118 genes
were significantly differentially expressed at least one time point comparing the FcMR-treated cells with
controls. (B) MA plots showing fold changes and mean expression values (BaseMean) of significantly
differentially expressed genes comparing the FcMR-treated cells with controls at the respective time point.
Blue dots indicate NF-KB target genes. Numbers indicate the percentage of NF-kB target genes amongst all
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4Supplementary Figure 4. Legend (Continued)

DE genes that display a BaseMean value of at least 10, 50, 100, 250, 500, or 1,000. (C) BMDMs were
incubated with FcMR or isotype control for 60 min. Recruitment of p65 towards the TNF promoter was
monitored by ChIP. (D) MR-deficient macrophages were incubated with FeMR or isotype control in the
presence of the Akt inhibitor MK-2206 (5 mM). p65 and p50 were determined in the cytosolic and nuclear
fraction by Western Blot.
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Supplementary Figure 5. MR serum levels and numbers of MR expressing macrophages in
metabolic tissues during obesity. (A) sMR serum levels from wild-type or MR-deficient mice and
depicted by Western blot. (B) Percentage of F4/80*CD64" macrophages within CD45*MR* cells in
indicated tissues of HFD or CD-fed mice. (C) Absolute numbers of MR*F4/80*CD64* macrophages
in the indicated tissues. All graphs are depicted as mean + SEM; n = 6-7 per group. *P <0.05.
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Supplementary Figure 6. MR deficiency counteracts HFD-induced decrease in locomotor
activity, whole-body energy expenditure, and carbohydrate oxidation. (A-E) Wild-type (WT)
and MR-deficient (MR™) mice were fed either CD or HFD. At week 16, mice were subjected to
individual indirect calorimetric measurements using fully automated metabolic cages with free access
to food and water. After 48 h acclimatization, cumulative food intake (4), spontaneous locomotor
activity (B), energy expenditure (EE; C), carbohydrate (CH; D) and farty acid (FA; E) oxidation were
measured for 5 consecutive days (white part = light phase; grey part = dark phase). The daily averages
for each of the abovementioned parameters were calculated. Results are expressed as means + SEM; n
= 6-8 mice per group. *P <0.05.
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Supplementary Figure 7. MR regulates whole-body metabolic homeostasis. Wild-type and MR-
" mice were fed a CD or HFD for 18 weeks. (A) Weight of different white fat pads. (B) Weight of
intrascapular brown adipose tissue. (C-D) Fasting blood glucose and plasma insulin levels. (E) Plasma
insulin levels at 15 minutes post glucose injection during GTT. (F) Liver triglycerides (TG) and
phospholipids (PL). (G) The plasma concentrations of alanine aminotransferase (ALAT) in pooled
samples of 2-3 mice from two separate experiments (3-4 pooled samples per group). (H) Hepatic
expression of the indicated genes. (I) Hepatic expression of the indicated genes. All the RT-qPCR
results are expressed as relative to the housekeeping gene Rplp0 (RPLP0/36B4) as fold change vs W'T-
CD mice. Results are expressed as means + SEM; n = 9-16 mice per group, except for E (n = 3-5 per
group), G (n = 3-4 mice per group) and H (n = 5 mice per group). * <0.05.
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Supplementary Figure 8. MR deficiency did not affect adipocyte hypertrophy, brown adipose
tissue thermogenesis, and white adipose tissue beiging. (A-B) Wild-type and MR-deficient mice
were fed either CD or HFD for 18 weeks. At sacrifice, epidydimal white adipose tissues (e WAT)
were collected (A) and crown-like structures (B) were determined. (C-E) Adipocyte diameter (C),
volume (D) and number (E) per fat pad were determined in e WAT, mesenteric (mWAT) and inguinal
adipose tissues (iWAT). (F) The mRNA expression of Mrcl (MR) and indicated key genes involved
in adipocyte physiology were measured by RT-qPCR in eWAT. (G-H) The mRNA expression of
Mrel and thermogenic (G) or beiging (H) markers were measured by RT-qPCR in iWAT and
BAT, respectively. All the RT-qPCR results are expressed as relative to the housekeeping gene Rplp0
(RPLP0/36B4) as fold change vs WT-CD mice. Results are expressed as means + SEM. n = 10-15
mice per group. *P <0.05.
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Supplementary Figure 9. Gating strategies. (A-B) Gating strategies for indicated cell populations
in eWAT (A) and liver (B). Cells were pre-gated on live, singlet, CD45+ cells. (C) Gating strategy for
identification of Th2 cells (IL-13* CD4 T cells) and ILC2s (IL-13* ILCs) after ex vivo restimulation
with PMA, ionomycin and Brefeldin A. Example is shown for eWAT sample, but gating strategy is
similar for liver samples.
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Supplementary Figure 10. Effect of MR deficiency on metabolic tissue immune cells. Wild-type and
MR-deficient mice were fed either CD or HED for 18 weeks. (A) Numbers of leukocytes, eosinophils,
neutrophils and CD4 T cells per gram tissue, and percentages of IL-13* CD4 T cells and ILCs in e WAT.
(B) mRNA expression levels of selected cytokines and activation markers in eWAT after 18 weeks on
HED monitored by RT-qPCR. (C) Numbers of leukocytes, eosinophils, neutrophils, CD4 T cells, CD8
T cells and B cells per gram tissue, and percentages of IL-13* CD4 T cells and ILC:s in liver. (D) mRNA
expression levels of selected cytokines and activation markers in liver after 18 weeks on HFD. All the
RT-qPCR results are expressed as relative to the housekeeping gene Rplp0 (RPLP0/36B4) as fold change
vs WT-CD mice. Gating strategies are shown in Supplementary Figure 9. Results are depicted as means
+ SEM; n = 10-15 mice per group for all, except eWAT CD4 T cells (n = 5-6 mice per group). *P <0.05.
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Supplementary Figure 11. MR regulates whole-body metabolic homeostasis and proinflammatory
activation of metabolic tissue macrophages independently of changes in body weight in obese
mice. (A) Wild-type and MR-deficient mice were matched on body weight after 18 weeks on HFD.
(B) At week 17, an intraperitoneal glucose tolerance test was performed. (C) After sacrifice, hepatic
steatosis was quantified from H&E-stained slides. (D) Liver TG content was measured. (E-F) The
numbers of CD11c¢" macrophages were determined in eWAT (£) and liver (F). Results are expressed
as means + SEM; (n = 4-5 mice per group). *P <0.05.
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Supplementary Figure 12. sMR treatment regulates whole-body metabolism in HFD-fed mice.
(A) Wild-type mice were fed a HFD and concomitantly injected i.p. with 4.82 mmoles/mouse FcMR
or isotype control every 3 days. (B-D) After 4 weeks, fasting blood glucose levels were measured (B)
and an intraperitoneal insulin tolerance test (C, D) was performed. Results are expressed as means +
SEM; n = 6 mice per group. *P <0.05.
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Chapter 4

Abstract
The mannose receptor is a member of the C-type lectin (CLEC) family, which can bind

and internalize a variety of endogenous and pathogen-associated ligands. Because of these
properties, its role in endocytosis as well as antigen processing and presentation has been
studied intensively. Recently, it became clear that the mannose receptor can directly influence
the activation of various immune cells. Cell-bound mannose receptor expressed by antigen-
presenting cells was indeed shown to drive activated T cells towards a tolerogenic phenotype.
On the other hand, serum concentrations of a soluble form of the mannose receptor have
been reported to be increased in patients suffering from a variety of inflammatory diseases
and to correlate with severity of disease. Interestingly, we recently demonstrated that the
soluble mannose receptor directly promotes macrophage proinflammatory activation and
trigger metaflammation. In this review, we highlight the role of the mannose receptor and
other CLEC:s in regulating the activation of immune cells and in shaping inflammatory

responses.
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Introduction

The mannose receptor (MR), also termed CD206, is a member of the C-type lectin (CLEC)
family. Members of this family contain C-type lectin domains (CTLDs), which play an
important function in ligand recognition. Typically, type I transmembrane CLECs contain
muldple CTLDs at their extracellular region, whereas type II membrane CLECs only
contain a single CLEC (Figure 1). In addition, type II transmembrane CLECs can bear
signaling motifs at their cytosolic tail (Figure 1).

The MR is mainly expressed by subpopulations of macrophages, immature dendritic
cells (DCs) and endothelial cells (1, 2). Its expression level varies upon the situation and can
be differentially regulated by cytokines (e.g. IL-10, IL-4, IL-13 and IFNY), prostaglandins,
LPS and the transcription factor PPARy (3-7). Hence, MR expression is closely related to
the activation status of the MR-expressing cell.

The MR encompasses a nearly 175 kDa type I transmembrane protein, consisting of an
N-terminal cysteine-rich (CR) domain, a fibronectin (FN) type II domain, eight C-type lectin
domains (CTLDs), a transmembrane region and a short cytosolic region. Similar to most other
CLECs, a main feature of the MR is the recognition and internalization of specific ligands.

Since every MR region has its own binding specificity, ligands can vary substantially
in their molecular structure. The cysteine-rich domain mediates binding to sulphated sugars
(8) including glycosylated hormones, chondroitin sulphate and sulphated Lewis* and Lewis*
(9), but also specific proteins attached to sulphated glycostructures, such as CD169 and
CD45 (10). With its fibronectin type IT domain, the MR recognizes collagen (especially type
[-IV) (2, 11), and mediates collagen internalization by macrophages and liver sinusoidal
endothelial cells (2). Ies CTLDs are responsible for the recognition of glycoconjugates.
More precisely, CTLD4 binds to glycostructures with terminal mannose, fucose or
N-Acetylglucosamine (GleNAc) in a calcium-dependent fashion (12, 13). Since these sugar
moieties are often exposed on microorganisms, the MR contributes to the clearance of a
variety of infections, including Candida albicans (14), Leishmania (15, 16), Mycobacterium
tuberculosis (17) and Klebsiella pneumoniae (18). Hence, the MR can bind to and internalize
a variety of both endogenous ligands and pathogens (Figure 2).

Since the intracellular region of the MR lacks any known signaling domains, no MR-
intrinsic signaling has been reported yet. Still, the presence of the MR has been linked to
a direct induction of several target genes (19-21), probably because the MR might assist
other receptors in their signaling cascade (Figure 2). For example, it has been demonstrated
that the MR interacts with TLR2 after binding to Preumocystis carinii and stimulates a
TLR2-mediated signaling cascade (22). The molecular mechanisms enabling MR-mediated

stimulation of signaling events, however, remain to be elucidated.
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Figure 1. The CLEC family. Type I transmembrane CLECs typically contain multiple CTLDs
at their extracellular region, whereas type II CLECs contain only one CLEC. All CLECs display
individual expression patterns. Parts of the figure were created using templates from Servier Medical
Art, which are licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.
servier.com. CTLD: C-type lectin domain, FN type II: fibronectin type II domain, CR: cysteine-
rich domain, CLEC: C-type lectin, ITAM: immunoreceptor tyrosine-based activation motif, ITIM:
immunoreceptor tyrosine-based inhibitory motif; DC: dendritic cell; M¢: macrophage; FcRy: Fc
receptor gamma chain; C: C-terminus; N: N-terminus.

Apart from its membrane-bound form, the MR can also be proteolytically cleaved by
metalloproteases and released into the extracellular space as a soluble form (sMR) (Figure
2) (23, 24). Consequently, sMR can be detected in the supernatant of MR-expressing cells
and in the serum of mice and humans as a soluble protein. Additionally, a recent study also
indicated the presence of sMR in extracellular vesicles (25).

As the sMR encompasses all extracellular regions of full-length MR, preserving its main
ligand binding properties (23, 24), this suggests that proteolytic cleavage must occur directly
after the transmembrane region, in close proximity to the cell membrane. MR shedding
occurs constitutively and levels of sMR correlate with the amount of total MR expressed in
the cells (23). In addition to constitutive shedding in MR-expressing cells, MR shedding is
specifically stimulated by fungal particles (2 carinii, Candida albicans, Aspergillus fumigatus
and zymosan) and requires Dectin-1-mediated signaling (9, 26). However, whether this is
due to activation of specific proteases involved in MR shedding or to other reasons has not

been elucidated so far.
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Figure 2. Cellular functions of the MR. The membrane-bound MR can recognize extracellular
ligands, leading to their internalization. Endocytosed antigens are targeted into carly endosomes,
from which they are processed mainly for cross-presentation onto MHC I molecules and subsequent
CD8+ T cell activation. Furthermore, the MR can assist other molecules in their signaling cascade,
like enhanced TLR2 signaling after recognition of P carinii. Finally, the MR can be shed by
metalloproteases and released as a soluble form (sMR) in the extracellular space. MHC, major
histocompatibility complex; MR, mannose receptor. Parts of the figure were created using templates
from Servier Medical Art, which are licensed under a Creative Commons Attribution 3.0 Unported
License; https://smart.servier.com.

The MR mediates antigen uptake and processing for cross-
presentation

Due to its ligand binding capacities and its role in the clearance of multiple pathogens, the
endocytic properties of the MR have been extensively studied. Under normal conditions, the
MR localizes to the plasma membrane and in early endosomes, from where it is constantly
recycled, even in the absence of ligands. Upon ligand binding, the MR is internalized in a
clathrin-dependent fashion, a process mediated by the FENTLY motif in the cytoplasmic
tail of the receptor. The di-aromatic YF motif is responsible for its intracellular trafficking
into early endosomes (27).

Specific intracellular routing of MR-internalized antigens into early endosomes(28-33)
was shown to have pronounced consequences for its role in antigen presentation. In fact,
MR-internalized antigens are targeted towards a distinct non-degradative early endosome

population, where they are rescued from lysosomal degradation and concomitant
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presentation on MHC II molecules (28). Mechanistically, the MR has been postulated to
actively prevent the fusion of such early endosomes with lysosomes (34, 35). From this
early endosomal compartment, MR-internalized antigens are predominantly processed
for antigen presentation on MHC I molecules, a process called cross-presentation (Figure
2) (28, 36). Additionally, ligand binding to the MR induces its ubiquitination, which in
turn contributes to the recruitment of the cross-presentation machinery. Interestingly, MR
cross-linking using antigens conjugated to MR-specific antibodies can also induce lysosomal
targeting and concomitant MHC II-restricted presentation of the internalized antigens
(37-39). Additionally, antibody-mediated cross-linking of the MR has been demonstrated
to activate an anti-inflammatory immunosuppressive program in antigen-presenting cells
(APCs) (19), pointing out the possibility that ligand binding and receptor cross-linking
might regulate the functional outcome of MR-mediated antigen recognition. The role of
the MR in antigen uptake, processing and presentation, however, is extensively described
elsewhere (40-42) and is not a central topic of this review.

In addition to its role in endocytosis, the MR has also been postulated to be involved
in macrophage migration, as MR-deficient bone marrow-derived macrophages display
increased migration independent of a CSF-1 gradient (43). Although the underlying
molecular mechanisms remain to be identified, it is thinkable that these effects were mediated

by MR-mediated interaction with collagen.

Membrane-bound MR on antigen presenting cells induce T
cell tolerance

Apart from its function in antigen recognition, internalization and processing for cross-
presentation in APCs, the membrane-bound MR has been shown to directly regulate the
function of other immune cells. Due to its association with antigen uptake and presentation,
the MR became an attractive receptor in antigen targeting strategies. Such antigen targeting
towards the MR has been linked to the induction of antigen-specific tolerance (44). In
fact, in a mouse model of experimental autoimmune encephalomyelitis, injection of
mannosylated myelin peptides surprisingly inhibited the onset of disease (45). Additionally,
MR engagement on monocyte-derived DCs contributed to the induction of a regulatory
phenotype (19, 46) and MR expression is mainly restricted to immunoregulatory cells,
including tolerogenic DC subtypes, liver sinusoidal endothelial cells and alternatively
activated macrophages (47, 48), for which the MR constitutes one of the main marker

proteins.
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Recent advances demonstrate that the membrane-bound MR is not a mere marker
for tolerogenic cells, but also plays an active role in the induction of T cell tolerance (Figure
3) (11). Indeed, CD8* T cells activated by MR-expressing DCs displayed a clearly reduced
cytotoxicity. This impaired T cell activation was mediated by a direct interaction of the
membrane-bound MR on APCs with CD45 on T cells. CD45 is an immune cell-specific
phosphatase which can be expressed as different isoforms depending on the immune cell
subset. CD45 isoforms differ in the presence of the alternatively spliced exons A, B and C
(49) and are frequently used to identify or distinguish bone marrow-derived immune cell
subsets. Functionally, CD45 has been shown to play an important role in signaling mediated
by the T and B cell receptors (50), whereas little is known about the role of CD45 in other
immune cells. Importantly, the interaction of membrane-bound MR with CD45 on CD8*
T cells during T cell activation caused inhibition of its phosphatase activity, which resulted
in T cell reprogramming and a significant upregulation of tolerance-associated genes. One
of these genes encodes CTLA-4, which was mainly responsible for the impaired T cell
cytotoxicity (11).

Surprisingly, MR-mediated inhibition of CD45 did not alter T cell receptor (TCR)
signaling, as TCR-induced Lck activity, phosphorylation of ZAP70, LAT and ERK,
intracellular calcium release and NFAT activation were not clearly influenced by the presence
of the MR on the APC. However, transcription factor binding prediction analysis at the
CTLA-4 promoter identified B-cell lymphoma 6 (Bcl-6), a transcription repressor normally
involved in the differentiation of T follicular helper cells (51), as novel regulator of CTLA-
4 expression. Using computational analyses, Electrophoretic Mobility Shift Assay (EMSA)
and chromatin immunoprecipitation (ChIP) experiments, two Bcl-6 binding sites were
identified within the CTLA-4 promoter. Indeed, Bcl-6 recruitment towards the CTLA-
4 promoter prevented CTLA-4 transcription. Moreover, Bcl-6 expression was induced
by CD45 phosphatase activity during T cell activation. Hence, MR-mediated inhibition
of CD45 prevented the induction of Bcl-6 in activated T cells, eventually leading to the
expression of CTLA-4 and the induction of T cell tolerance (Figure 3) (11), which was
also confirmed 77 vivo. Injection of wild-type or MR-deficient DCs, that were previously
transduced with OVA-expressing adenoviruses, resulted in an upregulation of CLTA-4 and
impaired cytotoxic activity of antigen-specific T cells after priming by MR-expressing DCs
(11). Accordingly, MR-deficient mice displayed a higher capacity of clearing an adenoviral
infection when compared to wild-type mice (11), substantiating a regulatory function of the

membrane-bound MR in vive.
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Figure 3. Membrane-bound MR on antigen presenting cells induces CD8" T cell tolerance. Upon
CD8* T cell activation in the absence of the MR (left), expression of the transcriptional inhibitor
Bcl-6 is induced. Bcl-6 binds to the CTLA-4 promoter and prevents its expression. During T cell
activation in the presence of the MR (right), the MR on APCs interacts with CD45 on cytotoxic T
cells. Such interaction prevents the upregulation of Bcl-6 and induces CTLA-4 expression and CD8*
T cell tolerance. APC, antigen presenting cell; MR, mannose receptor; TCR, T cell receptor. Parts of
the figure were created using templates from Servier Medical Art, which are licensed under a Creative
Commons Attribution 3.0 Unported License; https://smart.servier.com.

sMR correlates with inflammatory diseases and induces macrophage activation

As mentioned above, the MR can be shed by proteolytic cleavage and released into the
extracellular space. In contrast to the regulatory effect of the membrane-bound MR on
T cell activation, the soluble form of MR has rather been associated with inflammation,
as increased sSMR serum levels have been observed in patients suffering from diverse
inflammarory diseases.

First evidence for an association between sMR serum levels and disease progression
came from a study in which increased sMR serum levels were observed in hospitalized
patients when compared to a healthy control population (52). These differences were already
pronounced in endocrinological and hematological patients, but became obvious in critically
ill patients with sepsis and severe liver disease. Accordingly, the highest sMR concentrations
were measured in the serum of patients from the intensive care unit. Similar observations

were made in patients with liver cirrhosis, alcoholic liver disease and acute-on-chronic liver
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failure, a condition characterized by acute decompensation and organ failure following an
extreme inflammatory response. Here, sMR concentrations were demonstrated to correlate
with disease severity, portal hypertension, gut permeability, bacterial translocation and even
mortality, displaying increased levels in non-survivors (53-58). Additionally, a modest but
significant gender-independent correlation of sMR serum levels with age was observed (52).

Increased sMR levels were also observed in patients with a wide variety of inflammatory
diseases, such as pulmonary tuberculosis (59), pulmonary fibrosis (60), multiple myeloma
(61, 62), rheumatoid arthritis (63), chronic joint inflammation (64), pneumonia (65, 66),
interstitial lung disease (67, 68) and gastric cancer (69). Strikingly, in these studies, sMR levels
positively correlated with disease severity and mortality. As such, the sMR has been proposed
as a new biomarker for inflammation (56, 57, 69-71). In fact, for several inflammatory
diseases, including sepsis and pulmonary fibrosis, the sMR has even been suggested to be
a better biomarker than those previously reported, such as sCD163, C-reactive protein or
procalcitonin (60, 72). However, in all these studies, a functional role of the sMR in the
onset of these inflammartory diseases has not been investigated so far.

The hypothesis of a putative functional role of sMR in inflammatory diseases is further
supported by observations that MR-deficient mice are protected against inflammation-
mediated renal injury in a mouse model of crescentic glomerulonephritis (CGN) (73).
Macrophage infiltration in the kidney plays a dominant role in the pathophysiology of
CGN (74, 75) and their phenotype is shaped by the kidney resident mesangial cells (MCs)
(76). Interestingly, the protective effect of MR deficiency on CGN was associated with
reduced macrophage infiltration in the kidney and impaired MC-mediated macrophage
activation, as demonstrated by a reduction in both TNF secretion and phagocytosis-induced
reactive oxygen species production. Although the potential contribution of sMR deficiency
to CGN protection was not considered, these results provided the first evidence that MR
may regulate proinflammatory activation of macrophages.

Importantly, a recent study demonstrated that the sMR can actually drive
proinflammatory macrophage activation (77). sMR induced an inflammatory phenotype of
both murine and human macrophages, as reflected by increased secretion of proinflammatory
cytokines (TNE IL-6, IL-12 and IL-1B) and a shift in cellular metabolism towards increased
glycolysis (77), a hallmark of proinflammatory macrophage activation (78). In addition,
RNAseq analyses also supported macrophage reprogramming towards an inflammatory
phenotype (77), as the transcriptomic signature of sMR-treated macrophages displayed close
similarities with the one of macrophages treated with TNF, prostaglandin E2 and the TLR2

ligand Pam3CSK4, a combination of stimuli used in a previous study to mimic a macrophage
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phenotype associated with chronic inflammation (79). Together, this demonstrates that
sMR triggers an inflammatory response in macrophages.

At a mechanistic level, and similar to the effect of membrane-bound MR on T cells,
sMR binds CD45 on macrophages, leading to an inhibition of CD45 phosphatase activity
(77). Using specific inhibitors and siRNA-mediated downregulation of CD45, it was
confirmed that sMR-induced proinflammatory macrophage activation was dependent on
inhibition of CD45 (Figure 4). A screening for overrepresented transcription factor motifs
in the promoter regions of all differentially expressed genes and identified NF-kB as the
major transcription factor involved in sMR-induced macrophage activation. Accordingly,
sMR treatment resulted in downregulation of IkBa, an inhibitor of NF-kB, and enhanced
nuclear translocation of both NF-kB subunits p65 and p50 as well as recruitment of p65
to the TNF promotor. One of the known substrates of CD45 that has been associated with
activation of NF-kB is Src, a kinase that is inactivated under homeostatic conditions by
CD45-mediated dephosphorylation (80). Activated Src was shown to phosphorylate Akt
(81), and both phosphorylated Src and Akt were reported to promote NF-kB activation (82-
85). Using a combination of pharmacological and genetic tools, it was demonstrated that
sMR-mediated inhibition of CD45 indeed resulted in a Src/Akt/NF-kB-mediated cellular

reprogramming toward an inflammatory phenotype (Figure 4) (77).

sMR is a novel driver of metaflammation

Proinflammatory macrophage accumulation in metabolic tissues is one of the hallmarks of
obesity-induced metaflammation, a chronic state of low-grade inflammation that is triggering
metabolic dysfunctions. Indeed, recruitment of CCR2* monocytes to visceral white adipose
tissue (WAT) and the liver promotes tissue inflammation, insulin resistance and impaired
glucose homeostasis (86-89). This detrimental effect is believed to be mainly driven by
monocyte differentiation into CD11c-expressing proinflammatory macrophages and
enhanced production of TNF and IL-1B, leading to inhibition of canonical insulin signaling
(90-92). Consequently, tissue-specific insulin resistance promotes ectopic lipid deposition
and the development of hepatic steatosis, together contributing to whole-body insulin
resistance. In support of this, genetic or pharmacological inhibition of CCR2-dependent
monocyte recruitment to WAT and liver was shown to mitigate tissue inflammation and

metabolic dysfunctions in obese mice (87, 88, 93).
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Figure 4. The sMR induces proinflammatory activation of macrophages. Under homeostatic
conditions (left), CD45 in macrophages dephosphorylates Src. At increased sMR concentrations
(right), binding of sMR to CD45 inhibits its phosphatase activity, leading to phosphorylation and
activation of Src, which in turn activates an Akt/NF-kB pathway, causing macrophage reprogramming
towards an inflammatory phenotype. sMR, soluble mannose receptor. Parts of the figure were created
using templates from Servier Medical Art, which are licensed under a Creative Commons Attribution
3.0 Unported License; https://smart.servier.com.

In accordance with other inflammatory diseases discussed above, we recently reported
that serum sMR levels were increased in high-fat diet (HFD)-fed obese mice and obese humans,
and positively correlated with adiposity (77). Given that the sMR induces a proinflammatory
phenotype in macrophages as described above and proinflammatory macrophages drive insulin
resistance in metabolic tissues, these observations suggested the possibility that sMR-mediated
proinflammatory macrophage activation in obesity may contribute to metabolic dysfunctions.
Indeed, HFD-fed MR-deficient mice exhibited reduced numbers of CD11c-expressing
obesity-associated macrophages in both WAT and liver, and were protected against hepatic
steatosis, insulin resistance and glucose intolerance, independent of body weight changes (77)
(Figure 5A). Of note, acute diphtheria toxin (DT)-mediated depletion of MR-expressing cells
in obese CD206-DTR mice was also previously reported to improve whole-body glucose
tolerance and insulin sensitivity when compared to wild-type mice (94), further substantiating

a role for the MR in regulating metabolic homeostasis. In this study, the authors attributed
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the improved metabolic phenotype of these MR-deficient mice to increased proliferation and
differentiation of adipocyte precursors in WAT secondary to downregulation of transforming
growth factor (TGF)-B signaling pathway. However, since inflammatory macrophages and
proinflammatory gene markers, especially 77f, were also significantly reduced in WAT from
obese MR-depleted mice, at least part of these observations could also be due to impaired MR-
induced activation of macrophages.

More importantly, intraperitoneal administration of recombinant sMR to healthy
lean mice acutely increased circulating proinflammatory cytokines (77), supporting that
sMR can also trigger proinflammatory macrophage activation in vivo. As such, chronic
treatment with sMR increased adipose tissue macrophage numbers, WAT expression of
proinflammatory cytokines (Figure 5B) and reduced whole-body insulin sensitivity in
lean mice, a detrimental metabolic effect that was even more pronounced when mice were
concomitantly fed a HFD (77). These findings unequivocally identified the sMR as novel

driver of macrophage activation and metaflammation.

Other CLEG: in the regulation of metaflammation

The proinflammatory effect of the MR on macrophages and its role in the development of
obesity-induced metaflammation raises the question whether such properties are unique to
the MR or rather a general feature of CLEC:.

In general, CLECs can play a role in different kinds of immune responses. However,
there are some striking similarities in the regulation of immune cell function between the
MR and macrophage galactose-type lectin (MGL), another CLEC member that is also
highly expressed on alternatively-activated macrophages. Similar to the MR, MGL lacks
internal signaling motifs, but has been reported to enhance TLR2-mediated signaling (95).
Additionally, membrane-bound MGL on APCs interacts with CD45 on T cells, inhibiting its
phosphatase activity (96). Of note, in this study, the underlying molecular mechanisms seem
to involve reduced T cell recepror signaling, and therefore differ slightly from MR-induced T
cell tolerance. Nevertheless, MGL-induced inhibition of CD45 prevented effective activation
of cytotoxic T cells (96). Strikingly, the immunometabolic phenotype of obese MGL-deficient
mice resembles the phenotype of obese MR-deficient mice (97). Upon HFD feeding, both
genotypes display reduced body weight gain, exclusively due to lower fat mass accumulation,
protection against hepatic steatosis, and improved glucose tolerance and insulin sensitivity
when compared to wild-type mice. Interestingly, these metabolic features were associated with
reduced numbers of inflammatory macrophages in adipose tissue and a tissue-specific decreased
in gene expression of Cc/2 (MCP-1) and 77f(77,97). Although a potential interaction between
MGL and CD45 on macrophages has not been investigated yet, it is tempting to speculate that
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MGL may inhibit CD45 phosphatase activity in macrophages, resulting in proinflammatory
macrophage activation. The absence of such an interaction could potentially contribute to the
protective immunometabolic phenotype of obese MGL-deficient mice. However, it is worth
underlining that a soluble form of MGL has not been reported so far, suggesting that MGL-

mediated effects, unlike those induced by the sMR, might require direct cell-cell interaction.
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Figure 5. The sMR in metaflammation. (A) Wild-type mice on HFD (left) have high serum sMR,
which is associated with increased hepatic steatosis, CD11c+ KCs and CD11c+ ATMs. Together,
this is associated with increased insulin resistance and glucose intolerance. MR-deficient mice on
HFD (right) have no serum sMR, which is associated with protection against hepatic steatosis,
lower CD11c+ KCs and ATMs. Together, this is associated with lower insulin resistance and glucose
intolerance. (B) sMR i.p. injections in mice on chow diet increased serum proinflammatory cytokines,
associated with increased proinflammatory macrophages in adipose tissue, both associated with mild
insulin resistance. sMR i.p. injection in mice on HFD increased insulin resistance. ATMs; adipose
tissue macrophages; i.p., intraperitoneal; HFD, high-fat diet; KCs, Kupffer cells; sMR, soluble
mannose receptor. Parts of the figure were created using templates from Servier Medical Art, which
are licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.

Another CLEC that has been involved in metaflammation is Dectin-1. As for MR-deficient mice,
Dectin-1-deficient mice are protected from HFD-induced obesity (98). Dectin-1 expression
was upregulated in WAT from obese mice and humans, and associated with proinflammatory

adipose tissue macrophages (ATMs). Accordingly, treatment with a Dectin-1 antagonist
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improved insulin sensitivity in obese mice and reduced adipose tissue CD11c" obesity-associated
macrophages, while treatment with a Dectin-1 agonist did the opposite. However, since Dectin-1
ligation induces cellular signaling that directly leads to activation of NF-kB (99), it is likely that
Dectin-1 promotes metaflammation through a different molecular mechanism than the MR.
Nevertheless, increased metalloprotease-mediated MR shedding in response to Candida albicans
and B-glucan particles was dependent on Dectin-1 and its intracellular signaling pathway (9),
which offers the possibility that the immunometabolic phenotype of obese Dectin-1-deficient
mice may in part be explained by reduced sMR production.

Macrophage-inducible C-type lectin (Mincle) has also been associated with a variety
of inflammatory diseases, such as rheumatoid arthritis, allergic contact dermatitis, hepatitis
and diet-induced obesity (100-103). Macrophage expression of Mincle was shown to be
induced by saturated fatty acids and macrophage-adipocyte interactions (103). Accordingly,
WAT Mincle expression was localized to crown-like structures of macrophages surrounding
dying adipocytes during obesity (104). Although Mincle-deficient mice display similar
weight gain compared to wild-type mice upon HFD feeding, obesity-induced crown-like
structures, hepatic steatosis and whole-body insulin resistance and glucose intolerance are
significantly mitigated when compared to wild-type mice (104, 105). As Mincle ligation
induces FcRy-mediated signaling, eventually resulting in activation of NF-kB in macrophages
(99), Mincle-mediated macrophage activation is probably occurring via distinct molecular
pathways, independent of CD45 and the MR.

Of note, there is a variety of other CLECs that were associated with metaflammation or
chronic inflammatory diseases for which the mechanistic underpinnings are poorly defined.
For example, expression of the lectin-like oxidatively-modified low-density lipoprotein (Ox-
LDL) receptor (LOX-1) — also named CLEC8A - is increased in visceral WAT of HFD-
fed obese mice (106). Obese LOX-1-deficient mice display reduced HFD-induced CCL2/
MCP-1, macrophage inflammatory protein-lo. (MIP-1) and IL-6 expression in WAT,
suggesting a role for LOX-1 in regulating adipose tissue inflammation. Interestingly, LOX-
1 is expressed on endothelial cells (107) and human macrophages (108), and similar to
the MR, it can be proteolytically cleaved to release a soluble form (109, 110). Although
no functional role has been described for soluble LOX-1 to date, it is known that cleavage
of LOX-1 is triggered by the proinflammatory factors oxLDL, C-reactive protein, TNF,
IL-8 and IL-18 and regulated by membrane cholesterol (111-114). Its cleavage is mediated
via serine proteases that have been shown to be upregulated during obesity, potentially
increasing bioavailability of soluble LOX-1 in these conditions (115). Interestingly, soluble
LOX-1 serum levels have been shown to be correlated with the occurrence and severity of a

variety of inflammatory cardiovascular diseases, including stroke, atherosclerosis and acute
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coronary syndrome (116-122). Whether soluble LOX-1 is merely a biomarker for these
diseases, or might be functionally involved in disease progression, remains to be identified.

The Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin
(DC-SIGN) - also termed CD209 or CLECAL - is increased on monocyte-derived dendritic
cells (Mo-DCs) from post-menopausal type 2 diabetic obese women, which is thought to
modulate their adhesion capacity to vascular cell walls and migration to peripheral tissues
(123). Besides this association with obesity, there is limited data on the putative role of DC-
SIGN in the context of metaflammation. Similar to the MR, DC-SIGN can be detected as
soluble form (sDC-SIGN) in serum (124) but its functions remain also largely unknown
and would definitely require dedicated studies.

In contrast to the abovementioned detrimental roles of several CLECs in the context
of obesity-induced metabolic dysfunctions, in vive overexpression or administration of
a soluble form of CLEC2 improved hepatic steatosis, hepatic fatty acid oxidation and
whole-body glucose tolerance (125, 126). CLEC2 is expressed on platelets, dendritic cells,
neutrophils and Kupffer cells, and its soluble form induced alternative activation of hepatic
Kupffer cells, a feature that was postulated to drive the metabolic benefits, although this
remains to be firmly established.

In conclusion, the proinflammatory effects of sMR and its role in obesity-induced
metaflammation are not a general feature of CLECs. However, while the number of studies
is limited, different CLECs have been linked to metaflammation, with the majority playing
detrimental roles in the control of insulin sensitivity. Although some homogeneity in
molecular mechanisms might exist (e.g. immunometabolic phenotypes of MGL-deficient
and MR-deficient mice), other CLEC:s likely aggravate metabolic dysfunctions independent
of interaction with CD45 on macrophages. As the conclusions from these studies were
mostly drawn using whole-body knockout mice, future studies using conditional knockout
models are warranted to identify the cellular source and underlying molecular mechanisms

responsible for CLEC-mediated control of metabolic homeostasis.

Discussion and further perspectives

Since the MR lacks signaling motifs, it was generally assumed that it functions as a mere
endocytic receptor, internalizing extracellular material for clearance and antigen presentation.
Recent advances have made clear that the MR can actively shape immune responses by
directly regulating immune cell activity (11, 73, 77). Until now, the membrane-bound MR
has been shown to induce T cell tolerance, whereas the sMR stimulates an inflammatory
response in macrophages, both via inhibition of CD45. However, it remains unclear whether

these observed differences are merely due to a distinct cell type-dependent role of CD45 or
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rather to different effects of the soluble versus membrane-bound MR. As membrane-bound
MR could cross-link CD45 or alter its composition and clustering in the cell-membrane,
a different response in terms of immune cell activation compared to its soluble form could
be possible. First indications suggested that sMR might also promote T cell tolerance (11),
pointing out that the recipient cell might determine the MR-induced effects rather than the
form of MR interacting with the cells. Future studies will have to validate this hypothesis
and show whether interaction of macrophages with membrane-bound MR also results in
the induction of an inflammatory response. Similarly, the exact role of other soluble CLEC
receptors, such as LOX-1, needs to be investigated carefully.

Moreover, it remains unclear whether the MR also influences the functionality of other
immune cells, like CD4* T cells, DCs and B cells. Since all these cells express CD45, a
similar regulation by interaction with MR could be possible. Therefore, the identification
of the CD45 isoforms interacting with the MR needs to be monitored carefully, since these
isoforms differ substantially depending on the cell type and inflammatory status.

Another important open question regarding increased sMR serum concentrations
during inflammation is the identification of its source. As mentioned above, the MR is mainly
expressed by macrophages, DCs and endothelial cells (1, 2). During metaflammation, we
observed increased MR expression in liver and adipose tissue but not spleen, in particular in
macrophages and liver sinusoidal endothelial cells (77). As such, it can be expected that these
cells are responsible for increased sMR production, resulting in enhanced local and systemic
sMR concentrations and in macrophage-mediated metaflammation. Since the expression of
the MR is directly regulated by PPARy (7), and free fatty acid-activated PPARY signaling is
upregulated in lipid-associated macrophages during obesity (127), this transcription factor
could be one of the key players in the regulation of MR expression and shedding. It is thus
tempting to speculate that increased MR expression and hence sMR serum levels might be
a result of metaflammation-associated activation of PPARy in macrophages. In addition,
MR is constitutively cleaved by yet unidentified metalloproteases (23, 24). Since obesity was
shown to alter the metalloprotease expression profiles of adipose tissue and liver (128-130),
it needs to be investigated whether obesity-induced metalloprotease expression in metabolic
tissues may increase MR shedding.

Additionally, the correlation of sMR serum concentrations with the inflammatory
status of various human populations should be monitored carefully and in an unbiased
fashion, using a large and representative cohort not selected for specific inflammatory
conditions. Naturally, future studies should address whether sMR-mediated activation of
macrophages plays a functional role in the onset and progression of such conditions. In

order to experimentally address this putative function of the sMR in different diseases, the
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availability of reliable methods to quantify sMR serum levels is a prerequisite. For this purpose,
ELISA-based methods to quantify human and mouse sMR are commercially available.
Such ELISA kits have been reported manyfold to reliably determine sMR levels in human
serum (52). However, studies reporting sMR levels in murine sera are rare, which might be
explained by a lack of reliability of the available products. Indeed, we recently developed
a method based on immunoprecipitation and fluorimetry to monitor murine sMR serum
levels in the context of metaflammation (77), as we obtained false positive detection of sMR
serum levels from MR-deficient mice using a commercially available ELISA kit. However,
since this technique is elaborate and time-consuming, the establishment of a reliable ELISA
is of interest to monitor sMR in mouse serum in future investigations.

In conclusion, should the sMR be confirmed to contribute to the induction of
inflammation in a broad spectrum of diseases, it would definitely constitute a potential
target for therapeutic intervention. As such, approaches aimed at reducing, eliminating
or inactivating sMR might reduce macrophage activation and could contribute to
mitigation of disease. In addition, the molecular mechanisms leading to increased sMR
serum concentrations are also of great interest, as these could provide additional leads for

therapeutic interventions.
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Chapter 5

Abstract

Obesity-associated metaflammation drives the development of insulin resistance and type
2 diabetes, notably through modulating innate and adaptive immune cells in metabolic
organs. The nutrient sensor liver kinase B1 (LKB1) has recently been shown to control
cellular metabolism and T cell priming functions of dendritic cells (DCs). Here, we report
that hepatic DCs from high-fat diet (HFD)-fed obese mice display increased LKB1
phosphorylation and that LKB1 deficiency in DCs (CD11c**®!) worsened HFD-driven
hepatic steatosis, systemic insulin resistance and glucose intolerance. Loss of LKB1 in DCs
was associated with increased cellular expression of Th17-polarizing cytokines and increased
hepatic CD4* IL-17A* Th17 cells in HFD-fed mice. Importantly, IL-17A neutralization
rescued metabolic perturbations in HFD-fed CD11c**8! mice. Mechanistically, disrupted
metabolic homeostasis was independent of the canonical LKBI-AMPK axis. Instead,
we provide evidence for involvement of the AMPK-related salt-inducible kinase(s) in
controlling Th17-polarizing cytokine expression in LKB1-deficient DCs. Altogether, our
data reveal a key role for LKB1 signaling in DCs in protection against obesity-induced
metabolic dysfunctions by limiting hepatic Th17 differentiation.
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Introduction

Obesity is associated with chronic low-grade inflammation, also known as metaflammation,
where continuous overnutrition generates a self-sustained inflammatory loop in metabolic tissues
that drives insulin resistance and type 2 diabetes (1). One of the hallmarks of metaflammation is
the accumulation of myeloid cells in the main metabolic organs, i.e. white adipose tissue (WAT),
liver and skeletal muscle (2). Macrophage-related cytokines such as tumor necrosis factor (TINF)
and interleukin (IL)-1B were shown to inhibit insulin signaling (3, 4) and as such, macrophages
are considered key players in the etiology of tissue-specific insulin resistance. However, dendritic
cells (DCs) also accumulate in WAT and liver during obesity and are associated with metabolic
dysfunctions. Indeed, depletion of the entire DC population or specific conventional DC (cDC)
subsets in different genetic mouse models alleviates adipose tissue and/or hepatic inflammation,
although the underlying mechanisms are incompletely understood (5-8).

DCs are specialized antigen presenting cells that govern T  cell responses depending on
the inflammatory and metabolic microenvironment. Moreover, modulation of T helper cell
subsets in metabolic tissues has been shown to play a role in the control of immunometabolic
homeostasis. For instance, T helper 2 (Th2) cells and regulatory T cells (Tregs) are enriched in
lean, insulin sensitive WAT and contribute to maintenance of tissue-specific insulin sensitivity
(9-11). On the contrary, Th17 cells accumulate in WAT and liver during obesity, and are
associated with hepatic steatosis and insulin resistance (12-16). In addition, preventing CXCR3-
dependent hepatic Th17 accrual and blocking IL-17A signaling using neutralizing antibodies
both alleviated non-alcoholic fatty liver disease (NAFLD) (15, 16), suggesting an important
contribution of hepatic Th17 cells to NAFLD severity. Although both DCs and T helper cell
subsets in metabolic tissues have been associated with control of metabolic homeostasis, little is
known about the regulation of DC-mediated T helper cell polarization in these organs during
the development of obesity, and its impact on whole-body insulin sensitivity.

DC-mediated priming of Tregs and effector Th1, Th2 and Th17 cells is considered to
be driven by metabolic rewiring of DCs in response to environmental cues, which controls
co-stimulatory molecule and cytokine expression that shape T helper cell polarization (17).
For example, in vitro Toll-like receptor (TLR)-activated mature DCs depend on glycolysis for
fueling their anabolic demands, whereas quiescent DCs mainly rely on fatty acid oxidation
and mitochondrial oxidative phosphorylation (18). As such, the obesity-induced changes
in the metabolic organ microenvironment in which DCs reside may impact their T cell-
polarizing capacities and contribute to metaflammation (19).

