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Akkermansia muciniphila Exerts Lipid-Lowering and
Immunomodulatory Effects without Affecting Neointima
Formation in Hyperlipidemic APOE*3-Leiden.CETP Mice

Saeed Katiraei, Margreet R. de Vries, Alice H. Costain, Kathrin Thiem, Lisa R. Hoving,
Janna A. van Diepen, Hermelijn H. Smits, Kristien E. Bouter, Patrick C. N. Rensen,
Paul H. A. Quax, Max Nieuwdorp, Mihai G. Netea, Willem M. de Vos, Patrice D. Cani,
Clara Belzer, Ko Willems van Dijk,* Jimmy F. P. Berbée, and Vanessa van Harmelen

Scope: Akkermansia muciniphila (A. muciniphila) is an intestinal commensal with anti-inflammatory properties both
in the intestine and other organs. The aim is to investigate the effects of oral administration of A. muciniphila
on lipid metabolism, immunity, and cuff-induced neointima formation in hyperlipidemic APOE*3-Leiden (E3L).CETP
mice.

Methods and results: Hyperlipidemic male E3L.CETP mice are daily treated with 2 x 108 CFU A. muciniphila by oral gav-
age for 4 weeks and the effects are determined on plasma lipid levels, immune parameters, and cuff-induced neointima
formation and composition. A. muciniphila administration lowers body weight and plasma total cholesterol and triglyc-
erides levels. A. muciniphila influences the immune cell composition in mesenteric lymph nodes, as evident from an
increased total B cell population, while reducing the total T cell and neutrophil populations. Importantly, A. muciniphila
reduces the expression of the activation markers MHCII on dendritic cells and CD86 on B cells. A. muciniphila also in-
creases whole blood ex vivo lipopolysaccharide-stimulated IL-10 release. Finally, although treatment with A. muciniphila
improves lipid metabolism and immunity, it does not affect neointima formation or composition.

Conclusions: Four weeks of treatment with A. muciniphila exerts lipid-lowering and immunomodulatory effects, which

are insufficient to inhibit neointima formation in hyperlipidemic E3L.CETP mice.
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1. Introduction

Our understanding of the role and importance of the intestinal
microbiome in health and disease has increased remarkably over
the last decades. It is becoming clear that disruption of home-
ostasis of the intestinal microbiota (i.e., microbial dysbiosis) is
involved in the development of various diseases in humans. Dys-
biosis does not only play a role in intestinal complications such
as inflammatory bowel diseases and ulcerative colitis, but also
in theumatoid arthritis and type-2 diabetes.'*! The a-diversity
(i.e., the species richness) within the gut microbiota is re-
duced in these patients, implying that particular bacterial species
have disappeared during or preceding the development of these
diseases.[*”]

Akkermansia muciniphila (A. muciniphila) is one of the specific
bacterial species whose abundance is inversely correlated with
diseases, such as inflammatory bowel diseases, autism, atopy,
and metabolic syndrome.’®l A, muciniphila is a commensal
member of human and rodent intestinal microbiota and has been
identified as a beneficial bacterium.%! Indeed, daily exposure
to A. muciniphila protected mice against high-fat diet-induced
obesity and improved their metabolic parameters such as obesity,
fat mass, glucose tolerance, and hypercholesterolemia.'>3 In
addition, oral supplementation of A. muciniphila reduced experi-
mental alcoholic or immune related liver disease in mice.'*°]

Although the mechanisms underlying the beneficial effects of
A. muciniphila have not been completely resolved, it has been
proposed that they involve effects on gut barrier integrity and in-
flammation. A. muciniphila is thought to counteract metabolic
endotoxemia and to improve gut barrier integrity as a conse-
quence of the increased mucin production that is caused by A.
muciniphila’s mucin degrading capacity.!2131¢17] Oral adminis-
tration of A. muciniphila to high-fat diet-fed mice upregulated
colonic expression of the intestinal antimicrobial peptide Regen-
erating islet-derived protein 3 gamma (Regllly) and attenuated
inflammation in visceral adipose tissue by inducing T-regulatory
cells.l'2181 Moreover, administration of A. muciniphila had anti-
inflammatory effects on splenocytes and macrophages as indi-
cated by an increased ratio of IL-10/TNF-a secretion by these
cells.l'® Taken together, these studies suggest that A. muciniphila
has beneficial immunomodulating properties both in the intes-
tine and in other tissues.

