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CHAPTER 6

ABSTRACT

Chronic low-grade inflammation associated with obesity is one of the major contributors to
insulin resistance, enhancing the risk for type 2 diabetes and cardiovascular diseases. The
mannose receptor (MR) is an endocytic C-type lectin receptor predominantly expressed by
dendritic cells and macrophages, including alternatively activated M2 macrophages that
protect against insulin resistance. To investigate the role of MR on whole-body metabolic
homeostasis, wild-type (WT) and MR knockout (MR”") mice were studied following 18 weeks
of low-fat diet (LFD) or high-fat diet (HFD). Although no metabolic phenotype was observed
in LFD-fed MR” mice, on HFD we found significant reductions in total body weight (-8.3%),
fat mass gain (-25.6%), and liver weight (-16.6%) compared to WT mice. Furthermore, MR
deficiency lowered HFD-induced alterations in both whole-body glucose tolerance and insulin
sensitivity (-22.9% and -17.1%, respectively), as assessed by intraperitoneal glucose and insulin
tests. This effect was associated with enhanced locomotor activity, food intake and energy
expenditure in MR” mice when compared to WT. Remarkably, analysis of the immune cell
composition of metabolic organs indicated that HFD decreased white adipose tissue (WAT)
eosinophil numbers in WT but not MR mice. In addition, MR- mice were less susceptible to
HFD-induced classical activation of macrophages, in both WAT and liver. In conclusion, we
show that whole-body MR deficiency lowers HFD-induced chronic low grade inflammation
of metabolic tissues and protects against insulin resistance in obese mice, suggesting that MR
might play an unexpected role in the development of metabolic disorders.
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INTRODUCTION

The mannose receptor (MR, CD206) is an endocytic C-type lectin receptor implicated in
binding of glycoproteins from endogenous and microbial origin, and in antigen presentation
(1). Over the past decade, it has become clear that the MR may play a pivotal role in regulating
type 2 inflammatory responses. For example, MR is required for Th2 polarization by human
monocyte-derived dendritic cells stimulated with helminth antigens (2) and Der p 1 allergen
(3). In line with these findings, lack of MR was shown to promote Th1 cytokine production
following Schistosoma mansoni infection (4), and to reduce IgE production in response to
allergen sensitization (5). Furthermore, MR-deficient mice exhibit defective clearance of
endogenous serum glycoproteins (6), and it was recently described that MR expression by
macrophages mediates collagen uptake (7), suggesting that the receptor may also contribute
to tissue repair and remodeling.

MR is predominantly expressed by subpopulations of dendritic cells and macrophages,
including microglial cells (8;9), although its expression is not only restricted to leukocytes. For
example, in mice, MR is also expressed by hepatic, splenic, lymphatic and dermal microvascular
endothelia, and by glomerular kidney mesangial cells, tracheal smooth muscle cells, and
retinal pigment epithelium (1;9;10). Macrophage subpopulations are traditionally classified
along a linear scale, on which pro-inflammatory M1 macrophages represent one extreme,
and alternatively activated M2 macrophages the other (11). While classical activation of
macrophages depends on T helper 1-associated cytokines like IFN-y (12;13), M2-like activation
is mediated by type 2 cytokines, like IL-4 and IL-13, which concomitantly promote upregulation
of MR expression (14;15).

While accumulation of TNF-a-secreting M1 macrophages has been reported in both liver
and white adipose tissue (WAT) of obese mice, M2 macrophages prevail in lean adipose tissue
and liver (16-19), where they can mediate energy homeostasis via multiple routes. WAT M2
macrophages were shown to secrete IL-10, which can act directly on adipocytes to potentiate
insulin signaling and therefore inhibit TNF-a-induced insulin resistance (18;20). In addition,
M2 macrophages mediate tissue repair (reviewed in (21)) and regulate thermogenesis by
promoting biogenesis of beige fat in response to cold (22;23). In liver, M2-like Kupffer cells were
suggested to directly modulate hepatic metabolism in favor of 3-oxidation and mitochondrial
oxidative phosphorylation (16). The M2 phenotype is sustained by cells that secrete type 2
cytokines, like eosinophils (24) and type 2 innate lymphoid cells (25), which thereby also
contribute to metabolic homeostasis.

Although expression of MR is a hallmark of the M2 phenotype (14), and a close link has been
described between MR and type 2 inflammation, the role of the MR in metabolic homeostasis
remains unclear. In the present study, we therefore studied whole-body insulin sensitivity and
glucose homeostasis, and immune cell polarization in metabolic organs from wild-type (WT)
and MR-deficient mice (MR”) fed a low-fat diet (LFD) or high-fat diet (HFD). We report that
MR mice are less susceptible to HFD-induced obesity, insulin resistance and inflammation
of metabolic tissues than WT mice, suggesting that the MR plays an unexpected role in the
development of HFD-induced metabolic disorders.
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RESULTS
MR deficiency protects against HFD-induced obesity