Among the bioenergetic sensors that regulate DC intrinsic metabolism and function iz
vivo, liver kinase B1 (LKB1) has recently received considerable attention (20-22). The tumor

suppressor LKB1 is a serine/threonine kinase that can phosphorylate and activate AMP-
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activated protein kinase (AMPK) and 12 other members of the AMPK-related family of
protein kinases (23, 24), thereby controlling cell growth, survival, polarity and metabolism
(25). In DCs, LKB1 was shown to be a critical regulator of effector T cell and Treg priming,
thereby maintaining anti-tumor immunity (21, 22). We therefore hypothesized that LKB1
in DCs may connect the changing metabolic microenvironment during obesity to altered T
cell priming, thereby impacting whole-body metabolic homeostasis.

In the present study, we investigated the role of LKB1 signaling in DC-mediated
T helper cell priming in metabolic tissues and its impact on metabolic homeostasis. We
demonstrate that obesity increased LKB1 phosphorylation in hepatic DCs, and that loss of
LKB1 in DCs exacerbated metabolic dysfunctions by promoting AMPK-independent Th17
polarization in obese mice. Finally, we identify salt-inducible kinase(s) (SIK) as the possible

LKB1 downstream mediator in repressing Th17-polarizing cytokine expression in DCs.

Results

Obesity induces DC activation in metabolic tissues and increases LKB1

phosphorylation in hepatic DCs

To investigate the role of dendritic cells (DCs) in whole-body metabolic homeostasis during
obesity, male C57BL/6] mice were fed a high-fatdiet (HFD) for 24 weeks, resulting in significant
increases in body weight and fat mass when compared to low-fat diet (LFD)-fed control mice
(Figure 1A-C). Using flow cytometry (Supplementary Figure 1), we assessed the frequency and
phenotype of DCs in metabolic tissues from lean and obese mice. The number of DCs was
found to be significantly increased in WAT but not in the liver from obese mice (Figure 1D-E).
However, DCs from both tissues exhibited increased expression of activation markers (Figure
1F-G), a feature specific to metabolic tissues as activation status of DCs remained unchanged
in the spleen (Supplementary Figure 2A). These changes in DC phenotypes were associated
with alterations in the T helper cell pool in metabolic tissues. In eWAT, interferon (IFN)y* Th1
cells were increased at the expense of IL-5* Th2 cells and FOXP3* regulatory T cells (Tregs),
while in the liver we detected increased Th1 cells, IL-17A* Th17 cells and Tregs (Figure 1H-
D). In line with unaltered expression of activation markers on splenic DCs, T cell cytokine
expression in the spleen was largely unaffected in obese mice (Supplementary Figure 2B).
These data suggest that the changing microenvironment in metabolic tissues during obesity
alters DC activation and, consequently, DC-mediated T cell polarization.

As a bioenergetic sensor, LKB1 was recently shown to be a critical regulator of DC biology
and T cell responses in vivo (20-22). We next investigated LKB1 signaling in spleen, eWAT and
liver DCs by flow cytometry to determine its potential role in tissue-specific DC responses to
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HEFD. Interestingly, we found a marked increase in phosphorylation of Ser431-LKB1 specifically
in hepatic DCs from obese mice, suggesting that LKB1 signaling within DC is altered during
high-fat feeding, whereas Ser79-ACC phosphorylation, as a proxy for activity of the canonical
LKB1 downstream target AMPK, was unchanged (Figure 1J-K; Supplementary Figure 2C).
Together, these findings indicate that obesity-induced changes in the hepatic microenvironment

may affect LKB1 signaling in DCs which is associated with altered hepatic T cell polarization.

LKB1 deficiency in DCs aggravates obesity-induced metabolic dysfunctions

To study the role of LKB1 in DCs in the context of obesity-induced metaflammation, we
crossed Stk 1 1" mice to ltgax" mice to generate mice with CD11c-specific deletion of LKB1
as previously described (22). Male conditional knockout (CD11c**¥") and Cre littermate
control (CD11cY¥") mice were fed an HED for 18 weeks (Figure 2A), which did not result
in differences in body weight gain or body composition between genotypes (Figure 2B-E).
Food intake, energy expenditure, and carbohydrate (CHO) and fatty acid (FA) oxidation
were also not affected by loss of LKB1 in CD11c- expressing cells (Supplementary Figure
3). However, despite similar levels at baseline, CD11c**®! mice developed higher fasting
blood glucose levels than CD11c¥" littermates after 6 weeks on HFD, which was sustained
throughout the experiment (Figure 2F). Furthermore, whole-body insulin resistance and

glucose intolerance were worsened in CD11c®!

mice, while glucose-induced insulin levels
were similar (Figure 2G-I). Altogether, LKB1 in DCs is important for mitigating insulin

resistance and restraining metabolic dysfunctions in mice during HFD-induced obesity.

Deletion of LKB1 in DCs promotes hepatic Tregs and Th17 cells and exacerbates
hepatic steatosis

We next determined if the exacerbated metabolic dysfunctions observed in obese CD11cA*®!
mice could be driven by tissue-specific immunometabolic changes. In eWAT, total leukocyte
count and relative abundances of eosinophils, neutrophils, monocytes and CD11¢/CD86-
expressing macrophages were mostly unaffected (Supplementary Figure 4A-F). In line with
our previous findings that LKB1-deficient DCs are more migratory (22), we found that the
relative abundance of eWAT DCs was decreased in obese CD11c***! mice while frequencies of
conventional DC (cDC) subsets between genotypes remained similar (Supplementary Figure 4G-
H). As previous work revealed that LKB1-deficient DCs induced Tregs and effector Th17 cells
mostly in lymphoid tissues of lean mice (21, 22), we next assessed whether these T helper subsets
are affected in eWAT from obese CD11c**®! mice. Despite similar CD4 T cell abundance,
frequencies of FOXP3* Tregs and IL-17A* Th17 cells within the CD4 T cell pool were increased
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in eWAT from obese CD11c**"! mice, while IL-5* Th2 cells were not (Supplementary Figure 41-
L). However, when expressed as frequencies of total leukocytes, neither Tregs nor Th17 cells were
significantly increased (Supplementary Figure 4M-N). Furthermore, adipocyte mean diameter
and size distribution were not affected in obese CD11c**®! mice (Supplementary Figure 40-Q).
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Figure 1. WAT and liver DCs are activated in obese mice. (A) Mice were fed a low-fat diet (LFD;
black symbols) or a high fat diet (HFD; red symbols) for 24 weeks. (B-C) Body weight (B) and body
composition (C) were measured at the end of the experiment. (D-G) At sacrifice, epidydimal white
adipose tissue (eWAT) and liver were collected and immune cells were isolated and analysed by flow
cytometry. Absolute numbers of DCs per g tissue and frequencies of total leukocytes in e WAT (D) and
liver (E). Relative expression of indicated DC markers by eWAT (£) and liver DCs (G). (H-I) Cells
were restimulated with PMA/ionomycin in the presence of Brefeldin A for detection of intracellular
cytokines, and were analysed by flow cytometry. CD4 and CD8 T cell, IFNy* (Th1), IL-5* (Th2), IL-
17A* (Th17) and FOXP3* (Treg) CD4 T cell and IFNy* CD8 T cell percentages in eWAT (/) and
liver (7). J-K) eWAT and liver were immediately formaldehyde-fixed after collection and immune
cells were isolated. Phosphorylated LKB1 (Ser431) and ACC (Ser79) were measured in DCs from
eWAT (/) and liver (K) by flow cytometry. Full gating strategies are shown in Supplementary Figure
1. Results are expressed as means + SEM. * P<0.05 vs LFD (n = 4-7 mice per group).
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Figure 2. Deletion of LKB1 in DCs aggravates whole-body glucose intolerance and insulin
resistance in obese mice. (A) CD11c¥" (black symbols) and CD11c**®! (open symbols) mice were
fed a HFD for 18 weeks. (B-C) Body weight was monitored throughout the experiment. (D-E) Body
composition (D) and weights of liver, eWAT and BAT (£) were measured at the end of the experiment.
(F) Fasting blood glucose was measured at the indicated weeks. (G) An i.p. insulin tolerance test was
performed 1 week before sacrifice. Blood glucose levels were measured at the indicated time points
and the AUC of the glucose excursion curve was calculated. (H) An i.p. glucose tolerance test (GTT)
was performed 1 week before sacrifice. Blood glucose levels were measured at the indicated time
points and the AUC of the glucose excursion curve was calculated. (I) Plasma insulin was measured
at 20 minutes post glucose injection during i.p. GTT. Data shown are a pool of two independent
experiments. Results are expressed as means + SEM. * P<0.05 vs CD11c¥T (n = 7-17 mice per group).

In the liver, the abundance of total leukocytes, eosinophils, neutrophils, monocytes and
macrophages, in addition to macrophage polarization, was unchanged in obese CD11cA*®!
mice when compared to CD11c%¥" littermates (Figure 3A; Supplementary Figure 5). As was

ALKB1 mice,

also seen in eWAT, the frequency of DCs was reduced in the livers of CD11c
although the relative abundance of DC subsets remained similar. (Figure 3B-C). Strikingly,
the proportions of liver CD4" Tregs and Th17 cells were significantly increased in mice with
LKB1-deficient DCs in comparison to LKB1-sufficient controls (Figure 3D-I). Moreover,
the livers of CD11c**®! obese mice exhibited enhanced hepatic steatosis when compared
to WT littermates (Figure 3]-K). Consistent with this, hepatic triglyceride (TG) and total
cholesterol (TC) levels were also increased (Figure 3L). Taken together, these results show
that deletion of LKB1 in DCs induces a potent increase in Tregs and Th17 cells in the liver

and exacerbates hepatic steatosis in obese mice.
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IL-17A neutralization prevents exacerbated obesity-induced metabolic dysfunctions
in mice lacking LKB1 in DCs

WAT and liver Th17 cells have consistently been linked to obesity-induced metabolic
dysfunctions (13, 30), and hepatic steatosis in particular (12, 14-16). Accordingly, we
observed elevated IL-17A-expressing CD4 T cells in the livers of obese mice lacking LKB1
in DCs, a feature that was associated with enhanced hepatic steatosis. Hence, to investigate
the contribution of increased Th17 cells to worsened metabolic dysfunctions in CD11cAH®!
obese mice, we treated them with either neutralizing antibodies for the Th17 effector
cytokine IL-17A or isotype control during the first 6 weeks on HFD (Figure 4A). IL-17A
neutralization did not impact body weight gain (Figure 4B-C) or hepatic Treg and Th17 cell
abundances in CD11c**®! mice (Supplementary Figure 6). However, IL-17A blockade led
to significantly improved whole-body insulin sensitivity (Figure 4D) and reduced hepatic
steatosis to comparable levels as CD11cY7 littermates (Figure 4E-G). Thus, increased IL-
17A in CD11c**®! mice plays a central role in promoting liver steatosis and metabolic
dysfunctions during HFD-induced obesity. Altogether our findings suggest that LKB1 in
DCs mitigates hepatic inflammation during the development of obesity by restraining Th17
priming.

To explore a direct role for LKB1-deficient DCs in promoting Th17 polarization, we
sorted hepatic type 2 conventional DCs (cDC2s), the main CD4 T cell-priming subset
shown to induce Th17 priming (31), from lean CD11c%" and CD11c**® mice that
were subcutaneously injected with Fle3L-secreting B16 melanomas to expand the iz vivo
DC pool (Figure 5A). Gene expression profiling validated knockout of St£71, encoding
LKB1, in hepatic cDC2s from CD11c**®! mice (Figure 5C). While surface expression of
activation markers on hepatic cDC2s was unchanged during homeostasis (Figure 5B), LPS-
induced expression of the Th17-polarizing cytokines //6 and //16 was enhanced in LKB1-
deficient hepatic cDC2s when compared to controls, whereas /234 was undetectable and
Tgfb1 unchanged (Figure 5C). These results show that LKB1 deficiency in DCs promotes
production of cytokines, known to favor Th17 polarization, suggesting LKB1 in DCs
restrains Th17 polarization by limiting IL-1B and IL-6 production.
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Figure 3. Obese CD11c*"**! mice are more susceptible to HFD-induced hepatic steatosis and have
increased hepatic Treg and Th17 cells. CD11c¥" (black symbols) and CD11c**F! (open symbols)
mice were fed a HFD for 18 weeks. (A-D) At sacrifice, liver was collected and immune cells isolated.
Total leukocytes per gram liver were quantified (A4). Percentages of DCs (B), cDC subsets (C) and CD4
T cells (D) were determined by flow cytometry. (E-I) Liver leukocytes were restimulated with PMA
and ionomycin in the presence of Brefeldin A for intracellular cytokine detection. Representative plots
(E) and percentages of FOXP3* Tregs (5H), IL-5* Th2 and IL-17A* Th17 cells (G, 1) were determined
as frequencies of CD4 T cells (£G) or total leukocytes (H,1). (J) A part of liver was sectioned and
H&E stained. (K) Lipid droplet sizes and size distribution were quantified from H&E-stained slides.
(L) Hepatic triglyceride (TG) and total cholesterol (TC) contents were determined. Data shown are a
pool of two independent experiments, except for B, C and L. Results are expressed as means + SEM.
* P<0.05 vs CD11cY" (n = 6-17 mice per group for A, D-K; n = 4-9 mice per group for B, Cand L).
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The LKB1 downstream targets SIKs regulate Th17-polarizing cytokine expression
in DCs independent of AMPK

Having demonstrated a role for LKB1 in DCs for preventing excessive obesity-induced
metaflammation, we next investigated the signaling mediators downstream of LKB1 responsible
for the altered Th17 priming function of DCs. The LKB1-AMPK axis represents a central node
in the regulation of cellular energetics, where LKB1 promotes the downstream activation of
AMPK though direct phosphorylation of its catalytic a-subunit (25). To assess whether AMPK
is involved in the impaired metabolic homeostasis observed in CD11c*®!
generated CD11cMMPX! mice, in which AMPKal, the main a-subunit expressed by DCs (32),
is deleted in these cells (22). We next fed them and their CD11c¥? littermates an HFD for

18 weeks (Supplementary Figure 7A). Surprisingly, none of the abovementioned detrimental

obese mice, we

immunometabolic changes observed in CD11c**®! obese mice, ie. increased fasting glucose
levels, glucose intolerance, insulin resistance, and hepatic Tregs and Th17 cells, were recapitulated
in HFD-fed CD11cMMP! mice (Supplementary Figure 7B-M). These data indicate that LKB1-
deficiency promotes hepatic Th17 polarization in an AMPK-independent manner.

In addition to AMPK, LKB1 phosphorylates several other downstream AMPK-related
kinases including MARK1-4, SIK1-3, NUAKI-2, SNRK and BRSK1-2 (23, 24). We
therefore investigated which LKB1 target(s) may contribute to altering DC function by
analyzing published datasets for their expression in total splenic DCs, as well as mature GM-
CSEF-elicited bone-marrow DCs (GMDCs; Supplementary Figure 8). The expression profiles
were similar between primary splenic DCs and GMDCs, showing that all these kinases were
expressed to a significant level with the notable exception of Prkaa2 (encoding AMPKa2),
confirming that only the catalytic AMPKal isoform is expressed by DCs (32), Markl and
the members of the BRSK family (Supplementary Figure 8A-B). Hence, we next determined
their role in production of cytokine driving Th17 polarization by DCs. GMDCs were treated
with inhibitors of MARK, SIK, NUAK and AMPK families prior to LPS stimulation, and
intracellular levels of Th17-polarizing cytokines were assessed by flow cytometry. Largely
consistent with liver-derived ¢DC2s from CD11c**®! mice, LKB1-deficient GMDCs
(Supplementary Figure 8C) displayed upregulated LPS-induced expression of pro-1L-1B,
IL-6 and IL-23p19 when compared to wild-type GMDCs, whereas latency-associated
peptide (LAP) expression, as a proxy for TGF-B production, was unchanged (Figure 5D).
Strikingly, inhibition of SIKs, but not of the other LKB1 downstream kinases, recapitulated
the cytokine profile of LKB1-deficient GMDC:s (Figure 5D), identifying SIKs in DCs as
potential regulators of Th17 polarization. Collectively, our data indicate that LKB1 signaling
in DCs controls hepatic Th17 differentiation and metabolic homeostasis in obese mice, and
we propose a role for SIK downstream of LKBI in repression of Th17-polarizing cytokines.
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Figure 4. IL-17A neutralization rescued metabolic dysfunctions in CD11c**®' mice. (A)
CD11c%T (black symbols) and CD11c*™ ! mice were fed a HFD for 6 weeks while concomitant
biweekly intraperitoneal treatment with IL-17A neutralizing antibodies (blue symbols) or isotype
control (open symbols). (B-C) Body weight gain was monitored throughout the experiment. (D)
An i.p. insulin tolerance test was performed during week 6. (E) At sacrifice, a piece of liver was
sectioned and H&E stained. (F) Lipid droplet size distribution was quantified from H&E-stained
slides. (G) Hepatic TG and TC content were determined. Data shown are a pool of two independent
experiments. Results are expressed as means + SEM. * P<0.05 vs CD11cVT; # P<0.05 vs CD11cA%®!
+ isotype control (n = 4-8 mice per group).
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Figure 5. LKB1 deficiency increases Th17-polarizing cytokines expression in DCs, which is
mediated through its downstream target SIK. (A-C) CD11c¥T (black symbols) and CD11cAH5!
(open symbols) mice were subcutaneously injected with Flt3L-secreting B16 melanomas to expand
the DC pool. After 10 days, hepatic cDC2s were FACS sorted for DC phenotyping (4). Expression
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AFigure 5. Legend (Continued)

of indicated DC markers was measured by flow cytometry (B). Expression of indicated genes was
measured by RT-qPCR after ex vivo overnight LPS stimulation (C). (D) GM-CSF cultured bone
marrow-derived DCs (GMDCs) from CD11c¥" (WT) mice were treated with inhibitors targeting
LKB1 downstream targets MARKSs, SIKs, NUAKs and AMPK for 2 h, before LPS stimulation in
the presence of Brefeldin A for 4 h and compared with CD11c**®" GMDCs (KO). Pro-IL-1B, IL-
6, IL-23p19 and LAP-expressing GMDCs were quantified by intracellular cytokine staining/flow
cytometry. Data shown are a pool of three experiments. Results are expressed as means + SEM. *
P<0.05 vs CD11cYT or as indicated (n = 9-10 mice per group for A-C; n = 3 biological replicates per
group for D).

Discussion

The bioenergetic sensor LKB1 was recently shown to be a critical regulator of DC
metabolism, activation and T cell priming functions (20-22). Whether LKB1 signaling
in DCs links the changing immunometabolic microenvironment during obesity with
altered DC function and ultimately whole-body metabolic dysfunctions remained unclear.
Here, we report that obesity increased LKB1 phosphorylation in hepatic DCs. Deletion
of LKB1 from DCs aggravated HFD-induced insulin resistance and hepatic steatosis, and
increased hepatic Tregs and Th17 cells in obese mice. These immunometabolic defects were
restored by neutralizing the Th17 effector cytokine IL-17A, uncovering a role for LKB1 in
restraining DC-mediated pathogenic Th17 cell differentiation, thereby controlling whole-
body metabolic homeostasis.

Although DCs accumulate in WAT and liver during obesity and contribute to whole-
body insulin resistance (5-8), the underlying mechanisms are incompletely understood. Indeed,
obese Flt3F" mice lacking DCs and Cer7’~ mice with impaired DC migration displayed reduced
metaflammation and insulin resistance suggesting they have a central role in the development of
metabolic dysfunctions (6, 7). Here, we report that DCs from eWAT and liver, but not spleen, of
obese mice display increased expression of activation markers, indicating that the obesity-induced
changes in the metabolic tissue microenvironment enhance DC activation. Interestingly, both
eWAT and liver DCs from obese mice expressed higher levels of CCR7, suggestive of increased
migration to draining lymph nodes where they can prime inflammatory T cells. Consistent with
an increased proinflammatory activation profile of the DCs, we found that obesity altered the
CD4 T helper cell pool in eWAT and liver, but not spleen, favoring Th1 cells at the expense of
Th2 cells and Tregs in eWAT, and increasing Th1 cells, Th17 cells and Tregs in the liver. Some
of these obesity-induced changes in T helper subsets in metabolic tissues have been reported
previously (11, 16). Moreover, XCR1* type 1 conventional DCs (cDCls), efficient at cross-

presenting antigens to CD8 T cells, were reported to increase hepatic steatosis and contribute
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to liver pathology, which was associated with inflammatory T cell reprogramming in the liver-
draining lymph nodes (8). Congruent with this, we found increased HFD-induced IFNy* CD8
T cells in the liver, most likely resulting from increased cDC1-mediated priming,

In addition to increased DC activation and altered T cell priming in metabolic tissues,
we observed a significant increase of Ser431-LKB1 phosphorylation in hepatic DCs of obese
mice. LKB1 is phosphorylated at Ser431 by protein kinase C { (PKCY) (33), p90 ribosomal
S6 kinase (p90-RSK) and cAMP-dependent protein kinase A (PKA) (34). Although the
exact consequence of phosphorylation at this site remains unclear, the residue corresponding
to murine Ser431 is conserved in all organisms, suggesting that its phosphorylation may
play a role in modulating LKB1 signaling. Despite a lack of a phenotype and normal AMPK
activation in knock-in mice carrying a homozygous Ser431 to alanine mutation in LKB1
(35), it has been suggested that Ser431 phosphorylation could promote nuclear export of
LKB1 and phosphorylation of some of its cytoplasmic substrates (33, 36).

Interestingly, Ser431-LKB1 phosphorylation was unchanged in splenic and ¢eWAT
DGCs, indicating that obesity-induced changes in the hepatic microenvironment may
specifically alter LKB1 signaling in liver-associated DCs and change its effector functions.
Obesity induces persistent changes in the gut microbiota, and endotoxemia through
increased gut permeability (37). As a result, the gut and serum metabolome are altered (38,
39), promoting NAFLD pathogenesis through a gut-liver axis (40). Since LPS injection
has been reported to acutely increase Ser431-LKB1 phosphorylation in whole lung and
liver lysates, and in immortalized Raw264.7 macrophages (41), one may hypothesize
that obesity-induced endotoxemia might contribute to increased pLKB1 levels in hepatic
DCs from obese mice. Of note, in Raw264.7 macrophages, LPS-induced Ser431-LKB1
phosphorylation suppressed NF-kB signaling, suggesting that increased pLKB1 in hepatic
DCs from obese mice may serve as a feedback mechanism to keep inflammation in check. In
addition, butyrate, a short-chain fatty acid produced by commensal bacteria that metabolize
indigestible fiber, was recently shown to increase Ser431-LKB1 phosphorylation in HepG2
hepatocytes (42), providing conceptual evidence that gut metabolites may alter LKB1
phosphorylation in liver-resident cells. Yet, the underlying mechanisms by which LKB1
signaling is selectively modulated in hepatic DCs during obesity remain to be identified.

Deletion of LKB1 from DCs increased hepatic Tregs and Th17 cells in obese mice.
Though predominantly focused on adipose tissue, the role of Tregs in the regulation of
metabolic homeostasis has become controversial over recent years. Seminal work revealed
that adipose tissue Tregs are lost during obesity (11, 43), and replenishing the Treg pool
through IL-33 treatment or adoptive transfer reduced adipose tissue inflammation and

improved metabolic homeostasis (44, 45). However, aging-associated insulin resistance is
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ameliorated after depletion of adipose tissue Tregs (46), and deletion of the insulin receptor,
IL-10 and the transcription factor Blimpl from Tregs all prevented insulin resistance, in
part through promoting adaptive thermogenesis (47, 48). We found a trend for increased

ALKB1

adipose tissue Tregs in CD11c mice, yet e WAT weight, adipocyte size distribution, BAT

weight and energy expenditure were unchanged, excluding a role for adaptive thermogenesis

ALKB1

in the metabolic phenotype of CD11c**®! mice. Hepatic Tregs were rather reported to
control hepatic inflammation and inhibit NASH development (49). In addition, we clearly
demonstrate that neutralizing the Th17 effector cytokine IL-17A rescued the metabolic
perturbations in HFD-fed CD11c**®! mice, indicating an important role for Th17 cells in

ALKB1 mice.

explaining the metabolic phenotype of obese CD11c

Indeed, obesity-induced hepatic Th17 cells and IL-17A signaling are consistently
reported to impair insulin sensitivity and promote hepatic steatosis (12-16). Th17
differentiation is dependent on the cytokines IL-6, TGFB, IL-1B and IL-23 (50, 51),
but different combinations can lead to different degrees of pathogenicity. In the context
of experimental autoimmune encephalitis, IL-6 and TGFB-induced Th17 cells were not
pathogenic, whereas IL-6, IL-1B and IL-23 induced Th17 cells were pathogenic (52, 53).
Furthermore, development of Th17 cells iz vivo is dependent on SIRPa/CD172a expression
on DGCs (31, 54), a marker of cDC2s that efficiently prime CD4 T cells. We previously
showed that LKB1-deficient splenic cDC2s produced higher levels of IL-6 (22). In addition,
others showed that mRNA expression of 7/6, T¢gfb2 and /234 tended to be increased in
LKB1-deficient total splenic DCs compared to WT DCs, whereas Tgfbl and Tgfb3 were
decreased or similar (21). Moreover, increased Th17 priming by LKB1-deficient splenic
DCs was at least partly dependent on IL-6, but not TGFB (21). Here, we find that LPS-
stimulated LKB1-deficient GMDCs express significantly enhanced levels of IL-6, pro-IL-
1B and IL-23p19, while TGFB production was not affected. In addition, LKB1-deficient
hepatic <cDC2s express increased levels of 7/6 and /15, whereas Tgfbl was unchanged
and 7/23a undetectable. These data indicate that LKB1-deficient hepatic cDC2s display a
cytokine profile that favors the development of pathogenic Th17 cells.

Recent single cell transcriptomics analysis of hepatic Th17 cells from HFD-fed obese
mice identified two subsets, of which one was enriched during obesity. The accumulation
of this inflammatory hepatic Th17 (ihTh17) subset was regulated through a CXCL9/10-
CXCR3 axis, and these cells were sufficient to exacerbate NAFLD pathogenesis through
glycolysis-facilitated production of proinflammatory cytokines IL-17A, TNF and IFNy
(16). Moreover, increased IL-6, TGFpB, IL-1B and IL-23 levels in steatotic livers were also
reported in this study, suggesting involvement of DCs in generating these ihTh17 cells.
Given their role in promoting NAFLD pathogenesis, it is tempting to speculate that LKB1-
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deficient hepatic DCs promote accrual of these ihTh17 cells.

Deletion of AMPKal in DCs did not recapitulate the immunometabolic phenotype
of CD11c**®! obese mice. Indeed, we and others have recently shown that LKB1 functions
independently of AMPK in governing Tregs and Th17 cell differentiation (21, 22), which
corresponds with a growing line of research showing AMPK-independent effects of LKB1
in immune cells (41, 55). We rather show that SIK inhibition, but not of the other DC-
expressed AMPK-related kinases, increased expression of IL-6, IL-1B and IL-23 in GMDCs,
indicating that an LKB1-SIK axis is likely involved in controlling the expression of cytokines
that polarize pathogenic Th17 cells. The SIK family consists of three isoforms, SIK1-3, and
is involved in regulating hepatic gluconeogenesis, lipid metabolism and tumorigenesis (56),
although its underlying mechanisms are only beginning to be understood. SIKs control the
phosphorylation and nucleocytoplasmic transport of class Ila histone deacetylases (HDACs)
and cAMP-regulated transcriptional coactivators (CRTCs), identifying a role for SIKs in
transcriptional regulation (57). CRTC is a coactivator of cAMP response element-binding
protein (CREB) (58), and the promotors of /6, 1/16 and //23a all contain CREB binding sites
(59-61). It is thus tempting to speculate that inhibition of SIKs may promote CRTC nuclear
transport, thereby promoting transcription of Th17-polarizing cytokines. In support of this,
SIK1 and SIK3 were shown to control IL-6 production in tumor cells (62), and IL-6 and
IL-1B production in Raw264.7 macrophages (63). Conversely, pharmacological inhibition
of SIKs was also reported to suppress proinflammatory cytokines production in DCs and
macrophages (64, 65). As SIK family members display functional redundancy in some settings
(57), future studies are required to identify which SIK family member(s) control expression of
Th17-polarizing cytokines, and what the mechanistic underpinnings are.

Among the limitations of our study, we cannot formally rule out that deletion of LKB1
in other CD11c-expressing cells, such as macrophages, contributed to the immunometabolic
phenotype. Indeed, LysM*-driven LKB1 deletion in macrophages increased LPS-induced
proinflammatory cytokine production (41). However, these LysM**®" mice have unchanged
Treg numbers (20), indicating that LKB1 deletion from macrophages does not alter T cell
polarization in vive. In addition, only partial knockout of Stk11 was observed in macrophages
from CDI11c**®! mice (21, 66), which is likely attributable to lower CD11c expression by
macrophagesas compared to DCs. Furthermore, we found that expression of the proinflammatory/
metaflammation-associated markers CD86 and CD11c on both eWAT and liver macrophages
was either decreased or unchanged, as was ex vivo LPS-induced TNF production by macrophages
from CD11c**®! mice (data not shown). Together, this makes it unlikely that macrophages play

a dominant role in the immunometabolic phenotype of CD11cAH!

mice.
Altogether, our data reveal a key role for LKB1 signaling in liver-resident DCs in
limiting liver-specific and whole-body metabolic dysfunctions in the context of obesity, by
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constraining hepatic Th17 accrual. We suggest the involvement of an LKB1-SIK axis to
control expression of Th17-polarizing cytokines in DCs, opening interesting therapeutic
options in controlling pathogenic Th17 cell development in metaflammation and other

hyperinflammatory disorders.

Methods

Animals, diet and treatment

All experiments were performed in accordance with the Guide for the Care and Use of
Laboratory Animals of the Institute for Laboratory Animal Research and have received
approval from the Dutch Central Authority for Scientific Procedures on Animals (CCD;
animal license number AVD116002015253). /tgax™ (CD11¢; PMID: 17591855), Stk11%"
(LKB1; PMID: 12226664), Prkaal™ (AMPKal; PMID: 21124450) and WT mice, all on
C57Bl/6] background, were purchased from The Jackson Laboratory or Envigo and crossed,
housed and bred at the LUMC. Mice were housed in a temperature-controlled room with a
12-hour light-dark cycle and ad libitum access to food and tap water under specific pathogen
free conditions. To reduce variation due to sex hormone cycles on whole-body metabolism,
male mice were used for all in vivo experiments. An a priori power calculation was done.
Analysis was performed blinded to the conditions.

8-16 weeks old age-matched WT, Stk11%" (CD11cY7"), ltgax™ Stk11%" (CD11c*B),
Prkaal™ (CD11c%") and Itgax™ Prkaal™™ (CD11c*MPXe!) male mice were fed a high fat
diet (HFD, 45% energy derived from fat, D12451, Research Diets) for 18-24 weeks as
indicated.

For IL-17A neutralization experiments, 12-19 weeks old age-matched CD11c¥" and
CD11c**®¥! mice were systematically randomized over treatment groups based on body
weight and fasting blood glucose levels, and fed a HFD for 6 weeks while concomitant
biweekly treatment with 200 pg anti-mouse IL-17A (clone 17F3) or IgG1 K isotype control
(clone MOPC-21; both Bio X Cell). At sacrifice, spleen, visceral white adipose tissue
(epidydimal; eWAT), brown adipose tissue (intrascapular; BAT) and liver were weighed and

collected for further processing.

Body composition and indirect calorimetry

Body composition was measured by MRI using an EchoMRI (Echo Medical Systems).
Indirect calorimetry was performed in groups of 7-8 mice using a Comprehensive Laboratory

Animal Monitoring System (Columbus Instruments) with free access to food and tap water.
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Mice were individually housed at room temperature and a standard 12-hour light/dark
cycle was maintained throughout the measurements. Mice were acclimated to the cages
for a period of 48 hours before the start of 4 days of measurements at 20-minute intervals.
Food intake was assessed by real-time feed weight measurements. Oxygen consumption
and carbon dioxide production were measured, and based on this respirometry, energy
expenditure (EE), and carbohydrate (CHO) and fatty acid (FA) oxidation were calculated
as previously described (26).

Isolation of leukocytes from spleen

Spleens were collected in 500 uL RPMI 1640 + Glutamax (Life Technologies), mechanically
disrupted, and digested for 20 min at 37 °C in medium supplemented with 1 mg/mL
Collagenase D (Roche) and 2000 U/mL DNase I (Sigma-Aldrich). Digested samples were
filtered through 100 pm filters and subjected to erythrocyte lysis bufter (0.15 M NH,ClI, 1
mM KHCO,, 0.1 mM Na EDTA) before counting using a hemocytometer.

Isolation of stromal vascular fraction from adipose tissue

After a 1-minute transcardial perfusion with PBS post sacrifice, eWAT samples were
collected and digested as described previously (27, 28). In short, eWAT samples were
minced and incubated for 1 hour at 37°C in an incubator under agitation (60 rpm) in
HEPES-buffered Krebs solution, containing 0.5-1 g/L collagenase type I from Clostridium
histolyticum (Sigma-Aldrich), 2% (w/v) dialyzed bovine serum albumin (BSA, fraction V;
Sigma-Aldrich) and 6 mM D-Glucose (Sigma-Aldrich). The samples were passed through
a 100 pm filter (Corning Life Sciences) which was washed with PBS supplemented with
2.5 mM EDTA and 5% FCS. After allowing the adipocytes to settle for ~10 min, the
infranatant, consisting of immune cells, was collected and pelleted at 350 x g for 10 min at
room temperature. The pellet was treated with erythrocyte lysis buffer, washed with PBS/
EDTA/ECS, and counted using a hemocytometer.

Isolation of leukocytes from liver

Livers were collected and digested as described previously (27, 28). In short, livers were
minced and incubated for 45 min at 37°C in RPMI 1640 + Glutamax containing 1 mg/
mL collagenase type IV from Clostridium histolyticum, 200 U/mL DNase (both Sigma-
Aldrich) and 1 mM CaCl,. The digested tissues were passed through a 100 pm cell strainer
(Corning Life Sciences) which was subsequently washed with PBS/EDTA/FCS. After
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centrifugation (530 x g, 10 min at 4°C), cells were resuspended in 30 mL PBS/EDTA/FCS
and spun down at 50 x g for 3 min at 4°C to pellet the hepatocytes. The supernatant was
collected, treated with erythrocyte lysis buffer and CD45* leukocytes were isolated using LS
columns and CD45 MicroBeads (35 uL beads per sample, Miltenyi Biotec) according to

the manufacturer’s protocol. Isolated liver leukocytes were counted using a hemocytometer.

Flow cytometry

For assessing LKB1/ACC phosphorylation state in spleen, eWAT and liver, tissues were
collected and immediately minced in 1.85% formaldehyde solution (Sigma-Aldrich) and
digested as described above. Isolated cell suspensions were permanently permeabilized using
100% methanol for 10 min at -20°C. For other purposes, spleen, eWAT and liver cell
suspensions were stained using a Fixable Aqua Dead Cell Stain Kit (Invitrogen) or Zombie
UV Fixable Viability Kit (Biolegend) for 20 min at room temperature. Unless sorted or
measured alive, cells were fixed for 1 h at 4°C using a FOXP3/Transcription Factor Staining
Buffer Set (Invitrogen, for FOXP3 detection) or 15 min at room temperature using a
1.85% formaldehyde solution in PBS (Sigma-Aldrich, for everything else). For detection
of intracellular cytokines, isolated cells were cultured for 4 h in RPMI 1640 + Glutamax
in the presence of 100 ng/mL phorbol myristate acetate (PMA), 1 pg/mL ionomycin, 10
pg/mL Brefeldin A (all from Sigma-Aldrich). After 4 hours, cells were washed with PBS,
stained with Aqua, and fixed as described above. Cell suspensions were first pre-incubated
with 2.4G2 antibody (kindly provided by Louis Boon) for blocking Fc receptors and next
stained for surface markers in PBS supplemented with 0.5% BSA (Roche) and 2 mM EDTA
(Sigma-Aldrich) and antibodies for 30 min at 4°C. For detection of phosphorylated proteins,
FOXP3 and intracellular cytokines, cell suspensions were stained in Permeabilization Buffer
(eBioscience) instead. Phosphorylated Ser79-ACC and Ser431-LKB1 were stained using
unconjugated rabbit-anti-mouse antibodies prior to staining with other antibodies and
goat-anti-rabbit-Alexa Fluor 647. Antibody information is provided in Supplementary
Table 1 and gating strategies shown in Supplementary Figure 1. Cells were measured on a
FACSCanto II or LSR II and analyzed using FlowJo (Version 10.6, TreeStar).

Plasma analysis

Blood samples were collected from the tail tip of 4 h-fasted mice using paraoxon-coated glass
capillaries. Fasting blood glucose level was determined using a hand-held Glucometer (Accu-
Check; Roche Diagnostics) and plasma insulin level was measured using a commercial kit as

per manufacturer’s instructions (Chrystal Chem).
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Insulin- and glucose tolerance tests

Whole-body insulin tolerance test (ipIT'T) and glucose tolerance test (ipGTT) were performed
1 week before sacrifice, as previously described (27, 28). In short, a bolus of insulin (0.75U/
kg body mass, NOVORAPID, Novo Nordisk) was administered intraperitoneally (i.p.) to
4 h-fasted mice, after which blood glucose levels were measured at t=0, 15, 30, 45 and
60 min post insulin administration using a Glucometer. For ipGTT, 6 h-fasted mice were
injected i.p. with 2g/kg total body mass of D-Glucose (Sigma-Aldrich) and blood glucose

was measured at t=0, 20, 40, 60 and 90 min post glucose injection using a Glucometer.

Histological analysis

Pieces of eWAT and liver (-30 mg) were fixed in 4% formaldehyde solution (Sigma-Aldrich),
paraffin-embedded, sectioned at 4 pm and stained with Hematoxylin and Eosin (H&E). Six
fields at 20x magnification (total area 1.68 mm?) were used for the analysis of adipocyte size,

crown-like structures or hepatic steatosis.

Hepatic lipid composition
Liver lipids were extracted as previously described (29). Liver triglyceride and total cholesterol

concentrations were measured using commercial kits (all from Instruchemie) and expressed

as nanomoles per milligram of total protein content using the Bradford protein assay kit

(Sigma-Aldrich).

In vivo DC expansion, isolation and sorting

To expand the DC pool in vivo, 2 x 10° Flt3L-secreting B16 melanoma cells (kind gift
from Dr. Edward Pearce) in 100 pL. HBSS were injected subcutaneously into the flank of
mice. After 10 days, spleen, liver and eWAT were harvested, and digested and processed
as described earlier. cDC2s were further enriched from single cell suspensions by positive
isolation with CD11c Microbeads (Miltenyi Biotec; per manufacturer’s instructions) and
FACS sorting (MHCII* CD11c* CD64 F4/80- CD172a* XCR1") on a BD FACSAria using
a 100 um nozzle at 20 PSI. Subsequently, sorted cDC2s were stimulated with 100 ng/mL
LPS for 16 h for assessing cytokine expression by RT-qPCR.

BM-derived DC cultures

Bone marrow-derived DCs were cultured as described previously (22). Briefly, bone marrow

cells were flushed from femurs and tibias, and 5 x 10° cells were plated in tissue culture-
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treated petri dishes (NUNC) in 10 mL of differentiation medium, consisting of RMPI
1640 Glutamax (Gibco) supplemented with 5% FCS (Gibco), 25 nM B-mercaptoethanol
(Sigma-Aldrich), 100 U/mL penicillin, 100 pg/mL streptomycin and 20 ng/mL of murine
GM-CSF (PeproTech). Medium was refreshed on day 4 and day 7, after which on day 9
non-adherent GMDCs were harvested. 1 x 10> GMDCs were seeded in a round-bottom 96-
well plate and rested overnight. The next day, GMDCs were incubated for 2 h at 37°C with
50 uM MARK inhibitor (MARK/Par-1 Activity Inhibitor, 39621; Calbiochem), 50 nM SIK
inhibitor (HG-9-91-01; Cayman Chemical), 1 pM NUAK inhibitor (WZ 4003; Tocris) or
5 uM AMPK inhibitor (SBI-0206965; Sigma-Aldrich). After 2 h, LPS and Brefeldin A were
added to a final concentration of 100 ng/mL and 10 pg/mlL, respectively, and samples were
incubated for an additional 4 h at 37°C. After 6 h, cells were stained with a viability kit,
fixed using 1.85% formaldehyde and stored at 4°C until further processing for intracellular
cytokine detection by flow cytometry.

RNA-isolation and RT-qPCR

RNA was extracted from LPS-stimulated sorted cDC2s or GMDCs using TriPure RNA
Isolation reagent. Total RNA (200-400 ng) was reverse transcribed using the M-MLV
Reverse Transcriptase kit (ThermoFisher). Real-time qPCR runs were performed on a
CFX96 Real-time C1000 thermal cycler (Biorad) using the GoTaq qPCR Master Mix kit
(Promega). Gene expression was normalized to the housekeeping gene Rplp0 and expressed
wWT

as fold change compared to CD11c¥" samples. A list of primer sequences can be found in

Supplementary Table 2.