Atherosclerosis is a chronic, low-grade inflammatory disease
of the vessel wall.'! One of the major triggers for vessel wall in-
flammation is hyperlipidemia. Studies in experimental models
support the beneficial effects of inhibiting inflammation to delay
atherosclerosis progression.l?>-22l Recently, a clinical study of Rid-
ker et al.?3l showed anti-inflammatory therapy by canakinumab
lowered the rate of recurrent cardiovascular events, without re-
ducing plasma lipid levels. Therefore, reduction of inflamma-
tion as strategy to reduce cardiovascular risk is a viable approach.
Given its beneficial immunomodulatory effects, A. muciniphila
might be promising in attenuating atherosclerosis. Indeed, in a
recent study, A. muciniphila reduced systemic inflammation and
atherosclerotic lesion development in apolipoprotein E-deficient
(Apoe~/~) mice, presumably by ameliorating endotoxemia.?*]

In the present study, we extended these findings and inves-
tigated the effect of oral administration of A. muciniphila on
lipid metabolism, immunity, and cuff-induced neointima for-
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mation in hypercholesterolemic APOE*3-Leiden.cholesteryl es-
ter transfer protein (E3L.CETP) mice, an established model for
human-like lipoprotein metabolism.?>2 In this double trans-
genic mouse model, both a mutated human APOE*3 gene and
the human CETP gene are expressed which leads to diet-induced
hyperlipidemia and atherosclerosis development.”’) After the
placement of a non-constricting polyethylene cuff around the
femoral artery, vascular remodelling with signs of accelerated
atherosclerosis takes place in the femoral artery in approximately
2 weeks.”’] This model of neointima formation resembles both
restenosis, as it occurs in patients after balloon angioplasty, as
well as accelerated atherosclerotic lesion formation, as the lesions
formed after cuff placement contain mainly both smooth muscle
cells and foam cells.?®

We aimed to investigated the effects of oral administration
of A. muciniphila on lipid metabolism, immunity, and cuff-
induced neointima formation in hyperlipidemic APOE*3-Leiden
(E3L).CETP mice. We determined the effect of 4 weeks oral
A. muciniphila administration in E3L.CETP mice on 1) plasma
lipid levels, 2) the immune response by measuring portal vein
lipopolysaccharide (LPS) levels, mesenteric lymph node (mLN)
immune cell composition and ex vivo responses of circulating
leukocytes to LPS, and 3) neointima formation and composition.
We found that 4 weeks of treatment with A. muciniphila benefi-
cially affects hyperlipidemia and had broad immunomodulatory
effects in E3L.CETP mice, but that these effects did not result in
reduced neointima formation.

2. Experimental Section

2.1. Animals

Male E3L.CETP micel® between 9 and 13 weeks old were fed
an atherogenic Western-type diet containing 1% cholesterol and
0.05% cholate (4021.37 AB Diets, Woerden, The Netherlands)
for 7 weeks. All mice received water and food ad libitum. Body
weight and food intake per cage were measured weekly. After 3
weeks of run-in, mice were divided in two groups based on age,
body weight, and plasma lipid levels, and thereafter orally gav-
aged daily for 4 weeks with 100 pL of either 1) anaerobic PBS
or 2) 2 X 108 CFU viable A. muciniphila in anaerobic PBS; both
containing 2.5% glycerol.

