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Akkermansia muciniphila ameliorates the
age-related decline in colonic mucus
thickness and attenuates immune
activation in accelerated aging Ercc1−/Δ7

mice
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Abstract

Background: The use of Akkermansia muciniphila as potential therapeutic intervention is receiving increasing
attention. Health benefits attributed to this bacterium include an improvement of metabolic disorders and exerting
anti-inflammatory effects. The abundance of A. muciniphila is associated with a healthy gut in early mid- and later
life. However, the effects of A. muciniphila on a decline in intestinal health during the aging process are not
investigated yet. We supplemented accelerated aging Ercc1−/Δ7 mice with A. muciniphila for 10 weeks and
investigated histological, transcriptional and immunological aspects of intestinal health.

Results: The thickness of the colonic mucus layer increased about 3-fold after long-term A. muciniphila
supplementation and was even significantly thicker compared to mice supplemented with Lactobacillus plantarum
WCFS1. Colonic gene expression profiles pointed towards a decreased expression of genes and pathways related to
inflammation and immune function, and suggested a decreased presence of B cells in colon. Total B cell
frequencies in spleen and mesenteric lymph nodes were not altered after A. muciniphila supplementation. Mature
and immature B cell frequencies in bone marrow were increased, whereas B cell precursors were unaffected. These
findings implicate that B cell migration rather than production was affected by A. muciniphila supplementation.
Gene expression profiles in ileum pointed toward a decrease in metabolic- and immune-related processes and
antimicrobial peptide production after A. muciniphila supplementation. Besides, A. muciniphila decreased the
frequency of activated CD80+CD273− B cells in Peyer’s patches. Additionally, the increased numbers of peritoneal
resident macrophages and a decrease in Ly6Cint monocyte frequencies in spleen and mesenteric lymph nodes add
evidence for the potentially anti-inflammatory properties of A. muciniphila.

Conclusions: Altogether, we show that supplementation with A. muciniphila prevented the age-related decline in
thickness of the colonic mucus layer and attenuated inflammation and immune-related processes at old age. This
study implies that A. muciniphila supplementation can contribute to a promotion of healthy aging.
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Background
Coincident with the increase in the aged population that
is observed nowadays, the often inevitable decline in
overall health in the elderly is becoming an alarming
problem. The aging process is accompanied by a chronic
low-grade inflammatory state, termed ‘inflamm-aging’,
which is a strong risk factor for many age-related path-
ologies [1–4]. One of the organs that is affected by the
aging process is the intestinal tract and the occur-
rence of gut-related disorders in the aged population
is considerable [5].
As main inhabitant of the intestine, the gut microbiota

play an essential role in the maintenance of overall health.
Bacteria are able to degrade complex carbohydrates,
thereby converting these substrates into metabolites that
are beneficial to health, such as short-chain fatty acids
(SCFAs) [6, 7]. Besides, the gut microbiota interact exten-
sively with the host immune system by the regulation of
immune responses [8]. During the aging process, changes
in gut microbiota composition occur, such as a decreased
diversity, a decrease in health-promoting bacteria and an
increase in potential pathobionts. This disturbed balance
in microbiota composition is thought to increase the
risk of impaired intestinal barrier function and intes-
tinal inflammation [9]. In mice, transfer of microbiota
from aged mice to young germfree recipient mice pro-
moted intestinal inflammation, increased leakage of
bacterial components into blood and stimulated sys-
temic immune activation [10].
An important factor with regard to gut health is the

mucus layer that covers the intestinal epithelial cell
layer and serves as physical protection for bacterial
penetration and harmful compounds to enter the mu-
cosal tissue [11]. Intestinal mucus is built up of mostly
Mucin 2 (Muc2) proteins, which are large gel-forming
proteins that are secreted by goblet cells located in the
intestinal mucosa. These proteins form a net-like struc-
ture and are the building blocks of the mucus layer.
The importance of the mucus layer was emphasized in
studies using Muc2 knockout mice, which did not have
a colonic mucus layer covering the intestinal epithelial
layer [12, 13]. These mice suffered from a decreased in-
testinal barrier function, an increased inflammatory
status [14] and had signs of colitis [12]. Next to the
protective function of the mucus layer, it also serves as
an energy source for bacteria. Akkermansia muciniphila
is one of the bacterial species that is able to degrade
mucus. This bacterium is highly abundant (~ 3%) in the
healthy human colon [15]. Upon mucus degradation, A.
muciniphila produces several immune-stimulating com-
pounds, such as SCFAs and pili [16, 17]. The outer
membrane pili-like protein Amuc_1100 is thought to
be involved in the beneficial properties of A. mucini-
phila on health [18, 19].

Recent studies suggest that the beneficial effects of A.
muciniphila are not limited to the intestinal tract, but
extend to overall health. The abundance of A. mucini-
phila was reduced in people suffering from obesity, type
2 diabetes, inflammatory bowel disease, amongst others
[20]. Furthermore, supplementation with A. muciniphila
in mice resulted in an improved metabolic state and
reduced diet-induced obesity (ClinicalTrials.gov Identi-
fier: NCT02637115) [21–23].
We and others previously showed that the abundance of

Akkermansia spp. in colonic luminal content decreased
during aging in mice [10, 24, 25]. Another study also re-
ported an age-related loss of Akkermansia spp. in humans
[26]. Interestingly, the abundance of Akkermansia spp. was
shown to be increased in centenarians (105–109 years old)
compared to younger age groups [27]. These results could
indicate that a relation exists between reaching an extreme
old age and the abundance of Akkermansia spp. [24, 27].
The numerous potential beneficial characteristics of A.

muciniphila suggest that this bacterium could be a po-
tent candidate for microbial supplementation. However,
the effects of this bacterium on the decline in intestinal
health as seen during aging are not widely investigated yet.
Therefore, the aim of the present study was to investigate
the effects of supplementation with A. muciniphila on dif-
ferent aspects of intestinal health. We used Ercc1−/Δ7 mice,
an accelerated aging mouse model that has a median life-
span of ~ 20 weeks. Further characteristics of this mouse
model were extensively described in previous studies
[28–30] and indicate that the accelerated aging pheno-
type of Ercc1−/Δ7 mice largely resembles normal aging.
The Ercc1−/Δ7 mice were supplemented with A. mucini-
phila for 10 weeks via oral gavage. After sacrifice, ileum
and colon were subject to transcriptional analysis and the
microbiota composition in these organs was investigated.
Furthermore, we assessed mucus thickness in the colon
and the distribution of immune cells in immune-related
tissues.