Statistical analysis

All data are presented as mean + standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism version 8 for Windows (GraphPad Software) with
unpaired t-test, one-way or two-way analysis of variance (ANOVA) followed by Fisher’s

post-hoc test. Differences between groups were considered statistically significant at P <
0.05.
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Supplementary information

Supplementary Table 1. Antibodies and reagents for flow cytometry

Target Clone Conjugate Source Identifier
B220 RA3-6B2 FITC eBioscience 11-0452
CD3 17A2 APC-eF780 eBioscience 47-0032
CD3 17A2 BV605 Biolegend 100237
CD3 17A2 FITC eBioscience 11-0032
CD4 GK1.5 BV650 BD Biosciences 563232
CD4 GK1.5 PE-Cy7 eBioscience 25-0041
CD4 GK1.5 PerCP-eFluor 710 eBioscience 46-0041
CD8a 53-6.7 BV711 Biolegend 100759
CD8a 53-6.7 PE eBioscience 12-0081
CDl11b M1/70 FITC eBioscience 11-0112
CD11b M1/70 PE-Cy7 eBioscience 25-0112
CDll1c N418 BV421 Biolegend 117330
CDl1l1c¢ HL3 FITC BD Biosciences 553801
CDl1lc HL3 Horizon V450 BD Biosciences 560521
CDll1c N418 PE-Cy7 eBioscience 25-0114
CD19 MB19-1 FITC eBioscience 11-0191
CD40 HM40-3 FITC eBioscience 11-0402
CD44 IM7 eFluor 450 eBioscience 48-0441
CD45 30-F11 BV785 Biolegend 103149
CD45.2 104 FITC Biolegend 109806
CD45.2 104 eFluor 450 eBioscience 48-0454
CDo64 X54-5/7.1 PE Biolegend 139304
CD64 X54-5/7.1 PE/Dazzle 594  Biolegend 139319
CDo64 X54-5/7.1 PerCP-Cy5.5 Biolegend 139308
CD80 16-10A1 APC eBioscience 17-0801
CD86 GL-1 APC/Fire 750 Biolegend 105045
CDS86 GL-1 PE BD Biosciences 553692
CD172a P84 PE Biolegend 144011
CD197/CCR7 4B12 PerCP-Cy5.5 Biolegend 120116
F4/80 BMS8 APC eBioscience 17-4801
F4/80 BMS8 BV711 Biolegend 123147
FOXP3 FJK-16s APC eBioscience 17-5773
Goat-anti-Rabbit Polyclonal Alexa Fluor 647  Invitrogen A21244
GR-1 RB6-8C5 FITC BD Biosciences 553126
IFNy XMG1.2 FITC eBioscience 11-7311
IL-5 TRFK5 PE Biolegend 504303
IL-6 MP5-20F3 APC Biolegend 504507
IL-17A eBiol7B7 PE-Cy7 eBioscience 25-7177
IL-17A TC11-18H10.1 PerCP-Cy5.5 Biolegend 506919
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Target Clone Conjugate Source Identifier
IL-23p19 fc23cpg eFluor 660 Invitrogen 50-7023

LAP TW7-16B4 PerCP-eF710 Invitrogen 46-9821

Ly6C HK1.4 APC-Cy7 Biolegend 128026
MHCI/H-2Kb AF6-88.5 Pacific Blue Biolegend 116514

MHCII M5/11415.2  Alexa Fluor 700  Invitrogen 56-5321
MHCII M5/11415.2  APC-eFluor 780  eBioscience 47-5321
MHCII M5/114 15.2 FITC eBioscience 11-5321

NK1.1 PK136 FITC eBioscience 11-5941
Phospho-ACC (Ser79) D7D11 - Cell Signaling 11818S
Phospho-LKB1 CG67A3 - Cell Signaling 3482S

(Ser431)

Pro-IL-1PB NJTEN3 PE Invitrogen 12-7114
Siglec-F E50-2440 PE BD Biosciences 552126

XCRI1 ZET BV650 Biolegend 148220

Other reagents Source Identifier
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Invitrogen 134957
Zombie UV™ Fixable Viability Kit Biolegend 423107
Supplementary Table 2. qPCR primers

Gene Accession number Forward primer Reverse primer

1116 NM_008361 GACCCCAAAAGATGAAGGGCT  ATGTGCTGCTGCGAGATTTG
16 NM_031168.2 CCTCTCTGCAAGAGACTTCCAT ACAGGTCTGTTGGGAGTGGT
11232 NM_031252.2 GCACCAGCGGGACATATGAA CAAGCAGAACTGGCTGTTGTC
Rplp0 NM_007475 TCTGGAGGGTGTCCGCAACG GCCAGGACGCGCTTGTACCC
Stkl1l NM_011492.4 GTGCCAAGCTCATGGGTACT CACCGAGGTCGGAGATCTTG
Tgfbl NM_011577 GCTGAACCAAGGAGACGGAA ATGTCATGGATGGTGCCCAG
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Supplementary Figure 1. Gating strategies. (A) Gating strategy for analysis of DCs and cDC subsets.
CD11b and CD8a were used as alternatives for CD172a and XCR1, respectively. (B) Gating strategy
for T (helper) cell subsets is shown. (C) Gating strategy for identification of myeloid cell subsets.
(D) Gating strategy for identification of GMDCs. Isolated cells were pre-gated on live CD45" single
cells. For T (helper) cell subset analysis, cells were additionally pre-gated as lineage’, which included
antibodies directed against B220, CD11b, CD11¢, GR-1 and NKI.1. Representative sample was
chosen from eWAT samples for A-C. Gating strategies were similar for the indicated cell populations
in liver and spleen.
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Supplementary Figure 2. Splenic DCs and T cells are mostly unaffected by obesity. Mice were fed
a LFD (black symbols) or a HFD (red symbols) for 24 weeks. (A) At sacrifice, spleen was collected
and immune cells were isolated and analyzed by flow cytometry. Relative expression of indicated DC
markers by splenic DCs. (B) Cells were restimulated with PMA/ionomycin in the presence of Brefeldin
A for detection of intracellular cytokines, and were analyzed by flow cytometry. CD4 and CD8 T cell,
Th1, Th2, Th17 and Treg CD4 T cell, and IFNy* CD8 T cell percentages in spleen. (C) Spleens were
immediately formaldehyde-fixed after collection and immune cells were isolated. Phosphorylated
LKB1 (Ser431) and ACC (Ser79) were measured in DCs from spleen by flow cytometry. Results are
expressed as means + SEM. * P<0.05 vs LED (n = 4-7 mice per group). Related to figure 1.
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Supplementary Figure 3. LKB1 deficiency in DCs did not affect food intake and whole-body
energy expenditure. CD11c¥" (black symbols) and CD11c**®! (open symbols) mice were fed a
HFD for 18 weeks. At week 15, mice were subjected to individual indirect calorimetric measurements
using fully automated metabolic cages with free access to food and water. (A-E) Cumulative food
intake (A), energy expenditure (EE; B), respiratory exchange rate (RER; C), carbohydrate (CHO; D)
and fatty acid (FA; E) oxidation were measured for 4 consecutive days (white part = light phase; grey
part = dark phase). The daily averages for each of the abovementioned parameters were calculated.
Results are expressed as means + SEM. (n = 7-8 mice per group). Related to figure 2.
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Supplementary Figure 4. LKB1 deficiency in DCs did notaggravateadipose tissueimmunometabolic
dysfunctions in obese mice. CD11c¥T (black symbols) and CD11c**®! mice (open symbols) were fed
a HFD for 18 wecks. (A-I) At sacrifice, e WAT was collected and immune cells isolated and analyzed by
flow cytometry. Total leukocytes per gram eWAT were quantified (4). Percentages of eosinophils (B),
neutrophils (C), monocytes (D) and macrophages (E) in eWAT expressed as frequencies of total
leukocytes. Expression of CD11c and CD86 on eWAT macrophages relative to CD11cY" mice (£).
Abundances of DCs (G), cDC subsets (H) and CD4 T cells (/). (J-N) eWAT immune cells were
restimulated with PMA and ionomycin in the presence of Brefeldin A for intracellular cytokine detection.
Representative plots (/) and percentages of FOXP3* Treg (K, M), IL-5* Th2 and IL-17A* Th17 cells (Z,N)
were determined as frequencies of CD4 T cells (K L) and total leukocytes (M, N). (O) A part of e WAT
was sectioned and H&E-stained. (P-Q) Mean adipocyte diameter (P) and adipocyte size distribution
(Q) were quantified from H&E stained slides. Data shown are a pool of two independent experiments,
except for D, F-H and O-Q. Results are expressed as means + SEM. * P<0.05 vs CD11c¥" (n = 7-16
mice per group for A-C, E and I-Nj; n = 3-8 mice per group for D, F-H and O-Q).
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Supplementary Figure 5. Effects of LKB1 deletion from DCs on myeloid cell subsets in the liver.
CD11c¥" (black symbols) and CD11c**B! (open symbols) mice were fed a HFD for 18 weeks. At
sacrifice, liver was collected and immune cells were isolated and analyzed by flow cytometry. (A-E)
Percentages of hepatic eosinophils (4), neutrophils (B), monocytes (C) and Kupffer cells (D) expressed
as frequencies of total leukocytes. Expression of CD11c and CD86 on Kupffer cells, expressed as fold
change vs CD11cY" (£). Data shown are a pool of two independent experiments, except for CD86
expression in E. Results are expressed as means + SEM. * P<0.05 vs CD11cY" (n = 4-14 mice per
group). Related to figure 3.
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Supplementary Figure 6. Effects of IL-17A neutralization on hepatic immune cells. Mice were
treated as described in the legend of figure 5. (A-D) At sacrifice, liver was collected and immune cells
were isolated and phenotyped by flow cytometry. Total number of leukocytes per gram liver (4),
and frequencies of DCs (B), ¢cDC subsets (C) and CD4 T cells (D) were determined. (E-F) Hepatic
leukocytes were restimulated with PMA/ionomycin in the presence of Brefeldin A for detection of
intracellular cytokines. Abundance of FOXP3* Tregs (£), IL-5* Th2 cells and IL-17A* Th17 cells
(F) were determined as frequencies of total leukocytes. Data shown are a pool of two independent
experiments. Results are expressed as means + SEM. * P<0.05 vs CD11c¥T (n = 4-8 mice per group).
Related to figure 4.
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Supplementary Figure 7. Deletion of AMPKal1 from DCs did not recapitulate the immunometabolic
phenotype of CD11¢*"*®" mice. (A) CD11c¥" (black symbols) and CD11c*MP! mice (grey symbols)
were fed a HFD for 18 weeks. (B-C) Body weight was monitored throughout the experiment. (D-E) Body
composition (D) and weights of liver, eWAT and BAT (E) were measured at the end of the experiment. (F)
Fasting blood glucose was measured at the indicated weeks. (G) An i.p. insulin tolerance test was performed
1 week before sacrifice and AUC calculated. (H) An i.p. glucose tolerance test was performed 1 week
before sacrifice and AUC calculated. (I-L) At sacrifice, liver was collected and immune cells isolated. Total
leukocytes per gram liver were quantified (/). Percentages of DCs (/), cDC subsets (K) and CD4 T cells
(L) were determined by flow cytometry. (M) Liver leukocytes were restimulated with PMA and ionomycin
in the presence of Brefeldin A for intracellular cytokine detection. Percentages of FOXP3* Treg, IL-5* Th2
and IL-17A* Th17 cells were determined as frequencies of total leukocytes. Results are expressed as means
+ SEM. * P<0.05 vs CD11c¥" (n = 4-7 mice per group).
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Supplementary Figure 8. Transcriptional analysis of LKB1 and its substrates in DCs. (A-
B) Expression of StklI (encoding LKB1) and its downstream targets Mark1-4, Sik1-3, Nuakl-2,
Prkaal-2 (encoding AMPKa1-2), Snrk and BrskI-2 in total splenic DCs (Geng et al., Immunology.
2021; A) and mature GM-CSF-elicited bone marrow DCs (GMDC:s; Liu et al., /. Immunol. 2015;
B). (C) Stk11 expression in GMDCs from CD11c¥" (black symbols) and CD11c**®! mice (open
symbols) at day 10 of culture. Related to figure 5.
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Chapter 6

Abstract

Since time immemorial, humans have coevolved with a wide variety of parasitic helminths
that have contributed to shape their immune system. The recent eradication of helminth
infections in modern societies has coincided with a spectacular rise in inflammatory
metabolic diseases, such as obesity, nonalcoholic steatohepatitis, and type 2 diabetes.
Landmark studies in the emerging field of immunometabolism have highlighted the central
role of the immune system in regulating metabolic functions, notably in adipose tissue, liver,
and the gut. In this review we discuss how helminths, which are among the strongest natural
inducers of type 2 immunity, and some of their unique immunomodulatory molecules, may
contribute to the maintenance of tissue-specific and whole-body metabolic homeostasis and

protection against obesity-associated meta-inflammation.
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Glossary

Alternatively activated macrophage (AAM): an innate immune cell involved in protection

against parasites, resolution of inflammation, and tissue repair.

Beiging: occurs when white adipose tissue develops features of thermogenic brown adipose

tissue.

Brown adipose tissue (BAT): involved in thermogenesis during cold exposure owing to

high expression of mitochondrial uncoupling protein UCP1.

Eosinophil: a short-lived granulocyte induced by helminths and involved in type 2 immune

responses.

Extracellular vesicles (EVs): lipid bilayer-delimited particles that are released by most

eukaryotic cells and involved in intercellular communication.

Group 2 innate lymphoid cells (ILC2s): one of the cell types involved in the initiation of

type 2 immune responses via specific damage signals (alarmins) and cytokines.
Helminths: multicellular parasitic worms, including roundworms, tapeworms, and flukes.
Hepatic steatosis: ectopic accumulation of lipids in hepatocytes, resulting in a fatty liver.

Homeostatic Model Assessment for Insulin Resistance (HOMA-IR): calculated from

fasting plasma insulin and glucose levels and used as a proxy for whole-body insulin resistance.

Hygiene hypothesis: proposes that the increases in hyperinflammatory disease prevalence
in modern societies result from higher hygiene care and reduced exposure to pathogens and

microorganisms, such as early-life parasitic infections.
Insulin resistance: impaired insulin action on its target metabolic organs/cells.

Interleukin-33 (IL-33): an alarmin cytokine released by stromal/epithelial cells that

promotes type 2 immune responses
Meta-inflammation: chronic low-grade inflammation occurring in metabolic organs

Microbiota: is composed of a wide array of bacteria, archaea, viruses, fungi, and parasites

that reside at mucosal surfaces, notably in the gastrointestinal tract.

Nonalcoholic fatty liver disease (NAFLD): a metabolic disorder characterized by excessive

fat accumulation in the liver (see hepatic steatosis).
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Nonalcoholic steatohepatitis (NASH): NALFD combined with hepatic inflammation and

liver damage.
Regulatory T cell (Treg): a specialized T cell restricting excessive immune responses.

Soluble Egg Antigens (SEA): a mixture of soluble molecules extracted from Schistosoma

mansoni eggs.

Type 2 diabetes: a metabolic disease characterized by insulin resistance and chronically

elevated blood glucose levels.

Type 2 immunity: immune response characterized by increased ILC2s, eosinophils, T 2

cells, mast cells, basophils, and alternatively-activated macrophages.

Type 2 T helper cell (T,,2): a specialized T helper cell involved in asthma, allergies and

immune responses against helminth parasites.

White adipose tissue (WAT): an endocrine organ with a high storage capacity for
triglycerides.
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Helminths and inflammatory metabolic diseases

Helminth (see Glossary) parasites have a long coevolutionary history with humans, and about
one quarter of the world’s inhabitants are still infected with a wide variety of these worms (1). In
tropical and subtropical areas, where hygiene and sanitation are poor, soil-transmitted helminth
infections are highly prevalent, including infections with Ascaris lumbricoides, Trichuris trichiura,
and hookworms, together with filarial nematodes and schistosomes such as Schistosoma mansoni
and Schistosoma haematobium (1, 2). By contrast, most Western countries have successtully
eradicated helminths and other pathogens during the second half of the last century, contributing
to an almost complete disappearance of chronic helminth infections and significant changes in
the whole microbiota composition, notably in the gastrointestinal tract. However, a concomitant
increase in autoimmune and allergic diseases, such as multiple sclerosis, type 1 diabetes, and
asthma, has been observed. This suggests that exposure to pathogens and microorganisms, such
as parasites, contributes to shaping our immune system and is protective against inflammatory
diseases, a general concept known as the ‘hygiene hypothesis’ (3, 4).

Importantly, the prevalence of inflammatory metabolic diseases, such as obesity,
nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes, is also dramatically
increasing in Western societies and some developing countries that have recently experienced
a rapid urbanization (5). Among various pathophysiological underlying mechanisms,
the obesity-associated chronic low-grade inflammation, also called meta-inflammation,
contributes to the development of insulin resistance and dysregulated glucose/lipid
metabolism, ultimately leading to type 2 diabetes, nonalcoholic steatohepatitis (NASH)
and associated cardiovascular diseases (6, 7). During the last decade, landmark studies have
highlighted the central role played by the immune system in the regulation of metabolic
homeostasis in both rodents and humans. These studies have identified a repertoire of
innate and adaptive immune cell subsets that populate metabolic organs and contribute to
tissue-specific maintenance of biological functions through complex and yet incompletely
understood crosstalk with metabolic cells (8, 9).

Remarkably, chronic infections with various helminths, which result in potent type 2
immunity and T cell hyporesponsiveness through induction of a regulatory network (10,
11), were associated with reduced insulin resistance and a lower prevalence of metabolic
syndrome and type 2 diabetes in populations living in endemic areas (12-16). This suggests
that the modulation of the host immune system by worms may protect against metabolic
diseases (17, 18). Similar beneficial effects were reported in preclinical rodent models of type
2 diabetes, where both infection with various helminth species and treatment with helminch-
derived molecules promote type 2 immune responses, dampen meta-inflammation, and

improve metabolic homeostasis during obesity (19-28).
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In this review we discuss our current understanding of the immune-mediated
mechanisms by which helminths and some of their unique molecules may contribute to
maintenance of tissue-specific and whole-body metabolic homeostasis in their host and

prevent obesity-associated meta-inflammation.

(Dys)regulation of metabolic homeostasis by immune cells

The concept of immune cells contributing to metabolic homeostasis is now well recognized
and supported by a large body of recent literature. One of the cornerstones that has fueled
the development of the immunometabolism field was the discovery that the increase in
macrophage-derived proinflammatory cytokine Tumor Necrosis Factor (TNF) in adipose
tissue contributes to insulin resistance during obesity (29). In the following section we describe
how immune cells control tissue-specific metabolic homeostasis, focusing specifically on
macrophages that are considered to play a central role in the etiology of obesity-associated

meta-inflammation and regulation of insulin sensitivity in most of the metabolic tissues (9).

White adipose tissue

White adipose tissue (WAT) is by far the metabolic tissue that has been studied most in terms
of immune cell phenotyping. During the past decade, a growing body of innate and adaptive
immune cells have been shown to be involved in regulating adipose tissue biology (9). In
2011, a landmark study revealed the role of interleukin (IL)-4-producing WAT eosinophils
in the maintenance of insulin sensitivity (27), establishing the conceptual basis that type 2
immunity could be involved in adipose tissue metabolic homeostasis in mice. In lean WAT,
eosinophils are relatively abundant and are maintained through IL-5 and IL-13 produced
by tissue-resident group 2 innate lymphoid cells (ILC2s) and type 2 T helper (T ,;2) cells
(30). Moreover, stromal cells expressing IL-33 and thymic stromal lymphopoietin (TSLP)
were recently shown to sustain ILC2s in WAT (31, 32). IL-4 and IL-13, produced locally
by eosinophils, T2 cells, and/or ILC2s, are thought to promote alternative activation of
adipose tissue macrophages (ATMs) (30), which are considered to be the effector cells of
an immune cascade that regulates insulin sensitivity. Although the underlying molecular
mechanisms remain mostly unknown, these alternatively-activated macrophages (AAMs)
have been suggested to control WAT inflammation through enhanced production of the
immunosuppressive cytokine IL-10 (33) and/or induction of regulatory T cells (Tregs)
(34). It has recently been shown that the vast majority of these M2-like AAMs are tissue-
resident, tightly associated with WAT vasculature, and displaying high endocytic capacity
that might act as a buffer for adipocyte-derived lipids during homeostasis (35).
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During obesity, this type 2 immune environment is perturbed. Prolonged caloric excess
causes hypertrophic adipocytes to produce chemokines and proinflammatory cytokines.
These, in turn, recruit circulating monocytes, which subsequently differentiate into CD11¢*
proinflammatory macrophages upon encountering the inflammatory milieu (33). These
newly recruited macrophages also produce proinflammatory cytokines and chemokines that
directly interfere with canonical insulin signaling and recruit more monocytes, leading to
a vicious circle that exacerbates WAT inflammation (9). Due to their expression of some
canonical markers, such as inducible nitric oxide synthase (iNOS), and enhanced production
of TNE IL-6, and IL-1PB, these macrophages were initially considered to be classically
activated, M 1-like macrophages (33). However, several reports have recently challenged this
concept by providing a more subtle classification and phenotyping of ATMs, along with
paradoxical functions (Box 1) (35-39). Taken together, ATMs appear to exist in multiple
flavors and are versatile cells with a high degree of plasticity, yielding a spectrum of activation
states likely dependent on their changing microenvironment during the development of

obesity.

Box 1. The recent evolution of obesity-associated adipose tissue macrophage classification

During the course of obesity, adipose tissue macrophages (ATMs) have long been thought to
acquire a proinflammatory phenotype that resembles the M1 polarization state induced by
LPS in bone marrow-derived macrophages (BMDMs). However, recent studies have led to
an evolution in ATM classification by reporting unexpected new phenotypes and functions.
Among the newly identified subsets, ATMs expressing lipid metabolism genes under the
control of peroxisome proliferator-activated receptor gamma (PPARy), and producing TNF
and IL-1B, were found to be increased in obese mice and termed ‘metabolically-activated
macrophages’ (MMes). Their transcriptomic signature is similar to in vitro bone marrow-derived
macrophages stimulated with high concentrations of glucose, insulin, and palmitate, mimicking
the nutrient abundance encountered in the obese WAT microenvironment (36). These MMes
potentiate WAT inflammation, but, owing to their lipid metabolism machinery, could also exert
protective beneficial action by buffering excess adipocyte lipid release and preventing ectopic
lipid deposition, as well as clearing dead adipocytes through lysosomal exocytosis (37). Unbiased
single-cell analyses in obese WAT have recently allowed different research groups to characterize
ATM subsets more in-depth: (i) a lipid-laden and proinflammatory macrophage population
expressing CD9 and exclusively found in crown-like structures surrounding dead adipocytes
(38), (ii) a monocyte-derived CD11c*CD64* macrophage population expressing CD9 but also
an array of anti-inflammatory/detoxifying genes and displaying a low endocytic capacity (35),
and (iii) a lipid-associated CD9* macrophage subset expressing a high level of the lipid receptor
Trem?2 involved in counteracting inflammation and adipocyte hypertrophy (39). Thus, multiple
subtle flavors of obesity-associated ATMs exist, being either protective or detrimental for the
regulation of metabolic homeostasis, depending on the adipose tissue micro-environment and
diseasde progression.
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Liver
During obesity, an overflow of lipolysis-derived nonesterified free fatty acids (NEFAs)

released from insulin-resistant WAT is taken up and stored in ectopic tissues, notably in the
liver, where triglyceride accumulation in the form of lipid droplets causes hepatic steatosis
and NAFLD (40). NAFLD-associated lipotoxicity triggers both oxidative and endoplasmic
reticulum stress and hepatic inflammation through various mechanisms that are still
incompletely understood, ultimately resulting in NASH and progressive liver damage (40).
This inflammatory process is thought to be mediated, at least in part, by liver macrophages
that can be divided into two main categories: the liver-resident Kupffer cells (KCs), which
are embryonically derived and self-sustained through local proliferation, and newly recruited
macrophages which originate from circulating monocytes (41).

Although accumulation of hepatic CD8* T cells and CD4* T helper 17 (T;17) cells
during obesity might also contribute (42, 43), many studies have shown that KCs are central
players in the initiation of liver inflammation. Once activated, notably by lipid metabolites
and/or gut-derived endotoxins, KCs promote the recruitment of circulating monocytes that
differentiate into proinflammatory macrophages, driving NAFLD progression and insulin
resistance (44-47). In line with this, depletion of KCs protects against hepatic steatosis and
insulin resistance (48), as does genetic or therapeutic interference with hepatic recruitment
of monocytes through the monocyte chemoattractant protein (MCP)1-CCR2 axis (49,
50). The effects of KCs on hepatic insulin resistance have often been associated with the
production of TNF and IL-1B (41), yet, a recent report suggests that hepatic macrophages
rather stimulate gluconeogenesis and lipogenesis through the release of insulin-like growth
factor-binding protein 7 (IGFBP7), a noninflammatory protein that directly binds to
the insulin receptor and triggers activation of extracellular-signal-regulated kinase (ERK)
signaling (51). Of note, although AAMs are associated with improved insulin sensitivity in
WAT, their function remains unclear in the liver. Furthermore, type 2 immunity was rather
shown to promote hepatic fibrosis and progression of NAFLD through IL-4 and IL-13,

notably in response to liver injury or Schistosoma mansoni infection (52-54).

Other metabolic tissues

The obesity-induced inflammation driven by tissue-specific changes in immune cell
composition and/or activation states is also observed in skeletal muscle, pancreas and some
hypothalamic areas in the brain and may have profound effects on whole-body metabolic
homeostasis (see recent reviews (55-57)).

In skeletal muscle, only a few immune cells can be detected during homeostasis.

By contrast, obesity leads to recruitment of monocytes/macrophages and T cells into the
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expanding adipose depots surrounding the muscle fibers and their subsequent polarization
towards a proinflammatory phenotype (56). The release of cytokines and chemokines from
inflamed myocytes further accelerates immune cell recruitment, forming a feed-forward
inflammatory loop that negatively regulates skeletal muscle insulin sensitivity and metabolic
functions, and contributes to whole-body metabolic dysfunctions (56).

In the pancreas, obesity-associated islet inflammation is involved in the failure of insulin
secretion by B-cells during type 2 diabetes progression (57). This is partly mediated by glucose-
induced metabolic stress that triggers IL-1B secretion by B-cells, resulting in recruitment of
circulating monocytes and polarization towards proinflammatory macrophages, B-cell death,
and impaired insulin production (58). In addition, islet-resident macrophages were recently
shown to proliferate during obesity and engulf B-cell insulin secretory granules, which may
contribute to restricting insulin secretion (59). Recently, it has also been shown that IL-33-
and ILC2-dependent maintenance of islet-resident retinoic-acid-producing myeloid cells
promotes glucose-induced insulin secretion by B-cells in homeostatic conditions, a finely-
tuned system that is impaired during obesity (60).

In the brain, microglia are embryonically derived tissue-resident macrophage-like
cells that control organ homeostasis, notably through clearance of dead neurons, but they
also contribute to the regulation of feeding behavior and whole-body energy expenditure
(55, 61). Excess calorie intake activates microglia in the mediobasal hypothalamus (MBH),
notably through dietary components like saturated NEFAs and peripheral hormones,
leading to secretion of proinflammatory cytokines such as TNE IL-1B, and IL-6, and
chemokines. These microglia-derived signals contribute to recruitment and/or proliferation
of monocyte-derived macrophages in both the MBH and arcuate nucleus, thereby amplifying
hypothalamic inflammation and leading to central leptin resistance, increased food intake
and decreased energy expenditure (62, 63).

Altogether, proinflammatory activation of macrophages in metabolic tissues is associated
with impaired insulin sensitivity and metabolic homeostasis, which drives progression towards
type 2 diabetes. Repolarizing macrophages to an anti-inflammatory state may therefore

contribute to restore tissue homeostasis and limit obesity-induced metabolic dysfunctions.

Helminth immunomodulation and metabolic health

Helminth infection and metabolic homeostasis in humans

A number of epidemiological cross-sectional studies conducted in helminth-endemic areas
spread over the entire world have reported inverse correlations between infection with

various nematode and trematode species and insulin resistance assessed by homeostatic
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model assessment for insulin resistance (HOMA-IR) or prevalence of metabolic syndrome
and type 2 diabetes, in both lean and obese individuals (12-16) (Figure 1). Although the
beneficial effects of helminth infection on metabolic homeostasis were usually associated
with increased markers of type 2 immunity, such as eosinophilia, IgE, and/or circulating
type 2 cytokines, other factors might also be involved, and the observational nature of these
studies makes it difficult to draw definitive conclusions about a causal relationship between
the two. However, it has recently been reported that deworming individuals infected with
soil-transmitted helminths using anthelmintic drugs significantly reduced worm burden and
serum markers of type 2 immunity, and resulted in increased HOMA-IR or circulating
glucose and insulin levels. These results indicate the worsening of whole-body insulin
sensitivity and glucose homeostasis upon deworming (16, 64) and further support the

notion that helminth infection protects against metabolic dysfunctions in humans.

Helminths and type 2 immune responses in metabolic organs

Since the seminal preclinical study showing that infection of obese mice with the rodent
nematode Nippostrongylus brasiliensis resulted in WAT eosinophilia and improved high-fat
diet (HFD)-induced metabolic dysfunctions (27), many publications have reported similar
effects of helminth infection and/or helminth-derived molecules on metabolic homeostasis,
associated or not with induction of a type 2 immune response in metabolic organs (Table
1). N. brasiliensis infection also increased WAT YM1-expressing AAMs and had beneficial
effects on hepatic steatosis in a signal transducer and activator of transcription 6 (STAT6)-
dependent manner (28), establishing a link between helminth-induced type 2 immunity and
improved metabolic homeostasis. Infection of genetically or diet-induced obese mice with
other nematode and trematode species, including Heligmosomoides polygyrus, Litosomoides
sigmodontis, Strongyloides venezuelensis and S. mansoni, also increased eosinophils and
various AAM markers in WAT and improved whole-body glucose tolerance and insulin
sensitivity (19, 23-25, 28). A key role for these ATMs was established by adoptive transfer
of H. polygyrus-induced WAT AAMs, which improved whole-body glucose tolerance (26).
However, with the exception of the overexpression of a few canonical markers, the identity
and functional properties of these AAMs, and the underlying molecular mechanism(s) by
which they exert their beneficial metabolic effects, remain unknown.

Importantly, these effects were not merely a result of host parasitism, as treatment of
obese mice with S. mansoni soluble egg antigens (SEA) also increased WAT eosinophils,
T,2 cells and AAMs, and ameliorated hepatic steatosis and whole-body metabolic
dysfunctions (20, 23, 65). Similarly, L. sigmodontis worm antigens were also able to induce
WAT type 2 immunity and improve whole-body glucose tolerance (19). Remarkably,

these immunometabolic beneficial effects were also reported with some single molecules.
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Soil-transmitted helminths (STH)
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Figure 1. Associations between helminth infection and protection against metabolic diseases.
Epidemiological studies conducted in endemic countries have reported an inverse association
between infection with the trematode Schistosoma japonicum and the nematode Strongyloides
stercoralis and the prevalence of metabolic syndrome and type 2 diabetes in lean and obese subjects,
respectively. Improvements of the homeostatic model assessment for insulin resistance (HOMA-IR),
hyperinsulinemia and hyperglucagonemia, hallmarks of whole-body insulin resistance and metabolic
dysfunctions, were also observed in rural populations infected with various species of soil-transmitted
helminths. These effects were associated with eosinophilia and increased serum levels of total IgE
and prototypical type 2 cytokines interleukin (IL)-4, IL-5, and IL-13, suggesting that the helminth-
induced type 2 immune response might play a role. Antihelminthic treatment was shown to reduce
circulating markers of type 2 immunity and to impair metabolic homeostasis, as characterized by
elevated HOMA-IR and hemoglobin Alc (glycated hemoglobin) (HbAlc). Abbreviations: BMI,
body mass index; MetS, metabolic syndrome; T2D, type 2 diabetes. Species names: A. duodenale,
Amj/lostomﬂ duodenale; A. lumbricoides, Ascaris lumbricoides; N. americanus, Necator americanus; 1.
trichiura, Trichuris trichiura. References: (12-16).
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For instance, recombinant omega-1, a T, 2-inducing T2-RNAse glycoprotein present in S.
mansoni egg excretory/secretory products (66), increased WAT type 2 immunity, promoted
WAT beiging, reduced body weight and improved whole-body glucose tolerance in obese
mice by a mannose receptor-, IL-33- and ILC2-dependent mechanism (22).

Furthermore, Acanthocheilonema viteae-purified native ES-62 was also recently shown
to induce mild WAT eosinophilia and ameliorate HFD-induced liver fibrosis, although the
impact on whole-body metabolic homeostasis was rather minimal (21).

Taken together, helminth infection, mixtures of helminth antigens and some helminth-
derived single molecules induce type 2 immunity in metabolic tissues, which were either

associated with or causal in the improvement of obesity-associated metabolic dysfunctions.

Table 1. Immunometabolic effects of parasite infection or treatment with native and/or
recombinant parasite molecules in obese micea

Mouse models Immunomodulatory effects Metabolic effects Refs
Parasite infection
Nippostrongylus ~ DIO male ™ WAT eosinophils J Fasting blood glucose 27)
brasiliensis C57BL/6 N Whole-body insulin
sensitivity
T Whole-body glucose
tolerance
DIO male ™ WAT YM1 and Argl gene J Body weight (28)
C57BL/6 expression J Hepatic steatosis
WT, Stat6”, P YM1* ATMs (STAT6-dependent)
11137 . RIP2- T Whole-body glucose
OpalKO tolerance
Heligmosomoides  Chow-fed male I small intestine AAM markers |, Hepatic steatosis (24)
polygyrus KK-Ay/TaJd  and IL-4, IL-13 and IL-10 genes |, HOMA-IR
expression T Whole-body glucose
tolerance
DIO female I WAT AAM genes expression <, Body weight gain (26)
C57BL/6 N AAM markers on ATMs T Whole-body glucose
tolerance
T WAT beiging
(M2 macrophage dependent)
DIO male N/A J Body weight gain (74)
C57BL/6 T WAT beiging
Altered microbiota
composition
Litosomoides DIO male N WAT eosinophils and T Whole-body glucose (19)
sigmodontis BALB/c RELMa+ AAMs tolerance  (eosinophil-
WT, N CD4* T cells in WAT dependent)
AdbIGATA
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Mouse models Inmunomeodulatory effects Metabolic effects Refs
Strongyloides DIO male ™ MGL1* ATMs T Whole-body glucose (25)
venezuelensis Swiss tolerance
P Insulin-stimulated glucose
uptake
Altered microbiota
composition
Schistosoma DIO male T WAT eosinophils and YM1*  {, Body weight gain (23)
mansoni C57BL/6 AAMs J HOMA-IR
™ Whole-body insulin
sensitivity
T Whole-body glucose
tolerance
Parasite antigen mixtures
L. sigmodontis DIO male ™ WAT RELMo* AAM, I Whole-body glucose (19)
worm antigens C57BL/6 eosinophils, ILC2s, CD4* T cells  tolerance
WT and and Foxp3* Tregs (Treg-independent)
DEREG { CD11c*ATMs
S. mansoniegg ~ DIO male T WAT AAM genes expression | HOMA-IR (20
antigens C57BL/6 J WAT CAM genes expression T Whole-body insulin
P serum IL-4 and IL-10 levels ~ sensitivity
(IL-10-dependent)
T Whole-body glucose
tolerance
J Hepatic steatosis
DIO male T WAT eosinophils, YM1* ATMs |, HOMA-IR (23)
C57BL/6 M IL-4, -5, and -13-expressing N Whole-body insulin
T2 cells sensitivity
T Whole-body glucose
tolerance
DIO male ™ WAT eosinophils &> BAT activation and (65)
C57BL/6 WAT beiging
Trichuris suis DIO male N WAT eosinophils <> BAT activation and (65)
soluble products  C57BL/6 WAT beiging
Parasite single molecules
HEK-produced ~ DIO male M IL-33 release by adipocytes J Body weight (22)
recombinant C57BL/6 T WAT T2 cells, Tregs, CD206" |, Fasting blood glucose
S. mansoni WT, Cd206", AAMs, eosinophils and ILC2s N Whole-body insulin
omega-1 Rora"¢1l7r, |, WAT T, 1 cells and CD206™"  sensitivity
11" classically-activated ATMs T Whole-body glucose
tolerance
(CD206-, IL-33- and ILC2-
dependent)
T WAT beiging
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Mouse models Inmunomeodulatory effects Metabolic effects Refs

Acanthocheilonema DIO male ™ WAT eosinophils J Liver fibrosis (21)
viteae ES-62 C57BL/6 N WAT IL-4 and IL-5 mRNA

DIO female  levels

C57BL/6

* AAMs, alternatively-activated macrophages; ATMs, adipose tissue macrophages; BAT, brown
adipose tissue; CAMs, classically activated macrophages; DIO, diet-induced obesity; HOMA-IR,
Homeostatic Model Assessment for Insulin Resistance; IHC, Immunohistochemistry; WAT, white
adipose tissue; WT, wild type; DEREG, Tg(Foxp3-DTR/EGFP)

Novel helminth-induced pathways: role in immunometabolic
effects?

Modulation of gut microbiota by helminths

The gut microbiota is composed of a large number of microorganisms that are key determinants
of both immune and metabolic homeostasis, including type 2 immunity (67). Alterations in
their abundance and diversity, the so-called dysbiosis, can affect local and systemic immune
responses and contribute to the development of immune and metabolic disorders (68, 69). In
recent years, an increasing number of studies have reported the impact of helminth infections,
especially those associated with the gastrointestinal tract, on the composition of intestinal
microbiota in various mammalian hosts, including in humans (see recent reviews (70-72)).
Although the bacterial species found to be affected by helminths vary widely depending on
the helminth species, host type, and duration of the infection, those belonging to the family
Lactobacillaceae are most commonly reported to be affected. Interestingly, these bacteria also
contribute to the induction of a regulatory immune response (71, 73).

Dietary imbalance and calorie overload lead to microbiota dysbiosis and increased
intestinal permeability, resulting in higher levels of circulating endotoxins such as
lipopolysaccharides (LPS) that contribute to meta-inflammation and insulin resistance in
peripheral tissues (69). Infection with S. venezuelensis has recently been shown to affect
microbiota composition in the small intestine of HFD-fed obese mice (Table 1). Specifically,
there was a decrease in the phylum Bacteroidetes and a concomitant increase in the phylum
Firmicutes, the latter mostly attributed to a potent increase in Lactobacillus species (25).
These helminth-induced changes in gut microbiota were associated with improved insulin
sensitivity and glucose tolerance that could result, at least in part, from the decrease in gut
permeability and plasma LPS levels, the increase in circulating IL-10, and/or the shift of
macrophage polarization towards an M2-like phenotype (25). Another recent study has

reported that infection with H. polygyrus also altered the composition of intestinal microbiota
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in HFD-fed obese mice, with increased gut colonization by Bacillus and Escherichia species
(74), which was associated with body weight loss, increased serum levels of norepinephrine
(NE) and visceral WAT beiging. The effects were abolished by both antibiotic treatment and
pharmacological antagonism of the b3-adrenergic receptor. This suggests that H. polygyrus
promotes microbiota-derived NE, presumably generated by enriched Bacillus and Escherichia
species, triggering a b3-adrenergic receptor-mediated thermogenic program in adipocyte
progenitors and WAT beiging (74). However, the roles of WAT type 2 immune cells and
other bacterial metabolites, such as short-chain fatty acids (SCFAs), both previously shown
to regulate WAT beiging (75, 76), were not investigated and deserve further investigation.
Alrogether, it remains an open question whether the changes in gut microbiota, the helminth-
induced type 2 immunity in metabolic tissues, or both, are the main driver of the metabolic
health improvements. Interestingly, some gut microbiota-derived metabolites have recently
been shown to directly regulate WAT inflammation by controlling the expression of a family
of miRNA:s, leading to the development of obesity and insulin resistance in mice (77).
Whether helminth-induced changes in gut microbiota composition observed in obese mice
could also affect this gut-WAT axis and significantly contribute to improvements in host

metabolic homeostasis remains to be addressed.

Tuft cells

The induction of type 2 immunity by helminths is partly dependent on the epithelial
cytokines IL-25, IL-33, and TSLP. Tuft cells, which are rare intestinal taste-chemosensory
epithelial cells, have recently been shown to be involved in the initiation of type 2 mucosal
immunity to the gastrointestinal helminth . brasiliensis (78-80). Indeed, upon infection,
tuft-cell-derived IL-25 activates ILC2s to secrete IL-13, which promotes goblet cell
hyperplasia and tuft cell expansion that contribute to epithelial remodeling in the small
intestine (79, 80). This circuit was later shown to be dependent on the calcium channel
TRPMS5 signaling and the succinate receptor SUCNRI (GPRI1) (79, 81, 82). However,
both SUCNRI and helminth-derived SUCNRI-ligand succinate were dispensable for type
2 immunity induction by V. brasiliensis (82).

Interestingly, tuft cells and some other chemosensory epithelial cells also link nutritional
signals from dietary food in the gastrointestinal tract to afferent neuronal circuits controlling
feeding behavior, peripheral nutrient disposal, and energy expenditure (83). While this will
require further study, one may speculate that gastrointestinal helminths could affect this
gut-brain axis through modulation of tuft cell-mediated chemosensory signaling. This can
be either type 2 immunity-dependent or -independent and impact the regulation of food

intake and/or peripheral glucose/lipid metabolism during nutritional overload.
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Neuromedin U

The gut mucosa is densely innervated, and several immune cells, such as macrophages, mast
cells, and ILC2s, have been reported to colocalize and interact with neurons from the enteric
nervous system (84). Two landmark studies have recently reported that enteric, cholinergic
neurons expressing the neuropeptide neuromedin U (NmU) colocalize with ILC2s that
selectively express the NmU receptor 1 (NMURI1) (85, 86). Remarkably, V. brasiliensis
infection increases NmU expression in enteric neurons of the intestinal lamina propria and
triggers NMURI1-dependent ILC2 activation. This leads to the production of prototypical
type 2 cytokines, such as IL-5 and IL-13, ultimately resulting in type 2 immunity and
accelerated intestinal worm expulsion (85, 86).

Interestingly, NmU was also found to regulate whole-body metabolism, as transgenic
mice overexpressing NmU exhibited reduced food intake as well as body weight gain during
HFD feeding, and improved whole-body insulin sensitivity and glucose tolerance when
compared with wild-type mice (87). Mechanistically, NmU was found to delay gastric
emptying by directly triggering contractions of the pylorus and by indirectly activating
vagal afferent neurons (88). Whether this NmU-mediated regulation of intestinal motility
contributes to the beneficial effect of gastrointestinal nematode infection on glucose tolerance

and insulin sensitivity in obese mice remains to be investigated.

Extracellular vesicles

Extracellular vesicles (EVs), including microvesicles, exosomes, and apoptotic bodies,
are secreted by virtually all eukaryotic cells and have recently emerged as a new mode of
intercellular communication by conveying complex mixtures of regulatory factors, such as
proteins, lipids, miRNAs, and other structural components (89). Helminths have also been
reported to produce EVs and use this mode of communication to manipulate the host
immune responses (90, 91). For example, H. polygyrus-derived EVs have been shown to be
taken up by activated macrophages and to potently suppress IL-33 receptor expression and
both effector molecules of type 1 and type 2 immunity iz vitro (92). But they can also generate
strong antibody responses and protective immunity against infection (92) and suppress type
2 inflammation after allergen challenge in vivo (93). Of note, the helminth-derived EV
composition is generally species- and life-stage-specific and mainly consists of excretory/
secretory proteins and small noncoding RNAs, but can also be decorated by membrane-
associated glycans (94) that might contribute to their immunomodulatory functions (90).
Interestingly, it has recently been shown that the production rate, size, and cargo

composition of WAT-derived EVs, released from both macrophages and adipocytes, are altered
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during obesity, contributing to meta-inflammation and insulin resistance through modulation
of adipocyte-macrophage crosstalk and/or alteration of communication between WAT and
other metabolic organs (95-97). It is therefore tempting to speculate that either worm-derived
EVs or EVs released from host immune cells and/or metabolic cells primed by helminth
molecules could, directly or indirectly, contribute to the crosstalk between organs that regulate
tissue-specific and whole-body metabolic homeostasis. Exploring this hypothesis would be
interesting and might result in the identification of specific helminth-derived EVs that could

ultimately be used as potential new vectors for modulating meta-inflammation.

Immune-independent effects of helminth molecules on metabolic cells

Due to the plethora of molecules released by helminths inside their host, including some
unique glycoproteins, it is finally conceivable that some helminth-derived molecules could
also directly manipulate metabolic processes, potentially via glycan-mediated interactions
with specific cell-surface receptors on metabolic cells. As such, S. mansoni SEA was shown
to reduce hepatic steatosis, at least in part by direct inhibition of de novo lipogenesis in
hepatocytes (20), and Schistosoma japonicum SEA was shown to inhibit TNF-induced
activation of nuclear factor kappa B (NF-kB) pathway in hepatic stellate cells in vitro (98),
an effect that might eventually contribute to reduce NASH. Recombinant omega-1 was
also shown to promote IL-33 expression and release by adipocytes, presumably through

interaction with mannose receptor (22).