Tail blood samples were obtained in week 0, 2, and 4 after
4-h fasting for plasma lipid determination. Fresh fecal samples
were obtained in week 0 and 4. Neointima formation was in-
duced by placement of a non-constricted polyethylene cuft (Por-
tex, UK) around the femoral artery of both legs. Mice were anes-
thetized with a mixture of midazolam/medetomidine/fentanyl.
After the surgery, the anesthesia of the mice was antagonized
with a mixture of atipamezol/fluminasenil. Buprenorphine was
given directly after surgery to relieve pain. The cuffs were placed
2 weeks after starting the A. muciniphila treatment and 2 weeks
thereafter the mice were killed. After 4 weeks of treatment with
A. muciniphila or vehicle, mice were anesthetized by a mixture
of midazolam/fentanyl/dexdomiter/NaCl mix and portal vein
samples were obtained in a laminar flow cabinet in pyrogenic-
free tubes. Mice were killed by bleeding via the portal vein and
thereafter mesenteric lymph nodes and cecum were dissected.
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The femoral arteries were harvested, fixed overnight in 4%
formaldehyde in PBS, paraffin-embedded, and sectioned. Ani-
mal experiments were performed in compliance with Dutch gov-
ernment guidelines and the Directive 2010/63/EU of the Euro-
pean Parliament and all experiments were approved by the an-
imal ethics committee of the Leiden University Medical Center
(protocol no. 14143).

2.2. Culture and Pasteurization of A. muciniphila

Viable A. muciniphila was prepared by the Laboratory of Microbi-
ology, Wageningen University as described previously."¥ In brief,
A. muciniphila MucT (ATTC BAA-835) was cultured anaerobi-
cally in a basal mucin-based medium as previously described.!'%
Cultures were washed and concentrated in anaerobic PBS with
25% (vol/vol) glycerol under strict anaerobic conditions. Cultures
were then immediately frozen and stored at —80 °C. A represen-
tative glycerol stock was thawed under anaerobic conditions to
determine the CFU mL™! by plate counting using mucin media
containing 1% agarose (agar noble; Difco). Before administration
by oral gavage, glycerol stocks were thawed under anaerobic con-
ditions and diluted with anaerobic PBS to an end concentration
of 2x108 colony forming unit (CFU) 100 pL and 2.5% glycerol.

2.3. A. muciniphila qPCR

To quantify A. muciniphila in feces or cecum, quantitative PCR
was performed. The primers to detect A. muciniphila were
based on the 16S ribosomal RNA (16S rRNA) gene sequences:
forward CAGCACGTGAAGGTGGGGAC, reverse CCTTGCG-
GTTGGCTTCAGAT as described previously.'?l Detection was
achieved with CFX96 real-time PCR system and software (Bio-
Rad, Hercules, CA, USA) using EvaGreen (Biotium Inc., Hay-
ward, CA, USA) according to the manufacturer’s instructions.
Each assay was performed in triplicate in the same run. The cy-
cle threshold of each sample was then compared with a standard
curve (performed in triplicate) made by diluting genomic DNA
of A. muciniphila (fivefold serial dilution).

2.4. Determination of Plasma Triglycerides and Cholesterol

After 4-h fasting, tail blood was collected into chilled glass cap-
illaries. Capillaries were placed on ice, centrifuged, and plasma
was isolated. Commercially available kits were used to deter-
mine plasma total cholesterol (Total Cholesterol Roche diagnos-
tics/Hitachi: 11491458216) and total triglycerides (Total Triglyc-
eride Roche diagnostics/Hitachi: product nr. 11730711216).

2.5. Portal Vein Serum LPS Measurements

LPS concentrations were measured in portal vein serum samples
using an Endosafe-Multi-Cartridge System (Charles River Lab-
oratories, MA, USA) based on the Limulus Amaebocyte Lysate
(LAL) kinetic chromogenic methodology, as described before.!'?
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Each sample was diluted when necessary with endotoxin-free
LAL reagent water (Charles River Laboratories, MA, USA) and
treated in duplicate. Two spikes for each sample were included
in the determination in order to validate the recovery of LPS. All
samples were validated for the recovery and the coefficient varia-
tion. The lower limit of detection was 0.005 EU mL™".