Before being put on LFD or HFD, three-month-old WT and MR’ mice were similar in terms of
body weight, lean mass, fat mass, and fasting plasma glucose and triglyceride levels (Table S1).
However, MR” mice had slightly higher fasting plasma cholesterol levels, and a trend for
lower insulin levels (Table S1). To investigate the impact of MR deficiency on whole-body
energy and metabolic homeostasis, C57BL/6 WT and MR”" mice were fed a LFD or HFD for 18
weeks. As expected, HFD induced an increase in body weight (Fig. 1A) and fat mass (Fig. 1B)

A ©O WT-LFD @ WT-HFD B C
T+ Mrc1-LFD - Mrc1-HFD
45

N
o

w
(3,
Fat mass (9)

Body weight (g)

weeks
D 3 # [ LFD I HFD =
[=%
' ®
3 5
- 2 °
= z
o] &
3 1]
5 s
. [0}
= =S
[
o
0 o2
N T
WT Mrct  WT Mrei  WT Mrei WT  Mret < "TWT Mre!  WT Mrc!  WT Mret
Gonadal Visceral Sub.cut. Gonadal Visceral Sub.cut.
G |
207 * __ 4 208
o g
o _ kel
o X 215 L
2 e E <
o E % =
o
2 _g ;1 0 2 2
T - 8
< 2 4 £
= 505 g 1
B g
0.0 0
WT Mrc1 WT Mrct  WT Mrci1 WT Mrc1 WT Mre1

Gonadal Visceral Sub.cut.

Figure 1. MR deficiency protects against HFD-induced weight gain, fat mass gain and adipocyte
hyperplasia. Wild-type (WT) and MR-deficient (Mrc1) mice were fed a LFD or a HFD for 18 weeks.
Throughout the experimental period, body weight (A) and body composition were monitored, and fat
mass (B) and lean mass (C) were determined. At sacrifice, the weight of the different white fat pads (D) and of
the subcutaneous brown fat (E) were measured, as well as the adipocyte mean volume (F) and the number
of adipocytes (G). Liver weight was determined at sacrifice (H), and food intake was assessed using fully
automated single-housed metabolic cages at week 16 (1). Results are expressed as means + SEM. * P<0.05
HFD vs LFD, # P<0.05 WT vs Mrc1 (n = 10-15 animals per group in A-E,H, and 4-8 animals per group in F,G,).
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without affecting lean mass (Fig. 1C) in both WT and MR’ mice. However, MR” mice gained
significantly less body weight than WT mice (Fig. 1A), secondary to a decrease in fat mass gain
(Fig. 1B). Analysis of the individual fat pads showed that MR deficiency impaired HFD-induced
weight gain of WAT (Fig. 1D) and brown adipose tissue (Fig. 1E). White adipocyte volume
was not significantly different between genotypes (Fig. 1F), but the number of adipocyte
cells was lower in HFD-fed MR when compared to WT mice (Fig. 1G). MR deficiency also
impaired HFD-induced gain of liver mass (Fig. TH), suggesting a reduction in hepatic steatosis.
Importantly, the effects of MR deficiency on body composition were not due to a decrease
in food consumption, since lack of MR was rather accompanied by a mild increase in caloric
intake (Fig. 11).

Furthermore, HFD reduced locomotor activity (Fig. 2A) and energy expenditure (EE; Fig. 2B)
in WT mice, but not in MR mice. In both genotypes, HFD reduced carbohydrate oxidation
(CHO; Fig. 2C) and increased fatty acid oxidation (FAO; Fig. 2D), although MR- mice were found
to oxidize slightly more carbohydrates (Fig. 2C). Taken together, these findings show that MR”
mice are partly protected against HFD-induced obesity, an effect associated with increased
locomotor activity, food intake and energy expenditure.

MR deficiency improves whole-body glucose tolerance and insulin sensitivity in
HFD-fed mice

We next investigated the effect of MR deficiency on fasting plasma parameters in LFD- and
HFD-fed mice. In both genotypes, HFD increased plasma glucose (Fig. 3A) and insulin levels
(Fig. 3B), HOMA-IR (Fig. 3C), and total cholesterol (Fig. 3D), without affecting triglyceride levels
(Fig. 3E). However, lack of MR significantly decreased the HFD-induced rise in plasma insulin
levels (Fig. 3B) and improved HOMA-IR (Fig. 3C), suggesting a lower insulin resistance than
WT mice. In line with these findings, HFD-fed MR” mice exhibited a better glucose tolerance,
as assessed by an intraperitoneal glucose tolerance test (ipGTT Fig. 3F), without a change in
insulin levels (Fig. 3G), indicating improvement in whole-body insulin sensitivity. This was
confirmed by an intraperitoneal insulin tolerance test (ipITT) showing that acute injection of
insulin lowered glucose levels to a larger extent in MR” mice compared to WT mice (Fig. 3H).
Taken together, these findings suggest that MR- mice are less susceptible to HFD-induced
metabolic dysfunctions than WT mice.