Concluding Remarks and Future Directions

During recent years, and in line with results from cross-sectional studies conducted in
populations from several endemic regions, it has been shown that infection with various
helminth species - but also treatment with helminth-derived SEA mixtures or single
molecules from SEA - can improve whole-body metabolic homeostasis in rodent models of
obesity and type 2 diabetes. Various mechanisms have been proposed, including induction
of type 2 immunity in metabolic organs, promotion of WAT beiging, decrease in hepatic
steatosis, and/or changes in gut microbiota composition (Figure 2). However, the exact
underlying molecular mechanism(s) by which helminths and their molecules exert their
beneficial effects on insulin sensitivity and glucose/lipid homeostasis in obese mice, through
either immune-dependent and/or -independent pathways, remain to be fully elucidated
(see Outstanding Questions Box). As such, identifying new molecules, but also the exact
molecular patterns, targeted receptors, and downstream cellular signaling pathways involved

in their immunometabolic effects constitute important future directions.
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Finally, whether helminthic therapies and/or development of helminth-derived
therapeutics might hold promise for treating metabolic dysfunctions in obese subjects and
type 2 diabetic patients is yet to be established. Importantly, controlled human infection
(CHI) with Necator americanus shows promising results in terms of safety and tolerability
(99) while efforts to establish a CHI model with single-sex S. mansoni are also ongoing
(Trial NCT02755324; (100)). Although currently aimed at developing vaccines, clinical
trials using CHI with helminths could be envisaged in the near future for inflammatory

metabolic diseases such as obesity, NASH, and type 2 diabetes.
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Figure 2. Regulation of metabolic homeostasis by helminths and their molecules. Both nematode
and trematode infections were shown to improve whole-body metabolic homeostasis in obese mice
through various mechanisms involving induction of type 2 immune responses and alternatively
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«Figure 2. Legend (Continued)

activated macrophages in white adipose tissue (WAT), WAT beiging, and/or reduction in hepatic
steatosis. Some gastrointestinal nematodes were reported to change gut microbial composition and
diversity, which may contribute to increased WAT beiging, notably through enhanced bacterial
production of specific short-chain fatty acids (SCFAs). These SCFAs could improve whole-body
metabolic homeostasis directly or indirectly via peripheral and/or brain-mediated mechanisms that are
still incompletely understood. Lastly, the type 2 immune response induced by helminths in peripheral
tissues may also affect the crosstalk between the brain and metabolic organs (liver, skeletal muscle,
WAT, gut, and pancreas) through efferent and afferent pathways and contribute to improved whole-
body insulin sensitivity and glucose homeostasis. Treatment with various mixtures of egg antigens and
with either native or recombinant single-helminth-derived molecules was also shown to recapitulate
some of the beneficial immunometabolic effects observed in helminth-infected obese mice,
although the underlying molecular mechanisms proposed might sometimes differ. Abbreviations:
AAM, alternatively activated macrophages; IL, interleukin; ILC2, group 2 innate lymphoid cell;
LsWA, L. sigmodontis worm antigens; SEA, soluble egg antigens; T,,2, type 2 T helper cell; UCP1,
uncoupling protein 1. Species names: H. polygyrus, Heligmosomoides polygyrus; L. sigmodontis,
Litosomoides sigmodontis; N. brasiliensis, Nippostrongylus brasiliensis; S. mansoni, Schistosoma mansoni;
S. venezuelensis, Strongyloides venezuelensis.

Outstanding Questions Box

What is the contribution of helminth-induced type 2 immunity in other metabolic organs than
adipose tissue, i.e. liver, skeletal muscle, gut and pancreas, on whole-body metabolic homeostasis?
What are the immune cells or cell subsets involved?

Does induction of adipose tissue alternatively-activated macrophages in obese mice play a
central role in the improvement of insulin sensitivity by helminth molecules? If yes, what are
their phenotypical characteristics and by which mechanism(s) do these polarized macrophages
modulate adipocyte functions?

Do helminth infections and/or helminth molecules affect WAT beiging and/or BAT activation
through type 2 immune response-dependent mechanism(s)?

To what extent do changes in gut microbiota diversity induced by gastrointestinal worms
contribute to regulating whole-body metabolic homeostasis?

Do helminth-derived extracellular vesicles play a role in the immune-mediated regulation of
tissue-specific insulin sensitivity and glucose/lipid metabolism?

Could direct interactions of helminth molecules with metabolic cells, e.g. adipocytes, hepatocytes,
myocytes and/or beta-cells, contribute to the improvement of obesity-associated metabolic
dysfunctions?

Is helminth-induced type 2 immunity in metabolic tissues, as observed in rodents, also present in
humans, and is it involved in regulating whole-body metabolic homeostasis? If yes, what would
have been the evolutionary advantage of this metabolic trade for the worms and their host?
Does helminthic therapy using controlled human infection and/or helminth-derived drugs hold
promise as innovative therapeutic approaches for obesity and inflammatory metabolic diseases?
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Abstract

Type 2 immunity plays an essential role in the maintenance of metabolic homeostasis and
its disruption during obesity promotes meta-inflammation and insulin resistance. Infection
with the helminth parasite Schistosoma mansoni and treatment with its soluble egg antigens
(SEA) induces a type 2 immune response in metabolic organs and improve insulin sensitivity
and glucose tolerance in obese mice, yet a causal relationship remains unproven. Here, we
investigated the effects and underlying mechanisms of the T2 ribonuclease omega-1 (w1),
one of the major S. mansoni immunomodulatory glycoproteins, on metabolic homeostasis.
We show that treatment of obese mice with plant-produced recombinant w1, harboring
similar glycan motifs as present on the native molecule, decreased body fat mass and
improved systemic insulin sensitivity and glucose tolerance in a time- and dose-dependent
manner. This effect was associated with an increase in white adipose tissue (WAT) type 2 T
helper cells, eosinophils and alternatively-activated macrophages, without affecting type 2
innate lymphoid cells. In contrast to SEA, the metabolic effects of w1 were still observed in
obese STAT6-deficient mice with impaired type 2 immunity, indicating that its metabolic
effects are independent of the type 2 immune response. Instead, we found that w1 inhibited
food intake, without affecting locomotor activity, WAT thermogenic capacity or whole-
body energy expenditure, an effect also occurring in leptin receptor-deficient obese and
hyperphagic db/db mice. Altogether, we demonstrate that while the helminth glycoprotein
w1 can induce type 2 immunity, it improves whole-body metabolic homeostasis in obese

mice by inhibiting food intake via a STAT6-independent mechanism.
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Introduction

Obesity is associated with chronic low-grade inflammation in metabolic organs (1). This so-
called meta-inflammation plays a prominent role in the etiology of insulin resistance and type
2 diabetes (1-3), and is associated with increased numbers of proinflammatory macrophages,
notably in white adipose tissue (WAT) (4) and liver (5). In WAT, these macrophages mainly
originate from newly-recruited blood monocytes that differentiate into proinflammatory
macrophages upon entering the inflammatory milieu (4) and/or being activated by elevated
local concentration of free fatty acids (6). These proinflammatory macrophages produce
cytokines, such as tumor necrosis factor (TNF) and interleukin 1-beta (IL-1B), which directly
inhibit canonical insulin signaling [as reviewed in (2)] and contribute to tissue-specific insulin
resistance and whole-body metabolic dysfunctions. In the liver, activation of Kupffer cells,
the tissue-resident macrophages, promote the recruitment of proinflammatory monocytes and
neutrophils which trigger hepatic inflammation and insulin resistance through the production
of proinflammatory cytokines and elastase, respectively (5, 7, 8). In contrast, a type 2 cytokine
environment predominates in lean metabolic tissues under homeostatic conditions, notably in
WAT where IL-4, IL-5 and IL-13 produced by type 2 innate lymphoid cells (ILC2s), T helper
2 (Th2) cells and/or eosinophils promote alternatively activated macrophages (AAM) (9, 10).
According to the current paradigm, AAMs are the final effector cells of this type 2 immune
response, contributing to the maintenance of WAT insulin sensitivity by underlying molecular
mechanism(s) that are still largely unknown (2, 11).

Parasitic helminths are the strongest natural inducers of type 2 immunity (12).
Interestingly, several studies have reported an association between helminth-induced type
2 immunity and improved whole-body metabolic homeostasis in both humans and rodents
[(13), and as reviewed in (11)]. We also showed that chronic treatment with S. mansoni
soluble egg antigens (SEA) promoted eosinophilia, Th2 cells, type 2 cytokines expression and
AAMs in WAT, and improved both tissue-specific and systemic insulin sensitivity in obese
mice (14). SEA drives dendritic cell (DC)-mediated Th2 skewing at least partly through
glycosylated molecules [(15), and reviewed in (16)], particularly the T2 RNase glycoprotein
omega-1 [w1; (17, 18)]. Interestingly, acute treatment with human embryonic kidney
293 (HEK-293)-produced recombinant wl was recently shown to decrease body weight
and improve whole-body glucose tolerance in obese mice, through ILC2-mediated type
2 immunity and induction of WAT beiging (19). In this study, the metabolic effect of w1
was reported to be glycan-dependent, yet we have previously shown that the glycosylation
pattern of HEK-293-produced w1 differs significantly from the S. mansoni native molecule,
which notably harbors immunogenic Lewis-X (Le*) glycan motifs (18, 20). By exploiting
the flexible N-glycosylation machinery of Nicotiana benthamiana plants, we successfully
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produced large amounts of recombinant wl glycosylation variants, either carrying Le*
motifs on one of its glycan branches or not (21).

In the present study, we investigate the effects and underlying immune-dependent
mechanisms of both SEA and two plant-produced w1l glycovariants on whole-body
metabolic homeostasis in obese mice. Remarkably, we demonstrate that while SEA improved
metabolic homeostasis in obese mice through a STAT6-dependent type 2 immune response,
recombinant pLe*-wl did so independent of its type 2 immunity-inducing capacity, by

reducing food intake in a leptin receptor-independent manner.
ducing food intak lep p depend

Results

S. mansoni soluble egg antigens (SEA) improve metabolic homeostasis in obese
mice by a STAT6-dependent mechanism

In order to investigate the role of type 2 immunity in the beneficial metabolic effects of SEA,
we used mice deficient for STATG (Szar6"), a key transcription factor involved in signature
type 2 cytokines interleukin (IL)-4/IL-13 signaling and maintenance of Th2 effector
functions (22, 23). In line with previous studies (14, 24), we treated HFD-fed obese WT
and Star6" with SEA for 4 weeks (Figure 1A). We confirmed that chronic treatment with
SEA increased IL-5 and IL-13-expressing Th2 cells (Figure 1B), eosinophils (Figure 1C) and
YM1* AAMs (Figure 1D) in WAT from HFD-fed obese WT mice while, as expected, this
type 2 immune response was abrogated in Sza#6” mice. SEA slightly reduced body weight
(Figure 1E) and similarly affected body composition (Supplementary Figure 2A) in both
WT and Stat6" obese mice, without affecting food intake (Figure 1F). In line with our
previous study, we showed that SEA reduced fasting plasma insulin levels (Supplementary
Figure 2C) and HOMA-IR (Figure 1G), and improved whole-body glucose tolerance in
WT obese mice (Figure 1H,]). Strikingly, this beneficial metabolic effect was completely
abolished in Sta#6”" mice (Figure 11,]), indicating that SEA improves whole-body metabolic
homeostasis in obese mice through STAT6-mediated type 2 immunity.

Plant-produced recombinant w1 glycovariants increase adipose tissue Th2 cells,
eosinophils and alternatively-activated macrophages, without affecting innate
lymphoid cells

One of the major type 2 immunity-inducing molecules in SEA is the T2 ribonuclease glycoprotein w1
(18).To study the effect of w1 on metabolic homeostasis and the role of its immunomodulatory glycans,
we generated two recombinant glycosylation variants using glycol-engineered V. benthamiana plants:

one carrying wild-type plant glycans (pWT-w1) and one harboring terminal Le* motifs (pLe*-w1;
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(21)). For both w1 glycovariants, 4 weeks treatment markedly increased WAT CD4 T cells
in HFD-fed obese mice, with pWT-w1 being slightly more potent than pLe*-w1, while total
ILCs were unaffected (Figure 2A-B). Interestingly, a specific increase in WAT IL-5 and IL-13-
expressing Th2 cells was seen for both w1 glycovariants, while the other CD4 T cell subsets,
i.e. regulatory T cells (Treg) and Th1 cells, were not affected (Figure 2C). In addition, we
confirmed that HED reduced WAT IL-5*/IL-13* ILC2s, as previously reported (9), an effect
that was even further pronounced with w1 glycovariants (Figure 2D). The type 2 cytokines
IL-5 and IL-13 produced by either ILC2s and/or Th2 cells have been reported to maintain
WAT eosinophils (9). Congruent with our data on Th2 cells, we found a potent increase
in WAT eosinophils upon w1 treatment that was of similar extent for both glycovariants
(Figure 2E). Finally, both pWT-wl and pLe*-wl increased WAT YM1* AAMs while
obesity-associated CD11c¢* macrophages were not affected (Figure 2F-G). This w1-induced
WAT type 2 immunity was dose-dependent (Supplementary Figure 3) and already observed

after one week of treatment, when ILC2s were also not affected (Supplementary Figure 4).
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Figure 1. S. mansoni soluble egg antigens improve metabolic homeostasis in obese mice by a
STAT6-dependent mechanism. (A) WT and Stzt6" mice were fed a LFD (white bars) or a HFD
for 12 weeks and next received intraperitoneal injections of PBS (black bars) or 50 pg S. mansoni
soluble egg antigens (SEA; red bars) every 3 days for 4 weeks. At sacrifice, epididymal WAT was
collected and SVF was isolated and analyzed by flow cytometry. The complete gating strategy is shown
in Supplementary Figure 1. (B) Frequencies of IL-5 and IL-13 expressing Th2 cells in WAT were
determined after PMA/ionomycin/Brefeldin A restimulation. (C-D) Abundances of eosinophils (C)
and YM1" macrophages (AAMs; D) were determined. (E) Body weight was measured after 4 weeks
of treatment. (F) Food intake was monitored throughout the experimental period. (G) HOMA-IR
was calculated using fasting blood glucose and plasma insulin levels at week 4. (H-J) An i.p. glucose
tolerance test was performed at week 3. Blood glucose levels were measured at the indicated time
points (F-1) and the AUC of the glucose excursion curve was calculated (/). Data shown are a pool of
two independent experiments. Results are expressed as means + SEM. *P<0.05 »s HFD, #P<0.05 vs
WT (n = 9-12 mice per group).
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AAMs are considered the effector cells of WAT type 2 immunity in the maintenance of
tissue insulin sensitivity (2), although the mechanisms are not fully understood. Monocyte-
derived macrophages can irreversibly be labelled upon tamoxifen administration in
Cx3cr ] CERTZIRESEYED - R 0y DGLoxP-stop-LoxP-tdTomato (T3 JORER - fg5 DGEdTomaco) ‘myjce  as described
elsewhere (25). In order to characterize newly recruited, wl-induced adipose tissue
macrophages (ATMs) during obesity, we performed RNA sequencing on FACS-sorted
tdTomato* macrophages from eWAT SVF of obese Cx3crI“**® Rosa26™™* mice that were
treated with PBS or pLe*-w1, the glycovariant that resembles native w1 most (Supplementary
Figure 5A). Genes associated with alternative activation, e.g. Tmem26, Skc7a2, Chil3 and
Argl, were upregulated (log,FC > 2) in ATMs from pLe*-w1-treated mice as compared to
controls, while genes associated with proinflammatory or obesity-associated macrophages,
e.g. Igfbp7, Cxcll12, Bgn, Dcn and Cd86, were downregulated (log FC < -2; Supplementary
Figure 5B-C). Macrophage function is increasingly recognized to be supported by their
metabolism to meet energy demands, and as such, AAMs display increased oxidative
phosphorylation (26). In PD-L2* WAT macrophages (Supplementary Figure 5D), pLe*-w1
indeed increased mitochondrial mass, while displaying decreased mitochondrial membrane
potential and similar total reactive oxygen species production (Supplementary Figure 5E-G),
a metabolic phenotype in line with alternative macrophage activation.

Similar to WAT, maintenance of insulin sensitivity in the liver is also associated with
type 2 immunity (27), whereas obesity-driven activation of Kupffer cells increases the
recruitment of proinflammatory monocytes and triggers hepatic insulin resistance (2, 7).
In our conditions, while w1 glycovariants increased Th2 cells in the liver, we did not find
alternative activation of Kupffer cells (Supplementary Figure 6A-D). Instead, w1 glycovariants
increased the number of CD11c* proinflammatory Kupffer cells (Supplementary Figure 6D),
hepatic expression of proinflammatory cytokines Cc/2, Tnfand 1/16 (Supplementary Figure
6E), and newly recruited monocytes (Supplementary Figure 6F), with a more potent effect
in pLe*-wl-treated mice. Taken together, these data indicate that both w1 glycovariants
potently induce type 2 immunity in obese mice, triggering an alternative activation profile

in WAT, but not liver macrophages.

w1 glycovariants reduce body weight, fat mass and food intake, and improve whole-
body metabolic homeostasis in obese mice

We next investigated the metabolic effects of w1 glycovariants and showed that they both
induced a rapid and gradual body weight loss in HFD-fed mice (Figure 3A-B), which was
exclusively due to a decrease in fat mass (Figure 3C). The wl glycovariants significantly

reduced visceral eWAT mass, but had no or only marginal effects on subcutaneous iWAT,
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brown adipose tissue (BAT) and liver mass (Supplementary Figure 2D). This reduction
in fat mass was associated with smaller adipocytes (Supplementary Figure 7A-B), reduced
leptin expression (Supplementary Figure 7C-D), and opposite changes in expression of
proinflammatory (decrease in Jtgax) and alternatively-activated (increase in Argl) canonical
macrophage markers in both eWAT and iWAT (Supplementary Figure 7C-D). However,
the lower fat mass gain was clearly not due to increased WAT beiging, as w1 glycovariants
neither increased expression of thermogenic gene markers (Ucpl, Cox8b and Cidea) in both
eWAT and iWAT from obese mice (Supplementary Figure 7C-D), nor whole-body energy
expenditure (Supplementary Figure 7E). In addition, w1 glycovariants did not affect hepatic
steatosis (Supplementary Figure 6G-I) but increased the expression of fibrotic gene markers
(Supplementary Figure 8A), without detectable collagen accumulation (Supplementary
Figure 8B-C). An increase in circulating alanine transaminase levels was also observed
(Supplementary Figure 8D), indicating that w1 may also have some cytotoxic effects in the
liver, as previously reported (28, 29).

A 59 ng p(o‘! B C
biweekly i.p. & 400 . 40
— < 300 $i S0 .
F--+— w = 200 * i 3T
° i 2o
12 0 4 s < 100 ﬂ: o~ 20
o= i £
weeks o 50 i g9 10
O L+PBS M H+PBS g zgjﬂm_m.m. =T, - i
H H+pWT-01 [ H+pLe™-o1 CD4 ILCs IL-4+ IL-5+ IL-13+ Foxp3+ IFN-+
D, E F . G
3 80 & 800 oS 500 o
= ") * o
= 60 = X 600 S X 400 > &2
o £ = * © $ o®
- - < = 300 €< o
3 40 9 « 400 S < So
g - = © = 200 g_ ] 3 * %*
S 20 O o 200 8 D 100 [ g 2
g e =5 CE 1
[ [ [
e 0 o 0 a 0 0
IL-5+  IL-13+ CD11c+ YM1+

Figure 2. Plant-produced recombinant wl glycovariants increase adipose tissue Th2 cells,
eosinophils and alternatively-activated macrophages, without affecting innate lymphoid cells.
(A) Mice were fed a LFD (white bars) or a HFD for 12 weeks, and next received intraperitoneal
injections of PBS (black bars) or either 50 pg pWT-wl (blue bars) or 50 pg pLe*-w1 (green bars)
every 3 days for 4 weeks. At the end of the experiment, eWAT was collected, processed and analyzed
as described in the legend of Figure 1. (B-G) Numbers of CD4 T cells, ILCs (B), eosinophils (£)
and macrophages (F) per gram tissue were determined. Frequencies of CD4 T helper subsets (C)
and cytokine-expressing ILCs (D) were determined. Percentages of CD11¢'YM1- and CD11cYM1*
macrophages (G) were measured. Data shown are a pool of at least two independent experiments.
Results are expressed as means + SEM. *P<0.05 »s HFD, $<0.05 vs pWT-w1l (n = 6-19 mice per
group in B, E-G, and 3-9 mice per group in C and D).
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Interestingly, we found that both w1 glycovariants induced a significant decrease in food
intake (Figure 3D-E), while locomotor activity was not affected (Figure 3F-G). Treatment
with both w1 glycovariants significantly reduced fasting blood glucose, plasma insulin levels
(Supplementary Figure 2E-F) and HOMA-IR (Figure 3H) in obese mice, with a trend
towards a stronger effect with pLe*-w1, indicating improved insulin sensitivity. Congruent
with these data, we observed a significant improvement in whole-body glucose tolerance
(Figure 31-]) and insulin sensitivity (Figure 3K-L) in both pWT-wl and pLe*-wl-treated
obese mice. Furthermore, except in eWAT, the w1 glycovariants restored the expression the
insulin receptor (IRB) and the insulin-induced phosphorylation of PKB in the main metabolic
organs, confirming enhanced insulin sensitivity (Figure 3M-P). In line with enhanced hepatic
insulin sensitivity, we also found that pWT-w1 and pLe*-w1 lowered the glucose levels during
an intraperitoneal pyruvate tolerance test (Supplementary Figure 6J-K) and decreased the
expression of gluconeogenic genes in the livers of obese mice (Supplementary Figure 6L),
suggesting an improved insulin-induced inhibition of hepatic gluconeogenesis.

Of note, the effects of w1 glycovariants on food intake, plasma metabolic parameters
and whole-body insulin sensitivity were all dose-dependent (Supplementary Figure 3) and
already observed after one week of treatment, when body weight and fat mass were only mildly
affected (Supplementary Figure 4). Altogether, these data show that both recombinant w1

glycovariants improve whole-body metabolic homeostasis in insulin-resistant obese mice.

pLe*-w1 improves metabolic homeostasis in obese mice by a STATG6-independent

mechanism

We next investigated the role of type 2 immunity in the metabolic effects of wl, using
pLe*-wl as the most potent and native-like glycovariant. As expected, while 4 weeks
pLe®-w1 treatment (Figure 4A) increased WAT Th2 cells, cosinophils and YM1* AAMs in
obese WT mice, this type 2 immune response was abrogated in obese Stzz6"" mice (Figure
4B-D). However, treatment with pLe®-w1 still reduced body weight (Figure 4E-G) and food
intake (Figure 4H), and affected body composition (Supplementary Figure 2G) in Star6"
obese mice to the same extent as in WT mice. In addition, both plasma insulin levels and
HOMA-IR were markedly decreased in both genotypes (Supplementary Figure 2H-I and
Figure 4I). The improvements in whole-body glucose tolerance (Figure 4J-L) and insulin
sensitivity (Figure 4M-O) were also still observed in Szz#6" mice, indicating that pLe*-w1’s
type 2 immunity-inducing capacity does not play a major role in restoration of metabolic
homeostasis in obese mice. Of note, in contrast to its implication in maintenance of WAT
metabolic homeostasis, IL-13 signaling has recently also been shown to play a role in the

development of liver fibrosis (30, 31). Interestingly, the increase in liver IL-5* and IL-13*
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Th2 cells in response to pLe*-w1 was also abrogated in Szr6”~ mice (Supplementary Figure
8E), and the expression of fibrotic gene markers were markedly reduced in Szar6" mice as
compared to WT mice (Supplementary Figure 8F). Taken together, these results show that
pLe®-w1 improves whole-body metabolic homeostasis independent of STAT6-mediated
type 2 immunity, while promoting early markers of hepatic fibrosis at least partly through
an IL-13-STAT6-mediated mechanism.
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Figure 3. w1 glycovariants reduce body weight, fat mass and food intake, and improve whole-body
metabolic homeostasis in obese mice. Mice were fed a LFD (white bars) or a HFD for 12 weeks, and
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AFigure 3. Legend (Continued)

next received biweekly intraperitoneal injections of PBS (black bars) or 50 pg pWT-w1 (blue bars) or
pLe*-w1 (green bars) for 4 weeks. (A-B) Body weight was monitored throughout the experimental
period. (C) Body composition was measured after 4 weeks of treatment. (D-G) Food intake (D-E) and
locomotor activity (F-G) were assessed using fully automated single-housed metabolic cages during
the first week of treatment. (H) HOMA-IR at week 4 was calculated. (I-L) Intraperitoneal glucose (/-
J) and insulin (K-L) tolerance tests were performed during week 3. Blood glucose levels were measured
at the indicated time points (/, K) and the AUC of the glucose excursion curve were calculated (/,
L). (M-P) After 4 weeks of treatment, mice received an i.p. injection of insulin (1 U/kg lean body
mass) and after 15 minutes, pieces of liver (M), skeletal muscle (V), eWAT (O) and iWAT (P) were
collected and snap frozen immediately. The protein expression of IRB and the phosphorylation state of
PKB-Ser473 (pPKB) were assessed by Western blot and quantified by densitometry analysis. HSP90
expression was used as internal housekeeping protein, and phosphorylation of PKB is expressed as a
ratio of phosphorylated over total PKB. Representative Western blots are shown. Data shown are a
pool of at least two independent experiments. Results are expressed as means + SEM. *P<0.05 vs HFD
(n = 11-20 mice per group in A-C, H-L, and 4-9 mice per group in D-G, M-P).

pLeX-wl improves metabolic homeostasis through leptin receptor-independent
inhibition of food intake in obese mice

As w1 significantly reduced food intake in obese mice, we next investigated its impact on
feeding behavior. We found that a single intraperitoneal injection of pLe*-w1 in overnight
fasted obese mice markedly reduced food intake during refeeding for at least 24 hours,
resulting in decreased body weight gain as compared to PBS-injected mice (Figure 5A-C).
To determine whether reduced food intake drives the beneficial metabolic effects of w1, we
treated HFD-fed mice with pLe*-w1 or PBS, and included a pair-fed group that received
daily adjusted HFD meals based on the food intake of the pLe*-w1-treated animals (Figure
5D). While pLe*-w1 induced IL-13* Th2 cells, eosinophils and YM1* AAMs in WAT,
reducing caloric intake in pair-fed mice did not affect WAT type 2 immunity, as expected
(Figure 5E-G). Yet, food restriction in the pair-fed group decreased body weight (Figure
5H), fasting blood glucose and plasma insulin levels (Supplementary Figure 2K-L), and
HOMA-IR (Figure 5I) as well as whole-body glucose tolerance to the same extent as in
pLe®-w1-treated animals (Figure 5]J-K).

The central regulation of feeding behavior and whole-body energy homeostasis
involves complex neuronal networks, notably in the hypothalamus and brain stem (32, 33).
To investigate whether pLe*-w1 accumulates in the brain to directly regulate hypothalamic
neurons controlling food intake, we performed in vivo imaging experiments with pLe*-w1
conjugated to a hybrid tracer (""'In-DTPA-Cy5-pLe*-w1). Both Single Photo Emission
Computed Tomography (SPECT) imaging and radioactivity biodistribution revealed that
"n-DTPA-Cy5-pLe*-wl mainly accumulated in abdominal organs, e.g. adipose tissues,
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liver and intestines, and peritoneal draining lymph nodes, whereas no substantial amounts
of radioactivity could be detected in the hypothalamus and other brain regions 24h after
tracer administration (Supplementary Figure 9A-B). Of note, both glycovariants did not
affect HFD-induced expression of various inflammatory genes in the whole hypothalamus
(Supplementary Figure 9C), suggesting that dampening of hypothalamic inflammation is
probably not involved in the anorexigenic effects of wl. Hence, w1 does not distribute to

the brain and likely regulates food intake through peripheral effects.
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Figure 4. pLeX-wl improves metabolic homeostasis in obese mice by a STAT6-independent
mechanism. (A) WT and St2z6" mice were fed a LFD (white bars) or a HFD for 12 weeks and next
received biweekly intraperitoneal injections of PBS (black bars) or 50 pg pLe*-w1 (green bars) for 4
weeks. At the end of the experiment, eWAT was collected, processed and analyzed as described in the
legend of Figure 1. (B) The frequencies of cytokine-expressing CD4 T cells were determined. (C-D)
Abundances of eosinophils (C) and YM1* macrophages (D) were determined. (E-H) Body weight (£-
G) and food intake (H) were monitored throughout the experimental period. (I) HOMA-IR at week
4 was calculated. (J-O) Intraperitoneal glucose (/-L) and insulin (M-0O) tolerance tests were performed
as described in the legend of Figures 1 and 3. Results are expressed as means + SEM. *P<0.05 »s HFD,
#P<0.05 »s WT (n = 3-5 mice per group).

The hypothalamus and brain stem also integrate signals from both the enteric nervous
system and circulating hormones derived from adipose tissue and other peripheral tissues.
Leptin is by far the best studied peripheral hormone that regulates food intake, increasing
satiety by triggering STAT3-mediated pathways in the hypothalamic arcuate nucleus (32).
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In order to study the role of leptin signaling in the metabolic effects of pLe*-w1, we used
leptin receptor-deficient db/db mice that are hyperphagic and naturally develop obesity and
severe metabolic dysfunctions (34). In this model, pLe*-w1 also increased WAT IL-13* Th2
cells, eosinophils and YM1* AAMs (Figure 6A-D). Furthermore, pLe*-w1 still reduced body
weight (Figure 6E-F), fat mass gain (Supplementary Figure 2M-N) and food intake (Figure
6G), indicating that leptin signaling is not involved in the anorexigenic effect of w1. Lastly,
plasma insulin levels (Supplementary Figure 2P), HOMA-IR (Figure 6H) and whole-body
glucose tolerance and insulin sensitivity (Figure 6I-L) were still significantly improved.
Collectively, our results show that w1 improves whole-body metabolic homeostasis
independent of its type 2 immunity-inducing capacity, but by inhibiting food intake

through a leptin receptor-independent mechanism.
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Figure 5. pLeX-wl inhibits fasting-induced refeeding and improves metabolic homeostasis
through inhibition of food intake in obese mice. (A) Mice were fed a HFD for 12 weeks and fasted
overnight prior to intraperitoneal injections of either PBS (black bars) or 50 pg pLe*-w1 (green bars).
(B-C) Food intake (B) and body weight changes (C) were next monitored during 24 hours after
refeeding. (D) Mice were fed a HFD for 12 weeks, single-housed, and next received biweekly
intraperitoneal injections of PBS or 50 ug pLe*-w1 for 4 weeks. In one group (H+pair-fed; orange
bars), the amount of food available for PBS-treated mice was adjusted daily in order to match the food
intake of the pLe¥-w1-treated group. At the end of the experiment, eWAT was collected, processed
and analyzed as described in the legend of Figure 1. (E-G) The frequencies of IL-13-expressing CD4
T cells (E), eosinophils () and YM1* macrophages (G) were determined. (H) Body weight change
was determined after 4 weeks. (I) HOMA-IR was calculated at week 4. (J-K) An i.p. glucose tolerance
test was performed at week 3, as described in the legend of Figure 1. Results are expressed as means +
SEM. *P<0.05 vs HFD or as indicated (n = 3-5 mice per group).
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Figure 6. The metabolic effects of pLeX-w1 are independent of leptin signaling in hyperphagic
obese mice. (A) 7 weeks-old obese db/db mice received biweekly intraperitoneal injections of PBS
(white bars) or 50 pg pLe*-w1 (green bars) for 4 weeks. At the end of the experiment, eWAT was
collected, processed and analyzed as described in the legend of Figure 1. (B-D) The frequencies of
IL-13-expressing CD4 T cells (B), eosinophils (C) and YM1* macrophages (D) were determined.
(E-G) Body weight (£) and food intake (G) were monitored throughout the experimental period,
and body composition (F) was measured after 4 weeks. (H) HOMA-IR was calculated at week 4. (I-
L) Intraperitoneal glucose (/-/) and insulin (X-L) tolerance tests were performed as described in the
legend of Figures 1 and 3. Results are expressed as means + SEM. *P<0.05 vs PBS (n = 5-6 mice per
group).

Discussion

Obesity-associated metaflammation promotes insulin resistance, while metabolic
homeostasis is maintained by type 2 immunity (1). Since helminths are well known for
inducing a potent type 2 immune response, their putative beneficial effects on insulin
sensitivity and glucose homeostasis, together with the identification of specific helminth-
derived molecules capable of driving such type 2 immune responses, have gained increasing
attention (11, 16, 35). The assumption has been that induction of type 2 immunity is
the main mechanism by which helminths and helminth-derived molecules can improve
metabolic homeostasis. The glycoprotein w1, a T2 ribonuclease which is secreted from
S. mansoni eggs, is one of the major immunomodulatory components in SEA and has
previously been shown to condition DCs to prime Th2 responses, at least partly through
its glycan-mediated uptake and intracellular RNase activity (17, 18). Here, we report that
two plant-produced recombinant w1 glycovariants induced a rapid and sustained reduction
in body weight and improved whole-body insulin sensitivity and glucose tolerance in obese

mice. This improvement was associated with a strong type 2 immune response in WAT,
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characterized by a significant increase in Th2 cells, eosinophils and AAMs. Contrary to
SEA, w1 still improved metabolic homeostasis in Star6-deficient obese mice, indicating that
its type 2 immunity-inducing capacity does not play a major role. Indeed, we find that w1
regulates energy consumption independent of leptin receptor signaling, which drives most
of its metabolic effects. Altogether, these findings indicate that helminth-derived molecules
may act through multdiple distinct pathways for improving obesity-associated metabolic
dysfunctions and further characterization of these molecules may lead to new therapeutic
strategies for combating obesity.

A recent study from Hams et al. also reported that acute treatment of HFD-fed obese
mice with HEK-293-produced recombinant wl induced long-lasting weight loss, and
improved glucose tolerance by a mechanism involving IL-33 and ILC2-mediated WAT type
2 immunity and adipose tissue beiging (19). In contrast to this report, while we also observed
increased IL-33 mRNA expression in eWAT using the same w1 concentrations (data not
shown), we found no increase in WAT ILC2s after either one, or four weeks of treatment with
both plant-produced w1 glycovariants. Moreover, we did not find evidence of WAT beiging
in both eWAT and iWAT from obese mice. Lastly, we also found that STAT6-mediated type
2 immunity was dispensable for the metabolic effects of w1. It should be noted that despite
similar RNase activity when compared to native w1l (21), the recombinant w1l produced
by HEK-293 cells and the glyco-engineered molecules from N. benthamiana plants harbor
significantly different N-glycosylation patterns (18), which may partly explain the different
outcomes between studies. Interestingly, as compared to pWT-w1, we observed a trend for
a stronger effect on insulin sensitivity and food intake with pLe*-w1, of which the glycans
resemble the ones of native helminth w1 the most.

In our study, both w1 glycovariants were found to induce a type 2 immune response
in WAT, characterized by a significant increase in Th2 cells, eosinophils and AAMs. WAT
eosinophilia is dependent on IL-5 and IL-13, which are predominantly expressed by ILC2s,
and, to a lower extent, by Th2 cells in lean mice (9). As previously described for SEA (14),
we showed that the wl-induced increase in type 2 cytokines is clearly derived from CD4*
T cells, suggesting that DC-mediated Th2 skewing is required, rather than ILC2 activation,
to induce WAT eosinophilia and AAM polarization. Of note, it was previously shown that
pLe*-w1, compared to pWT-wl, induced a stronger Th2 polarization i7 vive using a footpad
immunization model in mice (21). In our conditions, both glycovariants induced a similar
increase in the percentage of Th2 cells in metabolic tissues from obese mice, whereas pLe*~w1
increased total CD4" T cells to a greater extent in the liver and to a lesser extent in WAT when
compared to pWT-w1. Altogether, this suggests that the different glycans on w1 glycovariants
might lead to tissue-specific targeting of w1 and resulting differences in total Th2 cells.
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While the type 2 immune response seems not to be significantly involved in the
beneficial metabolic effects of w1, we found that treatment with both w1l glycovariants
reduced food intake, with a trend for pLe®-wl being more potent than pWT-wl. This
anorexigenic effect, which was not observed previously when mice were chronically infected
with S. mansoni or treated with SEA [Figure 1F and (14)], was dose-dependent and also
observed in Stat6-deficient mice. Importantly, since both locomotor activity and lean body
mass were not affected by w1, this inhibition of food intake is unlikely to be caused by
illnesses associated with catatonia. Using fast-refeeding and paired feeding experiments, we
clearly showed that wl rapidly inhibited food intake, an effect that mainly contributed
to the improvements in metabolic homeostasis. This inhibition of food intake persisted
throughout the four weeks of treatment, indicating a long-lasting effect, and was already
achieved by injecting 10 pg pLe*-w1 (data not shown). Of note, in the study from Hams
et al. using HEK-produced recombinant wl in the same concentration range as us, the
effect of w1l on feeding behavior and its putative contribution to the observed decrease in
body weight and improvement of glucose tolerance in obese mice have not been specifically
investigated (19).

Anorexia is one of the clinical manifestations of infection with different helminth species
in both animals and humans. As such, deworming children infected with the hookworms
Ascaris lumbricoides and/or Trichuris trichuria has been reported to increase appetite
(36), suggesting a relationship between helminth infection and food intake. In rodents,
infection with Zaenia taeniaformis and N. brasiliensis both induced anorexia by modulating
neuropeptide expression in the hypothalamus (37, 38), indicating that helminths and/or
helminth products may regulate feeding behavior. The mechanism by which w1 inhibits food
intake is however still unknown and will require further neuroscience-driven approaches
to be elucidated. Regulation of food intake by the central nervous system is a complex
process involving both local and peripheral neuro-immuno-endocrine inputs that are mainly
integrated in the hypothalamic arcuate nucleus and the brain stem nucleus tractus solitarius
(32, 33). In our study, we did not detect accumulation of radioactively-labelled w1 in the
brain 24 hours after intraperitoneal injection, suggesting that the glycoprotein may exerts
its anorexigenic effects via peripheral rather than central action(s). Upon meal ingestion,
several anorexigenic peptides and hormones are produced by metabolic organs, including
adipose tissues and the intestine, and can either directly act on specific neurons after crossing
the blood-brain barrier or signal from the periphery via vagal nerve-mediated pathways that
contribute to satiety regulation (39, 40). Leptin is a key adipose tissue-derived anorexigenic
hormone which signals through the leptin receptor expressed in specific neurons located

in the arcuate nucleus of the hypothalamus to reduce food intake (32). During obesity,
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hypothalamic inflammation has been reported to impair whole-body energy homeostasis, at
least partly by inducing central leptin resistance and subsequent increased food intake (41-
43). However, despite some evidence of improved systemic leptin sensitivity by w1 (data not
shown), we showed that the hypothalamic expression of key inflammatory genes was not
affected by w1 in obese mice, suggesting that modulation of hypothalamic inflammation is
likely not involved in its anorexigenic effect. Furthermore, we found that its anorexigenic and
metabolic effects were still present in leptin receptor-deficient mice, allowing us to exclude
a significant contribution of peripheral/central leptin signaling. Among the peripheral
signals that regulate feeding behavior, it would be interesting to explore the involvement
of a gut-brain axis, potentially secondary to changes in gut microbiota, through vagal nerve
ablation (40). Recently, V. brasiliensis infection and its products were also shown to increase
production of the neuropeptide Neuromedin U by mucosal neurons, allowing the host to
mount an effective type 2 immune response (44-46). Neuromedin U also has anorexigenic
effects (47), thus it is tempting to speculate that some helminth molecules may indirectly
trigger anorexia through neuro-immune interactions in the gut.

It is worth mentioning that w1 also increased IL-13 producing Th2 cells in the
liver, but, unlike SEA (14), promoted CD1lc expression in Kupfler cells while not
affecting the expression of YM1, suggesting that macrophages are rather polarized towards
a proinflammartory state in this tissue. An increase in hepatic expression of fibrotic gene
markers and circulating ALAT levels was also observed, both indicating increased liver
damage induced by wl. Interestingly, the wl-induced increase in IL-13* Th2 cells and IL-
13 gene expression in the liver were markedly reduced in Star6-deficient mice, which was
accompanied by a decreased expression of fibrotic gene markers. Collectively, these findings
confirmed previous studies describing that IL-13 plays a role in the development of liver
fibrosis (30, 31), and that w1 has cytotoxic effects in the liver (28, 29).

In conclusion, we report here that the helminth glycoprotein w1 improved metabolic
homeostasis in insulin-resistant obese mice independent of its type 2 immunity-inducing
capacity. Rather, the wl-induced metabolic improvements in obese mice were mostly
attributable to leptin receptor-independent inhibition of food intake. Further studies
are required to unravel such underlying mechanisms, notably exploring the role of gut
hormones on peripheral and/or central regulation of feeding behavior. Of note, with regards
to its putative therapeutic potential for metabolic disorders, it is important to underline
that despite beneficial effects on whole-body metabolic homeostasis, w1 also induced early
markers of mild hepatic fibrosis, partly through a type 2 immunity-mediated mechanism.
Finally, by contrast to w1, the complex mixture of SEA does not have detrimental effects on

the liver and improves metabolic homeostasis through a STAT6-mediated type 2 immune
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response, suggesting that it may contain some other unidentified molecules, such as Dectin

2 ligands (48), with potentially beneficial immunometabolic properties.

Methods

Animals, diet and treatment

All mouse experiments were performed in accordance with the Guide for the Care and
Use of Laboratory Animals of the Institute for Laboratory Animal Research and have
received approval from the university Ethical Review Board (Leiden University Medical
Center, Leiden, The Netherlands; DEC12199) or the Institutional Animal Care and Use
Committee (IACUC, New York University School of Medicine, New York, USA; protocol
ID 1A16-00864). All mice were housed in a temperature-controlled room with a 12-hour
light-dark cycle with ad libitum access to food and tap water. Group randomization was
systematically performed before the start of each experiment, based on body weight, fat
mass, and fasting plasma glucose levels. At the end of the experiment, mice were sacrificed
through an overdose of ketamine/xylazine.

8-10 weeks old male wild-type (WT) and 7 weeks old male db/db mice, both on C57BL6/]
background, were purchased from Envigo (Horst, The Netherlands) and housed at Leiden
University Medical Center. WT mice were fed a low-fat diet (LFD, 10% energy derived from fat,
D12450B, Research Diets, Wijk bij Duurstede, The Netherlands) or a high-fat diet (HFD, 45%
energy derived from fat, D12451) for 12 weeks, and db/db mice were fed a chow diet (RM3 (P),
Special Diet Services, Witham, UK) throughout the experimental period.

8-10 wecks-old male wild-type (WT), Staz6" mice and Rosa2@lo"-STOPLoxP-udTomacols
(Rosa264™m), were purchased from The Jackson Laboratory (Bar Harbor, ME, USA), and
Cx3er] CERIZIRESYE (Cx 30 [<FR) miice, all on C57BL/6] background, were generously
provided by Dr. Dan Littman (Skirball Institute, New York University Medical Center).
Mice were housed at New York University School of Medicine, and either put on a HFD
(60% energy derived from fat; D12492; Research Diets, New Brunswick, NJ, USA) or
LED (10% energy derived from fat; D12450]; Research Diets) for 10 weeks. To exclude
effects of genotype-dependent microbiota differences on metabolic and immunological
outcomes, the beddings of WT and Stz#6" mice were frequently mixed within similar diet
groups throughout the run-in period. At 14 days and 7 days before sacrifice, Cx3cr1<<™®
Rosa264™™° reporter mice received an oral gavage with tamoxifen to label monocyrtes.