2.6. Determination of Immune Composition of Mesenteric
Lymph Nodes by Flow Cytometry

Single cell suspensions were prepared from mouse mesenteric
lymph nodes (mLNs) for analysis by flow cytometry. Following
20-min digestion with collagenase II/ DNase in 12 well plates,
digested mLNs were dispersed through 100 pm cell strainers.
Single cell-suspensions were plated in 96-well v-bottom plates at
concentrations of 5 X 10° or 1 x 10° cells per well. Cells were
washed, incubated with aqua live-dead staining (20 min, RT), and
stained for respective antibody panels for 20 min (—4 °C). Cells
were stained with antibodies against: CD1d, CD3, CD4, CD5,
CD11b, CD23, CD44, CTLA-4, FoxP3 (eBioscience, San Diego,
CA, USA) CDl11c, CD19, CD21, CD25, CD86, MHC-II, GR-1 (BD
Biosciences, San Diego, CA, USA), CD24, CD64, GITR, CD103
(BioLegend, San Diego, CA, USA) and F4/80 (SanBio, Uden, The
Netherlands). Additionally, FC block (CD16/CD32) was added to
the antibody mix to prevent non-specific binding. For intracel-
lular staining, antibody incubation was preceded by 1 h fixation
with eBioscience Fix/Perm buffer and antibody staining mixes
were created with Bioscience permeabilization buffer. Cells were
acquired with a FACS Canto-II and analysis was performed with
FlowJo (Tree Star, San Carlos, CA, USA) software. For gating
strategies see Figure S1, Supporting Information.

2.7. Whole Blood Stimulation with LPS

Portal vein blood samples (16 pL blood in 400 pL RPMI) were
stimulated in triplo overnight with 10 ng mL~" LPS or vehicle
and supernatants were collected and stored at —80 °C. IL-10 and
TNF-a were subsequently measured by ELISA (BD Biosciences,
San Diego, CA, USA).

2.8. Neointima Formation Assessment

Serial cross sections 5-um thick were made throughout the en-
tire length of the cuffed femoral artery for histological analysis.
Weigert’s elastin staining was used to visualize elastic laminae.
Smooth muscle cells were visualized with smooth muscle cell
a-actin staining (Boehringer Mannheim, Germany), Mac-3
(Accurate Chemical, Westbury, NY, USA) macrophage staining
was used to detect monocytes/macrophages and Sirius red stain
(VWR International) was used to detect collagen. Six equally
spaced cross sections were used in all mice to quantify intimal le-
sions. Using image analysis software (Leica, Wetzlar, Germany),
total cross-sectional medial area was measured between the
external and internal elastic lamina; total cross-sectional intimal
area was measured between the endothelial cell monolayer and
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Body weight (after 4 weeks) as well as fasting plasma B) total cholesterol

(TC) and (C) triglyceride (TG) levels were determined at the indicated times aﬁer daily oraI administration of hyperlipidemic E3L.CETP mice with A.

muciniphila (Akk) or vehicle (control). Data are means + SD; n = 8 per group. * p < 0.05, *

the internal elastic lamina.®®) For macrophage, smooth mus-
cles cell and collagen composition absolute immuno-positive
area and neointimal area were measured and used to calculate
the percentage of immune-positive area within the neointima
area.

2.9. Statistics

Data are presented as mean + SD. Statistical analyses were per-
formed using Student t-test analysis. Portal vein serum LPS lev-
els were log normalized before applying Student #-test analysis.
(GraphPad Software Inc., La Jolla, Ca, USA). p < 0.05 was consid-
ered statistically significant.

3. Results

3.1. A. muciniphila Decreased Plasma Lipids

To study the effect of administration of A. muciniphila on
metabolic and immune parameters as well as on neointima for-
mation, hyperlipidemic male E3L.CETP mice were orally gav-
aged with 2 x 10® CFU A. muciniphila daily for 4 weeks. As con-
trols, E3L.CETP mice were treated with equivalent volume of ve-
hicle. A. muciniphila abundance, body weight, and food intake
were monitored, as well as fasted plasma lipid levels.
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“* p < 0.07 and *** p < 0.007.