Results
A. muciniphila supplementation increased mucus
thickness in the colon of Ercc1−/Δ7 mice
Since A. muciniphila is a mucus-colonizing bacterium and
utilizes mucus as energy source, we investigated whether
supplementation with A. muciniphila had an effect on the
mucus layer in the colon of Ercc1−/Δ7 mice. Measurements
of mucus thickness in PAS/Alcian Blue stained colon tissue
revealed that the mucus layer was significantly thicker in
the mice supplemented with A. muciniphila compared to
the control group (p < 0.001) (Fig. 1a-c). Besides, the results
were compared with the mucus thickness of mice supple-
mented with L. plantarum (WCFS1), since we showed pre-
viously that supplementation with this bacterium prevented
an age-related decline in mucus thickness [29]. The colonic
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mucus layer of L. plantarum supplemented mice was
thicker compared to the control group (p < 0.001)
(Fig. 1a, d), but supplementation with A. muciniphila
resulted in a significantly thicker mucus layer than the L.
plantarum supplemented mice (p < 0.001) (Fig. 1a). These
results show that supplementation with A. muciniphila
contributed to the prevention of a decreased mucus layer
thickness at old age.

No differences in colonic and ileal microbiota
composition after supplementation with A. muciniphila
In order to investigate whether supplementation with A.
muciniphila caused changes in gut microbiota compos-
ition, we performed 16S rRNA gene sequencing on co-
lonic and ileal content. Alpha-diversity (Shannon entropy)
of colonic and ileal content samples did not differ between
the control and supplemented mice (Fig. 2a). To investi-
gate whether supplementation with A. muciniphila re-
sulted in an increased colonization of this bacterium, the
relative abundance of Akkermansia spp. in colonic content
was assessed. In colonic content, the average relative
abundance was slightly higher in the intervention
group (0.738 ± 1.279%) compared to the control group
(0.252 ± 0.503%) (Fig. 2b), but this difference was not
statistically significant. Akkermansia spp. was not present
in ileal content, except for one mouse in the intervention
group (data not shown). Variation in microbial compos-
ition between samples was represented in a principal coor-
dinates analysis (PCoA) based on Bray-Curtis dissimilarity.
In both colon and ileum samples, no clear separation was
observed between the control and A. muciniphila group
(Fig. 2c-d). Furthermore, no statistically significant differ-
ences at genus level between the control and supplemented
mice was found in both sources (data not shown). These

data show that bacterial supplementation with A. mucini-
phila three times a week did not result in changes in gut
microbiota composition of Ercc1−/Δ7 mice.

A. muciniphila supplementation minimally altered the
expression of genes involved in intestinal barrier function
in colon
To explore the effects of supplementation with A. mucini-
phila on gene expression, transcriptome analysis was per-
formed on mRNA isolated from colon and ileum tissue of
Ercc1−/Δ7 mice. In colon, a number of 427 genes was signifi-
cantly differentially expressed (p < 0.05, fold change > 1.2
or < − 1.2) between the control and A. muciniphila group,
comprising 225 up-regulated and 202 down-regulated
genes. Since a highly significant increase in mucus thick-
ness was observed in the colon of mice that received A.
muciniphila, colonic expression of genes related to mucus
production was investigated. No significant differential
expression of mucins was observed, except Mucin like
1 (Mucl1) which was down-regulated (− 1.5-fold) in the
A. muciniphila group compared to the control mice
(Additional file 1). Besides, to explore if an increased
mucus thickness in the colon resulted in an enhanced
intestinal barrier function, expression of genes related
to tight junction function was investigated. The classical
tight junction proteins Tjp 1–3, Jam 1–3, Claudin family
and Ocln were not differentially expressed (data not
shown). To investigate which pathways were regulated in
colon by A. muciniphila supplementation, Gene Set En-
richment Analysis (GSEA) was performed. Significantly
enriched pathways were dominated by cell cycle related
processes, but no pathways related to intestinal barrier
function were observed (Additional file 2).

Fig. 1 Mucus thickness increased in Ercc1−/Δ7 mice supplemented with Akkermansia muciniphila. a Mucus thickness (μm) measured in colon of
Ercc1−/Δ7 mice in the control, A. muciniphila group and L. plantarum group. b Representative picture of PAS/Alcian Blue staining in control
mouse, (c) mouse supplemented with A. muciniphila and (d) L. plantarum. Data represent the mean + SEM from three to five mice per group.
***p < 0.001. Scale bars histological images: 100 μm
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Supplementation with A. muciniphila decreased
expression of genes and pathways related to
antimicrobial activities, metabolic processes and mucus
biosynthesis in ileum
Since supplementation with A. muciniphila minimally al-
tered the expression of genes related to intestinal barrier
function in colon, we also investigated gene expression
profiles in ileum tissue of Ercc1−/Δ7 mice. A number of 795
genes was significantly differentially expressed (p < 0.05,
fold change > 1.2 or < − 1.2) between the control and A.
muciniphila group in ileum, comprising 425 up-regulated
and 370 down-regulated genes. Interestingly, several genes
encoding for antimicrobial peptides were down-regulated
in the A. muciniphila supplemented mice, i.e. Reg3b
and Reg3g (Fig. 3a, b; Additional file 3). However, the
expression of genes encoding for alpha-defensins and
lysozymes was not affected by A. muciniphila supple-
mentation. Tight junction genes were minimally differen-
tially expressed, only Cldn2 and Cldn8 were
down-regulated in ileum of mice supplemented with A.

muciniphila compared to the control group (Fig. 3c, d;
Additional file 3). GSEA revealed that significantly enriched
down-regulated pathways were dominated by metabolic
processes (Additional file 2). Besides, the pathways “N-Gly-
can Biosynthesis” and “Biosynthesis of the N-Glycan Pre-
cursor (Dolichol Lipid-Linked Oligosaccharide, LLO) and
Transfer to a Nascent Protein” were down-regulated in
ileum of mice that received A. muciniphila supplementa-
tion compared to the control group (Additional file 2).
Based on this finding, the microarray data set was
searched for genes related to mucus biosynthesis. The
genes Ctnna3 and St6galnac6 were down-regulated in
ileum in the supplemented mice versus control group
(Fig. 3e, f; Additional file 3).