SEA was prepared as described previously (49). Recombinant wl was produced
in V. benthamiana plants through transient expression of wl alone (pWT-wl) or wl in

combination with exogenous glycosyltransferases to yield Le* glycan motifs (pLe*-w1), as
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described previously (21). SEA, pWT/pLe*-w1 (10-50 pg) or vehicle control (sterile-filtered
PBS) were injected i.p. every 3 days for 1 or 4 weeks, as indicated in the legends of the
figures. For fast-refeeding experiments, WT HFD-fed mice received an i.p. injection of 50
pg pLe®-wl or vehicle control after an overnight fast (5pm-9am), followed by refeeding
and frequent measurements of food intake and body weight for 24 hours. For assessing
the contribution of reduced food intake on the immunometabolic effects of pLe*-w1, WT
HFD-fed mice were single-housed and, in a pair-fed group of PBS-injected mice, daily food

availability was adjusted to the calorie intake of the pLe*-w1-treated group.

Body composition and indirect calorimetry

Body composition was measured by MRI using an EchoMRI (Echo Medical Systems,
Houston, TX, USA). Groups of 4-8 mice with free access to food and water were subjected
to individual indirect calorimetric measurements during the initiation of the treatment
with recombinant w1 for a period of 7 consecutive days using a Comprehensive Laboratory
Animal Monitoring System (Columbus Instruments, Columbus, OH, USA). Before the
start of the measurements, single-housed animals were acclimated to the cages for a period
of 48 hours. Feeding behavior was assessed by real-time food intake. Oxygen consumption
and carbon dioxide production were measured at 15-minute intervals. Energy expenditure
(EE) was calculated and normalized for lean body mass (LBM), as previously described (14).
Spontaneous locomotor activity was determined by the measurement of beam breaks.

At sacrifice, visceral white adipose tissue (epidydimal; eWAT), subcutaneous white
adipose tissue (inguinal; iWAT), supraclavicular brown adipose tissue (BAT) and liver were

weighed and collected for further processing and analyses.

Isolation of stromal vascular fraction from adipose tissue

eWAT was collected at sacrifice after a 1-minute perfusion with PBS through the heart left
ventricle and digested as described previously (14). In short, collected tissues were minced
and incubated for 1 hour at 37°C in an agitated incubator (60 rpm) in HEPES buffer (pH
7.4) containing 0.5 g/L collagenase type I from Clostridium histolyticum (Sigma-Aldrich,
Zwijndrecht, The Netherlands) and 2% (w/v) dialyzed bovine serum albumin (BSA, fraction
V; Sigma-Aldrich). The disaggregated adipose tissue was passed through a 100 um cell
strainer that was washed with PBS supplemented with 2.5 mM EDTA and 5% FCS. After
centrifugation (350 x g, 10 minutes at room temperature), the supernatant was discarded
and the pellet was treated with erythrocyte lysis buffer (0.15 M NH,Cl; 1 mM KHCO;
0.1 mM Na,EDTA). Cells were next washed with PBS/EDTA/FCS, and counted manually.
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Isolation of leukocytes from liver tissue

Livers were collected and digested as described previously (14). In short, livers were minced
and incubated for 45 minutes at 37°C in RPMI 1640 + Glutamax (Life Technologies,
Bleiswijk, The Netherlands) containing 1 mg/mL collagenase type IV from C. histolyticum,
2000 U/mL DNase (both Sigma-Aldrich) and 1 mM CaCl,. The digested liver tissues were
passed through a 100 pm cell strainer that was washed with PBS/EDTA/FCS. Following
centrifugation (530 x g, 10 minutes at 4°C), the supernatant was discarded, after which the
pellet was resuspended in PBS/EDTA/FCS and centrifuged at 50 x g to pellet hepatocytes
(3 minutes at 4°C). Next, supernatants were collected and pelleted (530 x g, 10 minutes at
4°C). The cell pellet was first treated with erythrocyte lysis buffer and next washed with PBS/
EDTA/FCS. CD45* leukocytes were isolated using LS columns and CD45 MicroBeads
(35 pL beads per liver, Miltenyi Biotec) according to manufacturer's protocol and counted

manually.

Processing of isolated immune cells for flow cytometry

For analysis of macrophage and lymphocyte subsets, both WAT stromal vascular cells and
liver leukocytes were stained with the live/dead marker Aqua (Invitrogen, Bleiswijk, The
Netherlands) or Zombie-UV (Biolegend, San Diego, CA, USA), fixed with either 1.9%
formaldehyde (Sigma-Aldrich) or the eBioscience™ FOXP3/Transcription Factor Staining
Buffer Set (Invitrogen), and stored in FACS buffer (PBS, 0.02% sodium azide, 0.5%
FCS) at 4°C in the dark undil subsequent analysis. For analysis of cytokine production,
isolated cells were cultured for 4 hours in culture medium in the presence of 100 ng/mL
phorbol myristate acetate (PMA), 1 pg/mL ionomycin and 10 pg/mL Brefeldin A (all from
Sigma-Aldrich). After 4 hours, cells were washed with PBS, stained with Aqua, and fixed as

described above.

Flow cytometry

For analysis of CD4 T cells and innate lymphoid cell (ILC) subsets, SVF cells were stained
with antibodies against B220 (RA3-6B2), CD11b (M1/70), CD3 (17A2), CD4 (GK1.5),
NK1.1 (PK136) and Thyl.2 (53-2.1; eBioscience), CD11c (HL3) and GR-1 (RB6-8C5;
both BD Biosciences, San Jose, CA, USA), and CD45.2 (104; eBioscience, Biolegend or
Tonbo Biosciences, San Diego, CA, USA). CD4 T cells were identified as CD45" Thyl.2*
Lineage* CD4", and ILCs as CD45" Thyl.2* Lineages CD4 cells, in which the lineage
cockrtail included antibodies against CD11b, CD11¢, B220, GR-1, NK1.1 and CD3.
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CD4 T cell subsets and cytokine production by ILCs were analyzed following
permeabilization with either 0.5% saponin (Sigma-Aldrich) or eBioscience™ FOXP3/
Transcription Factor Staining Buffer Set. Subsets were identified using antibodies against
CD11b, CD11¢, GR-1, B220, NK1.1, CD3, CD45.2, CD4, Thyl1.2, IL-4 (11B11), IL-13
(eBio13A), Foxp3 (FJK-16s; all eBioscience), IL-5 (TRFK5) and IFN-y (XMG1.2; both
Biolegend).

For analysis of macrophages, eosinophils, monocytes and neutrophils, cells were
permeabilized as described above. Cells were then incubated with an antibody against YM 1
conjugated to biotin (polyclonal; R&D Systems, Minneapolis, MN, USA), washed, and
stained with streptavidin-PerCP (BD Biosciences) or streptavidin-PerCP-Cy5.5 (Biolegend),
and antibodies directed against CD45 (30-F11, Biolegend), CD45.2, CD11b, CD11c [HL3
(BD Biosciences) or N418 (Biolegend)], F4/80 (BMS; Invitrogen or Biolegend), Siglec-F
(E50-2440; BD Biosciences), and Ly6C (HK1.4; Biolegend).

Mitochondrial mass, membrane potential and total ROS were quantified by staining
with MitoTracker Green (20 nM), Tetramethylrhodamine, Methyl Ester, Perchlorate
(TMRM; 20 nM) and CM-H2DCFDA (5 pM; all Invitrogen), respectively, for 30 minutes
at 37°C before staining with other antibodies. For sorting adipose tissue macrophages,
cells were stained with the live/dead marker Blue, followed by staining for surface markers.
Macrophages were fluorescence-assisted cell sorted from adipose tissue on an Aria II cell
sorter (BD Biosciences), by gating on singlet, live, CD45.2* Ly6C- CD3- CD19- NK1.1-
Siglec-F- CD11b* F4/80* tdTomato®.

All cells were stained and measured within 4 days post fixation. Flow cytometry was
performed using a FACSCanto or LSR-II (both BD Biosciences), and gates were set according
to Fluorescence Minus One (FMO) controls. Representative gating schemes are shown in

Supplementary Figure 1 and all antibodies used are listed in Supplementary Table 1.

Plasma analysis

Blood samples were collected from the tail tip of 4h-fasted mice (food removed at 9 am)
using chilled paraoxon-coated capillaries. Fasting blood glucose level was determined using a
Glucometer (Accu-Check; Roche Diagnostics, Almere, The Netherlands) and plasma insulin
level was measured using a commercial kit according to the instructions of the manufacturer
(Chrystal Chem, Zaandam, The Netherlands). The homeostatic model assessment of insulin
resistance (HOMA-IR) adapted to mice (50) was calculated as ([glucose (mg/dl)*0.055] x
[insulin (ng/ml) x 172.1])/3857, and used as a surrogate measure of whole-body insulin

resistance. Plasma concentrations of alanine aminotransferase (ALAT) were measured using
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a Reflotron® kit (Roche diagnostics) using a pool of plasma samples from each group (n =

4-6 mice per group) in 2 separate experiments.

Glucose, insulin and pyruvate tolerance tests

Whole-body glucose tolerance test (ipGTT) was performed at week 3 of treatment in
6h-fasted mice, as previously reported (14). In short, after an initial blood collection by tail
bleeding (t = 0), a glucose load (2 g/kg total body weight of D-Glucose [Sigma-Aldrich]) was
administered i.p., and blood glucose was measured at 20, 40, 60, and 90 min after glucose
administration using a Glucometer. For db/db mice, blood samples were collected at 0, 20,
40 and 90 min after glucose administration, and plasma glucose levels were measured using
the hexokinase method (HUMAN, Wiesbaden, Germany).

Whole-body insulin tolerance test (ipITT) was performed at week 1 or week 3 of
treatment in 4h-fasted mice, as described previously (14). In short, after an initial blood
collection by tail bleeding (t = 0), a bolus of insulin (1 U/kg (lean) body mass [NOVORAPID,
Novo Nordisk, Alphen aan den Rijn, Netherlands]) was administered i.p., and blood glucose
was measured at 20, 40, 60, and 90 min after insulin administration using a Glucometer.

Whole-body pyruvate tolerance test (ipPTT) was performed at week 4 of treatment
in overnight-fasted mice. In short, after an initial blood collection by tail bleeding (t =
0), a pyruvate load (2 g/kg total body weight of sodium pyruvate [Sigma-Aldrich]) was
administered i.p. Blood glucose was measured at 20, 60, 90 and 120 min after pyruvate

administration using a Glucometer.

Western blot analysis

A piece of liver, skeletal muscle, eWAT and iWAT from mice that were sacrificed 15 min
after an acute i.p. injection of insulin (1 U/kg lean body mass, NOVORAPID, Novo
Nordisk, Alphen aan den Rijn, Netherlands) was collected and immediately freeze-clamped.
Snap-frozen samples (-50 mg) were lysed in ice-cold buffer containing: 50 mM HEPES (pH
7.6), 50 mM NaF, 50 mM KCl, 5 mM NaPPi, I mM EDTA, 1 mM EGTA, 1 mM DTT,
5 mM B-glycerophosphate, 1 mM sodium vanadate, 1% NP40 and protease inhibitors
cocktail (Complete, Roche, Mijdrecht, The Netherlands). Western blots were performed
as previously described (51). The primary antibodies used were pSer473-PKB (#9271, Cell
Signaling Technology), PKB (#4691, Cell Signaling Technology), IRb (sc-711, Santa Cruz
Biotechnology) and HSP90 (sc-7947, Santa Cruz Biotechnology). Bands were visualized by
enhanced chemiluminescence and quantified using Image ] (NIH, US).
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RNA isolation and qRT-PCR

RNA was extracted from snap-frozen adipose tissue and liver samples using Tripure RNA
Isolation reagent (Roche Diagnostics). Total RNA (1 pg) was reverse transcribed and
quantitative real-time PCR was performed with SYBR Green Core Kit on a MylQ thermal
cycler (Bio-Rad) using specific primers sets (available on request). mRNA expression was
normalized to ribosomal protein, large, PO (Rp/P0) mRNA content and expressed as fold
change compared to LFD-fed or HFD-fed mice as indicated, using the AACT method.

Transcriptomic analysis by RNA-sequencing

RNA isolation from FACS-purified adipose tissue macrophages was done as described
previously with the QIAGEN RNeasy micro kit (QIAGEN, Venlo, the Netherlands)
(25). Libraries were generated for each sample using the CelSeq2 protocol (52) and were
sequenced on Illumina HiSeq. Reads were mapped by Bowtie2.3.1 (53) to the mus musculus
reference genome, and uniquely mapped indices were determined by HTSeg-counts (54).
Gene read counts were normalized to B2m and Rplp0. Transcriptome data was visualized
with an MA-plot. Upregulated (log, fold change > 2 »s HFD) and downregulated (log, fold
change < -2 vs HFD) genes were visualized in a heat map using the online software tool

Morpheus (https://software.broadinstitute.org/morpheus).

Hepatic triglyceride content

Liver lipids were extracted as previously described (55). Briefly, ~50 mg liver samples
were homogenized in 10:1 (vol/wt) ice-cold methanol using a FastPrep-24 5GTM High
Speed Homogenizer (MP Biomedicals, Santa Ana, CA, USA). Subsequently, lipids were
extracted from the homogenate using methanol-chloroform (1:3 v/v) extraction. Protein
concentration of the homogenate was determined by Pierce™ BCA protein assay (Thermo
Fisher Scientific). Triglyceride (TG) of the lipid extract were determined using a commercially

available kit (Roche Diagnostics).

Histological analysis

A piece of liver was fixed in 4% formaldehyde (Sigma-Aldrich), paraffin-embedded, sectioned
at4 pm and stained with Hematoxylin and Eosin (H&E), or Sirius Red to visualize collagen.
Six fields at 20x magnification (total area 1.68 mm?) were used for the analysis of hepatic
steatosis in H&E-stained sections. On Sirius Red-stained sections, fibrosis was scored on

10 fields at 40x magnification (total area 1.23 mm?) as absent (score 0), present in the
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perisinusoidal or periportal area (score 1), present in the perisinusoidal and periportal (score

2), bridging fibrosis (score 3) or cirrhosis (score 4) as described elsewhere (56).

Biodistribution of pLe*-w1

Synthesis of N3-Cy5-pLeX-w 1

DTPA-DBCO click chelate and Cy5-N, dye were synthesized as described previously
(57), with one deviation for Cy5-N, synthesis being the use of 1-(5-carboxypentyl)-2,3,3-
trimethyl-3H-indol-1-ium-5-sulfonate instead of 1-(5-carboxypentyl)-2,3,3-trimethyl-3H-
indol-1-ium. Cy5-N, molecular mass was calculated to be 823.8 and found to be 824.0
using MALDI-TOF (Bruker, Leiderdorp, Netherlands). To allow for N,-Cy5-pLe*-wl
formation, 200 pL of phosphate buffer (100 mM, pH 8.5) was added to 200 pg (6.5 nmol)
pLe*-wl (1.9 mg/mL in PBS), followed by 9.5 pL (58.1 nmol) of Cy5-N, (5 mg/mL stock
solution in DMSO). After mixing for 60 minutes at room temperature, 90 puL of PBS was
added and the unreacted Cy5 was removed using a PD MiniTrap G-25 column (Merck
KGaA, Darmstadt, Germany). The labelling ratio was estimated to be 0.9 dye/protein using
UV/Vis spectroscopy (Nanodrop) and the eluate (1 mL) was stored at 7°C prior to use.

Radiolabeling of pLeX-w 1

DTPA-DBCO (2.6 nmol) was dissolved in 17.3 pL of ammonium acetate buffer (250 mM,
pH 5.5), and 9.6 MBq or 48.0 MBq of '""InCl, (370 MBq/mL, Mallinckrodt Medical,
Petten, The Netherlands) was added for biodistribution or SPECT imaging, respectively.
The mixture was shaken for 60 minutes at room temperature followed by addition of PBS
(200 mM, pH 7.5). Of this mixture, 4.1 MBq or 20.7 MBq was added to 1.3 nmol or 0.7
nmol of N -Cy5-pLe*-w1 and stirred overnight at room temperature to form '"'In-DTPA

-Cy5-pLe*-w1. The reaction mixture was directly used for injection.

SPECT imaging

10-week HFD-fed mice were injected intraperitoneally with 10 pg '"'In-DTPA-Cy5-
pLe®-w1 (10 MBq/mouse). 24 hours post injection, iz vivo biodistribution was assessed
after the animals were placed and fixed on a dedicated positioned bed of a three-headed
U-SPECT-2 (MILabs, Utrecht, The Netherlands) under continuous 1-2% isoflurane
anesthesia. Radioactivity counts from total body scans and a second one of a head and
neck area were acquired for 20 min and images were reconstructed as described before (58).

After imaging, mice were euthanized by an intraperitoneal injection of 0.25 mL Euthasol
(ASTfarma, Oudewater, The Netherlands).
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Biodistribution

For biodistribution experiments, organs were harvested, weighed and radioactivity was
counted (Wizard2 2470 automatic gamma scintillation counter, PerkinElmer, Groningen,
the Netherlands). Total injected dose was determined by counting full and empty syringes in
a gamma counter (2470 automatic gamma counter, Perkin-Elmer), and data are represented
as % injected dose per gram tissue (%ID/g), which was calculated as follows: ((([MBq]
tissue/[MBq]injected)*100)/g tissue).

Statistical analysis

All data are presented as mean + standard error of the mean (SEM). Statistical analysis was
performed using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, CA,
USA) with unpaired t-test, or cither one-way or two-way analysis of variance (ANOVA)
followed by Fisher’s post-hoc test. Differences between groups were considered statistically
significant at P < 0.05.
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Supplementary information

Supplementary Table 1. Antibodies and reagents for flow cytometry.

Target Clone Conjugate Source Identifier
B220 RA3-6B2 FITC eBioscience 11-0452
CD3 17A2 Alexa Fluor 700 Biolegend 100216
CD3 17A2 APC-eF780 eBioscience 47-0032
CD3 17A2 eF450 eBioscience 48-0032
CD3 17A2 FITC eBioscience 11-0032
CD4 GKI1.5 PE-Cy7 eBioscience 25-0041
CD4 GK1.5 PerCP-eF710 eBioscience 46-0041
CD11b M1/70 APC-Cy7 Biolegend 101226
CD11b M1/70 FITC eBioscience 11-0112
CD11b M1/70 PE-Cy7 eBioscience 25-0112
CDll1c N418 BV421 Biolegend 117330
CDl1l1c HL3 HV450 BD Biosciences 560521
CD19 6D5 Alexa Fluor 700 Biolegend 115528
CD45 30-F11 BV785 Biolegend 103149
CD45.2 104 FITC Biolegend 109806
CD45.2 104 eF450 eBioscience 48-0454
CD45.2 104 PerCP-Cy5.5 Tonbo Biosciences 65-0454
F4/80 BMS APC eBioscience 17-4801
F4/80 BMS PE-Cy7 Biolegend 123114
F4/80 BMS BV711 Biolegend 123147
Foxp3 FJK-16s PE eBioscience 12-5773
GR-1 RB6-8C5 FITC BD Biosciences 553126
IFN-y XMG1.2 APC eBioscience 17-7311
IL-4 11B11 APC eBioscience 17-7041
IL-5 TRFK5 PE Biolegend 504303
IL-13 eBiol3A eF450 eBioscience 48-7133
Ly6C HK1.4 Alexa Fluor 700 Biolegend 128024
Ly6C HK1.4 APC-Cy7 Biolegend 128026
NK1.1 PK136 Alexa Fluor 700 Biolegend 108730
NKI1.1 PK136 FITC eBioscience 11-5941
Siglec-F E50-2440 BV421 BD Biosciences 562681
Siglec-F E50-2440 BV605 BD Biosciences 740388
Siglec-F E50-2440 PE BD Biosciences 552126
Thyl.2 53-2.1 APC-¢F780 eBioscience 47-0902
YM1 Polyclonal Biotin R&D Systems BAF2446
Other reagents Source Identifier
CM-H2DCFDA Invitrogen C6827
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Invitrogen 134957
LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit Invitrogen 123105
MitoTracker™ Green FM Invitrogen M7514
Streptavidin-PerCP BD Biosciences 554064
Streptavidin-PerCP-Cy5.5 Biolegend 405214
TMRM Invitrogen T668
Zombie UV™ Fixable Viability Kit Biolegend 423107
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Supplementary Figure 1. Gating strategies. (A) Isolated cells were pre-gated on AquaCD45* single
cells. (B) The gating strategy for eWAT and liver analyses of ILCs, CD4 T cells and intracellular
cytokine production is shown. The lineage channel includes antibodies against CD11b, CD11c, B220,
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4Supplementary Figure 1. Legend (Continued)

GR-1, NK1.1 and CD3. (C) The gating strategies for e WAT eosinophils, CD11¢'YM1- macrophages
and CD11¢'YM1* macrophages are shown, including Fluorescence Minus One (FMO) controls for
CD11c and Yml. (D) The gating strategy for liver cosinophils, monocytes, CD11c*'YM1- Kupffer
cells and CD11c'YM1* Kupffer cells is shown.
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Supplementary Figure 2. Body composition and fasting blood glucose and plasma insulin levels
after SEA and pLeX-w1 treatment in obese mice. (A-P) Supplementary data for Figure 1 (4-C), 3
(D-F), 4 (G-I), 5 (J-L) and 6 (M-P). Mice were fed a LFD or a HFD and treated as described in the
corresponding figure legends. The weights of epidydimal WAT (eWAT), inguinal WAT (iWAT),
intrascapular brown adipose tissue (BAT) and the liver were measured after 4 weeks (4, D, G, J and
N). Blood glucose (B, £, H, Kand O) and plasma insulin (C, £ /, L and P) were measured at week 4
in 4h-fasted mice. Body weight change after 4 weeks was determined in db/db mice treated with PBS
or 50 pg pLe*-wl (M). Results are expressed as means + SEM. *P<0.05 vs HFD or as indicated,
#P<0.05 »s WT (n = 3-6 mice per group in A-C, G-P and 11-18 mice per group in D-F).
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Supplementary Figure 3. pLeX-w1 increases adipose tissue type 2 immune cells and improves whole-
body insulin sensitivity in a dose-dependent manner. (A) Mice were fed a LFD (white bars) or a HFD
for 12 weeks, and next received biweekly intraperitoneal injections of PBS (black bars) or 10 pg, 25 pg or
50 pg pLe*-w1 (green bars) for 4 weeks. At the end of the experiment, eWAT was collected, processed and
analyzed as described in the legend of Figure 1. (B-G) The numbers of CD4 T cells and ILCs per gram
tissue (B), and the frequencies of IL-13* CD4 T cells (C) and ILCs (D) were determined. Numbers of
eosinophils (£) and macrophages (F) per gram tissue, and percentages of CD11c¢'YM1 and CD11cYM1*
macrophages (G) were determined. (H-J) Body weight (4-/) and body composition (/) were determined
after 4 weeks. (K) Food intake was monitored throughout the treatment period. (L-N) Fasting blood
glucose (L) and plasma insulin levels (17) were determined at week 4, and HOMA-IR (V) was calculated.
(O-P) An i.p. insulin tolerance test (O-P) was performed at week 3. Results are expressed as means + SEM.
* P<0.05 vs HFD or as indicated (n = 3-4 mice per group).
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Supplementary Figure 4. wl glycovariants increase adipose tissue type 2 immune cells and
improve whole-body insulin sensitivity after 1 week of treatment. (A) Mice were fed a LFD (white
bars) or a HED for 12 weeks, and next received biweekly intraperitoneal injections of PBS (black bars)
or 50 pg pWT-wl (blue bars) or pLe*-wl (green bars) for 1 week. At the end of the experiment,
eWAT was collected, processed and analyzed as described in the legend of Figure 1. (B-G) The
numbers of CD4 T cells and ILCs per gram tissue (B), and the frequencies of IL-13* CD4 T cells (C)
and ILCs (D) were determined. Numbers of eosinophils (£) and macrophages (F) per gram tissue, and
frequencies of CD11c'YMI1™ and CD11cYM1* macrophages (G) were determined. (H-L) Body
weight (H), body weight change (/), body composition (/, L) and food intake (X) were measured after
1 week of treatment. (M-O) Fasting blood glucose (/) and plasma insulin levels (V) were determined
in 4h-fasted mice at the end of week 1, and HOMA-IR (O) was calculated. (P-Q) An i.p. insulin
tolerance test was performed. Results are expressed as means + SEM. *P<0.05 vs HFD, $P<0.05 vs
pWT-w1 (n = 1-9 mice per group).
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Supplementary Figure 5. Adipose tissue macrophages from mice treated with pLeX-w1 display
some alternatively-activated phenotypic features. (A) Cx3cr]“t® R26"m mice were fed a HFD
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ASupplementary Figure 5. Legend (Continued)

for 12 weeks, and next received biweekly intraperitoneal injections of PBS or 50 pg pLe*-w1 for 4
weeks. At week 2 and 3, mice received an oral gavage with tamoxifen (Tx) to label CX3CR1* cells. At
the end of the experiment, adipose tissue macrophages (ATMs) from eWAT SVF were FACS-sorted
and RNA was isolated and sequenced. (B) MA plot shows the mean gene expression in pLe*-wl
ATMs, as expressed in log, fold change versus PBS-control ATMs. Upregulated genes (log, fold change
> 2) are indicated in red and downregulated genes (log, fold change < -2) are indicated in blue. (C)
Normalized read counts of upregulated and downregulated genes are visualized in a heatmap. (D-G)
WT mice were fed a HFD for 12 weeks, and next received biweekly intraperitoneal injections of PBS
(black bars) or 50 pg pLe*-w1 (green bars) for 4 weeks. Percentage of PD-L2* macrophages (D) was
determined. MitoTracker Green (mitochondrial mass; £), TMRM (mitochondrial membrane
potential; ) and CM-H2CFDA (total ROS; G) fluorescence intensities were determined in PD-L2*
macrophages. Results are expressed as means + SEM. *P<0.05 »s HFD (n = 2-3 mice per group in
B-C, and 3-4 mice per group in D-G).
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Supplementary Figure 6. wl glycovariants do not affect hepatic steatosis, but reduce
gluconeogenesis in obese mice. Mice were fed a LFD (white bars) or a HED for 12 weeks, and next
received biweekly intraperitoneal injections of PBS (black bars) or 50 pug pWT-wl (blue bars) or
pLe*-w1 (green bars) for 4 weeks, as described in the legend of Figure 2. At sacrifice, CD45* liver cells
were isolated and analyzed by flow cytometry. (A-F) The numbers of CD4 T cells (4), Kupffer cells
(KC, ©) and Ly6C" monocytes (F) per gram tissue, and the frequencies of T helper (B) and KC
subsets (D) were determined. The mRNA expression of proinflammatory genes (E) was determined.
(G-I) Hepatic steatosis was assessed using hematoxylin/eosin staining in fixed tissues (G-H) and
hepatic triglycerides content was determined (/). (J-K) An intraperitoneal pyruvate tolerance test was
performed during week 4. Blood glucose levels were measured at the indicated time points (/) and the
AUC of the glucose excursion curve was calculated (X). (L) The mRNA expression of the main
gluconeogenic genes was determined. Data shown are a pool of at least two independent experiments,
except for J-K. Results are expressed as means + SEM. *P<0.05 vs HFD, $P<0.05 vs pWT-wl (n =
5-18 mice per group in A-I, L, and 3-6 mice per group in J-K).
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Supplementary Figure 7. w1l glycovariants reduce adipocyte size, but neither increase adipose
tissue beiging nor whole-body energy expenditure in obese mice. (A-D) Mice were fed a LFD
(white bars) or a HED for 12 weeks, and next received biweekly intraperitoneal injections of PBS
(black bars) or 50 pg pWT-w1 (blue bars) or pLe*-w1 (green bars) as described in the legend of Figure
2. Atsacrifice, the eWAT (4, C) or iWAT (B, D) were collected. Adipocyte diameter and size distribution
were determined after H&E staining (4, B). mRNA expressions of the indicated genes were determined
by RT-PCR and expressed relative to the Rp/PO gene as fold change versus LFD-fed mice (C D). (E)
Energy expenditure, corrected for lean body mass, was measured for three consecutive days using fully
automated single-housed metabolic cages during the first week of treatment. Data shown are a pool of
two independent experiments. Results are expressed as means + SEM. *P<0.05 vs HED (n = 4-10 mice
per group).
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Supplementary Figure 8. wl glycovariants increase fibrosis gene markers and liver damage in
obese mice. Mice were fed a LFD (white bars) or a HFD for 12 weeks, and next received biweekly
intraperitoneal injections of PBS (black bars) or 50 ug pWT-w1 (blue bars) or pLe*-w1 (green bars)
for 4 weeks, as described in the legend of Figure 2. (A) The mRNA expression of fibrosis gene markers
was determined. (B-C) Sirius Red-stained sections of fixed tissues (B) were scored for fibrosis (C). (D)
Plasma alanine aminotransferase levels were determined at week 4. (E-F) WT and Stat6” mice were
fed a LFD or a HFD and next received biweekly intraperitoneal injections of PBS or 50 pg pWT/
pLeX-w1 for 4 weeks, as described in the legend of Figure 4. Hepatic frequencies of IL-5 and IL-13-
expressing CD4 T cells (£), and mRNA expression of //13 and fibrosis gene markers (F) were
determined. Data shown are a pool of at least two independent experiments, except for E-E Results
are expressed as means + SEM. *P<0.05 »s HFD, $P<0.05 vs pWT-w1, #P<0.05 s WT (n = 5-18
mice per group in A-D, and 3-5 mice per group in E-F).
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Supplementary Figure 9. Fluorescent and radioactive hybrid-labelled pLeX-w1 distributes to
abdominal organs, but not to the brain; pLeX-w1 does not affect HFD-induced hypothalamic
inflammation. (A-B) Mice were fed a HFD for 12 weeks, and next received a single intraperitoneal
injection of 10 pg of either 1 (A) or 10 (B) MBq "'In-DTPA-Cy5-pLe*-wl. After 24h, the
biodistribution was visualized by SPECT scan of the whole mouse (4), with a head focus (inserz), and
organs were collected and weighed after sacrifice. The organ-specific '''In radioactivity was counted
and data expressed as mean % injected dose per g tissue + SEM (B; n = 6 mice per group). (C) Mice
were fed a LFD (white bars) or HFD (black/green bars) for 12 weeks and fasted prior to intraperitoneal
injections of either PBS (white/black bars) or 50 pg pLeX-w1 (green bars; C). The hypothalami were
collected and freeze-clamped 13h post-injection, at the peak of the inhibitory effect observed on food
intake during the dark phase (see Figure 5). mRNA expression of the indicated genes (C) was
determined by RT-PCR and expressed relative to the Rp/PO gene as fold change versus LED-fed mice.
Results are expressed as means + SEM. *P<0.05 vs HED (n = 4-6 mice per group).

234



The helminth glycoprotein omega-1 improves metabolic homeostasis
in obese mice through type-2 immunity-independent inhibition of food intake
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Chapter 8

Abstract

Background/Objectives: The worldwide prevalence of obesity, metabolic syndrome and
type 2 diabetes (T2D) is reaching epidemic proportions that urge the development of new
management strategies. Totum-63 is a novel, plant-based polyphenol-rich active principle
that has been shown to reduce body weight, fasting glycemia, glucose intolerance and
fatty liver index in obese subjects with prediabetes. Here, we investigated the effects and
underlying mechanism(s) of Totum-63 on metabolic homeostasis in insulin-resistant obese

mice.

Methods: Male C57BL6/] mice were fed a high-fat diet for 12 weeks followed by
supplementation with Totum-63 for 4 weeks. The effects on whole-body energy and
metabolic homeostasis, as well as on tissue-specific inflammation and insulin sensitivity were

assessed using a variety of immunometabolic phenotyping tools.

Results: Totum-63 decreased body weight and fat mass in obese mice, without affecting lean
mass, food intake and locomotor activity, and increased fecal energy excretion and whole-
body fatty acid oxidation. Totum-63 reduced fasting plasma glucose, insulin and leptin levels,
and improved whole-body insulin sensitivity and peripheral glucose uptake. The expression
of insulin receptor B and the insulin-induced phosphorylation of Akt/PKB were increased in
liver, skeletal muscle, white adipose tissue (WAT) and brown adipose tissue (BAT). Hepatic
steatosis was also decreased by Totum-63 and associated with a lower expression of genes
involved in fatty acid uptake, de novo lipogenesis, inflammation and fibrosis. Furthermore,
a significant reduction in proinflammatory macrophages was also observed in epidydimal
WAT. Finally, a potent decrease in BAT mass associated with enhanced tissue expression of

thermogenic genes was found, suggesting BAT activation by Totum-63.

Conclusions: Our results show that Totum-63 reduces inflammation and improves insulin
sensitivity and glucose homeostasis in obese mice through pleiotropic effects on various
metabolic organs. Altogether, plant-derived Totum-63 might constitute a promising novel
nutritional supplement for alleviating metabolic dysfunctions in obese people with or
without T2D.
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Introduction

The dramatic worldwide rise in obesity, insulin resistance (IR), metabolic associated fatty
liver disease (MAFLD), and type 2 diabetes (T2D) poses a serious global threat to public
health. The most recent data from the World Health Organization indicate that more than a
third of the world’s adult population is overweight (1) and 465 million suffer from T2D (2),
with an associated yearly health care cost estimated to exceed 760 billion dollars (3). T2D
is a complex and multifactorial disease that develops as a result of synergistic dysfunctions
of metabolic pathways in interconnected organs, such as the intestine, pancreas, liver,
skeletal muscle, adipose tissues and the brain (4, 5). During the last decade it also became
clear that the immune system plays a central role in disease progression, with the obesity-
associated chronic low-grade inflammation, or metaflammation (6), being one of the major
contributors to tissue-specific IR and impaired glucose/lipid homeostasis (7-10). While some
treatments with various drug classes are available, the multiplicity of the pathophysiological
mechanisms involved in T2D development makes pharmacological interventions targeting
a single pathway generally insufficient. In this context, therapeutic strategies simultaneously
targeting several dysfunctional mechanisms in different organs may constitute the most
efficient option for tackling these complex and multifactorial metabolic disorders.

The concepts of functional foods and nutraceuticals have recently emerged and refer to
a wide range of bioactive compounds contained in food and natural products with potentially
relevant benefits on human health (11, 12). As such, several plants used in traditional
medicines or as dietary supplements contain antioxidants, fibers and phytochemicals, like
polyphenols and alkaloids, that have been shown to exert anti-obesogenic and antidiabetic
properties through concomitant modulation of diverse cellular pathways and metabolic
processes (13-17). Although still mechanistically unclear, these bioactive compounds can
exert pleiotropic actions on multiple tissues, leading to beneficial metabolic effects such as
appetite reduction, modulation of intestinal nutrient absorption and metabolism, enhanced
thermogenesis, improvement of tissue-specific insulin sensitivity and/or changes in both gut
microbiota and local/systemic inflammation (13).

Totum-63 is a novel, polyphenol-rich plant-based active principle composed of a
mixture of five plant extracts that has been designed to act in combination to target the
risk factors associated with developing T2D. Totum-63 has recently been shown to reduce
body weight, fasting glycemia, glucose intolerance and fatty liver index in a clinical study
conducted in obese subjects with prediabetes (18). In the present study, we aimed to

investigate the effects and underlying mechanism(s) of Totum-63 on metabolic homeostasis
in high-fat diet (HFD)-induced obese mice, a model of established T2D.
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Results

Totum-63 decreases body weight and fat mass, and reduces food efficiency in obese
mice

To study the effects of Totum-63 on metabolic homeostasis in insulin resistant obese
mice, C57BL/6 male mice were first fed a high-fat diet (HFD) for 12 weeks, followed by
supplementation with or without Totum-63 (2.7% w/w) for 4 additional weeks (Figure
1A). Totum-63 induced a rapid decrease in body weight in HFD-fed obese mice, which
was already significant after 6 days of supplementation (Figure 1B). At the end of the
experimental period, the body weight remained significantly lower in the Totum-63-
supplemented mice (Figure 1C), an effect exclusively due to a reduction in body fat mass
(Figure 1D) and associated with lower liver (Figure 1E) and BAT (Figure 1F) masses while
both WAT and heart weights were not affected (Figure 1G-H). Food intake, assessed by
regular weighing of food pellets, was found to be transiently reduced during the first days
of Totum-63 supplementation, without affecting the average food intake throughout
the entire study (Figure 11-]). Next, using individual metabolic cages, we confirmed that
Totum-63 neither altered food intake after the first day of supplementation (Supplementary
Figure 1A) nor spontaneous locomotor activity (Supplementary Figure 1B) and total
energy expenditure (Supplementary Figure 1C) in HFD-fed obese mice. However, indirect
calorimetry revealed that Totum-63 significantly decreased the respiratory exchange ratio
(RER; Supplementary Figure 1D), indicating that whole-body fatty acid oxidation was
increased while carbohydrate oxidation was concomitantly decreased (Supplementary
Figure 1E-F). Of note, although the fecal energy content was not affected by Totum-63
supplementation in HFD-fed mice (Figure 1L), the feces production rate was increased
(Figure 1K) and, as such, the daily amount of excreted energy (Figure 1M). Since the daily
ingested energy was not different (Figure 1N), the calculated apparent energy assimilation
efficiency (AEAE) was therefore reduced by Totum-63 in obese mice (Figure 10), suggesting
that an alteration of nutrient absorption in the digestive tract may partly contribute to the
reduction in body weight. Of note, no significant changes in the expression of the main
fatty acid (FA) and carbohydrate (CHO) intestinal transporters were observed, at least in
the ileum, while the expression of the biliary cholesterol transporters Abeg5 and Abcg8 were
significantly upregulated by Totum-63 (Figure 1P). Congruent with this, ileal expression of
the bile acid (BA)-regulated gene Fgf15 (19) was also upregulated by Totum-63, whereas
the expression of other gut-derived hormones was unchanged (Supplementary Figure
2A). Moreover, Totum-63 supplementation restored the gene expression of tight junction
proteins involved in HFD-induced intestinal permeability (Figure 1Q), but did not affect

the expression of inflammatory markers in the ileum (Supplementary Figure 2B).

240



Effects of a novel polyphenol—rich(flant extract on body composition,
inflammation, insulin sensitivity and glucose homeostasis in obese mice

A B 50 C 60 # F 0.4
T63 _ % - I #
(2.7%g/g) o el * = 0.3 i’c_'
LFD £ * E 45 Cha
HFD : K= e K= -
bm e p— g # g 30 502 =
> > (7]
‘120 4 ) 3 = 01
weeks 8 30 3 15 .
CILFD MHFD W HFD+T63 20]
0 0 0.0
0 1 2 3 4 BAT
Weeks
G 4 ,x H o | 15 b5 K 057 1 L 18
£3 2 a 3 0.4 = >
- _ © @ = o 0. 17
5" 3 £ é 2 % ém S35 5
£ * E 35, ES gg o3 5216
S 1.0 * D 01 o= o8 ac )
] ] <3 83 w3 02 9=
= = E% 6 S5 5 2 g 15
0.5 o O ] =) w 12
2¢ f -~ < g0 :
— HFD — HFD+T63 4
0.0 0.0 0 0 0.0 0
eWAT iWAT Heart 0 1 2 3 4
Weeks
M N (0] P Q
8 ‘& 75 1007 oo 5 : : H : 1.5
— ; : ; ;
33 55 | kw95 s _4 5.
g% 6 59 P ® 0 1=
RN RN MR E5 10
£ £ w S S0
o= 4 T = 85 Q >
25 &5 o S5 2 S5
gg 29 25 < 8 235 235 05
23 2 o3 75 Se ge
3 £ 50 6 1 )
25 ; : : : i i i
o o 0 i : : : 0.0 : i :
Cd36 Fabp1 Sic5al Sic2a2 Abcg5 Abcg8 Tjp1 Ocin Cdh1 Cldn3
Fatty acids Glucose Bile acids Tight junctions

Figure 1. Totum-63 decreases body weight, fat mass and energy assimilation efficiency in HFD-
fed mice. (A) C57BL6/] mice were fed either a low-fat diet (LFD, open squares/bars) or high-fat diet
(HFD) for a period of 12 weeks after which the HFD was supplemented with Totum-63 (T63, 2.7%
g/g; orange squares/bars) or not (control; black squares/bars) for an additional 4 weeks. (B) Body weight
was monitored throughout the supplementation period. (C-D) At week 4, body weight and body
composition were determined. (E-H) After sacrifice, the weights of the liver (£), BAT (F), eWAT, iWAT
(G) and heart (H) were measured. (I-J) Mean food intake per mouse was monitored throughout the
supplementation period. (K) The feces production was assessed during 24 hours. (L) The fecal energy
content was determined by bomb calorimetry. (M-O) The excreted (M) and ingested (V) energy, and the
apparent energy assimilation efficiency (AEAE, O) were calculated. (P-Q) The expression of key genes
involved in nutrient and bile transport (P) and epithelial tight junctions (Q), was measured in the ileum
section of the intestine by RT-qPCR. Results are expressed as mean + SEM. * P < 0.05 »s LFD, # P <
0.05 vs HFD (n=10-12 mice per group from 2 independent experiments; feces: n=3-5 cages per group;
gqPCR: n=5-6 mice per group).

Totum-63 improves glucose homeostasis and insulin sensitivity in obese mice

We next investigated the effects of Totum-63 on whole-body metabolic homeostasis in
HFD-fed obese mice. As expected, HFD feeding increased fasting plasma glucose, insulin
and leptin levels (Figure 2A-C), HOMA-IR (HOmeostatis Model Assessment of Insulin
Resistance; Figure 2D), as well as blood HbA1c levels (Figure 2E) when compared to LED-fed

mice. Furthermore, HFD impaired whole-body insulin sensitivity (Figure 2F) and glucose
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homeostasis (Figure 2G-H), as assessed by intraperitoneal insulin and glucose tolerance
tests, respectively. Totum-63 supplementation in HFD-fed mice restored glucose, insulin
and HOMA-IR, as well as blood HbAlc to the LFD-fed mice levels (Figure 2A-B, D-E)
while circulating leptin concentrations were significantly reduced (Figure 2C). Congruent
with HOMA-IR data, Totum-63 improved whole-body insulin sensitivity and glucose
homeostasis in obese mice, as respectively assessed by insulin and glucose tolerance tests
(Figure 2F-G), without affecting glucose-induced insulin levels (Figure 2H). Importantly,
all these beneficial effects were still observed in a subset of body weight-paired control
and supplemented obese mice (Supplementary Fig 3), indicating that the improvement of
metabolic homeostasis by Totum-63 is not only secondary to reduced body weight. Of
note, the effect on glucose, insulin and HOMA-IR was already observed after 2 weeks of
Totum-63 supplementation whereas fasting total cholesterol (TC) and triglycerides (TG)
were not affected (Supplementary Figure 4). Moreover, the HFD-induced increase in total
blood leukocyte counts and circulating levels of monocytes and B cells was still present after
Totum-63 supplementation, while other myeloid (neutrophils, eosinophils) and lymphoid
(NK, T) cells were not affected whatever the conditions (Supplementary Figure 5).