Daily gavage with A. muciniphila led to ~100000-fold higher
CFU levels in feces and ~1000-fold higher CFU in cecum at the
end of the study (Figure S2A, Supporting Information). A sin-
gle gavage with A. muciniphila led to a similar increase in CFU
levels (Figure S2B, Supporting Information), indicating that A.
muciniphila colonized the gastrointestinal tract of the mice. A.
muciniphila administration resulted in slightly decreased body
weight (Figure 1A), without affecting food intake (data not
shown) as compared to control treatment. A. muciniphila did not
affect white adipose tissue weight (Figure S3A, Supporting In-
formation); however, there was a trend toward decreased inter-
scapular brown adipose tissue weight (Figure S3B, Supporting
Information) as compared to control treatment. A. muciniphila
markedly reduced fasting plasma total cholesterol (TC) (Fig-
ure 1B) and triglycerides (TG) (Figure 1C) levels after 2 and 4
weeks of treatment as compared to vehicle. Taken together, expo-
sure to A. muciniphila decreased body weight as well as plasma
TC and TG levels.

3.2. A. muciniphila Tended to Lower Portal LPS Levels

To assess whether A. muciniphila counteracted endotoxemia, LPS
levels were measured in portal vein serum. A. muciniphila ad-
ministration tended to decrease portal vein serum LPS levels by
~60% (p = 0.06) as compared to control treatment (Figure S4,
Supporting Information).
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ADVANCED
SCIENCE NEWS

M(@,ular Nutrition

www.advancedsciencenews.com

CD11c+ GR-1+
(Total DCs in mLNs) (Total neutrophils in mLNs)
A s B 2 3
[} = [o)
=z ® =
S 64 £ %
£ o = 207 .
@, s AN
g g A
- 3
:3 " 00 E 104
* g
0 T T X 0 T T
Control Akk Control Akk

www.mnf-journal.com

CD19+ CD3+
(Total B cells in mLNs) (Total T cells in mLNs)
501 -
C p * D m 100
3 ° Z
404 L
E c *k
© 30 @ 60 ° %._
8 g ]
J ] °
m 20 5 <) i 40
8 s
S 10+ S 201
X X
0 T T 0 T T
Control Akk Control Akk

Figure 2. A. muciniphila modulated immune cell populations in mesenteric lymph nodes. Mesenteric lymph nodes (MLNs) were isolated from E3L.CETP
mice after 4 weeks of daily oral administration of A. muciniphila (Akk) or vehicle (control), and the percentage of total A) dendritic cells, B) neutrophils,
C) B-cell, and D) T-cell populations were studied using flow cytometry. Data are means + SD; n = 7-8 per group. * p < 0.05 and ** p < 0.01.

CD11b-CD103+ % CD11b+CD103+ % CD11b+CD103- CD11b-CD103-
- (Tissue Resident DCs) 80~ (Migratory DCs) 80- 80
A" B C D
7] 7] (2} 7]
; 60- o ; 60- g 60- ; 601
£ OSEE ° £ £ c
[7] 7 173 7]
8 40- ) oo 8 40 840 8 40
k| ° g ° 3 3
o <] ) ]
5 201 5 204 % _'__:E" 5 20 o 5 201 %
= = = o o N
Cor;trol Ai(k - Cor;trol Allrk - Cor;trol A;(k h Cor;trol A;(k
CD11b-CD103+ CD11b+CD103+ CD11b+CD103- CD11b-CD103-
_ (Tissue Resident DCs) 8000+ (Migratory DCs) 30004 1500+
E 8000 F G o0 H o
o
6000-{ o 6000 °
- = ° — 2000 . = 10001
S o o o o o
£ 40001 0.07 £ 4000 S 2¢o ;,:.F S 240 o E
e [ ™ ™ c ®
= = Q e, = 10001 . = 500
2000+ ° EI:‘? 2000+
0 . . 0 . ; 0 : . 0 . :
- Control Akk Control Akk Control Akk Control Akk