MR deficiency attenuates HFD-induced inflammation in adipose tissue

Based on the finding that M2 macrophages protect against insulin resistance (26), and the
association between the MR and the M2 phenotype (14), we next investigated whether MR
deficiency affects adipose tissue inflammation. We isolated the stromal vascular fraction (SVF)
from gonadal WAT and analyzed the immune cell composition by flow cytometry. Analysis
of myeloid cells (Fig. 4A) indicated that HFD reduced the numbers of eosinophils (Fig. 4B)
and neutrophils (Fig. 4C) only in WT mice and not in MR- mice. Furthermore, HFD increased
the number of M1 macrophages in WT mice (Fig. 4D), thereby decreasing the M2/M1 ratio
(Fig. 4E), as expected. Remarkably, while total macrophage numbers were not affected by diet
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Figure 2. HFD does not affect locomotor activity and energy expenditure in MR” mice. Wild-type (WT)
and MR-deficient (Mrc1) mice were fed a LFD or a HFD for 18 weeks. At week 16, mice with free access to
food and water were subjected to individual indirect calorimetric measurements using fully automated
metabolic cages. Spontaneous locomotor activity (A), energy expenditure (EE; B), carbohydrate oxidation
(CHO; Q) and fatty acid oxidation (FAO; D) were determined. Results are expressed as means + SEM.

>

— WT-LFD == WT-HFD
— Mrc1-LFD -~ Mrc1-HFD

Locomotor activity
(beam brakes)

w A
o o

w
o

EE (Kcallh/kg®"®)

Time

@]

= N W b O
o O O O o

o

CHO (Kcal/h/kg®®/period)

W)

N w
o o

FA oxidation
(callh/lg BW"0.75)
>

o

Time

Locomotor activity

3 LFD
10001 W HFD
g
-2 8004
[0}
o
3 600
3
5 4004
S
& 200
=3
0.
WT Mrc1
Light
< 457
°
8 401
wn
~
o
[
=
<
S
X
L
w o
WT Mre1
Light
T 50
o
8 401
wn
~
o 30-
g
< 20
g
< 104
2
0.
© "TWT Mret
Light
T 254
o
S20{ * F
wn
~
o 15.
g
% 10
X 5
?
0.
Y UTWT Miret
Light

*P<0.05 HFD vs LFD, # P<0.05 WT vs Mrc1 (n = 6-8 animals per group).

0.05

WT Mrc1
Dark

_#
0.06 ﬁ ﬂ
35{ ——
304
“rirl
N I NN IN |

WT Mrc1

Dark

WT Mre1
Dark

WT Mrc1

Dark



MR DEFICIENCY PROTECTS AGAINST INSULIN RESISTANCE

40 .
* * = * —
= >k - 30 = 2 % 06
% 10 E 2 * o * D 4 -
o 2 < 2 g
3 = s 20 2 T 04
Q £ o) ©° 3
g £
55 2 1 I 5 2 S
O] < 10 = © 0.2
5 =
[
0 0 0 0 0.0
WT  Mrc1 WT  Mrc1 WT Mrct WT Mrc1 WT Mret
O WT-LFD -@- WT-HFD
F T+ Mrc1-LFD - Mrc1-HFD G H
40- 4000 # 2.0
*
S30{ _@----8-.__ 9 3000 J15 s
E - 8 £ E
3 204 - 5 2000 ~1.0 2
Q --m# k= Q
o (@] 5 o
=] =} 2 3>
® 10| < 1000 £05 1G]
0 T T T | 0 0.0 0+ . . . .
0 30 60 90 120 WT  Mre1 WT  Mrc1 0 30 60 90 120
time (min) time (min)

Figure 3. MR deficiency improves whole-body glucose tolerance and insulin sensitivity in HFD-fed
animals. Wild-type (WT) and MR-deficient (Mrc1) mice were fed a LFD or a HFD for 18 weeks. At week
18, mice were fasted for 4h and plasma was collected to determine glucose (A) and insulin levels (B),
HOMA-IR (C), and total cholesterol (D) and triglyceride levels (E). An intravenous glucose tolerance test
(2g D-glucose/kg body weight) was performed in 6h-fasted mice at week 17. 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 measure for glucose tolerance (F). 15 minutes after the i.p. bolus of glucose, blood
was also collected for analysis of plasma insulin levels (G). An i.p. insulin tolerance test (1U/kg lean body
mass) was performed in 4h-fasted mice at week 15. Blood glucose levels were measured at the indicated
time points (H). Results are expressed as means + SEM. * P<0.05 HFD vs LFD, # P<0.05 WT vs Mrc1. Figures
F,and H: only statistical significance of HFD WT vs HFD Mrc1 is shown (n = 10-15 animals per group in A-E,
and 3-10 animals per group in F-H).

or genotype (Fig. 4E), MR-deficient mice had higher numbers of M2 macrophages, and were
partly protected against HFD-induced M1 polarization (Fig. 4F). As a consequence, HFD did not
alter the M2/M1 ratio in MR” mice (Fig. 4G). These findings were confirmed by quantitative PCR
(9PCR), which indicated that lack of MR reversed HFD-induced increases in gene expression
levels of Itgax (encoding CD11c), and the chemokine receptor Ccr2 (Fig. S1A). Interestingly,
neither diet nor genotype affected the numbers of eosinophils, neutrophils and inflammatory
monocytes in the blood (Fig. S2), suggesting that the observed changes in myeloid immune
cell composition are adipose tissue-specific.