In order to decipher the respective contribution of the main metabolic organs to the
improvement of systemic insulin sensitivity by Totum-63 in obese mice, we performed a
hyperinsulinemic-euglycemic clamp. Blood glucose levels were maintained at euglycemia
in all mice during the clamp whereas insulinemia was found to be significantly lower at
steady state in HFD-fed mice treated with Totum-63 (Figure 3A-B). As expected, the
glucose infusion rate (GIR) was markedly reduced in HFD-fed obese mice when compared
to lean mice, but the extent of this detrimental effect was significantly lower in Totum-63-
treated mice (Figure 3C). Although the endogenous glucose production rate (EndoRa) was
unchanged (Figure 3D), the glucose disappearance rate (Rd) was found to be significantly
improved by Totum-63 in HFD-fed obese mice (Figure 3E-F). Administration of 2-'*C-DG
during the clamp was used to determine insulin-stimulated glucose uptake (Rg) in various
tissues. As shown in Figure 3G-H, Totum-63 increased insulin-induced skeletal muscle Rg
in HFD-fed mice, regardless of muscle type, while a borderline significant trend for an
increase was also observed in heart, eWAT and BAT. In line with this, the insulin receptor
B expression (IRP) and insulin-induced phosphorylation of protein kinase B (PKB) were
found to be increased by Totum-63 in all tissues (Figure 3I-L), indicating improvement in

both hepatic and peripheral insulin sensitivity in HFD-fed mice.
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Figure 2. Totum-63 improves whole body metabolic homeostasis in obese mice. LFD- and HFD-
fed C57BL6/] mice were treated as described in the legend of Figure 1. (A-E) Fasting blood glucose
(A) and plasma insulin (B) levels were measured at week 4 of supplementation and used to calculate
the HOMA-IR (D). Fasting plasma leptin (C) and blood HbAlc (£) levels were also determined at the
same time point. (F) At week 3, whole-body insulin sensitivity was determined by an intraperitoneal
(i.p.) insulin tolerance test (ITT) in 4-h fasted mice. Blood glucose levels were measured at the
indicated timepoints after i.p. insulin injection and the AUC was calculated. (G-H) An i.p. glucose
tolerance test (GTT) was performed at week 4 of supplementation in 6-h fasted mice. Blood glucose
levels were measured at the indicated timepoints and the AUC was calculated (G). Plasma insulin
levels during GTT were determined 20 min after glucose injection (). Results are expressed as
mean + SEM. * P < 0.05 vs LFD, # P < 0.05 vs HFD (n=10-12 mice per group from 2 independent
experiments).

Totum-63 reduces hepatic steatosis, inflammation and fibrosis in obese mice

Totum-63 supplementation almost completely reverted HFD-induced hepatic steatosis in
obese mice, as assessed by H&E staining (Figure 4A-B) and liver total TG content (Figure
4C). Using quantitative lipidomics, we confirmed that Totum-63 significantly reduced
the liver content of all TG species (Supplementary Figure 6). Furthermore, except for
phosphatidylcholine levels that were found to be increased, the hepatic lipid composition of
obese mice supplemented with Totum-63 resembled LFD-fed lean mice more than HED-fed
mice (Supplementary Figure 6A-C). This effect was associated with decreased gene expression
of the major hepatic lipid transporters Ci36 and Fabpl, and the lipogenic enzymes Acaca, Fas
and Scdl when compared to HFD-fed control mice, whereas genes involved in FA oxidation
were not affected (Figure 4D). Of note, Totum-63 also lowered the expression of Fépl,

one of the key gluconeogenic enzyme involved in hepatic glucose production (Figure 4E).
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Figure 3. Totum-63 improves systemic and tissue-specific insulin sensitivity in obese mice.
LFD- and HFD-fed C57BL6/] mice were treated as described in the legend of Figure 1. (A) A
hyperinsulinemic-euglycemic clamp was performed in 5 h—fasted conscious mice. Blood glucose
was monitored throughout the clamp at 10 min intervals by sampling from the arterial catheter.
(B) Blood glucose and serum insulin levels were determined at steady-state (90-120 min). (C) The
glucose infused rate (GIR) required to maintain euglycemia is shown. (D-E) The endogenous glucose
production (EndoRa, D) and glucose disappearance rate (Rd, £) were determined using continuous
infusion of *H-glucose. (F) The changes in Rd from basal to clamp state were plotted against the
corresponding serum insulin levels. (G-H) The tissue-specific glucose uptake (Rg) was determined
in soleus, gastrocnemius, vastus lateralis (VL), heart, eWAT, iWAT and BAT by administration of
nonmetabolizable 2-["“C]-deoxy-glucose and the data corrected for differences in serum insulin levels
at steady state. (I-L) Tissue-specific insulin signaling was assessed in liver (/), quadriceps skeletal
muscle (/), eWAT (X), and BAT (Z) 15 min after an acute i.p. insulin injection. The protein expression
of IRn PKB, and HSP90, and the phosphorylation (p) state of Ser473-PKB were determined by
Western blot and quantified by densitometric analysis. The IRB/HSP90 and pPKB/PKB ratios were
calculated and expressed as fold change relative to LFD-fed mice. Results are expressed as mean +
SEM. * P < 0.05 vs LFD, # P < 0.05 vs HFD (clamp: n=6-8 mice per group; WB: n=5-10 mice per
group from 2 independent experiments).
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Activation of Kupfler cells (KCs), the tissue-resident macrophages, together with increased
recruitment of monocyte-derived macrophages play a key role in obesity-induced hepatic
inflammation and progtession towards NASH and liver fibrosis (8). Using flow cytometry (see
Supplementary Figure 7A for gating strategy), we showed that despite a trend for an increase,
Totum-63 supplementation neither significantly affected total hepatic KCs content (Figure
4F) nor the HFD-induced increase in both CD11¢* KCs (Figure 4G-H) and newly recruited
monocytes (Figure 41) in obese mice. This was also confirmed by the absence of differences in the
hepatic gene expression of the pan monocyte/macrophage marker C468 and KC marker Clec4f’
(Figure 4]). However, the expression of the proinflammatory chemokine/cytokine Cc/2, /16 and
Tnf were found to be significantly reduced by Totum-63 (Figure 4]), suggesting a reduction in
HFD-induced KC activation. Furthermore, although the expression of the hepatic stellate cell
marker Hhipfwas not altered, those of early fibrotic markers Acta2 and Collal were significantly
reduced by Totum-63 in HFD-fed obese mice (Figure 4K).

Totum-63 reduces inflammation in white adipose tissues and promotes thermogenesis
in brown adipose tissue from obese mice

Morphometric analysis of eWAT and iWAT using H&E staining revealed that Totum-63
supplementation in obese mice did not change mean adipocyte diameter and adipocyte size
distribution (Figure 5A-B, F-G), a result in line with the absence of differences observed in
tissue weights at sacrifice (Figure 1G). Using flow cytometry (see Supplementary Figure 7B
for gating strategy), we showed that Totum-63 did not affect adipose tissue monocyte and
total macrophage (ATM) contents (Figure 5C-D) but significantly lowered the percentage
of obesity-associated CD11c' ATMs in ¢eWAT (Figure 5E). In iWAT, a beneficial effect of
Totum-63 on tissue inflammation was still observed, with a decrease in the number of immune
cells per adipocyte observed by H&E staining (Figure 5SH) and a reduction in the expression
of proinflammatory gene markers (Figure 5I). Of note, the gene expression of thermogenic
markers was not changed in iWAT from HFD-fed obese mice, indicating that Totum-63 did
not promote WAT beiging (Figure 5I). By contrast to WAT, a significant reduction in both large
adipocytes and adipocyte mean diameter was observed in BAT from obese mice supplemented
with Totum-63 (Figure 6A-B). This result was in line with the potent decrease in organ
weight observed at sacrifice and associated with an upregulation of most of the thermogenic
genes (Figure 6C) and an increase in UCP1 protein expression (Figure 6D), suggesting BAT
activation in obese mice supplemented with Totum-63. A decrease in the expression of HFD-
induced proinflammatory genes was also evidenced in BAT (Figure 6E), highlighting again the

beneficial impact of Totum-63 on metabolic tissue inflammation in obese mice.
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Figure 4. Totum-63 reduces hepatic steatosis, inflammation and fibrosis in obese mice. LFD-
and HFD-fed C57BL6/] mice were treated as described in the legend of Figure 1. (A-C) Hepaticlipid
droplet (LD) area by H&E staining (A-B) and liver triglyceride (TG) content (C) were determined
to assess hepatic steatosis. (D-E) The hepatic expression of key genes involved in lipid metabolism
(D) and gluconeogenesis (£) were measured by RT-qPCR. (F-I) The liver content of Kupffer cells
(#) and monocytes (/) and the percentage of proinflammatory CD11c¢" Kupfler cells (G-H) were
determined by flow cytometry. (J-K) The hepatic expression of key genes involved in inflammation
(/) and fibrosis (K) was measured by RT-qgPCR. Results are expressed as mean + SEM. * P < 0.05 vs
LFD, # P < 0.05 s HFD (hepatic steatosis: n=5-6 mice per group; flow cytometry: n=4-6 mice per

group; qPCR: n=7-11 mice per group from 2 independent experiments).
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Figure 6. Totum-63 promotes thermogenic program and reduces inflammation in brown adipose
tissue from obese mice. LFD- and HFD-fed C57BL6/] mice were treated as described in the legend
of Figure 1. (A-B) Adipocyte mean diameter and size distribution were determined by H&E staining
of subclavicular brown adipose tissue (BAT). (C-E) The expression of key genes involved in
thermogenesis (C) and inflammation (£) was measured by RT-qPCR. The expression of UCP1 was
assessed by Western Blot, and expressed relative to HSP90 (D). Results are expressed as mean + SEM.
*P <0.05 vs LFD, # P < 0.05 »s HFD (adipocyte size/distribution: n=4-6 mice per group; qPCR:
n=9-11 mice per group; WB: n=4 mice per group).

Discussion

The obesity and T2D epidemics urge new effective management strategies. The main
objectives of the present study were to investigate the effects of Totum-63, a new polyphenol-
rich plant-based nutritional supplement, on metabolic homeostasis in a mouse model of diet-
induced obesity and T2D, and to decipher its underlying mechanism(s) of action. Here, we
show that Totum-63 supplementation lowered body fat mass, reduced metaflammation, and
improved both whole-body insulin sensitivity and glucose homeostasis in obese, insulin-
resistant mice. These beneficial effects on obesity-associated low-grade inflammation and
metabolic homeostasis were associated with either partial or almost complete restoration of
various metabolic dysfunctions induced by HFD in different organs, suggesting a pleiotropic
mode-of-action of Totum-63 owing to its chemical composition rich in various bioactive
compounds.

We report that chronic consumption of Totum-63 through dietary supplementation

significantly reduced body weight and fat mass in obese mice, a feature that was sustained
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for at least 4 weeks while only associated with a transient reduction of food intake during
the first days of supplementation, probably due to the bitterness of some flavonoids and
saponins components of Totum-63. Whole-body EE was also not affected by Totum-63
throughout the study, a feature confirmed by ANCOVA analysis (data not shown), indicating
that increased energy dissipation did not likely contribute in a significant and measurable
extent to the reduction of body weight. By contrast, the daily feces production was increased
and the AEAE was therefore significantly reduced, suggesting altered nutrient absorption
and/or metabolism in the gastrointestinal tract. Interestingly, some bioactive compounds
present in Totum-63, notably several polyphenols, have been previously reported to inhibit
various digestive enzymes that may ultimately lead to a reduction in both carbohydrate and
lipid absorption during the gastrointestinal transit (20-22). Among them, anthocyanins,
chlorogenic acid, oleuropein and some luteolin derivatives have been shown to reduce
both pancreatic a-amylase and lipase activities and inhibit intestinal a-glucosidase (20-
22). Altogether, one can speculate that inhibition of digestive enzymes by various specific
component(s) of Totum-63 may have contributed to the higher energy excretion in the feces
observed in supplemented obese mice.

Since absorption of CHO and FA mostly takes place in the small intestine (23), we
also measured ileal expression of some of the players involved in nutrient uptake and
trafficking into enterocytes, but did not find any significant changes in response to Totum-63
supplementation. However, we cannot exclude that different intestinal segments could be
affected and/or that alterations of other intestinal lumen-related processes might contribute
to lower nutrient absorption, for instance through a decrease in passive diffusion of dietary
TG-derived free FA (FFA) secondary to changes in gut permeability. In this context, it is
worth mentioning that preliminary lipidomic analyses performed on pooled feces samples
may support this hypothesis, as mean levels of various FFA species measured in Totum-63-
supplemented mice were increased when compared to HFD-fed control mice (Supplementary
Figure 8). In line with this, we also showed that Totum-63 can restore the HFD-induced
downregulation of genes encoding tight junction proteins involved in obesity-associated
intestinal permeability, dysbiosis and metaflammation (24). Once again, some Totum-63
components, including fibers and polyphenols, could directly and indirectly affect this
interface, notably through modulation of local production of microbiota-derived metabolites
that can act as signaling molecules and/or exert direct effects on the epithelial barrier (24).
Altogether, further experiments are definitely required to explore the impact of Totum-63 on
the gastrointestinal tract more in depth, not only focusing on nutrient absorption in various
intestinal sections but also on microbiome composition and diversity, local immune responses

and enterocyte-specific metabolic functions, which all can contribute to its beneficial effects.
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The other important outcome of this study was the demonstration that Totum-63
can improve insulin sensitivity and glucose tolerance, an effect that is not entirely due to
the observed reduction in body weight. Indeed, body weight-matching of control and
supplemented obese mice showed that Totum-63 still exerted some intrinsic beneficial
effects on metabolic homeostasis. Remarkably, we showed that Totum-63 supplementation
in HFD-fed obese mice could restore insulin sensitivity and glucose uptake in various
peripheral organs, notably in skeletal muscle, the tissue that contributes the most to the
insulin-mediated glucose clearance from the circulation. Mechanistically, the obesity-
associated metaflammation, which results from changes in the composition and activation
states of various innate and adaptive immune cells in metabolic organs, has been suggested
to underlie part of tissue-specific alterations of insulin signaling, notably in WAT and the
liver (8-10). Interestingly, we found a mild but significant reduction in the CD11c" ATMs,
a proinflammatory macrophage subset that is believed to mediate part of the detrimental
effect on tissue insulin sensitivity (9, 25). In the liver, although CD11¢" KC content was not
affected, the decrease in gene expression of KC-derived cytokines such as Ce/2 (MCP-1) and
Tnfa suggests a reduction in HFD-induced KC proinflammatory activation by Totum-63.
In line with this, Totum-63 also improved tissue-specific insulin sensitivity and induced
a potent reduction in hepatic TG accumulation. This beneficial effect on liver steatosis
was associated with a significant downregulation of genes involved in FA transport and de
novo lipogenesis, while those involved in FA oxidation were unchanged. Taken together,
this suggests that the reduction in ectopic lipid deposition in the liver may result from a
decrease in both hepatic FA transport and TG biosynthesis, although we cannot exclude that
it could also partly be the consequence of reduced lipid availability secondary to improved
insulin-mediated inhibition of lipolysis in WAT and/or increased FA oxidation in BAT.
Interestingly, we also found a decrease in BAT mass associated with an increased tissue
expression of thermogenic genes, including Ucpl, in Totum-63-supplemented obese mice,
suggesting BAT activation. However, we do not find a significant increase in EE, suggesting
that the quantitative contribution of this effect to whole-body energy homeostasis is rather
mild. Here again, some compounds present in Totum-63, notably chlorogenic acid and
oleuropein, have been reported to promote BAT activation (26), at least partly through
activation of the sympathetic nervous system (27). Alternatively, we show that Totum-63
increased ileal expression of BA-regulated genes, a feature that may suggest a higher BA
bioavailability. In addition to their role in lipid absorption, BAs are increasingly recognized
as signaling molecules that, among others, promote BAT activation and energy expenditure
(28). Whether Totum-63 can affect liver and intestinal BA metabolism and whether this
can contribute to some of its metabolic effects, notably through BA receptor-mediated BAT
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activation, would require further studies. Of note, despite decreased hepatic expression of
some early fibrotic gene markers by Totum-63, the HFD used in the framework of this study
does not induce detectable levels of liver fibrosis, as assessed by Sirius red staining (data not
shown). As such, further studies with appropriate NASH mouse models and/or pro-fibrotic
diet regimens are also required to assess the impact of Totum-63 on fibrosis regression.

In conclusion, our current study shows that Totum-63, a new polyphenol-rich plant-
based nutritional supplement, reduces body fat mass, hepatic steatosis, inflammation and
insulin resistance in obese mice, likely through pleiotropic effects on various metabolic
organs, including skeletal muscle, intestine, liver, and WAT/BATs. It is important to mention
that in addition to the absence of an effect on locomotor activity, we have also not observed
any abnormal behavioral/physiological parameters throughout the study that would have
suggested some harmful effects. Furthermore, the impact of a 6-month supplementation
with Totum-63 has also recently been evaluated in the framework of a phase 2a clinical
trial in subjects with prediabetes (NCT02868177) and no detrimental side effects have
been reported [18]. Altogether, although additional mechanistic and long-term studies are
required, plant-derived Totum-63 appears to be a promising novel nutritional supplement

for alleviating metabolic dysfunctions in obese people with or without T2D.

Materials and Methods
Totum-63

Totum-63 is a patented blend of 5 plant extracts designed to act in combination to target the
risk factors of developing T2D. The mixture contains extracts from olive leaf (Olea europaea),
bilberry (Vaccinium myrtillus), artichoke (Cynara scolymus), chrysanthellum (Chrysanthellum
indicum subsp. afroamericanum B.L. Turner) and black pepper (Piper nigrum). Its chemical

characterization is shown in Supplementary Table 1.

Animals and diet

All experiments were performed in accordance with the Guide for the Care and Use of Laboratory
Animals of the Institute for Laboratory Animal Research and have received approval from the
local Ethical Review Boards (Leiden University Medical Center, Leiden, The Netherlands;
C2E2A, Clermont-Ferrand, France; Vanderbilt Animal Care and Use Committee, Nashville,
USA). 10-week-old C57BL/6JOlaHsd male mice were purchased from Envigo (Horst, The
Netherlands) and housed in a temperature-controlled room with a 12-hour light-dark cycle
and ad libitum access to food and tap water. Mice were fed a low-fat diet (LFD, 10% energy
derived from fat, D12450H, Research Diets, USA) or high fat diet (HFD, 45% energy derived
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from fat, D12451, Research Diets, USA) for 12 weeks after which HFD was supplemented
with or without Totum-63 (2.7% w/w, Valbiotis SA, Perigny, France) for an additional 4
weeks. A pilot study was performed a priori to select the most appropriate dosage of Totum-63
for reducing T2D risk factors in obese mice (data not shown). The experimental groups were
randomized after removal of HED low responders (-5%; body weight gain <6 g), according to
total body weight, lean and fat mass, and fasting plasma glucose. An a priori power calculation
was done. The experimenters were not blinded to the diet supplementation on the test days,

however, most of the subsequent analyses were performed in blinded conditions.

Body composition and indirect calorimetry

Body weight was frequently measured during the 4 weeks of supplementation using a
conventional weighing scale. Food intake was also frequently assessed by weighing food
pellets in every cage. Body composition was measured at week 4 by MRI in conscious
unrestrained mice using an EchoMRI (Echo Medical Systems). At sacrifice, visceral white
adipose tissue (epidydimal; eWAT), subcutaneous white adipose tissue (inguinal; iWAT),
supraclavicular brown adipose tissue (BAT), heart and liver were weighed and collected for
further processing. For indirect calorimetric measurements, 12-week HFD-fed mice were
transferred to individual metabolic cages (8-channel multiplex system, Promethion, Sable
Systems, USA) with free access to food and water, and followed for 4 weeks after the start of

supplementation as previously reported (29) and described in the Appendix.

Insulin- and glucose tolerance tests

Whole-body insulin tolerance (ipITT) and glucose tolerance (ipGTT) tests were performed
at week 3 and 4 of Totum-63 supplementation, respectively, as previously reported (29, 30)
and described in the Appendix.

Hyperinsulinemic-euglycemic clamp

Hyperinsulinemic-euglycemic (HI-EU) clamp was performed at week 4 of supplementation.
One week before HI-EU clamps, carotid artery and jugular vein catheters were surgically
placed for sampling and infusions. Mice were fasted for 5h and then clamped unrestrained

and in conscious state, as previously reported (31) and described in the Appendix.

Plasma analysis

Blood samples were collected from the tail vein of 4h-fasted mice using paraoxon-coated

glass capillaries. Plasma total cholesterol (TC, Instruchemie #10015), triglycerides (TG,
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Instruchemie #2913), insulin (Chrystal Chem #90080) and leptin (Chrystal Chem #90030),
and whole blood HbAlc (Chrystal Chem #80310) were determined using commercially
available kits per manufacturer’s instructions. The homeostatic model assessment of insulin
resistance (HOMA-IR) adjusted for mice (32) was calculated as followed ([glucose (mg/
d)*0.055]*[insulin (ng/ml)*172.1])/3875.

Feces analyses

Feces were carefully collected from 24h cage bedding during week 4 and weighed. Fecal
energy density was determined by bomb calorimetry (IKA C200, Germany). The apparent
energy assimilation efficiency (AEAE) was calculated as (fecal energy density x averaged daily

feces production / averaged daily energy intake over the collection period).

Hepatic lipid composition

Liver lipids were measured as previously reported (33, 34) and described in the Appendix.

Histological analysis
Pieces of e WAT, iWAT, BAT and liver (-30 mg) were fixed in 4% formaldehyde (Sigma-Aldrich),
parafhin-embedded, sectioned at 4 pm and stained with Hematoxylin and Eosin (H&E) (30). Six

fields at 20x magnification were used for the analysis of adipocyte diameter and hepatic steatosis.

Isolation of leukocytes from blood, adipose tissue and liver for flow cytometry

At sacrifice, blood was collected retro-orbitally in heparin-coated tubes for leukocytes
isolation as described in the Appendix and previously reported (29, 30). After a 1-minute
post sacrifice transcardial perfusion with PBS, eWAT and liver samples were collected
and digested for isolation of either stromal vascular fraction or leukocytes, respectively, as

previously reported (29, 30) and described in the Appendix.

Flow cytometry

Analysis of blood, WAT and liver myeloid/lymphocyte subsets were done as previously
reported (29, 30) and described in the Appendix.

RNA-isolation and RT-qPCR

RNA was extracted from snap-frozen liver, eWAT, iWAT, BAT or intestine samples using
TriPure RNA Isolation reagent (Roche Diagnostics). Total RNA (1-2 pg) was reverse
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transcribed using the M-MLV Reverse Transcriptase kit (ThermoFisher). Real-time qPCR
runs were performed on a CFX96 Real-time C1000 thermal cycler (Biorad) using the GoTaq
gqPCR Master Mix kit (Promega). Gene expression was normalized using housekeeping gene
RplP0 and expressed as fold change compared to LFD-fed mice. Primer sequences can be
found in Supplementary Table 2.

Western blot analysis
Snap-frozen liver, skeletal muscle (quadriceps), eWAT and BAT samples (-50 mg) collected

15 min after an acute i.p. insulin injection (1U/kg lean body mass) were lysed in ice-cold
buffer containing: 50 mM Hepes (pH 7.6), 50 mM NaF, 50 mM KCl, 5 mM NaPPi, ] mM
EDTA, I mM EGTA, 1 mM DTT, 5 mM B-glycerophosphate, 1 mM sodium vanadate, 1%
NP40 and protease inhibitors cocktail (Complete, Roche). Western blots were performed
as previously described (35). Bands were visualized by enhanced chemiluminescence and

quantified using Image J. Primary antibodies used are listed in Supplementary Table 3.

Statistical analysis

All data are presented as mean + standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA) with
unpaired t-test, one-way or two-way analysis of variance (ANOVA) followed by Fisher’s
post-hoc test. Differences between groups were considered statistically significant at P <

0.05. Outliers were identified according to the two-standard deviation method.
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Supplementary Materials and Methods

Body composition and indirect calorimetry

Before the start of the measurements, the animals were acclimated to the cages and single
housing for 48h. A standard 12h light/dark cycle was maintained throughout the calorimetry
study. Spontaneous locomotor activity was determined by the measurement of beam breaks.
Oxygen consumption and carbon dioxide production were measured at 30 sec intervals.
Energy expenditure (EE) and carbohydrate (CHO) and fatty acid (FA) oxidation were
calculated based on respirometry, as previously described (29). The ANCOVA analysis of
EE was done using the NIDDK Mouse Metabolic Phenotyping Centers (www.mmpc.org).

Insulin- and glucose tolerance tests

For ipITT, a bolus of insulin (1U/kg lean body mass, Novorapid, Novo Nordisk) was
administered i.p. in 4h-fasted mice after which blood glucose levels were measured at t=0,
20, 40, 60 and 90 min post insulin administration using a Glucometer (Accu-Check, Roche
Diagnostics). For ipGTT, a bolus of glucose (2g D-Glucose/kg total body weight, Sigma-
Aldrich) was administered i.p. in 6h-fasted mice and blood glucose was measured at t=0, 20,

40, 60 and 90 min post glucose injection.

Hyperinsulinemic-euglycemic clamp

Briefly, [3-°H]-D-glucose was first primed and continuously infused (t=-90 to 0 min, 0.04
mCi/min). The insulin clamp was next initiated at t=0 min with a continuous insulin
infusion (4 mU/kg/min) followed by variable glucose infusion rate (GIR) until t=155 min
in order to maintain euglycemia. Arterial glucose levels were monitored every 10 min to
provide feedback for adjustment of the GIR (50% dextrose + [3-"H]-D-glucose). [3-°H]-
D-glucose kinetics were determined at t=-10 min and at steady state (from 80 to 120 min)
to assess endogenous glucose production (EndoRa) and whole-body glucose disappearance
(Rd) rates. An intravenous bolus of 2-['*C]-deoxy-D-glucose (13 pCi) was administered at
t=120 min. The mice were sacrificed at t=155 min and their tissues immediately harvested
and freeze-clamped to determine glucose metabolic index (Rg), an index of tissue-specific
glucose uptake. Plasma and tissue processing were performed as previously described (31).
Full step-by-step descriptions of the HI-EU clamp and calculations are available from the
Vanderbilt Mouse Metabolic Phenotyping Center website (www.vmmpc.org).
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Hepatic lipid composition

Liver TG and TC concentrations were measured using the commercial kits described above
and expressed as mg per mg of total protein content using the Bradford protein assay kit
(Sigma-Aldrich). For lipidomics, lipids were extracted from 10 mg of liver by the methyl-
tert-butylether method and analyzed using the Lipidyzer™, a direct infusion-tandem mass
spectrometry (DI-MS/MS)-based platform (Sciex, Redwood City, USA), as previously

described (34). Lipid concentrations were expressed as pmol/mg of liver.

Feces lipid composition

Lipids were extracted from 50 mg of collected 24h after cage refreshment by the same
method described above for the liver and analyzed using the Lipidyzer™ platform. Lipid

concentrations were expressed as pmol/mg of fresh feces.

Isolation of stromal vascular fraction from adipose tissue

eWAT samples were minced and incubated for 1 hour at 37°C in an incubator under agitation
(60 rpm) containing 0.5 g/L collagenase type I from Clostridium histolyticum (Sigma-Aldrich),
100 mM HEPES (ThermoFisher), 2% (w/v) dialyzed bovine serum albumin (BSA, fraction
V; Sigma-Aldrich) and 6 mM D-Glucose. The samples were passed through a 236 um filter
which was washed with PBS supplemented with 2.5 mM EDTA and 1% FCS. Adipocytes
and stromal vascular fraction (SVF) were separated by collecting the infranatant. SVF was next
pelleted at 350 x g for 10 min at room temperature and treated with erythrocyte lysis buffer
(0.15 M NH,Cl; 1 mM KHCO,; 0.1 mM Na EDTA). Cells were washed with PBS/EDTA/
FCS, and counted using a hematocytometer, as previously described (29, 30).

Isolation of liver leukocytes

Livers were minced and incubated for 45 min at 37°C in RPMI 1640 + Glutamax (Life
Technologies) containing 1 mg/ml collagenase type IV from Clostridium bistolyticum, 200 U/
ml DNase (both Sigma-Aldrich) and 1 mM CaCl,. The digested tissues were passed through a
100 pm cell strainer which was subsequently washed with PBS/EDTA/FCS. After washing the
pellet once with PBS/EDTA/ECS, the samples were centrifuged at 50 x g for 3 minutes at 4°C
to pellet the hepatocytes. The supernatant was collected and spun down at 530 x g for 10 min
at 4°C. The pellet was subsequently treated with erythrocyte lysis buffer and next washed with
PBS/EDTA/FCS. CD45* leukocytes were isolated using LS columns and CD45 MicroBeads
(35 pL beads per sample, Miltenyi Biotec) according to the manufacturer’s protocol and the

isolated cells were counted using a hematocytometer, as described previously (29, 30).
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Isolation of blood leukocytes

Blood was treated with erythrocyte lysis buffer. After washing, cells were centrifuged (530 x
g, 10 min at 4°C), resuspended in FACS buffer, counted, and processed as described above
for the SVF from eWAT.

Flow cytometry

For analysis of WAT and liver myeloid subsets, cells were first permeabilized with 0.5%
saponin (Sigma-Aldrich) and stained with an antibody against YM1 conjugated to biotin.
After washing, cells were next stained with streptavidin-PerCP (BD Biosciences) and
antibodies directed against CD45.2, Siglec-F, CD11b, Ly6C, F4/80 and CD11c in 0.5%
saponin/FACS buffer. For analysis of blood monocyte and lymphocyte subsets, cells were
first permeabilized or not with 0.5% saponin (Sigma-Aldrich), respectively. After washing,
cells were stained with antibodies directed against CD45.2, Siglec-F CD11b, Ly6C,
B220 and CCR2 (monocyte subset) or CD45.2, CD19, NK1.1, CD3, CD4 and CD8
(lymphocyte subset). Cells were measured on a FACSCanto or LSR-II flow cytometer (BD
Biosciences), and gates were set according to Fluorescence Minus One (FMO) controls.

Antibody information is provided in Supplementary Table 4.
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Supplementary information

Supplementary Table 1. Chemical characterization of Totum-63.

Compound type Extract content (g/100 g
dry weight)
Total polyphenols 14.36
Total anthocyanins 0.81
Monocaffeoylquinic acids 1.18
Chlorogenic acid 0.85
Other monocaffeoylquinic acids 0.33
Dicaffeoylquinic acids 0.98
Cynarin 0.24
Other dicaffeoylquinic acids 0.74
Caffeic acid 0.01
Oleuropein 3.72
Oleuropein isomers 0.20
Hydroxytyrosol 0.04
Luteolin 0.01
Luteolin-7-O-glucoside 0.38
Luteolin-7-O-glucuronide 0.38
Apigenin 0.01
Apigenin-7-O-glucoside 0.01
Apigenin-7-O-glucuronide 0.25
Apigenin 6-C-glucoside-8-C-arabinoside (Shaftoside) 0.06
Apigenin 6,8-C-diglucoside (Vicenin 2) 0.06
Eriodictyol <0.01
Eriodictyol-7-O-glucoside 0.11
Okanin-4-O-glucoside (Marein) 0.05
Isookanin-7-O-glucoside (Flavanomarein) 0.05
Maritimetin-6-O-glucoside (Maritimein) 0.08
Saponins
Chrysanthellin A 0.01
Chrysanthellin B 0.27
Alkaloid
Piperin 0.004
Fiber
Soluble Fiber 13.7
Insoluble Fiber 3.3

261



Chapter 8

LOOODDILOLOVVOOOIOLIOL DOIOVVOLOODIVOOODVOVOLL %'001800° NN D)
VYVOOOOLODILODVOOVOOOV VLOLOOVOOVOODODDIVOOD 190800 NN 2499
OOVOIVVOOOVILOVOODDILOO LIVOOVOVVOILOLOOOLODD T°€00800 AN SHf%y
LOVOOVOOVLODDVILOOVOV LODIVIOLOOVOVODIIVOD TS6£610 AN 1994
OVVOOVOILODLOVVOOOLLL OOVVOLOIVVOIVOOOVOVO 886/00 AN o
OOLIVLIOOVOVOOODIDDILIODLOD VOOODOIIOLIOVVOIVOOVODD 76610 AN 14924
OLIDLODOOVOILVOODDDDD DOODDILOVODLOVYIDLODD 050010 AN cord
DOVVOOVOVODOOIDLVIVOD OOVOVOOIOVIOODIOOIOLD €¥8€970 AN o
OIVOVOODLOOVOOILVYOOVY YOVVODOIVVOVVOVOVOOV S6¥E10 AN 119D
YVOOOOODOVOODLODIOO YVYOOOILVOLYVOVOOODOOVO €16L00 NN 98%0)
OOLILOILODODIOLOIOOVVY OODDLOOVVIOVVOLODVOVO €TYLL00 NN 171190
VOVOOLOOILVOVOLIVOOVOLD LOVLLOIVVOVOOIVVVOOVLOVVOILOV €16/910 AN D
OILOOOLLLODIVOLLLOO0D OD0DOVYODLOLOVVOOVIODD ¥'706600 NN £upID
OLLOOVOLLODOLLODOVOY OVVOVVODDOVOVVIOVOIVOD €L€8/1 NN PP
LOILOVVOOVOOVOVIVOOIDD VVOLOLIVVOIDLOIOODDDIO 70200 AN wprD
OLLODIVOOVOLODIDOIOV VOLOOOVOIVLOOVOOVYVIOD £€%98600 AN 97
VOLLIVOOOLIVOOVIVLODOLL OLOVIODODLOOOVODLOO 1'€68600 NN 89O
DOIVOVVVOIODIOVVOLOVO OIVVVVODVIOOVOVVOVVVOD 8GS6ST100 NN 9EPO
OVOOIDIOVOVIOLOIOVOLOD LIVOVYVOVOOOIDILVOOVOOVO 7’87900 NN 21D
JLOODIOODILOOVOVOOIDLLIOLLOD OO0OIDVVLLOVOOIVOVOOOVOL €€ECI10 N aro
VYVOOOIOIVOOLLLOOOIVOLL VOOLOOVLLOVVOLOODD1O Y1911€0 AN D
OVVOLOVOOVYVODODOOOLIOL OLVOLLLOOVOVVOLOOOOVO €TI%€10 AN 9Py
OLODLVLLLOVOVYOVOOVOOVVOD OLOVOOLLOODOOIVIOOOLLID 7'0€1010° NN 14py
VLLOLLOOVOOVOVOILODDD OOIVOOIOLIVOLLIODIVOOOV €T6££00 NN oy
ODILOOVIOLLODDVOLOIDDDLO VOOOLOILODOVYOVOOOVODD 6TL510 AN X007
DOODILOVILOOVODDDILOVIOL OOOVLOOVOVOODLODLIOOVO T09€EET N w3y
IVIOODILOOVOLODOOVIDIDD VOOOIVOOOIDILOOVOLOLOOL 081920 AN §9qy
OOVVOVLOILVOOLOIOVOODD OOVVOOVOLODOVOVIODLOL ¥881€0° AN Shqy
rouwnad asxaady ourad premiog IPqUINY UOTISSDIY auan)

srownid gD b g sqer, Areruswaiddng

262



ant extract on bo
lant extract on bod
glucose homeostasi

y composition,

bese mice

sino

£

Effects of a novel

polyphenol-rich

inflammation, insul

in sensitivity an

OVOOVOLILOOVOLOLIVOOL OVOOVIODIODODLIVOOVOL €9%600 AN 190
VOOVLOOLLLODLODLLIOVO OVVOVOILVODOVVVOOIOLD €69€10 AN vfu
OOOVLILOIOODLOIOOLIVOD DOOVODDIOIVLLLOIVOVOD 798600 AN 1dly
OVOLLIDLOOVIVIOVOOVOOOVO LOOLLOLIDOVOOIOOOLOV €65110 AN [dus
OIVOLOLIOODOOVLODOOVL LOLVVOOVOVODOVOOIVVO TTESTI0 N 91
VOVLOVVOVVOVOODDDIVL YOIVOOODOOVOLOODIO 087110 AN 199245
OVLIVOOLOVOODILODOOVD OOIVOVVOOVLOLODOOLOV 7018610 AN 17878
LOILVVOOODLOVVOOVVODOD OLOLIOVODOLODOLOIVOL TL6I1E0 NN cvels
DODDDDHVOIVOIODVOVOOL IVOOODLIOIOODILOOVOVIOIOD ¥'LT1600 NN Ip’s
OOOVLOLLODDDIOVOIVIOOD OOVVOODDLOLODDVOODILOL SLyL00 AN 09%
OLOLIOOVYVOOLODILOVOD YOVVVVVOOIVLODDOVODD 1895254 WA it
VYOOOLOODOOLLOOLLIOIOD YOOOOVOLVYVYOOVOLOVOVOOD TY06800 NN 7125w
OOLIOLOLLIDIOODIOIOD OVIVOLOLLLIOOODO0VVO Y1110 NN wuvag
OOVOOIVOLLIOODDODLOD OVVOOOLOIVODILDOOODDD TYYOIT0 AN Ipd
DODODOLLODVVODIVVIVOV VYVOLLOVOLOOOIOOIOD1LO 1'9€609€100° N “Po
LODOODILOLOOVOLLOVVVO OOVOOLODDDOVOIVOIVLD 1'6Z€09€100 AN CIN
LOLOLODOIOVOIIVIVODOD OOOLOLODLILOOIOLOLOIODD €6¥800° AN o4
LIOOIODIVOVOOLOODOVOVY OLLOLOOLLIDIVOODLOVODD 167800 AN T
OLLOVOOLOIODIODIOVOVOOLL OILODDLIODLIODIOVYOOVIDD TYEEITO AN xvdyy
JLOVOOLOOIOOVOLIOLOVOLV OIOVOOOVVIOODLOVIVOVVOVD 875010 AN orn
OLLIVOVOODI1ODIODLOLY LOODOVVOILIVOVVVYVOODOIOVO 19¢800° NN 911l
LOVOOOLLLLIODIVOOVOLOL OOOVVVOLIVOLOVOVOODD £E€€800 NN Juy
LOLOVIVOOILOOLLLLLDDYDD DOOVYOIVOOVVOIVOOVIV ¥'652070 NN By
DOVOOIVVODLVOVVOOILY OVVVOVOVIOVOODOVVVIOVOD ¢'88¥170 AN M9
OLOIVOLOVIOODODDVOLID ODOOIDLIVOVOLODVIOVOOLD €6I8110 AN 9¢/29;
owrrd asraady ound premiog 19quNU UOISSIIOY Juar)

263



Chapter 8

Supplementary Table 3. Western Blot antibodies.

Primary antibody  Residue Supplier Reference Dilution
HSP90 - Santa Cruz sc-7947 1:1000
IRB - Santa Cruz sc-711 1:1000
PKBa - Upstate 07-416 1:1000
PKBj - Upstate 07-372 1:1000
Phospho-PKB Ser473 Cell Signaling #9271 1:1000
UCP1 - Abcam ab10983 1:1000
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Supplementary Table 4. FACS antibodies.

Target Clone Conjugate Source Identifier
B220 RA3-6B2 FITC eBioscience 11-0452
B220 RA3-6B2 eF450 eBioscience 48-0452
CCR2 475301 APC R&D Systems FAB5538A
CD3e 17A2 APC eBioscience 17-0032
CD4 GK1.5 PE-Cy7 eBioscience 25-0041
CD8a 53-6.7 APC-Cy7 Biolegend 100714
CD11b M1/70 PE-Cy7 eBioscience 25-0112
CDl1c N418 BV421 Biolegend 117330
CD19 eBiolD3 eF450 eBioscience 48-0193
CD45 30-F11 BV785 Biolegend 103149
CD45.2 104 FITC Biolegend 109806
F4/80 BMS8 APC eBioscience 17-4801
Ly6C HK1.4 APC-Cy7 Biolegend 128025
NK1.1 PK136 PE BD Biosciences 557391
Siglec-F E50-2440 BV605 BD Biosciences 740388
Siglec-F E50-2440 PE BD Biosciences 552126
Other reagents Source Identifier
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Invitrogen 134957
Zombie UV™ Fixable Viability Kit Biolegend 423107
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Supplementary Figure 1. Totum-63 does not affect food intake, locomotor activity and total
energy expenditure, but promotes a shift towards fatty acid oxidation in obese mice. C57BL6/]
mice were fed a HFD for 12 weeks and next transferred to individual metabolic cages. After 48 hours
of acclimatization, mice received HFD supplemented or not with Totum-63 (2.7% w/w) for 4 weeks.
(A-B) Food intake (A) and locomotor activity (B) were monitored throughout the study. (C-F)
Oxygen consumption and carbon dioxide production were measured at 30 sec intervals and total
energy expenditure (EE, C), respiratory exchange ratio (RER, D), and fatty acid (FA, E) and
carbohydrate (CHO, F) oxidation rates were calculated, and the averaged data during 4 weeks were
shown. Results are expressed as mean + SEM. # P < 0.05 vs HFD (n=8 mice per group from 2

independent experiments).
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Supplementary Figure 2. Totum-63 does not affect the gene expression of main gut hormones
and inflammatory markers in ileum from obese mice. LEFD- and HFD-fed C57BL6/] mice were
treated as described in the legend of Figure 1. (A-B) The expression of key genes involved in gut
hormone synthesis (4) and inflammation (B) was measured in the ileum section of the intestine by
RT-qPCR. Results are expressed as mean + SEM. * P < 0.05 s LFD, # P < 0.05 vs HFD (n=5-6 mice

per group).
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2.7% wiwj; orange squares/bars) or not (control; black squares/bars) were weight-paired after 4 weeks
of supplementation. (B-F) Fasting blood glucose (B) and HbAlc (F) levels together with plasma
insulin (C) and leptin (£) levels, and HOMA-IR (D) were determined. (G-H) Intraperitoneal ITT
(G) and GTT (H) were performed and the respective AUC calculated, as described in the legend of
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inflammation, insulin sensitivity and glucose homeostasis in obese mice
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Supplementary Figure 4. Totum-63 reduces hyperglycemia and hyperinsulinemia already after 2
weeks but does not affect plasma TC and TG levels in obese mice. LFD- and HFD-fed C57BL6/]
mice were treated as described in the legend of Figure 1. (A-C) Fasting blood glucose (4) and plasma
insulin (B) levels were measured at week 2 of supplementation and used to calculate the HOMA-IR
(0O). (D-G) Fasting plasma total cholesterol (TC, D,F) and triglycerides (TG, E,G) were also
determined at week 2 (D-E) and 4 (F-G). Results are expressed as mean + SEM. * P < 0.05 s LFD, #
P <0.05 s HFD (n=10-12 mice per group from 2 independent experiments).
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Supplementary Figure 5. Totum-63 does not affect blood immune cell subsets in obese mice.
LFD- and HFD-fed C57BL6/] mice were treated as described in the legend of Figure 1. (A) The
gating strategy for analysis of blood eosinophils, neutrophils, monocytes, NK cells, B cells, and CD4/
CDB8T cells is shown for a representative sample. Isolated cells were pre-gated on CD45* single cells.
(B-I) The blood levels of CD45* leukocytes (B), monocytes (C), neutrophils (D), eosinophils (£), B
cells (F), NK cells (G), CD4 T cells (H) and CD8 T cells (/) were determined by flow cytometry.
Results are expressed as mean + SEM. * P < 0.05 s LFD, # P < 0.05 »s HFD (n=4-6 mice per group).
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Supplementary Figure 6. Totum-63 reduces accumulation of hepatic triglyceride species in obese
mice. LEFD- and HFD-fed C57BL6/] mice were treated as described in the legend of Figure 1. (A-D) At
sacrifice, a piece of liver was collected and freeze-clamped. After lipid extraction, the hepatic lipid species
concentrations were quantified by targeted lipidomics using the Lipidyzer platform. The heatmap (4)
and PCA plot (B) depicting the effect of T63 on >800 individual lipid species are shown. The levels of
the individual lipid species were summed up for each lipid class (C) and the heatmap for the top 200
triglyceride species expressed is shown (D). PC, Phosphatidylcholine; PE, Phosphatidylethanolamine;
LPC, Lysophosphatidylcholine; LPE, Lysophosphatidylethanolamine; SM, Sphingomyelin; CE,
Cholesterylester; DG, Diglycerides; TG, Triglycerides; FFA, Free-fatty acids; CER, Ceramides. Results
are expressed as mean + SEM. * P < 0.05 vs LFD, # P < 0.05 vs HFD (n=3 mice per group).