Figure 3. A. muciniphila did not affect percentage of dendritic cell subpopulations but decreased expression of MHC-Il on DCs in mLNs. Mesenteric
lymph nodes (MLNs) were isolated from E3L.CETP mice after 4 weeks of daily oral administration of A. muciniphila (Akk) or vehicle (control), and subsets
of dendritic cells (DCs) were studied using flow cytometry. A-D) The percentage as well as E-H) the mean fluorescence intensity (MFI) of MHC-Il were
determined of A, E) CD11b-CD103+ (tissue resident DCs), B, F) CD11b+CD103+ (migratory DCs), C, G) CD11b+CD103-, and D, H) CD11b-CD103-

DCs. Data are means + SD; n = 7-8 per group. * p < 0.05.

3.3. A. muciniphila Modulated the Composition and Reduced the
Activation Status of Immune Cells in Mesenteric Lymph Nodes

We next assessed the effect of A. muciniphila on the immune
system in vivo. The mesenteric lymph node (mLN) is the “first
pass” organ for nutrients and microbial substances entering the
lymph fluid from the intestinal lamina propria.?% As such, it
serves as a key site for tolerance induction to food particles and
commensals, but at the same time it acts as a firewall to prevent
systemic spread of microorganisms.B%32 Therefore, we studied
the effect of A. muciniphila on immune cells populations locally
in the mLNs, using flow cytometry.

A. muciniphila had no effect on the percentage of dendritic cells
(DCs) infiltrating the mLNs (Figure 2A), but increased the total
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B cell population (Figure 2C) and markedly decreased the total
neutrophil population (Figure 2B) and the total T cell population
(Figure 2D). Subsequently, we studied the composition of vari-
ous subpopulations of DCs, B cells, and T cells in the mLNs.
A. muciniphila had no effect on the percentages of various DC
subpopulations (Figure 3A-D). However, A. muciniphila tended
to decrease the antigen-presenting molecule MHCII on CD11b-
CD103+ (tissue resident) DCs (p = 0.07; Figure 3E) and reduced
the expression of this marker on the CD11b+CD103- DCs sub-
population (Figure 3G). These data indicate reduced activity of
these DC subpopulations.

A. muciniphila did not affect the percentage of follicular B cells
(Figure 4A) or mucosal B cells (Figure 4B) within the total B cell
population, indicating that the increase in total B cell population
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Figure 4. A. muciniphila did not affect abundance of follicular and mucosal B cells in mLNs, but decreased their CD86 expression. Mesenteric lymph
nodes (MLNs) were isolated from E3L.CETP mice after 4 weeks of daily oral administration of A. muciniphila (Akk) or vehicle (control), and subsets of
B cells were studied using flow cytometry. A,B) The percentage as well as C,D) the mean fluorescence intensity (MFI) of MHC-II were determined of A,
C) CD19+CD21"MCD24" (follicular B cells) and B, D) CD5+ (mucosal B cells). Data are means + SD; n = 7-8 per group. * p < 0.05 and ** p < 0.01.

could not be ascribed to changes in these specific B cell subpop-
ulations. A. muciniphila, however, reduced the expression of the
T cell co-stimulatory molecule CD86 on both the follicular (Fig-
ure 4C) and mucosal (Figure 4D) B cell population. A. muciniphila
did not affect regulatory T cells in the mLNs (Figure S5, Support-
ing Information). Altogether, A. muciniphila influences the im-
mune cell composition and may reduce the activation status of
the immune cells, thereby exerting immunomodulatory proper-
ties on mLNs in vivo.