Cells that secrete type 2 cytokines were shown to promote alternative activation of
macrophages (13). Therefore, T cell and ILC responses in WAT of HFD-fed mice were analyzed
next (Fig. 4G). MR deficiency significantly increased the frequency of ILCs, but not CD4* T cells
(Fig. 4H). Analysis of cytokine expression following ex vivo stimulation with phorbol myristate
acetate (PMA) and ionomycin showed that IL-13 expression by WAT CD4* T cells and ILCs was
not significantly different between genotypes (Fig. 41). We confirmed these findings by qPCR,
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Figure 4. MR-deficient mice are less sensitive to HFD-induced inflammation in adipose tissue.
Wild-type (WT) and MR-deficient (Mrc1) mice were fed a LFD or a HFD for 18 weeks. At sacrifice, gonadal
adipose tissue was collected and the stromal vascular fraction (SVF) was isolated. Following fixation and
permeabilization, SVF cells were stained and analyzed by flow cytometry. Cells were pre-gated for Aqua
CD45* single cells. The gating strategy is shown for eosinophils, neutrophils, CD11c* M1 macrophages
and YM1* M2 macrophages (A). The numbers of eosinophils (B), neutrophils (C), total macrophages (D)
and M1 and M2 macrophages (E) per gram WAT were determined and the M2/M1 ratio was calculated (F).
Following gating on Aqua CD45* single cells, lymphocyte subsets were analyzed by selecting for Thy1.2+
cells to enrich for T cells and ILCs. T cells were subsequently identified as Lineage*CD4" cells, in which the
lineage cocktail included antibodies against CD3, CD11b, CD11c, B220, GR-1, and NK1.1. ILCs were identified
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which indicated that expression of pro- and anti-inflammatory cytokines was largely similar
between groups (Fig. S1A).

MR deficiency attenuates HFD-induced activation of Kupffer cells

Obesity has also been associated with classical activation of liver macrophages (19). Therefore,
CD45+ cells were isolated from liver and the hepatic immune cell composition was studied.
Analysis of myeloid cells (Fig. 5A) showed that neither HFD nor genotype affected the numbers
of eosinophils (Fig. 5B), neutrophils (Fig. 5C), monocytes (not shown), or CD45*SiglecF
CD11b'"°F4/80M" macrophages (Fig. 5D), which were previously identified as Kupffer cells (27).
Although we did not observe an effect of diet or genotype on YM1 expression by Kupffer cells,
HFD significantly increased the expression of CD11c by these cells in WT mice, as expected (19).
Remarkably, CD11c expression by Kupffer cells from MR” mice was not affected by HFD-feeding
(Fig. 5E). These findings were confirmed and expanded by gPCR analysis, which showed that
HFD-feeding induced expression of ltgax, Nos2, Ccl2 and Ccr2 in WT but not MR mice (Fig. S1B).

Analysis of cytokine responses (Fig. 5F) indicated that HFD reduced the frequency of
type 2 cytokine-expressing CD4+ T cells (Fig. 5G) and ILCs (Fig. 5H) in the livers of WT mice.
Furthermore, expression of the ILC2-associated marker ICOS was decreased as a consequence
of HFD (Fig. 51). Although not significant, similar trends were observed for MR” mice fed a HFD.
These findings were confirmed by qPCR (Fig. S1B). Taken together, the results indicate that MR
deficiency reduces susceptibility to HFD-induced classical activation of macrophages, in both
WAT and liver.

DISCUSSION

Alternatively activated M2 macrophages prevail in lean adipose tissue and protect against diet-
induced metabolic disorders (26). Because the MR is highly expressed by M2 macrophages (14),
we explored the role the MR in the context of diet-induced obesity using MR’ mice. We report
that lack of MR did not affect whole-body glucose tolerance and insulin sensitivity in mice
fed a LFD, but counterintuitively improved metabolic homeostasis in mice fed a HFD despite
considerable weight gain. Specifically, MR” mice on HFD were less susceptible to fat mass
gain and adipocyte hyperplasia, had a higher locomotor activity, and showed better insulin
sensitivity and glucose tolerance than WT mice on HFD. Immune profiling indicated that in line
with their metabolic phenotype, MR-deficient mice were less sensitive to HFD-induced classical
activation of M1-like macrophages, in both liver and adipose tissue. Furthermore, in WAT, HFD
reduced eosinophil and neutrophil numbers in WT but not MR" mice. Contrary to expectations,

as Lineage'CD4 cells (G). The numbers of CD4* T cells and ILCs per gram WAT were determined (H).
Intracellular IL-13 expression was analyzed after 4h stimulation with PMA and ionomycin in the presence
of Brefeldin A, the frequencies of IL-13* CD4* T cells and the frequencies of IL-13* ILCs are shown (). Results
are expressed as means + SEM. * P<0.05 HFD vs LFD, # P<0.05 WT vs Mrc1 (n = 10-15 animals per group in
A-F, and 5-10 animals per group in G-I).