Decreased expression of genes and pathways related
to inflammation and immune function in colon and ileum
after A. muciniphila supplementation
As immune function is an important factor regarding intes-
tinal health, expression profiles of genes related to immune

A B

C D

Fig. 2 Microbiota composition in colon and ileum of Ercc1−/Δ7 mice supplemented with Akkermansia muciniphila. a Alpha-diversity (Shannon
entropy) measured in ileum and colon samples. Boxes extend from the 25th to 75th percentile, middle line represents median, and whiskers
represent minimum and maximum values. b Relative abundance (%) of Akkermansia spp. in colonic content assessed by 16S rRNA sequencing.
Data represent mean + SEM (c) Beta-diversity measured by Bray-Curtis Principal Coordinate Analysis in colon samples and (d) ileum samples.
Between four and six mice per group were used for microbiota analysis
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response were investigated. Remarkably, down-regulated
genes in both colon and ileum were dominated by genes
encoding for immunoglobulins (Additional file 1). In
the colon, several genes encoding for chemokines, such
as Cxcl13 (Fig. 4a; Additional file 3) and Ccl12, as well
as the cytokine Il5 and the complement factors C1ra
and C5ar1 were all down-regulated (Additional file 1).
Also the immunoglobulin receptor Pilrb1 had a decreased
expression in the colon of the A. muciniphila group
(Additional file 1). Additionally, other immune-related
genes were down-regulated in the colon of A. mucini-
phila supplemented mice compared to the control
group, e.g. Blk, Cd4, Cd72, Tlr7 and Tlr12 (Fig. 4b-f;
Additional file 3). GSEA revealed that immune-related
pathways were down-regulated in colon, for example “Intes-
tinal Immune Network for IgA Production”, “Cytokine-Cy-
tokine Receptor Interaction” and “Inflammatory Response

Pathway”, amongst others (Additional file 2). Moreover, In-
genuity pathway analysis (IPA) identified seven cytokines as
upstream regulators that were predicted to be inhibited
after supplementation with A. muciniphila, including
both the pro-inflammatory Il1 and anti-inflammatory
Tgf-beta (Table 1). Also other inflammation-related factors,
such as Myeloid differentiation primary response 88
(Myd88), Tumor necrosis factor receptor superfamily mem-
ber 1B (Tnfrsf1b) and 12 (Tnfsf12), NFKB Inhibitor Alpha
(Nfkbia), T cell receptor (TCR) and Toll Like Receptor
Adaptor Molecule 1 (Ticam1) were predicted inhibited
upstream regulators (Table 1). In ileum, GSEA anno-
tated the pathway “Antigen Presentation: Folding, as-
sembly and peptide loading of class I MHC” as highly
up-regulated (Additional file 2). The most significant up-
stream regulator identified by IPA in ileum tissue was Inter-
leukin 10 Receptor Subunit Alpha (Il10RA), which was

A B C

D E F

Fig. 3 Microarray analysis performed on mRNA isolated from ileum tissue. a Log2 microarray intensities of Regenerating islet-derived 3 beta
(Reg3b), (b) Regenerating islet-derived 3 gamma (Reg3g) (c) Claudin 2 (Cldn2), (d) Claudin 8 (Cldn8), (e) Catenin (cadherin associated protein),
alpha 3 (Ctnna3) and (f) ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylgalactosaminide alpha-2,6-sialyltransferase 6 (St6galnac6).
Data represent mean + SEM. Control: n = 5, A. muciniphila: n = 6. *p < 0.05; **p < 0.01
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predicted to be slightly inhibited after A. muciniphila sup-
plementation (Table 2). Taken together, these results show
that A. muciniphila supplementation decreased the ex-
pression of numerous genes and pathways related to
inflammation and immune function in both colon and
ileum.

Minor changes in local B cell distribution after A.
muciniphila supplementation
Based on the findings of the microarray analysis, we
continued with the investigation of immune cell distri-
bution in different organs of the immune system. Since
several B cell related genes were down-regulated after A.
muciniphila supplementation, such as immunoglobulin
genes (both in ileum and colon), and Blk (only in colon),
we first focused on the local distribution of B cells. In
mesenteric lymph nodes (MLN) and Peyer’s patches

(PP), no differences in B cell frequencies between groups
were observed (Fig. 5a-c). However, in PP the frequency of
activated CD80+CD273− B cells was significantly lower in
the supplemented mice (p = 0.009) (Fig. 5d). Furthermore,
frequencies of more immature CD80−CD273− B cells
were significantly higher in the A. muciniphila group
(p = 0.03) (Fig. 5e), whereas no changes were observed
in CD80+CD273+ memory-like and CD80−CD273+ B cells
(Fig. 5f, g) [31].