3.4. A. muciniphila Increased the Anti-Inflammatory IL-10
Response after Whole Blood Stimulation

As A. muciniphila modulated the immune system locally in the
mLNs, we further studied the effect of A. muciniphila on ex
vivo LPS-stimulated whole blood as a measure for systemic in-
flammation. Although the overall IL-10 levels were very low, A.
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muciniphila tended to increase unstimulated whole blood IL-10
levels (p = 0.09; Figure 5A) and increased the LPS-stimulated
IL-10 response (Figure 5B) as compared to whole blood of con-
trol mice. Treatment with A. muciniphila did not influence the
unstimulated or LPS-stimulated TNF-« response (Figure 5C,D).
These findings indicate that A. muciniphila increased the whole
blood-(un)stimulated IL-10 response, and thus modulates sys-
temic cytokine secretion.

3.5. A. muciniphila did not Prevent Neointima Formation

We next assessed whether exposure to A. muciniphila prevented
neointima formation, a common feature of restenosis and
atherosclerosis. Four weeks daily treatment with A. muciniphila
did not reduce neointimal area as compared to vehicle
(Figure 6A,B). In addition, A. muciniphila did not modulate
neointimal content of macrophages (Figure 6C), vascular smooth
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h. A,B) IL-10 and C,D) TNF-a secretion was determined by ELISA. Data are means + SD; n = 6 per group. * p < 0.05.
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muscle cells (Figure 6D), and collagen (Figure 6E). These data
show that, despite its lipid-lowering and immunomodulatory
properties, A. muciniphila did not reduce neointima formation
and vascular lesion composition within this period of time.

4, Discussion

We investigated the effect of oral administration of A. muciniphila
on body weight, plasma lipid levels, immunity, and cuff-induced
neointima formation in hyperlipidemic E3L.CETP mice, a mouse
model for accelerated atherosclerosis driven both by lipids and
inflammation.?>?% Four weeks of treatment with A. muciniphila
lightly decreased body weight without affecting food intake,
rapidly reduced hyperlipidemia, and exerted immunomodulatory
effects. However, within this time-frame these effects were not ac-
companied by a reduction in neointima formation or alterations
in the composition of the neointima.

Previous studies showed presence or absence of A. muciniphila
affects host energy homeostasis parameters. Chevalier et al.
showed that oral gavage of cold exposed mice with A. muciniphila
reverts cold exposure-induced intestinal absorptive functions that
maximize the caloric uptake during cold.?? In line with this
finding, Plovier et al. showed that mice treated with pasteurized
A. muciniphila had a higher fecal caloric content compared to
controls, suggesting a lower energy absorption after treatment
with pasteurized A. muciniphila.'¥ Furthermore, recent litera-
ture strongly suggests that A. muciniphila promotes browning of
adipose tissue,**3% which results in an increased energy expen-
diture by lipid oxidation. A. muciniphila seems to play a role in
reduction of energy absorption and increase in energy expendi-
ture, which is likely to cause a decrease in body weight without
an decrease in food intake.

We and others have shown extensively that the E3L.CETP
mouse model responds in a human-like fashion to many of
the currently prescribed lipid-lowering drugs such as atorvas-
tatin and fenofibrate.?%?3¢ Since A. muciniphila administra-
tion markedly decreased plasma TC and TG, this seems to be a
promising lipid-lowering approach for human interventions that
deserves further exploration. Future studies are required to clar-
ify the mechanism of lipid-lowering by A. muciniphila admin-
istration. The main trigger for cuff-induced neointima forma-
tion in E3L.CETP mice is the local injury induced by the cuff,
which evolves into a lesion in a two week time span. Hypercholes-
terolemia is required for this process. Apparently, the reduction
in plasma TC and TG levels after A. muciniphila treatment was in-
sufficient to affect the pathological process of neo-intima forma-
tion in the used time-frame. This finding may not be unexpected
based on the correlation that has been described between plasma
cholesterol levels and neointimal area formation after cuff place-
ment in E3L.CETP mice.”! Applying a linear correlation to the
observed reduction in plasma cholesterol after A. muciniphila ad-
ministration, the expected reduction in neointima formation is
well within the standard error of the measurement.