119



CHAPTER 6

A Eosinophils Neutrophils ~ Monocytes Kupffer cells
\ \, | |
1 312
w o
51 =
=) X o
@ | ©3
3 I
FSC
B owomuo C D E
150 600 200 40 #
— — —~ =
) = S 02 30| ¥
o o w o o 2150 2%
z <100 z X 400 S [
Is) [0
g3 ] P 3 3 20
2 3 3 o @ 100 s 3
3 2 32 52 g =
8950 2 7,200 2o xgm
3 2 2 a
0 0 0 OTWT Mrct WT Mrct
WT Mrei WT Mre1 WT Mrc1 —_ —_
CcD11c” ymt*
F ILCs CD4 T cells G 006
A 0.08
3 3.0 0.07
12}
o =, - g 2®
j= o o
3 3 = 20
£ E =
31
258 © 10
T oot v 5}
Thy1.2 x 05
0.0
WT Mrec1 WT Mrc1
1409 1 IL-5" IL-13*
@ ®
gt 2 0.09
50 006 2500 0.07
40 8 2000
1347 1 3
S 30 * 2 1500 |4
] i = c
© o 2 20 = 1000
2 2 s o}
10 O 500
0 0
v ™ WT Mrc1 WT Mrc1 WT Mre1
Thyt.2 FSC IL-5" IL-13*

Figure 5. MR-deficient mice are less sensitive to HFD-induced activation of Kupffer cells. Wild-type
(WT) and MR-deficient (Mrc1) mice were fed a LFD or a HFD for 18 weeks. At sacrifice, CD45* liver cells
were isolated and analyzed by flow cytometry as described in the legend of Figure 4. The gating strategy
is shown for eosinophils, neutrophils, CD11c* Kupffer cells and YM1* Kupffer cells (A). The numbers of
eosinophils (B), neutrophils (C), Kupffer cells (D), and CD11c* and YM1* Kupffer cells (E) per gram of liver
tissue were determined. Intracellular cytokine expression was analyzed after 4h stimulation with PMA and
ionomycin in the presence of Brefeldin A. The gating strategy, as described in the legend of Figure 4, is
shown for CD4* T cells and ILCs (F). The frequencies of IL-5* and IL-13* CD4* T cells (G) and IL-5* and IL-13*
ILCs (H) are shown, and the expression of ICOS by ILCs was analyzed (H). Results are expressed as means
+ SEM. * P<0.05 HFD vs LFD, # P<0.05 WT vs Mrc1 (n = 10-15 animals per group).
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M2-like activation and type 2-associated cytokine expression by T helper cells and ILC2s were
not as strongly affected by genotype. These effects were surprising, given the association
between MR and the M2 phenotype (14), and the pivotal role MR plays in the initiation of
type 2 immune responses (2-5). The question whether immune- on non-immune-mediated
mechanisms promote metabolic health in MR-deficient obese mice needs to be addressed.

We observed that MR-deficient mice are less susceptible to HFD-induced classical activation
of macrophages. A possible immune-based explanation may be provided by our finding that
M1 macrophages can also express MR, albeit to a much lower extent than M2 macrophages
(unpublished data). In this context, it is worth mentioning that macrophage-associated
scavenger receptors have been described to promote either pro- or anti-inflammatory responses
depending on the co-receptor they form complexes with (28), and it has been suggested that
the MR can form complexes with other receptors (29). Taken together, these observations
may indicate that the MR can deliver a signal directly into the MR-bearing macrophage, which
may result in polarization of either pro- or anti-inflammatory macrophages, depending on the
nature of the co-receptors. Future studies are needed to elucidate whether MR expression by
macrophages indeed mediates a pro-inflammatory phenotype under HFD conditions.

Itis important to consider that MR” mice lack whole-body expression of the MrcT gene. In
the mouse adult brain, MR is expressed by microglia and astrocytes, although its activities and
involvement in brain functions are largely unknown (30). Of note, hypothalamic inflammation
has been described to contribute to HFD-induced weight gain by promoting accumulation
of microglia and astrocytes in various regions of the hypothalamus that coordinate the
regulation of peripheral nutrient metabolism and energy expenditure (31;32). To study whether
neuroinflammation differs between WT and MR” mice, we performed gPCR analysis on whole
hypothalamus. Although we observed the classical HFD-induced increase in some markers of
inflammation, we did not find significant effects of genotype on expression of inflammatory
genes (not shown). Recent literature suggested that the brain can also regulate metabolic
homeostasis through the cholinergic anti-inflammatory reflex. In this reflex, molecular
products of inflammation promote the release of acetylcholine by the vagus nerve, which
reduces inflammation (33). It was recently demonstrated that neuronal deletion of Pten, a
negative regulator of the PI3K pathway, activates the anti-inflammatory reflex, which promotes
WAT M2 polarization and protects against insulin resistance in mice on HFD (34). The question
whether MR deficiency affects HFD-induced neuroinflammation and/or activation of the
anti-inflammatory reflex, and the possible consequences for metabolic disorders, remains an
intriguing area of research.