A. muciniphila supplementation increased the migration
of B cells into spleen and BM
Next, we continued with investigation of B cell subsets in
spleen and bone marrow (BM). The frequency of total B
cells in spleen was not different between groups (Fig. 6a).
Also other B cell subsets in spleen, such as immature,
follicular and marginal zone B cells, were not significantly

A B C

D E F

Fig. 4 Microarray analysis performed on mRNA isolated from colon tissue. a Log2 microarray intensities of (a) C-X-C motif chemokine ligand 13
(Cxcl13), (b) B lymphoid kinase (Blk), (c) Cluster of differentiation 4 (Cd4), (d) Cluster of differentiation 72 (Cd72), (e) Toll-like receptor 7 (Tlr7), (f)
Toll-like receptor 12 (Tlr12). Data represent mean + SEM. Control group: n = 5. A. muciniphila group: n = 6. *p < 0.05; **p < 0.01; ***p < 0.001
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different between groups (data not shown). However, the
frequency of B1 cells in spleen was significantly higher in
the A. muciniphila supplemented mice (p = 0.02) (Fig. 6b,
c). In bone marrow (BM), a trend of higher frequencies of
total B cells was observed in A. muciniphila supplemented
mice compared to control mice (p = 0.07) and frequencies
of mature and immature B cells were also higher (p = 0.02

and 0.06, respectively) (Fig. 6d-g). Frequencies of B cell pre-
cursors, i.e. pro-B cells, small resting pre-B cells and large
cycling pre-B cells were not different between groups
(Fig. 6h-j). These data suggest that A. muciniphila sup-
plementation did not change production of new B cells
in BM, but increased migration of B cells into the spleen
and BM.

T cell distribution in MLN and spleen was unaltered after
A. muciniphila supplementation
Transcriptome analysis showed that expression of the Cd4
gene was decreased in the colon of mice that received A.
muciniphila compared to the control mice. Moreover, IPA
revealed T cell receptor (TCR) as predicted inhibited
upstream regulator in colon. Therefore, we investi-
gated whether the distribution of T cells was altered
between groups in spleen and MLN. However, CD4+

and CD8+ T cell distributions in MLN and spleen were
not different compared to the control group, neither
were CD4+FoxP3+ Treg frequencies changed in both
immune tissues (Fig. 7a-f ).

Decreased inflammatory cell populations in spleen and
MLN after A. muciniphila supplementation
Next, since GSEA revealed an enrichment of pathways re-
lated to inflammatory response and immune function, we
investigated whether inflammatory cell frequencies were al-
tered after supplementation of Ercc1−/Δ7 mice. In spleen,
the frequencies of total and Ly6Chi monocytes were slightly
lower in the A. muciniphila group and Ly6Cint monocytes
were significantly lower (p = 0.01) (Fig. 8a-d). Besides, the
frequency of neutrophils was also slightly lower in the sup-
plemented mice (Fig. 8e). The same trends of these inflam-
matory cell populations were found in MLN, although cell

Table 1 Upstream regulators in colon identified by Ingenuity
pathway analysis based on the comparison between Ercc1−/Δ7

mice receiving A. muciniphila supplementation and control mice

Upstream Regulator Activation z-score p-value of overlap

ACOX1 2.24 0.013

Alpha catenin 2.00 0.029

ID3 1.98 0.030

SOCS1 1.95 0.040

CDKN2A 1.72 0.025

MYD88 −2.41 0.045

IL1 −2.38 0.049

TNFRSF1B −2.22 0.003

CHUK −2.21 0.017

GATA6 −2.21 0.036

NFKBIA −2.17 0.029

Akt −2.16 0.020

cytokine −1.99 0.000

Nfat (family) −1.98 0.014

CCND1 −1.98 0.044

WNT5A −1.95 0.033

CTNNB1 −1.95 0.037

Tgf beta −1.94 0.010

EGR1 −1.91 0.035

Interferon alpha −1.78 0.004

LTBR −1.72 0.001

STAT3 −1.71 0.024

TCR −1.60 0.029

TNFSF12 −1.58 0.004

TNF −1.54 0.036

SSB −1.52 0.000

IL17A −1.40 0.002

TICAM1 −1.40 0.003

HRAS −1.39 0.031

E2F1 −1.36 0.009

IL6 −1.34 0.005

PRKACA −1.21 0.001

IL1B −1.21 0.003

Cut-off values include p < 0.05 and activation z-score < − 1.2 or > 1.2. Upstream
regulators in bold are involved in inflammation- and
immune-related processes

Table 2 Upstream regulators in ileum identified by Ingenuity
pathway analysis based on the comparison between Ercc1-/Δ7

mice receiving A. muciniphila supplementation and control mice

Upstream Regulator Activation z-score p-value of overlap

HMGA1 1.66 0.002

POR 1.46 0.000

SYVN1 1.34 0.006

CFTR 1.25 0.000

AR −2.74 0.005

NR1I2 −2.00 0.042

BRCA1 −1.98 0.016

CTNNB1 −1.72 0.001

LEP −1.60 0.031

MAPK14 −1.34 0.020

IL10RA −1.31 0.000

Cut-off values include p < 0.05 and activation z-score < − 1.2 or > 1.2. Upstream
regulators in bold are involved in inflammation- and
immune-related processes
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frequencies were low (< 1%, data not shown). These data
reveal a minor decrease in inflammatory markers in spleen
and MLN after A. muciniphila supplementation in
Ercc1−/Δ7mice. In addition, we assessed if we could iden-
tify any signs of immune cell infiltration by investigating
H&E stained tissue. For both colon and ileum tissue, no
histological signs of immune cell infiltration were ob-
served in the control and A. muciniphila group (Fig. 8f).

Increased numbers of CD11b+ cells and resident
macrophages in peritoneum of Ercc1−/Δ7 mice
supplemented with A. muciniphila
Since we found a higher abundance of B1 cells in spleen
and this cell type is generally highly enriched in the peri-
toneal cavity, we also investigated the distribution of im-
mune cells in the peritoneum. Remarkably, the total

number of peritoneal cells in mice supplemented with A.
muciniphila was nearly 3-fold higher than in the control
mice (p = 0.02) (Fig. 9a). The absolute numbers of B
cells, B1 cells and T cells did not significantly differ be-
tween groups (Fig. 9b-d). We found an increase in abso-
lute numbers of CD11b+ cells in the peritoneum after A.
muciniphila supplementation (p = 0.004) (Fig. 9e). Inves-
tigation of CD11b+ cell subsets revealed that absolute
numbers of neutrophils were not significantly higher
after A. muciniphila supplementation (Fig. 9f ), in con-
trast to resident macrophages (p = 0.045) (Fig. 9g, h). In
addition, the expression of CD115 on resident macro-
phages was significantly higher in the A. muciniphila
group compared to the control group (p = 0.02) (Fig. 9i),
whereas no change in the expression of CD11b and
SIRPα was observed (Fig. 9j, k).