271




Chapter 8

Monocytes Kupffir cells

CD11c*
Kupffer cells

Liver
Siglec-F
CD11b
CD11b

Ly6C F4/80 CD11c

Monocytes Macrophages

—» CD11c*
ATMs

eWAT
Siglec-F

+CD11b
lcn11b

Cdi1lb Ly6C F4/80 CD11c

Supplementary Figure 7. Gating strategies for liver and adipose tissue immune cell phenotyping.
(A-B) Isolated cells from liver (A) or eWAT (B) were pre-gated on AquaCD45" single cells. The gating
strategy for analysis of monocytes, Kupffer cells (KC)/adipose tissue macrophages (ATMs) and
CD11c" KC/ATMs is shown for a representative sample.
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Supplementary Figure 8. Feces lipid composition from obese mice is affected by Totum-63. LED-
and HFD-fed C57BL6/] mice were treated as described in the legend of Figure 1. (A-D) Overnight-
produced feces were collected and freeze-clamped. After lipid extraction, the feces lipid species
concentrations were quantified by targeted lipidomics using the Lipidyzer platform. The heatmap (A)
and PCA plot (B) depicting the effect of T63 on >800 individual lipid species are shown. The heatmap
for the free fatty acid species expressed is shown (C) and the individual lipid species were summed up
for each lipid class (D). PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; LPC,
Lysophosphatidylcholine; LPE, Lysophosphatidylethanolamine; SM,  Sphingomyelin; CE,
Cholesterylester; DG, Diglycerides; TG, Triglycerides; FFA, Free-fatty acids; CER, Ceramides. Results
are data from pooled feces per group (n=3-4 cages per group).
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Chapter 9

Summarizing discussion

The work presented in this thesis aimed to contribute to a better understanding of the
mechanisms responsible for the immunological control of metabolic homeostasis. In addition,
the potency and underlying mechanisms of (helminth-derived) immunomodulatory
molecules for alleviating obesity-induced metaflammation, insulin resistance and metabolic
dysfunctions were investigated. This chapter summarizes the main findings and discusses

these results in a broader perspective.

What was known about immunological control of metabolic
homeostasis?

A plethora of evidence currently supports that chronic low-grade inflammation in insulin
target tissues, i.e. adipose tissues, cardiac and skeletal muscle, liver and pancreas, contributes
to the development of insulin resistance and type 2 diabetes (1, 2). Such control of tissue and
whole-body metabolism by the immune system is one of the central themes in the emerging
field of immunometabolism.

Increased expression of the inflammatory cytokine tumor necrosis factor (TNF) in
obese white adipose tissue (WAT), which was found to induce insulin resistance by inhibiting
canonical insulin signaling, was one of the landmark discoveries that fueled the interest in
immunometabolism (3, 4). Additionally, macrophages were found to accumulate in obese
WAT and account for the majority of TNF production, along with other proinflammatory
mediators such as inducible nitric oxide synthase (iNOS) and interleukin (IL)-6 (5, 6). These
adipose tissue macrophages (AT Ms) were shown to express increased levels of the integrin
CDll1c and to predominantly localize around necrotic adipocytes in so-called crown-like
structures (7-10), likely protecting their environment from lipotoxicity through lysosomal
exocytosis and digestion of apoptotic/necrotic adipocytes (11). Conceivably, the flip side
of this protective mechanism is inflammatory activation of ATMs (12), contributing to
increased cytokine and chemokine production, immune cell recruitment, and the generation
of a vicious circle that exacerbates inflammation and insulin resistance. Indeed, genetic
manipulation to inhibit the monocyte chemoattractant protein 1 (MCP-1)-CCR2-axis,
which coordinates circulating monocyte recruitment into tissues, alleviates inflammation
and insulin resistance (13, 14). In the liver, activation of the liver-resident macrophages
(Kupffer cells; KCs) and recruitment of monocytes that develop into proinflammatory
monocyte-derived KCs (MoKCs) have also been demonstrated to drive the pathogenesis
of non-alcoholic fatty liver disease (NAFLD) and progression towards non-alcoholic

steatohepatitis (NASH) (15-17). Although the contribution of macrophages to the etiology
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and pathogenesis of insulin resistance, NAFLD/NASH and type 2 diabetes has been well-
established, other immune cells were also shown to accumulate in adipose tissue and liver
during obesity (2). The underlying mechanisms responsible for deterioration of metabolic
homeostasis by both macrophages and other immune cells are still incompletely resolved,

and dissecting such mechanisms may provide novel therapeutic leads.

How did our studies advance the field?

Elucidating some of the processes involved in the regulation of proinflammatory macrophage
activation may provide therapeutic leads to combat obesity-induced metabolic disorders.
Immune cell function is increasingly recognized to be dictated by cellular metabolism
(18). The cytosolic enzyme ATP citrate lyase (Acly) was recently shown to link cellular
metabolism to inflammatory responses in LPS-activated macrophages (19). By converting
mitochondrial-exported citrate resulting from increased glycolytic flux into oxaloacetate
and acetyl-CoA, Acly provides metabolic intermediates allowing biosynthesis of fatty acids
and cholesterol, as well as histone acetylation to regulate gene expression (19-21). Acly-
deficient BMDMs were previously shown to exhibit enhanced LPS-induced cytokine
production and surface marker expression, indicative of proinflammatory activation (22).
Hence, in chapter 2, we studied the consequence of myeloid Acly-deficiency in the context
of inflammatory disorders, including metaflammation. We confirmed that LPS treatment
of Acly-deficient BMDMs indeed promoted a proinflammatory transcriptomic signature
when compared to control BMDMs. Surprisingly, neither acute LPS-induced peritonitis,
experimental autoimmune encephalomyelitis nor obesity-induced metabolic dysfunctions
and metaflammation were significantly affected by myeloid Acly deficiency, indicating
that the proinflammatory transcriptomic signature observed iz vitro did not translate into
worsening of inflammatory disorders 7z vivo (Figure 1A).

Acly was previously shown to link metabolism to inflammatory responses in LPS-
stimulated macrophages by supporting histone acetylation and proinflammatory gene
transcription (19, 21). These studies utilized small interfering RNAs for Acly knockdown
in vitro or small molecule Acly inhibitors to study the role of Acly in macrophage biology,
which may generate different outcomes when compared to constitutive genetic deletion of
Acly. For example, Acly-deficient BMDMs may rewire cellular metabolism to rescue defects
in cholesterol biosynthesis and lipogenesis (22). These processes are fueled by acetyl-CoA
generated by Acly, and Acly-deficient BMDMs indeed displayed deregulated cholesterol
metabolism. However, total cholesterol content was unchanged, indicating Acly-deficient

macrophages employ strategies to compensate for the loss of Acly-derived acetyl-CoA. In
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support of this, differentially regulated genes in Acly-deficient BMDMs compared with
control BMDMs indicated an upregulation of genes involved in cholesterol biosynthesis
and import, while cholesterol efflux genes were downregulated. In addition, acyl-coenzyme
A synthetase short-chain family member 2 (Aess2), converting acetate into acetyl-CoA, was
upregulated in Acly-deficient BMDMs, suggesting that this pathway may contribute to
maintenance of acetyl-CoA levels in the absence of Acly (22). Hence, constitutive deletion
of Acly may rewire cells to rescue the metabolic perturbation, which may explain the
discrepancies between using small molecule Acly inhibitors and genetic deletion of Acly on
macrophage inflammation iz vivo. Of note, we found that Acly expression was upregulated
in adipose tissue macrophages from obese mice, leading to speculate that Acly may play a
role in obesity-induced proinflammatory activation of adipose tissue macrophages. Future
studies could benefit from the use of inducible, macrophage-specific knockout models, such
as the tamoxifen-inducible Lyz2“F¥"2, or the Cx3crl“eFRIZREYY mouse model used in
chapter 7.

Macrophages express a plethora of cell surface receptors that sense perturbations in
the microenvironment, enabling their maintenance of homeostasis (23, 24). One of these
receptors, the mannose receptor (MR/CD2006), is a C-type lectin receptor that recognizes
molecular patterns for internalization, processing and cross-presentation of antigens (25,
26). Interestingly, the MR can be proteolytically cleaved from the membrane and released
as a soluble form (27, 28), which was recently shown to correlate with the pathogenesis of
diverse inflammatory diseases (29-33). The effects of the MR and its soluble form (sMR) on
proinflammatory macrophage activation in the context of metaflammation was studied in
chapter 3. Here, we demonstrated that sMR reprogrammed mouse BMDMs and human
monocyte-derived macrophages towards a proinflammatory phenotype iz vitro. By binding
to and inhibiting the phosphatase and pan-leukocyte marker CD45, sMR initiated a novel
Src-Akt-NF-kB-mediated signaling pathway that resulted in proinflammatory cytokine
production. sMR serum levels were increased in obese mice and humans, and correlated
with adiposity. Strikingly, whole-body MR-deficient mice were completely protected against
high fat diet (HFD)-induced hepatic steatosis, insulin resistance and glucose intolerance,
which was associated with decreased CD11c-expressing obesity-associated macrophages that
correlated with insulin resistance. Lastly, we found that treatment of lean, MR-sufficient
mice with sMR increased insulin resistance and promoted proinflammatory activation of
adipose tissue macrophages, unequivocally demonstrating a role for sMR in proinflammatory
macrophage activation in the context of metaflammation (Figure 1B). These results and
additional roles of the MR and other C-type lectins in regulating inflammation were

reviewed in-depth in a broader context in chapter 4.

278



Summarizing discussion and future perspectives

&

T proinflammatory Acute LPS-induced
gene signature peritonitis

Experimental auto-
immune encephomyelitis

No phenotype in vivo

Obesity-induced
—> metabolic dysfunctions

- Liver sinusoidal endothelial cell
Obesity/NAFLD |

CD11c* obesity-
associated macrophage

Insulin resistance
Glucose intolerance

@ Insulin resistance

NAFLD

Activated
DC

Figure 1. Mechanisms of immunological control of metabolic homeostasis. (A) Graphical
summary of chapter 2. LPS-activated Acly-deficient bone marrow-derived macrophages (BMDMs)
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Figure 1. Continued

display a proinflammartory gene signature compared to WT control BMDMs. However, myeloid Acly
deletion did not impact acute LPS-induced peritonitis, experimental autoimmune encephalomyelitis
and obesity-associated metabolic dysfunctions, although Acly was upregulated in adipose tissue
macrophages of obese WT mice. (B) Graphical summary of chapter 3. Soluble mannose receptor
(sMR) interacts with CD45 on the surface of macrophages, inhibiting its phosphatase activity. This
enables Src-AKT-NF-kB-mediated signaling to promote proinflammatory macrophage activation and
production of TNE IL-1B, IL-6 and IL-12. Obesity increases circulating sMR levels, associated with
increased CD11c-expressing obesity-associated macrophages in WAT and liver, which correlated with
insulin resistance and glucose intolerance. Liver sinusoidal endothelial cells represent the majority of
MR-expressing cells, while obesity increased MR-expressing macrophages in the liver. (C) Graphical
summary of chapter 5. Obesity increased LKB1 phosphorylation at Serine428 in hepatic dendritic
cells (DCs). LKB1 limits Th17 polarizing cytokine expression in DCs, potentially through SIK. In
addition, LKB1 limits IL-17A+ Th17 cells in vivo, thereby controlling insulin resistance and NAFLD.
Created with BioRender.com.

The MR is expressed by macrophages, DCs and endothelial cells (34). We show that
liver sinusoidal endothelial cells constitute the majority of cells expressing the MR in metabolic
tissues, yet MR-expressing macrophage numbers were increased particularly in livers of obese
mice. Hence, one of the hypotheses is that obesity-induced liver macrophages are the main
source of increased serum sMR in obesity, yet this remains to be verified. Unfortunately, no
conditional knockout model for MR is available to date. Future studies could, however, rely on
adoptive transfer of MR-deficient bone marrow to irradiated, MR-sufficient acceptor mice to
address whether hematopoietic cells are the source of increased sMR in obesity.

Local increased expression and shedding of sMR might act in an autocrine fashion
to promote proinflammatory macrophage activation and deteriorate insulin resistance.
MR shedding is regulated by currently unidentified metalloproteases, and appears to occur
constitutively as sMR levels in supernatant positively correlate with MR expression of cells
in culture (27, 28). In this regard, it is worth noting that MR expression is regulated by
PPAR-y (35), a transcription factor that regulates expression of genes involved in glucose
and lipid metabolism, and has been shown to be upregulated in both lipid-associated hepatic
and WAT macrophages (36, 37). Strikingly, a recent study demonstrated that a novel subset
of MR-expressing KCs is increased in steatotic livers of HFD-fed mice (38). These KCs
display transcriptomic features of lipid metabolism and contribute to NASH pathogenesis at
least partly through the fatty acid transporter CD36. As such, one may speculate that obesity
could result in PPAR-y-mediated upregulation of MR expression and shedding by lipid-
associated macrophages in metabolic tissues, contributing to insulin resistance. Yet, given
the beneficial effects of PPAR-y agonists on whole-body insulin sensitivity (39), and the

contribution of PPAR-y to alternative activation of macrophages (40), this is a paradoxical
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and challenging hypothesis that requires follow-up research. Alternatively, obesity was
demonstrated to impact the expression of metalloproteinases in metabolic tissues (41),
which may also contribute to increased MR shedding and warrants further studies.

Although we provide evidence for a role of sMR in proinflammatory macrophage
activation and metaflammation through both loss-of-function experiments and exogenous
administration of sMR, its iz vivo cellular and molecular mechanisms are yet to be established.
We demonstrated that sMR-mediated inflammatory reprogramming of macrophages is
dependent on the interaction of sMR with CD45, which is expressed by macrophages but
also other immune cells. Interfering with this interaction may provide clues to underlying
mechanisms. For this, antibody-mediated neutralization or targeted mutagenesis of the
region of CD45 interacting with sMR could be envisaged, although this first requires in-
depth characterization of the sMR-CD45 molecular synapse. In addition, development
of a CD45 conditional knockout model to delete CD45 from macrophages or other
immune cells is of interest. Of note, after publication of our manuscript, an independent
study demonstrated that MR-expressing adipose tissue macrophages in humans positively
correlated with markers of metabolic dysfunctions, z.e. HbAlc, fasting blood glucose and
criteria for metabolic syndrome (42). Moreover, these MR-expressing macrophages were
enriched in visceral adipose tissue of obese, type 2 diabetics compared to both lean and obese
non-diabetic humans, supporting a role for MR-expressing macrophages in contributing
to metaflammation also in humans. Altogether, we propose that inhibiting sMR release,
neutralizing sMR or interfering with the sMR-CD45 molecular synapse may hold promise
to alleviate metaflammation and other inflammatory diseases.

Besides a well-established role for macrophages in the etiology of metaflammation,
DCs also accumulate in metabolic tissues and contribute to insulin resistance (43-45).
DCs are specialized antigen presenting cells that govern T cell responses depending on the
inflammatory and metabolic microenvironment (46, 47). Indeed, T cell subset abundances
were reported to change in metabolic tissues during obesity (48), indicative of altered DC
function. The nutrient sensor liver kinase B1 (LKB1) was recently shown to control DC-
mediated immune homeostasis and T cell priming in the context of allergic asthma and
tumor development (49-51). In chapter 5, we report that Ser428-LKB1 phosphorylation is
increased in hepatic DCs from obese mice, and that deletion of LKB1 from DCs increased
HFD-induced hepatic steatosis, insulin resistance and glucose intolerance in obese mice.
These metabolic perturbations were associated with increased regulatory T cells (Tregs)
and T helper 17 (Th17) cells particularly in the liver, and were rescued through antibody-
mediated neutralization of the canonical Th17 cytokine IL-17A. Indeed, LKB1-deficient
DCs displayed increased expression of the Th17-polarizing cytokines IL-6, IL-1B and IL-23,
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suggesting increased Th17 priming by LKB1-deficient DCs in line with previous work (51).
Taken together, we identified LKB1 as a repressor of pathogenic Th17 cell priming in the
liver, thereby controlling whole-body metabolic homeostasis (Figure 1C).

The tumor suppressor LKB1 is a serine/threonine kinase that controls cell polarity, growth
and metabolism (52) by phosphorylating and activating AMP-activated protein kinase (AMPK)
and 12 other AMPK-related kinases (53, 54). LKB1 activates AMPK in low-nutrient conditions,
and its effects on cellular metabolism has been studied extensively in multiple iz vitro and in
vivo models (55). However, although reduced phosphorylation of the AMPK target acetyl-
CoA carboxylase (ACC) was previously shown in LKB1-deficient splenic DCs (50), we show
that increased Treg and Th17 priming as well as aggravated metabolic dysfunctions in LKB1-
deficient obese mice was independent of AMPK. Instead, using pharmacological inhibitors in
bone marrow DCs, we provide evidence for involvement of the LKB1 downstream salt-inducible
kinase (SIK) family in repressing expression of the Th17-polarizing cytokines IL-6, IL-1B
and IL-23. The SIK family consists of three isoforms (SIK1-3) and is involved in regulating
gluconeogenesis, lipid metabolism and tumorigenesis (56). Interestingly, activation of SIKs
retains class Ila histone deacetylases (HDACs) and cAMP-regulated transcriptional coactivators
(CRTGCs) in the cytoplasm, thereby cither promoting or inhibiting transcription, respectively
(57). CRTC:s are coactivators of the transcription factor cAMP response element-binding protein
(CREB) (58). The promotors of 116, /16 and 1/23a genes all contain CREB binding sites (59-61),
which leads to speculate that the absence of SIK activation in LKB1-deficient DCs may promote
nuclear translocation of CRTCs and enhanced CREB-dependent £/6, //16 and 11234 expression.
Supporting this, SIK1 and SIK3 deficiencies were both reported to increase IL-6 production in
tumor cells (62), and IL-6 and IL-1P production in immortalized Raw264.7 macrophages (63).
However, SIK inhibition was also reported to inhibit TLR-induced proinflammatory cytokine
production in macrophages and DCs (64, 65). As such, investigating whether SIK inhibition
indeed increases nuclear translocation of CRTCs, thereby promoting Th17 polarization, would
definitely be of interest. In addition, future transgenic studies are also required to identify the SIK
isoforms involved in regulating Th17-polarizing cytokine expression in DCs. However, deleting
individual SIK isoforms revealed that SIK family members display functional redundancy in
some settings (57). Identification of the isoform involved may thus require the development of
a DC-specific, inducible triple knockout (SIK1/2/3) model, which is currently not available and
would be difficult to achieve. Finally, it is necessary to confirm that increased Th17-polarizing
cytokine expression after SIK inhibition or deletion indeed results in polarization of Th17 cells
in vivo, for instance via adoptive transfer of DCs that were ex vivo pulsed with a SIK inhibitor.

The composition of the cytokine milieu in which Th17 differentiation takes place was shown
to determine pathogenicity of the effector Th17 cells, where the presence of IL-6, IL-1 and IL-23
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promoted the development proinflammatory Th17 cells (66, 67). As we found increased expression
of these cytokines in LKB1-deficient DCs, the increased Th17 cells in the livers of these mice
are likely pathogenic in the context of obesity. However, the phenotype of these Th17 cells and
underlying mechanisms for promoting hepatic steatosis and insulin resistance are still unclear. Since
antibody-mediated neutralization of IL-17A in CD11c**®! mice rescued metabolic perturbations,
the Th17 effector cytokine IL-17A likely plays a role. Indeed, Th17 cells and IL-17A signaling
have previously been shown to impair whole-body insulin sensitivity and drive hepatic steatosis
(68-71). Mechanistically, IL-17A was suggested to either exert its effects on hepatocytes directly
(68, 69), or signal through the IL-17RA on myeloid cells (71) to increase insulin resistance and
hepatic steatosis. Recent single-cell transcriptomic analysis of Th17 cells in the liver identified an
obesity-induced inflammatory hepatic Th17 (ihTh17) cell subset with increased expression the
surface receptor CXCR3 and co-expression of the inflammatory cytokines IL-17A, interferon
(IFN)y and TNF (72). Here, the ih'Th17 cells exacerbated NAFLD pathogenesis, which was at
least partly dependent on their IFNy-expression and increased glycolysis. Although in our settings
the Th17 cells induced by LKB1-deficient DCs did not co-express IFNy (data not shown), it would
be interesting to investigate similarities with the ihTh17 phenotype by mapping the transcriptomic
signature of ihTh17 cells onto transcriptomic data of hepatic Th17 cells of CD11c***! mice (73).
This could be done by either performing single cell RNA sequencing of total liver leukocytes or bulk
RNA sequencing on sorted Th17 cells from livers of CD11c*®! mice.

Obesity increased Ser428-LKB1 phosphorylation in hepatic DCs. Although many
posttranslational modifications of LKB1 have been identified, how these modifications affect
LKB1 activity is only beginning to be resolved (74). LKB1 phosphorylation at Ser428 (in
mice) or Ser431 (in humans) is dependent on the upstream kinases p90 Ribosomal S6 Kinase
(p90RSK), protein kinase A and protein kinase C (PKC)Z, and has been reported to increase
LKB1 nucleocytoplasmic translocation and phosphorylation of downstream AMPK-related
kinases (75-78). However, the role of this phosphorylation site remains controversial, as AMPK-
related kinase phosphorylation by LKB1 has been reported to be normal in multiple tissues from
homozygous knockin mice in which Ser431 is mutated to alanine (79). We currently cannot
explain why and how Ser428-LKB1 phosphorylation is increased in hepatic DCs from obese
mice, and what the exact functional consequence is, .e. whether kinase activity and/or subcellular
localization is altered. Still, we may hypothesize that this posttranslational modification
constitutes a compensatory mechanism to limit pathogenic Th17 cell priming. While Ser428-
LKB1 phosphorylation was increased in hepatic DCs from obese mice, it was unaltered in splenic
and adipose tissue DCs, suggesting obesity-induced changes in the hepatic microenvironment
that may alter LKB1 activation and DC effector functions. Obesity compromises the intestinal

barrier function, resulting in increased gut permeability and altered serum metabolome (80). As
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a result, increased transport of gut-derived bacterial products through the mesenteric and portal
veins first targets the liver through a gut-liver axis. Indeed, LPS injection was previously reported
to increase Ser428-LKB1 phosphorylation in whole lung and liver lysates, and in Raw264.7
macrophages (81). In addition, sodium butyrate, an indigestible fiber that is metabolized by
the gut microbiome, was also demonstrated to increase Ser428-LKB1 phosphorylation in an iz
vitro model of hepatocytes (82), supporting that gut-derived metabolites may increase pLKB1
in hepatic resident cells. Obesity-induced gut permeability and/or metabolic endotoxemia
might thus explain increased pLKB1 selectively in hepatic DCs. Future studies are required
to elucidate the upstream molecular mechanisms that increase Ser428-LKB1 phosphorylation
in hepatic DCs from obese mice. Interestingly, although obesity increased pLKB1 in hepatic
DCs, phosphorylation of the AMPK downstream target ACC was unchanged, supporting
AMPK-independent effects of LKB1 in DCs. Whether this increase in pLKB1 indeed results
in downstream SIK-mediated repression of Th17-polarizing cytokines is currently unknown. In
sum, we identified LKB1 as a regulator of DC function that empowers DC-mediated control
of metabolic homeostasis. Targeting the LKB1-SIK axis in DCs may thus constitute a novel
therapeutic approach for alleviating obesity-induced metabolic dysfunctions.

Alrogether, our work identified novel mechanisms of myeloid cell-mediated control
of whole-body metabolic homeostasis, that may present new therapeutic targets for treating

metaflammation.

Box: Summary of main findings

e Myeloid Acly expression controls proinflammatory macrophage activation iz vitro, without
affecting acute peritonitis, chronic encephalomyelitis and metaflammation models 77 vivo
(chapter 2)

* A soluble form of the mannose receptor (sMR) reprograms macrophages towards a
proinflammatory phenotype by interacting with CD45 and a novel Src/Akt/NK-kB-
mediated signaling pathway (chapter 3)

*  MR-deficient mice are protected against HFD-induced hepatic steatosis, insulin resistance
and glucose intolerance, associated with reduced proinflammatory macrophages in metabolic
tissues (chapter 3)

e  Serum sMR levels correlate with adiposity in both mice and humans, and sMR promotes
metaflammation as well as obesity-induced metabolic dysfunctions (chapter 3)

*  Mice with LKB1-deficient DCs develop worse insulin resistance, glucose intolerance and
hepatic steatosis upon HED feeding, which is dependent on the canonical Th17 cytokine
IL-17A (chapter 5)

e LKBI limits LPS-induced expression of Th17-polarizing cytokines IL-6, IL-1B and IL-23 in
bone marrow DCs, potentially through its downstream target SIK (chapter 5)
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What was known about immunomodulatory molecules and
obesity-induced metabolic dysfunctions?

Obesity-induced metaflammation could be seen as a protective mechanism of physiologic
inflammation that aims to prevent tissue damage and/or restore homeostasis (83), but
ultimately fails and promotes chronic low-grade inflammation. Indeed, apart from its role
in defense against pathogens, the immune system is increasingly recognized to support tissue
function and control homeostasis (83, 84). Lean, insulin-sensitive adipose tissue is populated
by type 2 innate lymphoid cells (ILC2s), T helper 2 (Th2) cells, eosinophils and alternatively
activated macrophages (AAMs) (2). These cells, belonging to type 2 immunity, display a
self-maintaining network through production of the type 2 cytokines IL-4, IL-5 and IL-
13 that culminates in the alternative activation of macrophages (85-87). These AAMs are
thus considered the effector type 2 immune cells in lean adipose tissue that control insulin
sensitivity (2), although the underlying molecular mechanisms are not fully understood.
In the liver, IL-4 and IL-13-mediated signaling, engaging their downstream transcription
factors STAT6 and/or STAT3, have also been shown to increase glucose oxidation, decrease
gluconeogenesis and reduce hepatic steatosis (88-90). Although the homeostatic type 2
immune network in liver of lean individuals is ill-defined, these findings suggest that type
2 immunity plays a significant role in the control of metabolic homeostasis both in adipose
tissue and the liver. During obesity, these type 2 immune cells are lost, thus it is tempting
to speculate that restoring type 2 immunity in obese metabolic tissues may reinstall tissue
homeostasis and improve insulin sensitivity. Parasitic helminths are the strongest natural
inducers of type 2 immunity, characterized by tissue eosinophilia, production of type 2
cytokines, Th2 cells and alternative activation of macrophages (91). As such, helminths
and their immunomodulatory molecules have gained considerable interest as a potential
resource to manipulate the immune system and combat insulin resistance (92). Indeed,
cross-sectional studies conducted in helminth-endemic arecas demonstrate an inverse
correlation between helminth infection and metabolic dysfunctions (93-95). Experimental
infection of obese mice has allowed for investigating isolated effects of helminth infection on
metabolic homeostasis, showing that different helminth species induced type 2 immunity
in metabolic tissues and alleviated metabolic dysfunctions in obese mice (85, 96-99).
Importantly, our group and others have also shown that treatment of obese mice with
helminth-expressed immunomodulatory molecules in a pathogen-free setting recapitulated
these immunometabolic effects (97, 98, 100). However, hitherto there was little evidence for
a causal role of helminth-induced type 2 immunity to increased insulin action. Altogether,
harnessing immunomodulation to improve whole-body metabolic homeostasis is a promising

and exciting area of research that may build on lessons learned from helminths (101).
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How did our studies advance the field?

Helminth immunomodulatory molecules

As sentinels of homeostasis (23, 24), AAMs are believed to control insulin sensitivity in
metabolic tissues (2). These AAMs are maintained through a type 2 immune axis involving
ILC2s, Th2 cells and eosinophils (85-87). Obesity induces chronic low-grade inflammation
in metabolic tissues, where these type 2 immune cells are lost and proinflammatory
macrophages accumulate that contribute to insulin resistance (2). Exploiting the type 2
immunity-inducing properties of parasitic helminths and their immunomodulatory
molecules (91) to improve obesity-associated metabolic complications has sparked an
interesting line of research. Chapter 6 provided an overview of the literature concerning the
regulation of metabolic homeostasis by helminths and their molecules. Here, we discussed
cross-sectional studies conducted in helminth-endemic areas showing an inverse correlation
between helminth infection and metabolic dysfunctions (93-95, 102). In support of this
correlation, deworming helminth-infected individuals using antihelminthic drugs increased
proxies of systemic insulin resistance (102-104). Furthermore, we discussed that experimental
infection of obese mice with different types of helminths improved whole-body metabolic
homeostasis (85, 96-99, 105-107). In fact, our group has previously shown that both
infection of obese mice with the helminth Schistosoma mansoni, but also treatment with the
Th2-inducing soluble egg antigens (SEA) of S. mansoni, induced type 2 immunity in adipose
tissue and liver, and improved whole-body glucose tolerance and insulin sensitivity (97).
However, only few studies have described a dependency of metabolic effects to helminth-
induced immunomodulation (105, 108). In chapter 7, we investigated the contribution
of type 2 immunity to the metabolic effects of SEA using mice deficient for STATG, a key
transcription factor transducing canonical type 2 cytokines IL-4 and IL-13 signaling (109,
110). As expected, in obese Szar6"" mice, SEA failed to induce the Th2-eosinophil-AAM
axis in WAT that was observed in wildtype mice. Strikingly, the beneficial effect of SEA on
whole-body glucose tolerance was lost in Sza#6” mice, indicating that induction of type 2
immunity is required for the metabolic effects of SEA (Figure 2A). While this reinforces the
paradigm that AAMs are the effector cells of a type 2 immune cascade that maintains insulin
sensitivity, these data were obtained using a whole-body St27/6- mouse model and do not
demonstrate a causal role for AAMs in the metabolic effects of SEA.

Infection of obese mice with the gastrointestinal helminth Heligmosomoides polygyrus
was also shown to increase markers of type 2 immunity and improve whole-body glucose
tolerance (99, 105). Interestingly, adoptive transfer of H. polygyrus-induced AAMs to

uninfected mice via tail vein injection blunted HFD-induced adiposity and glucose intolerance
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(105), highlighting a role for AAMs in promoting insulin sensitivity. Adoptive transfer of
these macrophages was associated with increased expression of uncoupling protein 1 (UCP-
1) in adipose tissues, indicative of brown adipose tissue (BAT) activation or WAT beiging.
These are physiological responses to cold exposure to induce non-shivering thermogenesis,
producing heat at the expense of ATP production by uncoupling mitochondrial oxidative
phosphorylation, thereby combusting large amounts of glucose and lipids and significantly
increasing energy expenditure (111-113). As such, BAT activation and beiging have gained
considerable attention as therapeutic goals for combating metabolic disorders (114).
Although AAMs were previously suggested to promote beiging through the release of
catecholamines (115, 116), this concept was later refuted by an elegant study showing that
AAMs are incapable of producing catecholamines and do not contribute to beiging (117).
In our studies, we have not observed effects of helminth infection or SEA/w1 treatment on
white adipose tissue beiging or BAT activation (chapter 7 and unpublished results), while
AAMs were increased in adipose tissue in all settings. The transferred macrophages from A.
polygyrus-infected mice are thus unlikely to improve metabolic homeostasis through beiging.
In addition, these macrophages were not selected for AAM markers and derived from spleen
and peritoneal cavity, rather than AAMs from metabolic tissues. Moreover, the fate of these
macrophages after transfer and mechanisms for improving whole-body glucose tolerance
were not investigated. Together, this hinders the interpretation of the data showing that A.
polygyrus-induced AAMs promote metabolic homeostasis, and more work is undoubtedly
required to elucidate mechanisms by which helminth-induced AAMs may govern insulin
sensitivity.

In addition to S. mansoni SEA, we also investigated the effects and underlying mechanisms
of recombinantly produced w1, one of the major immunomodulatory molecules present in
SEA (118), on whole-body metabolic homeostasis in chapter 7. SEA and other helminth worm
or egg antigen mixtures are crude, heterogeneous preparations that display batch variability.
This impedes detailed, batch-transcending molecular and functional characterization, which
leaves room for potential off-target effects. Hence, dissecting underlying mechanisms of
type 2 immunity induction and improvement of metabolic homeostasis by single molecules
expressed by helminths may aid in identifying therapeutic targets. SEA-induced type 2
immunity, through dendritic cell (DC)-mediated T helper 2 (Th2) polarization, is at least
partly dependent on glycosylated antigens present in SEA (101, 119). Among these antigens
is the T2 RNase glycoprotein w1 that licenses DCs to polarize Th2 cells dependent on glycan-
mediated uptake and its enzymatic activity (118, 120). Interestingly, treatment of obese mice
with w1, that was recombinantly produced using human embryonic kidney 293 (HEK293)
cells, acutely reduced body weight and improved whole-body glucose tolerance (108).
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Figure 2: Mechanisms employed by immunomodulatory (helminth) molecules to alleviate
obesity-induced metabolic dysfunctions. (A) Graphical summary of chapter 7. Schistosoma mansoni
soluble egg antigens (SEA) improved whole-body glucose tolerance in obese mice through STAT6-
mediated type 2 immunity. Nicotiana benthamiana-produced glycosylation variants of wl also
induced WAT type 2 immunity, but improved whole-body glucose tolerance and insulin sensitivity by
reducing food intake, which was independent of type 2 immunity and leptin receptor signaling.
Furthermore, pLe*-w1 upregulated hepatic fibrosis gene markers, which was partly dependent on type
2 immunity. (B) Graphical summary of chapter 8. Totum-63 supplementation improved whole-body
metabolic homeostasis through pleiotropic effects on various metabolic organs. Created with
BioRender.com.
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However, glycan structures of HEK293-produced w1 differ from the S. mansoni
native molecule, specifically lacking immunogenic Lewis-X (Le*) motifs on glycan termini
(120, 121). Glycans on protein may profoundly affect protein function, e.g. by affecting
protein folding, receptor binding and biodistribution (122), and play important roles in
controlling immune responses (123). By exploiting the flexible N-glycosylation machinery
of Nicotiana benthamiana plants (124), we investigated the immunometabolic effects of two
w1 glycosylation variants, either carrying the Le* motif on one of its glycan branches or not,
in obese mice (Figure 2A).

Both of these plant-produced, glyco-engineered w1 molecules induced type 2 immunity
in metabolic tissues, which was associated with reduced fat mass and improvements in both
tissue-specific and whole-body insulin sensitivity. In stark contrast to SEA, w1 glycovariants
significantly improved whole-body metabolic homeostasis in obese Szr6” mice in the
absence of type 2 immunity. The w1 glycovariants rather inhibited food intake, without
affecting locomotor activity, lean mass, or behavior of the mice, indicating that discomfort
is unlikely to explain decreased appetite. Nonetheless, reduced food intake explained most
of the beneficial metabolic effects of at least the Le*-glycoengineered w1 (pLe*-w1), which
occurred independent of leptin receptor signaling, a central hormone involved in regulation
of energy intake (Figure 2A; 125).

The regulation of food intake by plant-produced w1 glycovariants was surprising,
as HEK293-produced w1 was previously not suggested to affect feeding behavior (108),
although this was not assessed in detail. Interestingly, deworming helminth-infected school
children was found to be associated with increased appetite and growth (126), leading to
speculate that helminth-expressed molecules may regulate satiety. We showed that plant-
produced w1l does not accumulate in the brain, indicating its effect is likely mediated
by peripheral rather than central mechanisms. Bidirectional communication between
the gastrointestinal tract and the central nervous system, the so-called gut-brain axis,
has gained interest in the context of metabolic disorders, where it has been shown to be
involved in regulation of energy intake and energy expenditure (127). Interestingly, several
mechanisms for sensing gastrointestinal helminths to induce mucosal type 2 immunity
and expel the worms have also recently been identified. For instance, the gastrointestinal
helminth Nippostrongylus brasiliensis activates an intestinal tuft cell-ILC2 program that
results in epithelial remodeling and increased mucus production (128-130). Tuft cells are
rare, secretory epithelial cells that closely interact with enteroendocrine cells and enteric
neurons (131). Although underlying mechanisms are still largely elusive, tuft cells and other
chemosensory cells are hypothesized to relay nutritional signals to brain regions that control

food intake, and are thereby potentially involved in the regulation of appetite (132, 133). In

289




Chapter 9

addition, V. brasiliensis is sensed by intestinal neurons, initiating type 2 immunity through
production of neuromedin U (NmU) and activating NmU receptor-expressing ILC2s (134,
135). Both intracerebroventricular (136) as well as peripheral administration of NmU (137)
or a NmU receptor-selective agonist (138) have been demonstrated to suppress food intake.
Mechanistically, peripherally administered NmU was suggested to inhibit food intake by
signaling to brain regions that regulate satiety through the vagal nerve (137). Although
speculative, whether plant-produced w1 glycovariants alter energy intake, through potential
changes in tuft cell activation or intestinal neuroimmune interactions that affect the gut-
brain axis, would be an interesting new angle to explore in future studies.

In addition to its beneficial effects on whole-body glucose tolerance and insulin
sensitivity, w1 also increased fibrotic gene marker expression in the liver and alanine
aminotransferase (ALAT) levels in serum, indicative of liver injury. During S. mansoni
infection, adult worms reside in hepatic veins where they release eggs that lodge in the
liver (139). This triggers granuloma formation through IL-4 and IL-13, and consequently
hepatic fibrosis surrounding egg granulomas via IL-13 (140). Indeed, also in the absence
of S. mansoni infection, IL-13 was shown to be pro-fibrotic in the liver (141). Given that
we found increased hepatic IL-13-expressing Th2 cells in wl-treated mice, it is likely that
this effect may underlie increased fibrotic gene marker expression in the liver. In line with
this, we found that fibrotic gene expression in the liver was at least partly dependent on
STATG (Figure 2A). Interestingly, S. mansoni eggs in which w1 has been knocked down
also generated smaller granulomas 7z vive (142), further supporting a role for w1 in driving
hepatic fibrosis. Using radioactively-labelled pLe*-w1, we found that pLe*-w1 distributes
throughout abdominal organs after intraperitoneal injection, while single-photon emission
computerized tomography (SPECT) identified apparent accumulation of pLe*-w1 in the
liver 24 hours post injection. Although both glycovariants increased leukocyte numbers
in WAT and liver, these effects were more pronounced in WAT for pWT-w1 and liver for
pLe*-wl, respectively, suggesting that the glycans present on the molecule may affect its
biodistribution. Congruent with this, iz vivo administration of different glycoconjugates
have been shown to display glycan-dependent, specific distribution kinetics [as reviewed
in (122, 143)]. Specific tissue and/or cell targeting approaches using glycans are currently
conducted. For example, triantennary N-acetyl galactosamine improved targeting of
antisense oligonucleotides to the liver through interacting with the hepatocyte-specific
asialoglycoprotein receptor (ASGPR) (144), and glucan-encapsulated particles containing
siRNAs specifically target phagocytic cells expressing Dectin-1 or other B-glucan recognizing
receptors (145). This would suggest that manipulating w1 glycosylation may have potential

to bypass the liver and specifically target adipose tissue DCs to elicit type 2 immunity and
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improve whole-body metabolic homeostasis, although the glycan structures and valency to
achieve this are yet to be identified.

To conclude, our work has provided evidence for involvement of SEA-induced type 2
immunity in improvement of metabolic homeostasis in obese mice. In addition, we found
that the S. mansoni-expressed Th2-inducing molecule w1 unexpectedly regulates food intake
through a peripheral mechanism independent of its Th2-inducing capacity. One of our
hypotheses is that w1 may regulate the gut-brain axis involved in the control of food intake.
As bidirectional gut-brain communication is mediated by the vagal nerve (146), future
studies may benefit from vagotomy as recently used in other studies assessing the gut-brain
axis in the context of obesity (147, 148). In addition, follow-up studies should address
whether helminth-induced AAMs contribute to improvements in insulin sensitivity and
elucidate underlying mechanisms, which may be facilitated through the development of

inducible mouse models with defective alternative activation of macrophages.

The polyphenol-rich plant extract Totum-63 and metabolic homeostasis

The types of food we eat may impact inflammatory conditions (149) and nutritional
supplements have thus gained attention for modulating immune responses (150). Using
dietary supplements for weight management and improving metabolic health is not novel,
yet provides an interesting, non-invasive method for prevention or amelioration of obesity-
induced metabolic disorders (151-153). Given the immunomodulatory properties of some
of these nutraceuticals, they may function as a double-edged sword: both ameliorating
systemic metaflammation as well as improving insulin sensitivity and/or glucose homeostasis
directly in metabolic organs. In chapter 8, the effects and underlying mechanisms of
Totum-63, a recently developed dietary supplement consisting of a blend of polyphenol-
rich plant extracts with potential immunomodulatory effects, on metabolic homeostasis
in obese, insulin resistant mice was investigated. In-depth metabolic phenotyping revealed
that Totum-63 reduced body weight, completely attributable to a decrease in fat mass, and
improved whole-body insulin sensitivity and glucose tolerance independent of body weight
changes. Totum-63 improved metabolic and immunological parameters in various metabolic
tissues, including intestines, liver, skeletal muscle, visceral and subcutaneous WAT, and BAT,
indicating the principle promotes metabolic homeostasis through pleiotropic effects, likely
owing to its chemical composition containing a variety of bioactive molecules (Figure 2B).

We demonstrated that Totum-63 reduced CD11c-expressing obesity-associated
macrophages in visceral WAT and reduced inflammatory gene markers in subcutaneous

WAT, BAT and liver. As hepatic steatosis was almost completely reversed in Totum-63-
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supplemented mice, reduced inflammation in BAT and liver probably results from
reduced ectopic lipid deposition and lipotoxicity, potentially through insulin-mediated
inhibition of WAT lipolysis. However, Totum-63 is rich in polyphenols, and several of these
micronutrients possess intrinsic immunomodulatory properties, e.g. by inhibiting NF-kB-
mediated proinflammatory cytokine production (154, 155). Hence, we cannot completely
exclude potential immunomodulatory effects of polyphenols or other components (i.e.
saponins, alkaloids and fibers) of Totum-63 that may impact metaflammation and thereby
promote tissue-specific and whole-body insulin sensitivity.

Although whole-body energy expenditure was unchanged, Totum-63 increased
BAT activation, as illustrated by decreased BAT mass and increased expression of UCP-1
and other thermogenic gene markers. Some polyphenols were reported to increase BAT
activation (153, 156), yet we also found increased ileal expression of bile acid transporters,
indicative of increased bile acid resorption. Bile acids are increasingly recognized as signaling
molecules that impact whole-body metabolism, immunity and also BAT activation (157,
158). Interestingly, polyphenols have been demonstrated to regulate bile acid bioavailability
(159). Whether Totum-63 increased systemic bile acid levels and whether bile acids may
contribute to the pleiotropic effects of Totum-63, for instance through immunomodulation
and/or direct effects on metabolic organs, remains to be determined. Future studies
supplementing mice that are deficient for bile acid receprors, such as FXR or TGR35, could
be considered for answering such questions.