MR expression is not only restricted to leukocytes (1), and the beneficial effect of MR
deficiency on metabolic homeostasis might therefore be due to effects beyond the immune
system or the brain. For example, high-fat diet-feeding increases LPS translocation from the
gut (35), and it has been suggested that this so-called metabolic endotoxemia can contribute
to M1 polarization in WAT (36). It would therefore be important to establish whether lack of
MR affects LPS translocation and its circulating plasma level in response to HFD. Furthermore,
MR on lymphatics is required for lymphocyte trafficking from the periphery into the draining
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lymph nodes (37). MR deficiency may therefore prevent the induction of a strong immune
response to HFD-feeding. Lastly, MR can also be expressed by cells in metabolic organs where
it can play a functional role. Expression of MR by liver sinusoidal endothelial cells has been
associated with clearance of lysosomal enzymes and collagen (6;38;39), and it was suggested
that MR is required for the growth of skeletal muscle myofibers (40). We did not observe a
metabolic phenotype in the LFD-fed MR’ animals, but we cannot exclude the possibility
that expression of MR in metabolic tissues may mediate insulin resistance when the system is
triggered by HFD-feeding.

In conclusion, our work has revealed an unexpected role for the MR in the development
of obesity-induced metabolic disorders. Contrary to expectations, we have established that
MR” mice are less susceptible to HFD-induced weight gain, insulin resistance and glucose
intolerance. These effects were associated with increased locomotor activity and energy
expenditure, and decreased classical activation of WAT and liver macrophages. Whether the
protective effect of MR deficiency can be attributed to MR expression by immune or non-
immune cells remains an important area of research. Understanding these processes may
offer valuable insights towards the development of targeted therapeutics for the treatment
of metabolic syndrome.

MATERIALS AND METHODS

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 university Ethical Review Boards (Leiden University Medical Center, Leiden,
The Netherlands). Male MR”- mice on a CD57BL/6 background, generated as described
previously (6), were provided by Dr. Sven Burgdorf (University of Bonn, Germany). MR-
mice and age-matched C57BL/6 WT mice from the same breeding facility 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. 8 - 10 week old 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 a high-fat diet (HFD, 45% energy derived from
fat, D12451, Research Diets) or a low-fat diet (LFD, 10% energy derived from fat, D12450B,
Research Diets) for 18 weeks. Diets were similar in composition in all respects apart from
the total fat content.

Plasma analysis

Blood samples were collected at 1:00 pm using chilled paraoxon-coated capillaries from the
tail tip of 4h-fasted mice 18 weeks after the start of LFD- or HFD-feeding. Blood glucose level
was determined using a Glucometer (Accu-Check, Roche Diagnostics). Using commercially
available kits and standards according to the instructions of the manufacturer, we determined
total cholesterol and triglycerides (Instruchemie) and plasma insulin (Chrystal Chem).
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Glucose and insulin tolerance tests

Glucose tolerance was assessed by an ipGTT 17 weeks after the start of LFD- or HFD-feeding.
Mice were fasted for 6h, and the tests were carried out at 2:00 pm. 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 15, 30,
60, 90 and 120 minutes 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.

Whole-body insulin sensitivity was assessed by an ipITT at 15 weeks post-infection.
Mice were fasted for 4h, and the tests were carried out at 1:30 P.M. 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 15, 30, 60, and
90 min after insulin administration using a Glucometer.

Body composition and indirect calorimetry

Body composition was measured by MRI using an EchoMRI (Echo Medical Systems). Groups of
eight mice with free access to food and water were subjected to individual indirect calorimetric
measurements at 16 weeks after the start of the experiment 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 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®7), as previously described (41).

Isolation of adipocytes and SVF from adipose tissue

Adipose tissues from the gonadal regions were collected. Two small fractions were taken for
determination of adipocyte morphology and qPCR analysis, while the remainder was used
for immune cell profiling by flow cytometry. For determination of adipocyte morphology,
adipocytes were treated as described previously (Chapter 5, this thesis). The adipocyte size
distribution, mean adipocyte diameter and volume, and adipocyte number per fat pad were
calculated (42). For immune cell profiling by flow cytometry, adipose tissues were minced
and digested for 1 h at 37°C in HEPES buffer (pH 7.4) containing 0.5g/I type 1 collagenase
from Clostridium histolyticum (Sigma-Aldrich), 2% (w/v) dialyzed bovine serum albumin (BSA,
fraction V, Sigma-Aldrich) and 6 mM glucose. Disaggregated adipose tissues were passed
through 100 pum cell strainers which were washed with PBS supplemented with 2.5 mM EDTA
and 5% FCS. After centrifugation (350 g, 10 minutes, room temperature), the supernatant of
the filtrate was discarded and the pellet was treated with erythrocyte lysis buffer. The cells
were washed once more and counted manually. Isolated SVF cells were split in two and either
processed directly for the analysis of myeloid cells, or cultured for 4 hours in culture medium
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in the presence of 100 ng/mL PMA, 1 pg/mL ionomycin and 10 pg/mL Brefeldin A (all Sigma-
Aldrich). Following staining with the live/dead marker Aqua (Invitrogen), cells were fixed with
1.9% paraformaldehyde (Sigma-Aldrich) and stored in FACS buffer (PBS, 0.02% sodium azide,
0.5% FCS) at 4°C in the dark until subsequent analysis.