A

D E F G

B C

Fig. 5 Distribution of B cell subsets in mesenteric lymph nodes (MLN) and Peyer’s patches (PP) after supplementation with Akkermansia
muciniphila. a Mean frequency of B cells in MLN. b Flow cytometric analysis of B cells in PP. c Mean frequency of B cells in PP. d Mean frequency
of CD80+CD273− B cells, (e) CD80−CD273− B cells, (f) CD80+CD273+ B cells and g CD80−CD273+ B cells in PP. Data represent the mean + SEM
from five to six mice per group. *p < 0.05; **p < 0.01
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A. muciniphila supplementation did not alter survival,
body weight and organ weights of Ercc1−/Δ7 mice
Supplementation with A. muciniphila for 10 weeks did
not alter survival rates as compared to the control mice
(Additional file 4). Body weight of Ercc1−/Δ7 mice in-
creased in the first half of life, but decreased again from
11 weeks of age onwards (Additional file 4). No pro-
nounced differences in body weight development were
found between groups. The weight of liver, spleen

and thymus measured directly after sacrifice were not
significantly different between control and A. mucini-
phila group (data not shown).

Discussion
The bacterium Akkermansia muciniphila is suggested to
be a promising microbial supplement, due to its benefi-
cial effects on health [20, 32]. However, its effects on the
decline in intestinal health during aging are not well

A

E F

B C D

G H I J

Fig. 6 Distribution of B cell subtypes in spleen and bone marrow (BM) after supplementation with Akkermansia muciniphila. a Mean frequencies
of CD19+CD3− B cells in spleen. b Flow cytometric analysis of live single CD19+CD3− cells in spleen. c Mean frequencies of CD5+CD43+ B1 cells in
spleen. d Mean frequencies of B cells in BM. e Flow cytometric analysis of live single CD19+ cells, divided in pro-B cells, large cycling pre-B cells
and small resting pre-B cells in BM. f Mean frequencies Mature B cells, g Immature B cells, h Pro-B cells, i Small resting pre-B cells and (j) Large
cycling pre-B cells in BM. Data represent the mean + SEM from four to six mice per group. *p < 0.05
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investigated yet. In the present study, we investigated
the effects of supplementation with A. muciniphila on
different aspects of intestinal health in accelerated
aging Ercc1−/Δ7 mice. We report that supplementation
with A. muciniphila for 10 weeks resulted in a signifi-
cantly thicker colonic mucus layer and an improve-
ment of anti-inflammatory immune status compared
to the control group.
In two recent studies, it has been shown that the co-

lonic mucus layer decreased in aging mice, suggesting
an association with bacterial penetration and immune
activation [29, 33]. An aging-related decrease in mucus
thickness was also observed in Ercc1−/Δ7 mice [29], con-
firming the similarity in aging phenotype in this acceler-
ated aging mouse model compared to a mouse model
with a normal aging process. We previously showed that L.
plantarum WCFS1 increased the thickness of the colonic
mucus layer in Ercc1−/Δ7 mice [29], but we now show that
A. muciniphila is capable to even further thicken the mucus
layer. The ability of A. muciniphila to increase mucus thick-
ness was also reported before [23]. A. muciniphila is able to
degrade mucin structures to use it as carbon and nitrogen
source and is therefore called a mucus-degrader [17].

Nevertheless, the observed increased mucus layer thickness
after supplementation suggests that this bacterium is
able to actively turn on host colonic mucus produc-
tion, a suggestion that has also been made by Derrien
and colleagues [34]. Interestingly, we did not find dif-
ferential expression of any genes encoding for mucins,
apart from a down-regulation of Mucl1 in colon tis-
sue. However, expression levels of this gene were low
and it is not a typical mucin that constitutes the co-
lonic mucus layer, such as Muc2 [35]. In our previous
study, supplementation with L. plantarum WCFS1 did
neither result in differences in mucin gene expression,
while a significantly increased colonic mucus thick-
ness was observed [29]. Possibly, supplementation
with A. muciniphila resulted in an increased mucus
thickness by impacting mucus biosynthesis processes
without affecting Muc2 expression. In order to under-
stand the exact underlying mechanisms of the mucus
turnover processes, further investigation is warranted.
Interestingly, in the ileum of A. muciniphila supple-

mented mice, GSEA revealed a down-regulation of two
pathways related to N-Glycan biosynthesis and besides,
two genes related to mucus biosynthesis were also

A B C

D E F

Fig. 7 Distribution of T cells in mesenteric lymph nodes (MLN) and spleen after supplementation with Akkermansia muciniphila. a Mean
frequencies of CD4+ T cells and (b) CD8+ T cells and (c) FoxP3+ Treg cells in MLN. d Mean frequencies of CD4+ T cells and (e) CD8+ T cells and (f)
FoxP3+ Treg cells in spleen. Data represent the mean + SEM from five to six mice per group
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down-regulated. These results imply that, besides its
great impact on the colonic mucus layer, A. mucini-
phila could also have had an effect on the ileal mucus
layer. We could not verify this finding by measuring
the ileal mucus layer, because of its rather discontinu-
ous appearance due to the presence of villi.
Next to the important function of the mucus layer,

tight junctions (TJs) sealing the intestinal epithelial
cells also play an important role in intestinal barrier
function and an age-related decreased expression of
TJ genes was found in baboons [36]. We and others
previously showed that A. muciniphila improved intes-
tinal barrier function in a Caco-2 cell model [37] as
well as in mice [18, 19, 23, 38, 39]. In the present
study, we found a down-regulation of Cldn2 and
Cldn8 in the ileum of A. muciniphila supplemented

mice. However, the intestinal barrier consists of a
complex structure of multiple protein networks [40].
Therefore, it is not possible to draw any solid conclu-
sions on the effects of A. muciniphila supplementation
on intestinal barrier function based on gene expres-
sion data only.
Gut microbiota composition and bacterial diversity in

ileum and colon were not significantly changed after
supplementation with A. muciniphila. This result indi-
cates that bacterial supplementation with A. muciniphila
does not lead to a reshaped gut microbiota composition,
which was also reported before [23]. Gut microbiota
analysis revealed that the relative abundance of A. muci-
niphila was low in ileal and colonic content. It was pre-
viously shown that Akkermansia spp. was more present
in colon than ileum in mono-colonised mice [39], but