Totum-63 was developed for the treatment of pre-diabetes and to reduce the risk of
developing type 2 diabetes. As such, the bioactive principle was shown to protect against
obesity-induced metabolic dysfunction in a progression model, when lean mice received
HFD supplemented with Totum-63 (160). Our work indicates that Totum-63 may also
hold potential in treating established type 2 diabetes by exerting pleiotropic effects on
multiple metabolic organs. Importantly, safety and tolerability of Totum-63 were also
recently demonstrated in pre-diabetic men, where 6 months supplementation induced
body weight loss, reduced fasting blood glucose and improved glucose tolerance (160, 161).
Together, our work has illuminated the potential mechanistic underpinnings of Totum-
63-mediated improvements in metabolic homeostasis. Increased bile acid bioavailability
and immunomodulation by Totum-63 may contribute to the immunometabolic effects of

Totum-63, yet this remains to be investigated.
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Box: Summary of main findings

e The beneficial metabolic effects of S. mansoni SEA on whole-body glucose tolerance in obese
mice are dependent on SEA-induced type 2 immunity (chapter 7)

e Glyco-engineered, plant-produced w1 improves whole-body metabolic homeostasis in obese
mice through leptin receptor-independent inhibition of food intake; not through its type 2
immunity-inducing properties (chapter 7)

*  The polyphenol-rich plant extract Totum-63 improves whole-body metabolic homeostasis in
obese mice through pleiotropic effects on multiple metabolic organs, including a reduction
in proinflammatory macrophages in adipose tissue (chapter 8)

Future perspectives and concluding remarks

This thesis deepens our understanding of how immune cells control whole-body metabolic
homeostasis. Developments in immunology and immunometabolism research have provided
new tools and perspectives to propel the field forward, of which several will be highlighted

below.

Single-cell and spatial transcriptomics

Analyses of immune cells in metabolic tissues have long relied on conventional flow cytometry,
with a limitation in the number of parameters to be measured based on the number of detectors
that are assigned to a single fluorophore. Historically, based on the expression of a selected set
of markers, macrophages in lean WAT were considered to resemble i vitro IL-4-polarized
M2 macrophages, whereas proinflammatory macrophages in obese WAT were thought to
be similar to in vizro LPS + IFNy-polarized M1 macrophages. While this dichotomy was at
the time already reported to be an oversimplification (162), recent technological advances
have confirmed that metabolic tissue macrophage phenotypes in vivo are indeed much more
complex. The development of single-cell transcriptomics during the last decade now allows
an unbiased approach to obtain unprecedented insights into the cellular heterogeneity of
complex samples (163). Single-cell RNA sequencing (scRINAseq) has recently been extensively
employed to investigate the immune cell composition of adipose tissue (36, 164) and liver
(37, 38, 165) isolated from lean and obese mice and humans. This has provided novel insights
into phenotypes and mechanisms underlying immune-mediated control of metaflammation.
Among the key findings is the identification of an evolutionary conserved lipid-associated
macrophage phenotype expressing CD9, Trem2 and/or CD36 in both obese WAT and fatty
liver, which contributes to obesity and NASH pathogenesis (36-38).

Of note, whereas hepatocytes and other parenchymal cells in the liver can readily

be identified using scRNAseq, mature adipocytes are too fragile to survive the procedure.
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Isolating nuclei from snap-frozen adipose tissue samples and performing single-nuclei
RNAseq was shown to be a valuable strategy to overcome this problem and revealed a
previously unrecognized heterogeneity in adipocyte subsets during obesity (164). Although
nuclei carry fewer RNA which may hinder resolution, single-nuclei RNAseq uncouples
sample acquisition from processing and may represent a goldmine allowing the analysis of
previously biobanked tissue samples.

scRNAseq enables detailed characterization of the cellular composition of metabolic
organs, yet it does not resolve cellular microenvironmental niches and cell-cell interactions.
As a spectacular recent example, a spatial proteogenomic atlas was generated for healthy
and obese mouse and human livers by integrating single-cell proteomic and transcriptomic
information with spatial transcriptomics (166). This provided clues regarding the
developmentand function of cell subsets based on their microanatomical niche, and strategies
for identifying and further studying specific hepatic cell subsets. Similar endeavors to provide
spatial resolution of cell subsets identified in snRNAseq of adipose tissue may deepen our
understanding of immunological control of obesity-induced metabolic dysfunctions.

In the timespan during which our studies took place, the development of these tools
and their applications in immunometabolism research have contributed a wealth of new
knowledge to the field. Unfortunately, at the time, we could not implement these cutting-
edge new tools in our work and have thus mostly relied on a selected set of markers by
conventional flow cytometry for identifying macrophages in adipose tissue and liver (i.e.
CD11b, CD64 and F4/80), as well as to predict their function (e.g. YM1 for AAMs
and CD11c for proinflammatory obesity-associated macrophages). As such, one of the
limitations of our work is that this approach did not allow to fully capture the heterogeneity
of the macrophage pool in metabolic tissues. Consequently, during the course of our own
studies we were not able to assess in depth some of the new macrophage subsets identified
by others using single cell transcriptomic and proteomic technologies (36-38, 164-166).
For example, obese adipose tissue accommodates a broad spectrum of macrophages, such
as lipid-associated macrophages (LAMs) (36), vascular-associated macrophages (167) and
sympathetic neuron-associated macrophages (168) that display phenotypical and functional
diversity at least partly based on their localization within adipose tissue. Likewise, in the
liver, CD64*CD11¢*CLEC4F- monocyte-derived KCs were shown to be more inflammatory
as compared to CLEC4F*TIM4* resident KCs, which are lost during obesity (37, 169).
Furthermore, osteopontin-expressing monocyte-derived macrophages in the liver were
also shown to resemble WAT LAMs and to be enriched in fibrotic liver (37). Our studies
could have benefited from mapping the transcriptional signatures defining these diverse

macrophage subsets onto the myeloid cells-of-interest in our studies. This may have provided
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more detailed and broad insights into the effects of given genetic or pharmacological
interventions on the leukocyte pool in metabolic tissues, and likely left fewer questions
unanswered. Finally, how (helminth-induced) AAMs contribute to insulin sensitivity is still
poorly understood. Further studies will likely benefit from in-depth characterization of these

cells by scRNAseq and establishing their microenvironmental niche.

Neuroimmunometabolism and the gut-brain axis

Besides bidirectional communication with metabolic cells, immune cells can also interact
with neurons. Such interactions are particularly apparent at mucosal areas, ¢.g. the intestines
and the lungs, where immune cells interact with dense neuronal networks to preserve
tissue homeostasis and assist in establishing immune responses (170). For example, several
recent studies demonstrated that the neuropeptide NmU promotes ILC2 responses in the
intestines and the lung (134, 135, 171). Strikingly, the excretory/secretory products of the
gastrointestinal helminth N. brasiliensis were found to be sensed by neuronal organoids,
resulting in increased NmU expression, thereby likely contributing to increased worm
expulsion through ILC2-mediated type 2 immunity (134). Such neuro-immune circuits
have not only been reported for enteric ILC2s, but also for muscularis macrophages in
the gut wall. These macrophages were shown to protect enteric neurons from infection-
induced cell death (172), and by this way, to preserve the self-sustaining crosstalk between
muscularis macrophages and enteric neurons that regulates gastrointestinal motility (173).
Alrogether, this may lead one to speculate that at least some of the metabolic effects of
helminth molecules and the nutritional supplement Totum-63 may be secondary to altered
neuro-immune circuits in the intestines, as a result of sensing of these molecules either by
enteric neurons or muscularis macrophages. As vagal afferent nerves are known to relay
intestinal sensory information to regulate food intake (147, 174), such interactions could
potentially also contribute to the regulation of satiety by wl.

The findings that subsets of macrophages co-localize and interact with sympathetic
neurons in BAT and WAT has sparked the research topic of neuroimmunometabolism
(175). Sympathetic innervation promotes lipolysis in BAT and WAT, and regulates adaptive
thermogenesis (112, 176). BAT macrophages were found to control tissue innervation,
which increased HFD-induced adiposity upon distuption (177). In WAT, obesity promotes
the accrual of sympathetic neuron-associated macrophages that scavenges norepinephrine to
reduce its extracellular bioavailability and WAT lipolysis (168). Removing the norepinephrine
importer Sle6a2 from myeloid cells increased lipolysis and limited weight gain upon HFD
feeding. WAT sympathetic neurons also indirectly interact with ILC2s through mesenchymal

cells (178). Neuronal-derived norepinephrine stimulates glial-derived neurotrophic factor
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(GDEN) release by mesenchymal cells, which binds to its receptor tyrosine kinase RET on
ILC2s to increase cytokine production. Loss of RET on ILC2s promoted HFD-induced
metabolic dysfunctions, whereas gain of function had an opposite effect, presumably by
controlling WAT beiging (178). Whether (helminth-induced) AAMs also interact with
sympathetic neurons in their microenvironmental niche, and whether such neuro-immune
interactions could contribute to regulation of tissue insulin sensitivity, is a novel perspective

that warrants further study.

Immunomodulatory helminth molecules and controlled human infections

Experimental infection of obese, insulin-resistant mice has unequivocally demonstrated that
different helminth species alleviate whole-body metabolic dysfunctions in mice. In chapter
6 we provided an overview of immune regulation of metabolic homeostasis by helminths
and their molecules. We described in chapter 7 that both S. mansoni SEA as well as the Th2-
inducing molecule w1, one of the molecules present in SEA, improve whole-body glucose
tolerance. SEA is a crude mixture containing many (glyco)proteins with potential Th2-
inducing properties, such as currently unidentified Dectin-1/2 ligands (179). Identification
of such molecules, either expressed by S. mansoni or other helminths, and assessment of their
potency to improve whole-body metabolic homeostasis remains a promising undertaking.

Cross-sectional studies in helminth-endemic areas indicate that an inverse correlation
between helminth infection and insulin sensitivity also exists in humans (chapter 6).
However, whether therapeutic helminth infection holds promise for patients with type 2
diabetes remains to be studied. Given the risks associated with experimental infection, such
studies require thorough ethical consideration. Still, controlled human infection trials have
provided a wealth of scientific insights and contributed to the development of vaccines and
drugs for infectious diseases, such as infection with rhinovirus, influenza and the malaria
parasite Plasmodium falciparum (180). Interestingly, controlled infection of humans with the
soil-transmitted helminth Necator americanus has been reported to be well tolerated (181,
182). Moreover, a recent landmark study described experimental infection of volunteers
with S. mansoni, albeit with only male cercariae - the infectious larval form of S. mansoni
- to prevent egg deposition and associated pathogenesis (183). Even though these trials are
currently focused on drug and vaccine development, they may potentially pave the way for
applying controlled experimental helminth infection in the context of obesity-associated
metabolic dysfunctions or other inflammatory disorders.

To conclude, our works describes novel mechanisms by which immune cells control
whole-body metabolic homeostasis, and that (helminth) immunomodulatory molecules

are potent candidates for alleviating metaflammation. We provide new insights, but our
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studies also raised new questions that remain to be addressed (see Outstanding questions
box). While one should not overlook the efficacy of lifestyle modifications, harnessing
immunomodulation through helminths, their expressed molecules or other sources presents
a potent means for improving obesity-associated metabolic dysfunctions that warrants

follow-up.

Box: Outstanding questions

*  What is the source of increased sMR serum levels in obesity, and how is increased sMR
shedding regulated?

e Whart are the effector cells and molecular mechanism(s) of sMR-induced metaflammation?
e What is the role of SIKs in controlling Th17 polarization by DCs?

e Whatis the contribution of helminth-induced AAMs to the control of whole-body metabolic
homeostasis, and what are their phenotypes and underlying mechanisms?

*  Does the gut-brain axis mediate the inhibitory effects of w1 on food intake?

*  What is the contribution of neuroimmunometabolism and the gut-brain axis to the
metabolic effects of helminth molecules and the polyphenol-rich nutritional supplement

Totum-63?

e  Does controlled human helminth infection hold promise as a translational model to explore
the impact of helminth-induced immunomodulation on metabolic homeostasis ?
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Begrippenlijst

Adipocyten: Vetcellen
Antigenen: Stukjes van cellen of ziekteverwekkers
waar het immuunsysteem op kan reageren

ATP citraat lyase (Acly): Enzym betrokken bij
het metabolisme, belangrijk voor het maken van
vetten en cholesterol, en het reguleren van de
expressie van genen

Acly-deficiénte macrofagen: Macrofagen die geen
Acly kunnen maken

Gytokines/chemokines: Signaalstofjes die gemaakt
worden door cellen om met elkaar te communiceren

DC'" ! ymuizen: Muizen waarvan de dendritische
cellen geen LKB1 kunnen maken

Dendritische cellen: Cellen van het aspecificke
immuunsysteem die gespecialiseerd zijn in het
controleren van hun omgeving op ziekteverwekkers
en het instrueren van T cellen

Genen: Stukje DNA dat de code beschrijft voor
het maken van eiwitten

Genexpressie: De mate van uitlezen van een gen,
wat de hoeveelheid te maken eiwit bepaald

Glycanen: Koolhydraatstructuren verbonden
aan eiwitten en vetten

Glycoproteinen: Eiwitten waaraan

koolhydraatstructuren verbonden zijn

Helminten: Groep parasitaire wormen die
bekend staan als sterkste natuurlijke opwekkers
van type 2 immuunreacties

Homeostase: Gezonde balans

Immunomodulatoire moleculen: Moleculen die
het immuunsysteem kunnen beinvloeden

Inflammatie: Ontstekingsreactie

Insulineresistentie: Ongevoeligheid voor het
hormoon insuline,

wat de bloedsuikerspiegel
reguleert
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In vitro: Type onderzoek wat zich afspeelt buiten
een levend wezen, bijvoorbeeld in een reageerbuis
in het laboratorium

In vivo: Type onderzoek wat zich afspeelt in een
levend wezen, bijvoorbeeld een muis

Lever kinase B1 (LKBI1): Eiwit betrokken bij
het metabolisme dat in dendritische cellen een
rol speelt bij T cel priming

Macrofagen: Veelzijdige cellen van het aspecifieke
immuunsysteem die hun omgeving beschermen
door (delen van) cellen en ziekteverwekkers op
te eten en onschadelijk te maken. Spelen ook een
rol bij het behouden van homeostase

Metabole homeostase: Gezonde balans van het
metabolisme, waarin metabole weefsels gevoelig
zijn voor insuline

Metabole weefsels: Weefsels betrokken bij het
metabolisme, zoals vetweefsel, de lever en spieren

Metaflammatie: metabole

weefsels die leidt tot insulineresistentie
pLefwl:
glycoproteine dat voorkomt in SEA en type 2

Ontsteking  in

Belangrijk  immunomodulatoir
immuunreacties induceert. Geproduceerd in
gemodificeerde planten waardoor de glycanen
meer lijken op het w1 uit SEA

Pro-inflammatoir: Ontstekingsbevorderend

Schistosoma mansoni: Soort binnen de

helminten

SEA: ‘Soluble egg antigens, een mix van
(immunomodulatoire) moleculen uit Schistosoma
mansoni eitjes

sMR: Oplosbaar extracellulair gedeelte van de
mannose receptor dat afgeknipt kan worden en
in verband gebrachr is met ontstekingsziekten

Stat6" muizen: Muizen die geen STAT6 maken
en zodoende geen type 2 immuunreactie kunnen
starten
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T cel priming. Het instrueren van T cellen door
dendritischecellen, waardoorzevermenigvuldigen
en een specifieke immuunreactie opwekken tegen
hetgeen de dendritische cel ze presenteert

T cellen: Cellen van het specificke immuunsysteem

die een specificke immuunreactic kunnen

opwekken op basis van instructies van dendritische

cellen

Totum-63: Voedingssupplement op basis van
plantextracten ontwikkeld voor het voorkomen
van diabetes type 2 in mensen met een hoog
risico op het ontwikkelen van diabetes type 2

Type 2 immuunreactie: Soort immuunreactie
waarbij type 2 T helper cellen, eosinofielen
en alternatief geactiveerde macrofagen een rol
spelen. Wordt onder andere opgeweke door
helminten en lijkt gunstig voor het behouden
van insulinegevoeligheid in metabole weefsel
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Obesitas, diabetes type 2 en metaflammatie

Een chronisch hogere energie-inname dan -verbruik leidt tot overgewicht en obesitas, en
verhoogt het risico op het ontwikkelen van verschillende ziekten zoals diabetes type 2,
hart- en vaatziekten, en sommige vormen van kanker. Obesitas is momenteel een epidemie
ondanks dat het voorkomen kan worden. Volgens de laatste cijfers van de World Health
Organisation leden in 2016 wereldwijd 650 miljoen volwassenen aan obesitas, en 450
miljoen volwassenen in 2019 aan diabetes type 2. Leefstijlinterventies — zoals aanpassingen
in het dieet, meer bewegen, psychologische begeleiding of een combinatie daarvan — hebben
bewezen effect op het verlagen van de risico’s van obesitas en het verbeteren van de kwaliteit
van leven. Het behouden van gewichtsverlies is voor velen echter een grote uitdaging. Mensen
die zijn afgevallen hebben zelfs een verhoogd risico op versnelde gewichtstoename, wat de
voordelen van eerder gewichtsverlies teniet doet. Er wordt veel onderzoek naar obesitas en
diabetes type 2 gedaan, en diabetes type 2 is dan ook behandelbaar met medicijnen. Helaas
pakken deze behandelingen vooral symptomen aan en niet de oorzaak, en zijn we nog niet in
staat het tij te keren. Daarom zijn nieuwe, innovatieve behandelmethoden nodig die (betere)
alternatieven bieden voor de huidige medicijnen, en/of die leefstijlinterventies ondersteunen
om de druk van de ziekte op de maatschappij te verlichten.

Een beter begrip van de mechanismen achter obesitas en bijbehorende complicaties draagt
mogelijk bij aan het ontwikkelen van zulke behandelmethoden. Langdurig te veel voeding
consumeren zorgt ervoor dat vetcellen (de adipocyten) groeien en dat nieuwe adipocyten
worden gemaake. In het vetweefsel wordt hierbij een ontstekingsreactie aangewakkerd, ook
wel inflammatie genoemd. Hierdoor worden cellen van het immuunsysteem geactiveerd en
produceren zij signaalstofjes (zogenaamde cytokines en chemokines) die ervoor zorgen dat
meer immuuncellen zich verplaatsen naar het ontstoken vetweefsel. Hoe meer immuuncellen,
hoe meer cytokines en chemokines. Zo ontstaat een vicieuze cirkel waarbij er steeds meer
immuuncellen ophopen in het vetweefsel. Daarnaast verminderen bepaalde cytokines de
gevoeligheid van adipocyten voor insuline, het hormoon dat de bloedsuikerspiegel reguleert.
Hierdoor neemt het vetweefsel minder glucose op uit het bloed en laat het meer vetten
vrij in het bloed. Deze vetten kunnen zich ophopen in spieren en de lever, wat de gezonde
balans (homeostase) en functie van deze organen belemmerd. Een dergelijke verstoring van
de homeostase zorgt voor inflammatie zoals in het vetweefsel, ongevoeligheid van de spieren
en de lever voor insuline (insulineresistentie), en verhoogde glucoseproductie door de lever.
Tezamen leidt dit tot een verhoogde bloedsuikerspiegel en het is deze chronisch verhoogde

bloedsuikerspiegel in diabetes type 2 die schade met zich meebrengt, zoals aan bloedvaten
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en zenuwen, met alle gevolgen van dien. Diabetes type 2 als gevolg van obesitas wordt dus
veroorzaakt door chronische inflammatie in weefsels betrokken bij het metabolisme (metabole
weefSels), zoals het vetweefsel, spieren en de lever. Dit fenomeen noemen we metaflammatie.

Om metaflammatie te begrijpen is een basaal begrip van het immuunsysteem nodig.
Dit systeem is essentieel voor de bescherming van het lichaam voor gevaren van buitenaf,
maar ook van binnenuit. Zo beschermt het immuunsysteem tegen infecties met bacterién,
virussen, schimmels en parasieten, maar ruimt het ook dode cellen en zelfs tumorcellen op.
Het immuunsysteem kan grofweg worden onderverdeeld in twee takken: het aspecificke
immuunsysteem en het specificke immuunsysteem. Zoals de naam aangeeft, beschermt het
aspecifieke immuunsysteem op een nietspecificke manier tegen ziekteverwekkers. Dat wil zeggen
dat verschillende ziekteverwekkers op een soortgelijke manier aangepakt worden. Neutrofielen,
eosinofielen, monocyten en macrofagen zijn enkele cellen van deze tak van het immuunsysteem
die ziekteverwekkers kunnen opeten en/of onschadelijk maken. Dendritische cellen (DCs)
zijn bijzondere cellen van het aspecifieke immuunsysteem omdat ze de schakel vormen tussen
het aspecificke en specificke immuunsysteem. Zij doen dit door hun omgeving te scannen op
ziekteverwekkers en kleine stukje hiervan, zogenoemde antigenen, te presenteren aan T cellen.
Dit noemen we T cel priming. T cellen zijn cellen van het specificke immuunsysteem, die na
priming door DCs alleen een ontstekingsreactie in gang zetten tegen deze specifieke antigenen.
Mits zij de juiste signalen ontvangen van DCs, kunnen T cellen zich snel vermenigvuldigen
en het immuunsysteem helpen om zickteverwekkers efficiént op te ruimen. Daartoe zijn er
verschillende typen T cellen die specifick zijn voor verschillende soorten zickteverwekkers,
en allen hun eigen cytokines produceren. Naast de rol van immuuncellen in bescherming
tegen zickteverwekkers, zijn ze ook in veel gezonde weefsels aanwezig om weefselfunctie te
ondersteunen, bijvoorbeeld door dode of beschadigde cellen op te ruimen.

Bij metaflammatie is de homeostase van het immuunsysteem in metabole weefsels dus
verstoord. Bij het meeste onderzoek naar metaflammatie is gekeken naar het vetweefsel, aangezien
dit wordt beschouwd als de oorsprong van een ontstekingsreactie die leidt tot insulineresistentie.
Zowel cellen van ons aspecificke als specificke immuunsysteem hopen zich op in het vetweefsel
tijdens obesitas, en spelen een rol bij het ontwikkelen van insulineresistentie. Eén van de belangrijke
concepten hierbij is de verplaatsing van monocyten uit het bloed naar het obese vetweefsel
die zich aldaar ontwikkelen tot macrofagen in de inflammatoire omgeving. De cytokines die
geproduceerd worden door deze inflammatoire macrofagen, zoals tumor necrose factor (TNF)
en interleukine 1B (IL-1B), remmen de werking van insuline in adipocyten (zie Figuur 1).
Net als in het vetweefsel, zorgt obesitas in de lever voor activatie van de macrofagen aldaar.
Langdurige obesitas zorgt voor celdood van deze macrofagen, waardoor opnieuw monocyten

worden aangetrokken die zich ontwikkelen in macrofagen om de ontstane niche op te vullen.
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Deze nieuwe macrofagen, afkomstig van monocyten, zijn echter ontstekingsbevorderend
(pro-inflammatoir), wat bijdraagt aan ophoping van vet in de lever, insulineresistentie en
uiteindelijk hetziektebeloop van diabetes type 2 (zie Figuur 1). De precieze omgevingsfactoren
in het vetweefsel en de lever, en veranderingen in de macrofaag die zorgen voor activatie van
macrofagen tijdens obesitas en het bevorderen van metaflammatie, zijn tot op heden nog
niet volledig bekend. Het bepalen van deze omgevingsfactoren en/of veranderingen kan
leiden tot aanknopingspunten voor nieuwe of verbeterde behandelmethoden.

Naast macrofagen dragen ook DCs bij aan het ziektebeloop van obesitas en bijbehorende
complicaties. De hoeveelheid DCs in metabole weefsels stijgt tijdens obesitas, en muizen die
geen DCs hebben of waarvan DC migratie is verstoord, zijn beschermd tegen metaflammatie
en insulineresistentie. De DCs in metabole weefsels zorgen voor priming van T cellen, die
ook in grote mate aanwezig zijn in metabole weefsels. Obesitas vergroot het aandeel T cellen
in deze weefsels die de pro-inflammatoire cytokines interferon gamma (IFNy) en IL-17A
produceren. Deze cellen worden type 1 T helper cellen (Th1 voor IFNy-producerende T
helper cellen) en Th17 cellen (voor IL-17A-producerende T helper cellen) genoemd. Deze
Th1 en Th17 cellen worden beschouwd als cellen die bijdragen aan insulineresistentie (zie
Figuur 1). Welk type T cel ontstaat na activatie door DCs wordt onder andere bepaald door
het metabolisme van de DCs. Voor het maken van cytokines en andere moleculen die een
rol spelen bij T cel priming heeft de DC bouwstenen/nutriénten nodig. Deze komen uit
de omgeving, van moleculen die al aanwezig zijn in de cel, of een combinatie daarvan. Als
gevolg hiervan weten we dat de omgeving waarin de DC zich bevindt en de aanwezigheid
van nutriénten invloed heeft op T cel priming. Tijdens obesitas is de beschikbaarheid van
nutriénten in metabole weefsels anders dan tijdens homeostase, wat dus invloed kan hebben
op DCs en T cel priming. De exacte mechanismen die ten grondslag liggen aan T cel priming

in metabole weefsels tijdens obesitas zijn echter nog niet volledig bekend.

Type 2 immuunreacties, metabole homeostase en parasitaire wormen

Het behoud van insulinegevoeligheid van metabole weefsels wordt gecontroleerd door het
immuunsysteem. In gezond vetweefsel bevinden zich met name T cellen die de cytokines IL-
4,1L-5 enIL-13 produceren. Ditzijn de type 2 T helper cellen (Th2 cellen). Van deze cytokines
zorgt IL-5 ervoor dat eosinofielen behouden blijven in het vetweefsel. Deze eosinofielen zijn
cellen van ons aspecificke immuunsysteem die onder andere bijdragen aan de bescherming
tegen parasieten, maar in het vetweefsel zijn zij de belangrijkste producent van IL-4 en
daarmee het behoud van weefsel homeostase. IL-4 zorgt namelijk samen met IL-13 voor
het alternatief activeren van macrofagen. Deze alternatief geactiveerde macrofagen worden
beschouwd als ontstekingsremmende cellen en één van de hoofdrolspelers in het behoud van
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insulinegevoeligheid van het vetweefsel, ook wel metabole homeostase genoemd (zie Figuur
2). Terwijl dit in de lever niet zo uitvoerig is bestudeerd, is er bewijs voor vergelijkbare
processen die aldaar metabole homeostase behouden. Deze type 2 immuunreactie in
metabole weefsels verdwijnt tijdens obesitas. Het herstellen van deze (type 2) immuunreactie
in personen met obesitas zou mogelijk de insulinegevoeligheid kunnen verbeteren, en de

complicaties van obesitas kunnen verminderen.

Sezond veiweeree

o IL-4 H
e |L-5
o IL-13 (Insulinegevoeligheid )

Eosinofiel

Figuur 2. Type 2 immuunreactie in gezond vetweefsel. Zie tekst voor details. Th: T helper cel, IL:
interleukine, AAM: alternatief geactiveerde macrofaag. Figuur gemaakt met BioRender.com.

Helminten, cen groep parasitaire wormen, zijn de belangrijkste natuurlijke opwekkers
van type 2 immuunreacties. Onderzoek wijst uit dat obesitas minder vaak voorkomt bij
mensen die in gebieden wonen waar infecties met helminten veel voorkomen. Het is zelfs zo
dat het ontwormen van mensen die geinfecteerd zijn met helminten de insulinegevoeligheid
van deze mensen vermindert. Dit geeft aan dat er mogelijk een omgekeerd verband is tussen
infectie met helminten en de complicaties van obesitas. Infectie van muizen met helminten
zorgt dus voor een type 2 immuunreactie, ook in het vetweefsel van obese muizen. Deze
immuunreactie is gericht tegen antigenen van deze helminten, maar zorgt ook voor het
verbeteren van de insulinegevoeligheid. Het injecteren van de antigenen van de eitjes of de
wormen zelf, in afwezigheid van levende parasieten, wakkert ook een type 2 immuunreactie
in het vetweefsel aan en verbetert de insulinegevoeligheid van muizen met obesitas. Tezamen
suggereert dit dat het opwekken van een type 2 immuunreactie, door helminten of hun
antigenen, een veelbelovende strategie kan zijn voor het bestrijden van obesitas en diabetes
type 2. Of de type 2 immuunreactie daadwerkelijk belangrijk is voor het verbeteren van de

insulinegevoeligheid en hoe dit precies werkt is nog niet bekend.
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Onderzoek beschreven in dit proefschrift

Dit proefschrift beschrijft hoe immuuncellen metabole homeostase controleren. Om dit
goed te kunnen bestuderen is onderzoek in muizen nodig. Voor dit onderzock is dan ook
met name gebruik gemaakt van een muismodel voor obesitas, insulineresistentie en diabetes
type 2. Hierbij worden muizen een dieet gevoerd met veel vetten, waardoor ze overgewicht
en insulineresistentie ontwikkelen.

Dit proefschrift bestaat uit twee delen. In deel 1 worde beschreven hoe cellen van
het aspecificke immuunsysteem, met name macrofagen en dendritische cellen, metabole
homeostase bewaken. Als we beter begrijpen hoe dit mis gaat tijdens obesitas, kan dit leiden
tot nieuwe behandelmethoden voor obesitas en bijbehorende complicaties. De functie van
immuuncellen wordt gefaciliteerd door hun metabolisme. Het enzym ATP citraat lyase
(Acly) vormt een link tussen het metabolisme van macrofagen en hun activatie. Acly zorgt
er namelijk voor dat geactiveerde macrofagen voldoende Acetyl-Coenzym A (Acetyl-CoA)
hebben, wat een bouwsteen is om nieuwe vetten en cholesterol te maken, en om expressie
van genen te beinvloeden. Genen zijn stukken DNA die de blauwdruk vormen van eiwitten,
zoals cytokines of enzymen. De informatie in deze genen moet worden gelezen en vertaald,
en de mate waarin genen worden afgelezen noemen we expressie, wat uiteindelijk bepaald
hoeveel eiwit wordt gemaakt. Recent onderzoek wijst uit dat macrofagen die het enzym Acly
niet kunnen maken (aangeduid als Acly-deficiénte macrofagen), meer genen tot expressie
brengen die coderen voor cytokines en bepaalde eiwitten betrokken bij ontstekingsreacties.
De verhoogde productie van deze cytokines en eiwitten duidt op inflammatoire activatie.
In hoofdstuk 2 hebben we de consequenties van het verwijderen van Acly uit macrofagen
bestudeerd in verschillende inflammatoire ziekten, waaronder metaflammatie. We
bevestigen dat activatie van Acly-deficiénte macrofagen in het laboratorium (én vitre) leidt
tot sterkere inflammatoire activatie vergeleken met controle macrofagen. Dit zou er toe
kunnen leiden dat iz vivo, oftewel in een compleet levend lichaam, ontstekingen verergeren.
Echter, buikvliesontsteking, multiple sclerose en metaflammatie waren allen onveranderd
in muizen met Acly-deficiénte macrofagen. Dit geeft aan dat het pro-inflammatoire profiel
van Acly-deficiénte macrofagen in vitro zich niet vertaalde tot verergering van verschillende
inflammatoire ziekten in de muis. Mogelijk compenseren Acly-deficiénte macrofagen voor
het verlies van Acly, om zo toch aan voldoende Acetyl-CoA te komen voor belangrijke
processen in de cel. Dit zou de discrepantie van onze resultaten met eerdere studies kunnen
verklaren. Om dit vast te kunnen stellen is meer onderzoek nodig.

Macrofagen hebben een grote verscheidenheid aan eiwitten op hun oppervlakte
waarmee veranderingen in de omgeving kunnen worden gedetecteerd; informatie die door

de macrofaag wordt gebruikt om homeostase te kunnen bewaken. Een van deze eiwitten is
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de mannose receptor (MR), een eiwit dat moleculen kan binden en opnemen. Het gedeelte
van de MR dat zich aan de buitenkant van de cel bevindt, heeft de eigenaardige eigenschap
om afgeknipt te kunnen worden en op te lossen in vloeistoffen in de omgeving van de cel.
Deze vorm van de MR (sMR) is recent in verband gebracht met verschillende inflammatoire
ziekten en blijkt het beloop en de ernst van deze ziekten te kunnen voorspellen. De rol die
de MR en sMR spelen bij macrofaag activatie is bestudeerd in hoofdstuk 3. We laten hier 77
vitro zien dat het behandelen van macrofagen met sMR de activatie van macrofagen versterke,
en we laten in detail zien welke eiwitten en processen in de cel hiervoor verantwoordelijk
zijn. Zowel in muizen als in mensen met obesitas vonden we meer sMR in het bloed, en dit
voorspelde de hoeveelheid vet in het lichaam. Muizen die geen mannose receptor kunnen
maken, kregen wel obesitas na het voeren van een dieet hoog in vetten, maar bleken volledig
beschermt tegen vervetting van de lever en insulineresistentie. Tegelijkertijd waren er minder
pro-inflammatoire macrofagen in zowel het vetweefsel als de lever, en dit was voorspellend
voor de mate van insulineresistentie. Tot slot resulteerde het injecteren van sMR in gezonde,
slanke muizen in insulineresistentie en inflammatoire activatiec van macrofagen in het
vetweefsel. Tezamen toont dit aan dat de sMR macrofagen pro-inflammatoir maakt en dat
dit een rol speelt bij metaflammatie. Welke cellen tijdens obesitas meer sMR produceren,
en hoe dit precies werkt, moet nog onderzocht worden. Mogelijk is het remmen van de
productic van sMR of het wegvangen van sMR een interessante nicuwe strategic om
obesitas en bijbehorende complicaties tegen te gaan. De resultaten van hoofdstuk 3 en
andere manieren die de MR en gelijksoortige receptoren gebruiken om ontstekingsreacties
te beinvloeden zijn geévalueerd in hoofdstuk 4.

Voor macrofagen is dus een belangrijke rol weggelegd in metaflammatie, maar zoals
eerder genoemd neemt ook het aandeel DCs toe in metabole weefsels tijdens obesitas.
Daarnaast is er een verandering in het aantal en type T helper cellen in metabole weefsels
tijdens obesitas, wat aangeeft dat de functie van DCs is veranderd. Recent onderzoek
toont aan dat het eiwit lever kinase BI (LKBI) de T cel priming door DCs beinvloedt
bij verschillende inflammatoire ziekten. Hoofdstuk 5 beschrijft dat muizen waarvan
de DCs geen LKB1 kunnen maken (DC**"' muizen) verergerde vervetting van de lever
en insulineresistentie hadden na het ontwikkelen van obesitas. Daarnaast vonden we in
vergelijking met controlemuizen met obesitas meer regulatoire T cellen (Tregs), die over het
algemeen ontstekingsremmend zijn, en IL-17A-producerende Th17 cellen, met name in de

lever van DCAIKB!

muizen. DCs die geen LKB1 kunnen maken, produceerden meer cytokines
die zorgen voor Th17 cel priming. Het wegvangen van IL-17A remde leververvetting en
insulineresistentie af in DC**®' muizen. Dit toont aan dat Th17 cellen belangrijk zijn bij het

ontwikkelen van metabole complicaties bij obese DC**®! muizen. Meer onderzock is nodig
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om aan te tonen welke processen in deze DCs zorgen voor verhoogde Th17 cel priming, en
of deze processen gemanipuleerd kunnen worden om obesitas en bijbehorende complicaties
tegen te gaan.

Indeel 2 vandit proefschrifthebben we onderzocht of moleculen die hetimmuunsysteem
beinvloeden (immunomodulatoire moleculen), geproduceerd door helminten of met een
andere oorsprong, ingezet kunnen worden in de strijd tegen obesitas en bijbehorende
complicaties. Tevens hebben we geprobeerd de processen die hieraan ten grondslag liggen
te ontrafelen. Helminten wekken een type 2 immuunreactie op in de gastheer. Deze type
2 immuunreactie vinden we tijdens homeostase in gezond vetweefsel, maar gaat verloren
tijdens obesitas. De capaciteit van helminten en hun immunomodulatoire moleculen
om een type 2 immuunreactie aan te wakkeren, heeft geleid tot de ontwikkeling van een
interessante nieuwe onderzoekslijn waarbij onderzocht wordt of dit obesitas en bijbehorende
complicaties kan verbeteren. In hoofdstuk 6 geven we een overzicht van wat hierover bekend
is in de literatuur. Hierin beschrijven we onder andere eerder werk van onze groep waarin
gebruik werd gemaake van een helmint genaamd Schistosoma mansoni. Infectic van obese
muizen met deze helmint, maar ook behandeling met de immunomodulatoire moleculen
uit de citjes (SEA), zorgden voor een type 2 immuunreactie in vetweefsel en de lever, en
verbeterde de insulinegevoeligheid van de muizen. Er zijn bijna geen studies die bewijzen
dat de gunstige effecten van helminten op metabole homeostase daadwerkelijk athankelijk
zijn van de effecten van helminten op het immuunsysteem. In hoofdstuk 7 hebben we
onderzocht of dit soort gunstige effecten van SEA inderdaad athankelijk zijn van de type 2
immuunreactie, door gebruik te maken van muizen die geen type 2 immuunreactie kunnen
opstarten (Stat6’ muizen). Zoals verwacht was SEA in Szr6’" muizen met obesitas niet
in staat om een type 2 immuunreactie op te wekken in vetweefsel, in tegenstelling tot
controlemuizen met obesitas. Echter, in St2#6" muizen had SEA ook geen gunstig effect op
de metabole homeostase, wat aangeeft dat het opwekken van de type 2 immuunreactie door
SEA inderdaad belangrijk is voor het verbeteren van de gezondheid van muizen. Hoewel dit
past bij een model waarin alternatief geactiveerde macrofagen insulinegevoeligheid bewaken,
moet nog bevestigd worden of deze cellen hier daadwerkelijk een rol bij spelen.

SEA wordt gemaake door de eitjes van S. mansoni te breken en de eischalen te
verwijderen. Hierdoor blijft een ongezuiverde mix van veel verschillende moleculen over
die mogelijk uiteenlopende effecten hebben. Het isoleren en onderzoeken of afzonderlijke
moleculen een type 2 immuunreactie kunnen opwekken en metabole homeostase kunnen
verbeteren, zou tot nieuwe behandelstrategieén kunnen leiden. Het veroorzaken van een
type 2 immuunreactie door SEA is voor een belangrijk deel athankelijk van eiwitten waaraan

koolhydraatstructuren verbonden zijn, die we ook wel glycoproteinen noemen. Deze
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glycoproteinen worden opgenomen door DCs, die op hun beurt zorgen voor de priming
van Th2 cellen. Eén van deze glycoproteinen in SEA met sterke immunomodulatoire
eigenschappen is omega-1 (wl). Er zit te weinig wl in SEA om voldoende materiaal te
isoleren voor onderzoek, waardoor we afhankelijk zijn van productie in levende cellen.
Eerder onderzoek heeft laten zien dat behandeling van obese muizen met w1 geproduceerd
in humane embryonale niercellen leidde tot gewichtsverlies en verbeterde metabole
homeostase. Echter, de immunomodulatoire eigenschappen van w1 zijn voor een deel
athankelijk van de koolhydraatstructuren (glycanen) op het eiwit, en de soort glycanen op
w1 geproduceerd in humane cellen verschilt significant van de glycanen op w1l uit SEA.
Specifiek mist een koolhydraatstructuur op het eind van de glycanen dat we Lewis X (Le¥)
noemen, waarvan bekend is dat het een immuunreactie veroorzaakt. Aangezien glycanen
belangrijk zijn voor het opwekken van een type 2 immuunreactie door SEA en wl, is in
hoofdstuk 7 een andere strategie gebruike voor het produceren van wl. In samenwerking
met onderzoekers van de Wageningen Universiteit hebben we w1 gemaakt in planten van
de familie Nicotiana benthamiana. In deze planten is het bouwproces van deze glycanen
gemanipuleerd, waardoor de glycanen op w1 uit N. benthamiana (pLe*-w 1) meer lijken op
de glycanen van w1 uit SEA.

Behandeling van obese muizen met pLe*-w1 veroorzaakte een type 2 immuunreactie
in metabole weefsels, verlaagde de vetmassa en verbeterde de insulinegevoeligheid. Echter,
in tegenstelling tot SEA verbeterde pLe*-w1 ook metabole homeostase in Sta#6" muizen
met obesitas die geen type 2 immuunreactic kunnen opwekken. pLe*-wl verminderde
de voedselinname, maar niet de beweeglijkheid van de muizen, wat aangeeft dat het
onwaarschijnlijk is dat ongerief de eetlust heeft beinvloed. Deze lagere energie-inname
verklaarde voor een belangrijk deel de verbeterde metabole homeostase. Het ontrafelen
van de processen die hieraan ten grondslag liggen, kunnen mogelijk leiden tot nieuwe
behandelmethoden voor obesitas-gerelateerde complicaties.

In hoofdstuk 8 hebben we de effecten van een recent ontwikkeld voedingssupplement
op metabole homeostase in muizen met obesitas onderzocht. Ons dieet heeft invloed
op ontstekingsziekten, onderzoek naar voedingssupplementen om immuunreacties te
beinvloeden is daarom in trek. Het gebruik van voedingssupplementen voor het verbeteren
van metabole gezondheid is niet nieuw, maar is wel een interessante, niet-invasieve manier
om obesitas-gerelateerde complicaties te voorkomen of verbeteren. Aangezien sommige
voedingssupplementen immunomodulatoire eigenschappen hebben, zouden ze twee vliegen
in én klap kunnen slaan: zowel het verminderen van metaflammatie, als het verbeteren
van de insulinegevoeligheid van adipocyten, spiercellen en/of levercellen. Totum-63 is een

mix van plantextracten met mogelijk immunomodulatoire eigenschappen dat recent is
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ontwikkeld voor het voorkomen van diabetes type 2 in mensen met een verhoogd risico op het
ontwikkelen van diabetes type 2. In hoofdstuk 8 is onderzocht of het voedingssupplement
ook metabole homeostase kan verbeteren wanneer diabetes type 2 reeds is ontwikkeld,
en op welke manier(en) Totum-63 dit doet. Totum-63 suppletie in muizen met obesitas
leidde tot gewichtsverlies, verlies van vetmassa en verbetering van insulinegevoeligheid. Het
voedingssupplement had effect op meerdere metabole weefsels, zoals de darmen, de lever, de
spieren, vetweefsel rond de organen en onderhuids vetweefsel. In deze organen verminderde
Totum-63 ontsteking en verbeterde het de insulinegevoeligheid. Daarnaast activeerde
Totum-63 bruin vetweefsel. Bruin vetweefsel is een type vetweefsel dat niet primair dient
als opslag voor vetten, maar als orgaan dat warmte produceert door glucose en vetten te
verbranden. Het lijkt er daarom op dat Totum-63 op veel verschillende manieren werke, wat
mogelijk verklaard wordt door de samenstelling, bestaande uit verscheidene plantextracten.
Desalniettemin is Totum-63 ecen veelbelovend voedingssupplement dat mogelijk kan

bijdragen aan het bestrijden van obesitas en bijbehorende complicaties.

Conclusie

Dit proefschrift beschrijft nieuw ontdekte manieren die immuuncellen gebruiken om
insulinegevoeligheid te behouden. Daarnaast laten we zien dat immunomodulatoire
moleculen, bijvoorbeeld van helminten, het immuunsysteem beinvloeden en complicaties
van obesitas verbeteren. Hoewel we de effectiviteit van leefstijlinterventies niet over het hoofd
moeten zien, is het manipuleren van het immuunsysteem met helminten, de moleculen van
helminten, of andere immunomodulatoire moleculen een veelbelovend aanknopingspunt

in de strijd tegen obesitas en bijbehorende complicaties, waarvoor meer onderzoek nodig is.
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