Isolation of CD45* cells from liver tissue

Livers were minced and digested for 45 minutes at 37°Cin RPMI 1640 + Glutamax (Life Technologies)
containing 1 mg/mL collagenase type IV from Clostridium histolyticum, 2000 U/mL DNase (both
Sigma-Aldrich) and 1 mM CaCl,. The digested liver tissues were passed through 100 pum cell
strainers which were washed with PBS supplemented with 2.5 mM EDTA and 5% FCS. Following
centrifugation (530 g, 10 minutes, 4 degrees), the supernatant of the filtrate was discarded, after
which the pellet was resuspended in PBS + 2.5 mM EDTA and 5% FCS and centrifuged at 50 g
to remove hepatocytes (3 minutes, 4 degrees). Next, supernatants were collected and pelleted
(530 g, 10 minutes, 4 degrees). The pellet was treated with erythrocyte lysis buffer, and the cells
were washed once more with PBS + 2.5 mM EDTA and 5% FCS. CD45* cells were isolated using
LS columns and CD45 MicroBeads (35 pL per liver, Miltenyi Biotec) according to manufacturer’s
protocol. Isolated CD45* cells were counted and processed as described for the SVF.

Flow cytometry

For analysis of myeloid subsets, cells were permeabilized with 0.5% saponin (Sigma-Aldrich) in
which they were also stained. Cells were incubated with an antibody against YM1 conjugated
to biotin, washed, and stained with streptavidin-PerCP (BD Biosciences) and antibodies
directed against CD45 (FITC), CD11b (PE-Cy7), CD11c (HV450), F4/80 (APC), Siglec-F (PE) and Ly6C
(APC-Cy7). Analysis of lymphocyte subsets in CD45* cells isolated from liver was done using
antibodies against CD45 (FITC), NK1.1 (PE), CD3 (APC), CD4 (PE-Cy7), CD8 (APC-Cy7), and B220
(eFluor450) diluted in FACS buffer. Finally, in PMA/ionomycin-stimulated samples, cytokine
production of Th2 cells and ILCs was analysed following permeabilization as described above,
using antibodies against CD11b (FITC), CD11c (FITC), GR-1 (FITC), B220 (FITC), NK1.1 (FITC),
CD3 (FITC), CD4 (PerCP-eF710 or PE-Cy7), Thy1.2 (APC-eFluor780), and IL-13 (eFluor450). The
stimulated CD45* cells isolated from liver were also stained for ICOS (PE-Cy7) and IL-5 (PE), while
the stimulated SVF was additionally stained for CD45 (PE). Flow cytometry was performed
using a FACSCanto (BD Biosciences), and gates were set according to Fluorescence Minus One
(FMO) controls. Antibody information is provided in Table S2.

RNA purification and gRT-PCR

RNA was extracted from snap-frozen adipose tissue samples (~20 mg) using Tripure RNA
Isolation reagent (Roche Diagnostics). Total RNA (1 pg) was reverse transcribed and quantitative
real-time PCR was then performed with SYBR Green Core Kit on a MylQ thermal cycler (Bio-Rad)
using specific primers sets (available upon request). MRNA expression was normalized to RpIPO
mMRNA content and expressed as fold change compared to non-infected LFD-fed mice using
the AACT method.
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Statistical analysis

All data are presented as mean + standard error of the mean (SEM). Statistical analysis was
performed using GraphPad Prism version 6.00 for Windows (GraphPad Software, La
Jolla, CA, USA) with two-tailed unpaired Student’s t tests. Differences between groups
were considered statistically significant at P < 0.05. For repeated measurements, data were
analysed assuming the same scatter to increase power.
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SUPPLEMENTAL DATA

Adipose Tissue

Emr1 Cdés Itgam Chil3 Retnla Arg1 Itgax Nos2 [ LFD
204 #
=) fam Il HFD
g 5 154
S S : #
G o 104 : *
S o : #
= 4] o — #
& 5 * : * * —
£ * *
W M W M W M W M W M W M W M W M
Macrophage markers M2-associated M1-associated
3- 114 13 . 1o Ccl2 Cer2 . Tnf . Ifng . 111b . 16
* : : : H :
#
—

Fold change
(relative to WT LFD)
N

N : : :
W M W M W M W M W M W M W M W M W M
Type 2-associated Pro-inflammatory chemokine receptors
cytokines and cytokines
B ‘ Liver
Emr1 Cd6s Itgam Chil3 Retnla Arg1 Itgax Nos2 1 LFD
% ; ; B HFD
o 20 : :
0515 : :
(2] N H
§ ’g 10 : :
G2 * : :
=i : :
uo_ = 4 # *
o 2 * *
0

W ™M w

W ™M

M W M W M W M W M W M

Macrophage markers

Alternative activation Classical activation

54 14 . 1o Ccl2 Cer2 . Tnf . b . 116

=) : : : i
L 4

O -

()]