Fig. 8 Distribution of inflammatory cell frequencies in spleen after supplementation with Akkermansia muciniphila. a Mean frequencies of total
CD11b+CD68+ monocytes. b Flow cytometric analysis of live single CD11b+ Ly6C/CD68 cells, divided in Ly6Chi, Ly6Cint, Ly6Clo monocytes and
CD68dimLy6Cint/hi neutrophils. c Mean frequencies of Ly6Chimonocytes, (d) Ly6Cint monocytes and (e) neutrophils. (f) Representative pictures of H&E
stained colon and ileum tissue of control and A. muciniphila supplemented mice. Data represent the mean + SEM from five to six mice per
group. *p < 0.05
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the low abundance in colon was remarkable. The dose
of the bacterium, i.e. 2 × 108 CFU for 3 times a week, was
already proven effective in previous mice studies [23]. Pos-
sibly, the relatively long time between the last oral gavage

and sacrifice (about 24 h) could have led to a washout
of A. muciniphila. Though, a recent study showed that
daily supplementation with 11 probiotic strains resulted
in low colonization in mice which was caused by the

A B C

D
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E F

Fig. 9 Distribution of immune cells in the peritoneum after supplementation with Akkermansia muciniphila. a Absolute number of total peritoneal
exudate cells (PEC), (b) CD3−CD19+ B cells, (c) CD5+CD43+ B1 cells and (d) CD3+ T cells, (e) CD11b+ cells and (f) CD11b+Ly6G+ neutrophils. g
Flow cytometric analysis of CD11b+ cells. h Absolute numbers of CD11b+Ly6G− resident macrophages in peritoneal exudate cell suspension. i
Median Fluorescence Intensity (MFI) of CD115 marker, (j) CD11b marker and (k) SIRPa marker expressed on resident macrophages. Data represent
the mean + SEM from five to six mice per group. *p < 0.05; **p < 0.01
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indigenous microbiome [41]. Possibly, this finding may
also explain the impeded colonization of A. muciniphila
in our study.
Bacterial supplementation with A. muciniphila resulted

in a down-regulation of numerous immune-related genes
and pathways in colon. Notably, these included several B
cell related genes, such as immunoglobulins, Blk and
Pilrb1, amongst others. Moreover, GSEA revealed a
down-regulation of the pathway “Intestinal immune net-
work for IgA production”. These results imply that A.
muciniphila supplementation may have decreased the ne-
cessity for producing IgA, i.e. exerting a mucosal protect-
ive reaction against commensal bacteria [42]. In line with
these results, we found a down-regulation of both Tlr7
and Tlr12 in colon. However, we could not confirm this
hypothesis, since IgA concentrations in colon were not
measured during this study. We did investigate B cell fre-
quencies in several immune tissues. Nevertheless, we
could not find differences in B cell frequencies in MLNs,
whereas B cell frequencies were increased in spleen and
BM. These findings suggest that based on transcriptome
analysis, A. muciniphila decreased B cell frequencies and
CD4+ T cells in colon and caused a potential redistribu-
tion of B and T cells among lymphoid organs. Conversely,
frequencies of total B cell subsets in BM and spleen
were slightly increased after A. muciniphila supplemen-
tation, with no change in B cell precursor frequencies
in BM. These findings may indicate that supplementa-
tion with A. muciniphila inhibited influx of B cells into
the colon, leading to a slightly increased mature B cell
pool in spleen and BM.
Furthermore, we found a decrease in inflammatory

markers in colon after A. muciniphila supplementation.
Several genes encoding for chemokines, complement fac-
tors, as well as the cytokine Il5 were down-regulated after
A. muciniphila supplementation. Besides, IPA identified
numerous pro-inflammatory cytokines as potentially inhib-
ited upstream regulators in colon. The anti-inflammatory
properties of A. muciniphila are already extensively
described [34]. We now add evidence that A. mucini-
phila might protect against the aging-related increase
in inflammation (inflamm-aging) by decreasing the co-
lonic expression of pro-inflammatory genes and path-
ways. Besides, we also identified the anti-inflammatory
cytokine Tgf-beta as inhibited upstream regulator. Al-
though we only found one anti-inflammatory cytokine,
this finding may point toward a general reduction of
immune activation by A. muciniphila. Histological
analysis of the colon did not reveal any clear signs of
immune infiltration in both groups. In a previous
study by Derrien and colleagues, an up-regulation of
immune related genes with no signs of microscopically
visible inflamed tissue was also observed in mice
mono-colonized with A. muciniphila [39]. The authors

suggest that these observations were part of regulatory
processes of immune tolerance toward A. muciniphila.
However, in this study germ-free mice were used, hence
any comparisons between these particular results and our
results should be made with caution.
Interestingly, we found significantly lower frequencies of

activated B cell subtypes and higher frequencies of more
immature B cell subtypes in PP. The increased level of
inactive immature B cells is in accordance with the micro-
array results from ileum tissue, since we also found de-
creased expression of numerous immunoglobulin-related
genes. Besides, Reg3b and Reg3g were both down-regulated
in ileum. We previously showed that A. muciniphila
supplementation also decreased Reg3g expression in
ileum of mice fed a high-fat diet [19]. In a recent
study, an increased expression of antimicrobial genes
was found in the ileum of aged C57BL/6 mice, in-
cluding Reg3b, Reg3g, Defb1 and Retnlb, which was
suggested to be related to an increased state of epi-
thelial distress [43]. Hence, based on our findings we
suggest that supplementation with A. muciniphila
might contribute to prevention of the age-related
state of epithelial distress in ileum.
It is well-known that T cell function declines during