A. muciniphila has been shown to have systemic and organ-
specific immunomodulatory properties,’’*% but the underlying
mechanisms have not been entirely resolved. Our data clearly
showed that A. muciniphila administration modulates the im-
mune cell composition of the mLNs. Importantly, A. muciniphila
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also reduced the expression of the antigen peptide complex
MHCII on DCs as well as the expression of the co-stimulatory
signal CD86 on B cells. Both MHC-II and CD86 are involved
in T-cell-mediated immune responses.***!l In line with this, A.
muciniphila reduced the percentage of total T cells in the mLNs
upon administration. Combined, these observations may suggest
that A. muciniphila reduces pro-inflammatory T cell-mediated
immune responses, at least in the mLNs.

Intriguingly, the putative immunomodulatory effects of A.
muciniphila were not restricted to the mLNs. A. muciniphila ad-
ministration also increased IL-10 secretion from circulating im-
mune cells in whole blood upon ex-vivo LPS stimulation, al-
though overall IL-10levels remained very low. A. muciniphila thus
seems to have the capacity to exert complex modulatory effects
in vivo, which is in line with a previous study in which daily
oral gavage with A. muciniphila diminished Western-type diet-
induced serum levels of pro-inflammatory monocyte chemoat-
tractant protein-1 (MCP-1) and interleukin-15 (IL-15).24 These
studies substantiate the findings that intestinal microbiota regu-
late peripheral immunity, which is an interesting area of further
investigation.

The cuff-induced neointima formation model was shown
to be susceptible to immunomodulation in previous studies.
For instance, IL-10 deficiency in hyperlipidemic E3L mice in-
creased cuff-induced neointima formation, whereas a decrease
was observed after IL-10 overexpression.[*?l Moreover, treatment
of hypercholesterolemic E3L mice with abatacept, a protein that
prevents CD28-CD80/86 co-stimulatory T-cell activation, pro-
foundly inhibited neointima formation.*¥ Although we found
that A. muciniphila modulated both the peripheral IL-10 response
and the T cell activation in the mLNs, these effects were appar-
ently insufficient to exert an anti-atherogenic response in this
mouse model, within the period of investigation.

A. muciniphila administration tended to reduce the portal vein
LPS levels by ~#60% in our study. The lack of a significant ef-
fect may be explained by the low LPS levels observed after the
Western-type diet in our study, which were comparable to previ-
ously reported LPS levels in mice fed a chow diet.'” Previously,
Li et al.?Yl showed that A. muciniphila administration reduced
atherosclerotic lesion development in apoe™" mice. In their study,
8 weeks of treatment with 2 x 10° CFU A. muciniphila inhib-
ited atherosclerosis presumably via ameliorating endotoxemia in-
duced by their Western-type diet. These data thus imply that an
increased dose of A. muciniphila, the diet, and/or the duration of
treatment might explain the discrepant effects of A. muciniphila
on atherosclerosis development between the studies.

Recently, it was observed that pasteurized cells of A.
muciniphila were as active as live A. muciniphila cells in protect-
ing mice from diet-induced obesity."¥] The outer membrane pro-
tein of A. muciniphila, Amuc_1100%, also stimulated TLR2 sig-
naling in vitro, similar to viable A. muciniphila.l'>*1 Although
our experiments clearly indicate that administration of viable
A. muciniphila colonized the mice very well and exerted lipid-
lowering and immunomodulatory effects, it remains to be inves-
tigated whether A. muciniphila needs to be viable to retain its ef-
ficacy.

In conclusion, administration of A. muciniphila lowered hy-
perlipidemia in hypercholesterolemic E3L.CETP mice and had
immunomodulatory properties. As both hyperlipidemia and
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immune responses are involved in the pathogenesis of
atherosclerosis these observations suggest that A. muciniphila
has anti-atherogenic potential. However, A. muciniphila was un-
able to ameliorate atherosclerosis in our cuff-induced neointima
formation model, suggesting that the anti-atherogenic effects of
A. muciniphila were not sufficiently strong in this mouse model.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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