C

mE 34

52 *

kel B *

3¢ 2

i
°

W M W

W M

M W M W M W M W M

Type 2-associated
cytokines

Pro-inflammatory chemokine receptors
and cytokines



MR DEFICIENCY PROTECTS AGAINST INSULIN RESISTANCE

FSC FSC-w FSC
Eosinophils Neutrophils Monocytes
|
3 X 0.81 g
L ‘ 73.1
w i .Q- -
v - —
2 . ~ s
2 8 Inflammatory =
monocytes
—p Y
97.4
FSC Ly6C B220 Ly6C
B cowvomun C D E
80 800 2 200 150
o x 60 o X 600 2 % 150 2 X
5 z = S = g =100
S g ST £ i}
o o o o (o] c O
c 9 40 S © 400 2 9 100 o 9o
% 2 5 0 s © E o
o % . © :_ | 50
WE 2 E 200 EE s SE
[} [} & O > o
o Q = Q o
0 0 = 0 0
WT Mrc1 WT  Mrc1 WT  Mrct WT  Mrct

Figure S2. Diet and genotype do not affect myeloid cells in blood. Wild-type (WT) and MR-deficient
(Mrc1) mice were fed a LFD or HFD for 18 weeks. At sacrifice, blood was collected and fixed using Lyse/
Fix buffer (BD Biosciences). Blood cells were counted, stained and analyzed by flow cytometry. The
gating strategy is shown for eosinophils, neutrophils, monocytes, inflammatory monocytes, and YM1*
inflammatory monocytes (A). The numbers of eosinophils (B), neutrophils (C), inflammatory monocytes
(D) and YM1* inflammatory monocytes (E) per mL blood were determined. Results are expressed as means
+ SEM. * P<0.05 HFD vs LFD, # P<0.05 WT vs Mrc1 (n = 10-15 animals per group).

Figure S1. Analysis of inflammatory markers in adipose tissue and liver by qPCR. Wild-type (WT) and
MR-deficient (Mrc1) mice were fed a LFD or HFD for 18 weeks. At sacrifice gonadal WAT and liver tissues
were collected and immediately snap-frozen. mRNA expression of the indicated genes in gonadal WAT (A)
and liver (B) was quantified by RT-PCR relative to RpIP0O gene and expressed as fold difference compared
to the LFD-fed mice. Primer sequences are provided on request. Results are expressed as means + SEM. *
P<0.05 HFD vs LFD, # P<0.05 WT vs Mrc1 (n =4-6 animals per group). Genes encode the following proteins:
F4/80 (Emr1); CD68 (CD68); CD11b (Itgam); YM1 (Chil3); FIZZ1 (Retnla); Arginase-1 (Arg1); CD11c (Itgax); INOS
(Nos2); IL-4 (114); IL-13 (113); IL-10 (1110); MCP-1 (Ccl2); CCR-2 (Ccr2); TNF-a (Tnf); IFN-y (Ifng); IL-1B (I11b); IL-6 (Il6).
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Table S1. Baseline characteristics of WT and MR-deficient mice.

wWT Mrc1 P-value
Body weight 27.04+0.39 26.12+043 0.12
Lean mass 25.27 +0.39 2443 +£0.42 0.15
Fat mass 1.28 +0.10 1.11+£0.08 0.18
Glucose 8.78 £0.20 8.45+0.27 0.33
Insulin 0.49 £ 0.04 0.38 £0.04 0.07
Total Cholesterol 2.56 + 0.06 2.79+0.07 0.03
Triglycerides 0.54 +0.02 0.50 + 0.02 0.21

Baseline characteristics of wild-type (WT) and MR-deficient (Mrc1) mice were determined at the start of the experiment.
Body weight and body composition are shown, and plasma glucose, insulin, total cholesterol and triglyceride levels in
4h-fasted mice. Results are expressed as means + SEM (n = 25 for WT and 22 for Mrc1).

Table S2. Antibody information.

Target Clone Conjugate Manufacturer
B220 RA3-6B2 eFluor450 eBioscience
B220 RA3-6B2 FITC eBioscience
CD3 17A2 APC eBioscience
CD3 17A2 FITC eBioscience
CD4 GK1.5 PE-Cy7 eBioscience
CD4 GK1.5 PerCP-eF710 eBioscience
CD8a 53-6.7 APC-Cy7 Biolegend
CD11b M1/70 PE-Cy7 eBioscience
CD11b M1/70 FITC eBioscience
CD11c HL3 Horizon V450 BD Biosciences
CD11c HL3 FITC BD Biosciences
CD45.2 104 FITC Biolegend
CD45.2 104 PE Biolegend
F4/80 BM8 APC eBioscience
GR-1 RB6-8C5 FITC BD Biosciences
IL-5 TRFK5 PE Biolegend
IL-13 eBio13A eFluor450 eBioscience
ICOS C398.4A PE-Cy7 Biolegend
Ly-6C HK1.4 APC-Cy7 Biolegend
NK1.1 PK136 PE BD Biosciences
NK1.1 PK136 FITC eBioscience
Siglec-F E50-2440 PE BD Biosciences

Thy1.2 52-2.1 APC-eFluor780 eBioscience