the aging process [44]. Our previous study revealed that
supplementation with L. plantarum WCFS1 and L. casei
BL23 increased regulatory T cell frequencies in MLN of
Ercc1−/Δ7 mice. However, supplementation with A. muci-
niphila did not lead to any changes in T cell distribution
in MLN, spleen and PP, despite a down-regulation of the
Cd4 gene in colon and the predicted inhibition of the
upstream regulator TCR. Possibly, the increased colonic
mucus layer caused by A. muciniphila supplementation
resulted in an increased protective state in the colon,
thereby decreasing the production of a number of T cell
attracting chemokines and subsequently leading to a de-
crease of CD4+ T cell attraction and infiltration.
In the peritoneal cavity, a highly significant increase in

resident macrophages was observed after A. muciniphila
supplementation. Peritoneal macrophages are important
in the modulation of immune responses during infec-
tions and contribute to tissue homeostasis [45]. Further-
more, peritoneal resident macrophages were shown to
defend against microbial invasion [46], which could
explain the high presence of this cell type after supple-
mentation with A. muciniphila. However, this increase
in peritoneal resident macrophages was not coincided
with increased frequencies of neutrophils and T cells,
while these cell types are expected to be highly present
during inflammation. This observation implies that
supplementation with A. muciniphila resulted in an
activated state with regard to peritoneal resident macro-
phages, but resulted in an anti-inflammatory rather than a
pro-inflammatory response.
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Conclusions
The attention for A. muciniphila as a potential microbial
supplement has increased and ample evidence exists
emphasising the beneficial effects of this bacterium on
low-grade inflammation and (cardio)metabolic disorders
[16, 20, 34, 47]. In the present study, we also observed
that several metabolic processes in ileum, as well as im-
munological processes in both ileum and colon were
affected by A. muciniphila, but now in an aging model.
Furthermore, we convincingly showed that A. mucini-
phila has a protective effect against an age-related decline
in mucus thickness, which was even stronger compared to
L. plantarum WCFS1. Aging is often accompanied by
low-grade inflammation and an increased risk on meta-
bolic syndrome [1, 48], contributing to a decreased quality
of life and a considerable rise in healthcare costs [49]. Our
study showed a causal relationship between A. muciniphila
and attenuation of the aging phenotype, in terms of
preventing the age-related decline in thickness of the
colonic mucus layer and improving immune status.
These results therefore support the therapeutic applica-
tion of A. muciniphila in the aging population and pave
the way for further studies investigating A. muciniphila
as therapeutic intervention contributing to healthy aging.
Further research should focus on the practical aspects for
application in humans, such as the dosage, frequency and
way of administration.

Materials and methods
Mice and study design
In this study, accelerated aging Ercc1−/Δ7 mice were used.
Genotyping of this mouse model was extensively de-
scribed previously by others [28–30]. In short, Ercc1−/Δ7

mice have an impaired DNA repair protein ERCC1, result-
ing in accumulation of a broad variety of DNA lesions and
consequently accelerated aging. Mice were individually
housed under SPF conditions, received an ad libitum puri-
fied diet (formula D12450B, Research Diets, Additional
file 5a) and had ad libitum access to water supplied by
water bottles with long nozzles. Mice were supplemented
with Akkermansia muciniphila MucT (ATTC
BAA-835) by oral gavage at a dose of 2 × 108 CFU/200 μL,
three times a week, for a total of 10 weeks. Oral gavages
were given in the morning. The control group simultan-
eously received oral gavages containing the same volume
of PBS. A third Ercc1−/Δ7 mice group was included that re-
ceived the same dose of Lactobacillus plantarum WCFS1.
These mice were only used for histological purposes.
Growing procedures of the bacterial cultures was exten-
sively described previously [29]. A number of 18 mice per
group (both male and female) was included and lifespan
of these mice was assessed. After 10 weeks, when the mice
were 16 weeks old, a number of 5–6 female mice were
sacrificed. Colonic and ileal content, as well as distal

ileum and proximal colon sections, were collected and
snap-frozen in liquid nitrogen. A piece of ileal and co-
lonic tissue was fixed in Carnoy’s solution for histo-
logical purposes. Spleen, mesenteric lymph nodes, Peyer’s
patches, bone marrow and peritoneal exudate cells were
isolated for immunological measurements.

Histology
After paraffin embedding, Carnoy-fixed distal ileum
and proximal colon tissue were sliced in 5 μM sections
on poly-l-lysine coated glass slides (Thermo Scientific,
Germany). Slides were dewaxed, dehydrated and stained
with hematoxylin and eosin (H&E) and PAS/Alcian blue.
The thickness of the colonic mucus layer was measured
using ImageJ software (NIH, MD, USA). For comparison
of the mucus layer thickness, we included an extra mouse
group that received Lactobacillus plantarumWCFS1.

Microbiota composition analysis
DNA was isolated from ileal and colonic content using a
modified repeated bead beating method [50]. Microbiota
composition was assessed using 16S rRNA sequencing on
the MiSeq platform (Illumina, San Diego, CA, USA).
Next, the NG-Tax pipeline was used for barcode-primer
filtering, de-multiplexing, OTU picking and taxonomic
classification [51]. The generated biom-files were used for
summarizing the microbiological data, i.e. alpha-diversity
and beta-diversity, using the R-packages microbiome [52]
and phyloseq [53].

RNA isolation
RNA was isolated from distal ileum and proximal colon
tissue (n = 5–6 mice/group) using TRIzol reagent (Invi-
trogen, Breda, The Netherlands). Purification of the
isolated RNA was performed using the RNeasy Mini kit
(Qiagen, Venlo, The Netherlands). After measurement of
the total RNA yield (Nanodrop, ND-1000, Nanodrop
Products, Maarssen, The Netherlands), RNA integrity
was assessed (Agilent 2100 Bioanalyzer, Agilent
Technologies, Amsterdam, The Netherlands) and
only RNAs were included with a RNA integrity
number (RIN) above 8.0.

Microarray analysis
Microarray analysis was performed as described previ-
ously [54]. Differences in gene expression between the
control and A. muciniphila supplemented mice groups
were assessed using the Intensity Based Moderated T
statistics (IBMT) method, with p-values < 0.05 and fold
changes <− 1.2 or > 1.2. Microarray data has been sub-
mitted to the NCBI Gene Expression Omnibus (GEO)
(GSE126730). Gene Set Enrichment Analysis (GSEA)
was used to identify significantly enriched pathways [55].
Only pathways with a False Discovery Rate (FDR) < 0.2
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were taken into consideration. Ingenuity pathway ana-
lysis (IPA) was used for the identification of upstream
regulators [56].

cDNA synthesis and real-time quantitative PCR
Real-time quantitative PCR (qPCR) was used to validate
the expression profiles of a selection of differentially
expressed genes identified in the microarray analysis.
For both colon and ileum samples, complementary DNA
(cDNA) was synthesized from 1000 ng of total RNA
using the RevertAid First Strand cDNA Synthesis Kit
(Thermo-Fisher Scientific, Landsmeer, The Netherlands)
following the manufacturer’s protocol. The following
thermal cycling conditions were used: 5 min at 25 °C, 60
min at 37 °C and 5min at 70 °C. Primer sequences were
obtained at the online PrimerBank database (Additional
file 5b) [57]. qPCR was performed with a CFX384 thermal
cycler (Bio-Rad Laboratories, Veenendaal, the Netherlands)
using the SensiMix SYBR No-ROX kit (Bioline, Alphen
aan den Rijn, The Netherlands). The housekeeping gene
36B4 was used for normalization.

Fluorescence-activated cell sorting (FACS) analysis
Spleen, mesenteric lymph nodes, Peyer’s patches, bone
marrow and peritoneal exudate cells were all subject to
FACS analysis, similar as previously reported [29]. In brief,
femurs, tibias, ileac crests, forelegs, and sternum were har-
vested and crushed with mortar and pestle. Singe-cell sus-
pensions from each organ were prepared by passing cells
through a 40-μm cell strainer with a syringe. First, cells
were stained for extracellular markers. Fixable live/dead
eFluor506 stain (Ebioscience, San Diego, USA) was used
to exclude dead cells. Cells were fixed and permeabilized
with Fix/Perm buffer (Ebioscience) to stain for intracellu-
lar markers. All antibodies used for flow cytometry are en-
listed in Additional file 5c. A Canto II flow cytometer was
used (BD Biosciences, Erembodegem, Belgium) and data
analysis was performed using FlowJo vX.07 software (Tree
Star Inc., USA).

Statistical analysis
The Kolmogorov-Smirnov test was used to test if data were
normally distributed and appropriate non-parametric statis-
tical tests were used when data were not normally distrib-
uted. With regard to the survival analysis, the log-rank
(Mantel-Cox) test was used. To test differences between
the control and supplemented group, a student t-test or
Mann-Whitney U test was performed. With regard to the
differences in mucus thickness, a Kruskal-Wallis test
with Dunn’s multiple comparisons test was performed,
since three mouse groups were involved. Unless other-
wise stated, p-value levels of p < 0.05 were considered
as statistically significant.

Additional files

Additional file 1: Gene expression profiles (Microarray analysis) of
colon and ileum. Only genes that were statistically significantly different
(p < 0.05) and had a fold change (FC) < − 1.2 or > 1.2 between groups are
included. (XLSX 64 kb)

Additional file 2: Gene set enrichment analysis (GSEA) results of ileum
and colon. Only significantly enriched pathways (FDR < 0.2) are included.
(XLSX 25 kb)

Additional file 3: Relative gene expression of (A) Regenerating
islet-derived 3 beta (Reg3b), (B) Regenerating islet-derived 3 gamma
(Reg3g), (C) Claudin 2 (Cldn2), (D) Claudin 8 (Cldn8), (E) Catenin (cadherin
associated protein), alpha 3 (Ctnna3) and (F) ST6 (alpha-N-acetyl-neuraminyl-
2,3-beta-galactosyl-1,3)-N-acetylgalactosaminide alpha-2,6-sialyltransferase 6
(St6galnac6) in ileum. (G) Relative expression of C-X-C motif chemokine lig-
and 13 (Cxcl13), (H) B lymphoid kinase (Blk), (I) Cluster of differentiation 4
(Cd4), (J) Cluster of differentiation 72 (Cd72), (K) Toll-like receptor 7 (Tlr7), (L)
Toll-like receptor 12 (Tlr12) in colon. (PDF 266 kb)

Additional file 4: Survival rates and body weight of Ercc1−/Δ7 mice. (A)
Percent survival of all mice. These data include 12–13 mice per group
with an additional 5–6 per group censored at 16 weeks. (B) Percentage
survival of only male mice (n = 8–10/group) and (C) female mice
(n = 8–10/group). (D) Body weight in grams measured weekly in all
mice (n = 18 mice per group), (E) male mice (n = 8–10/group) and (F)
female mice (n = 8–10/group). NB: A number of 5–6 female mice was
sacrificed at 16 weeks. (PDF 261 kb)

Additional file 5: (A) Table with diet composition. (B) Table with primer
sequences used for qPCR. (C) Table with a list of antibodies used in flow
cytometry. (DOCX 21 kb)

Abbreviations
BM: Bone marrow; CFU: Colony-forming unit; Ercc1-/Δ7 mice: mice with
defective nucleotide excision repair gene Ercc1; FACS: Fluorescence-activated
cell sorting; FC: Fold change; FDR: False discovery rate; GSEA: Gene set
enrichment analysis; H&E: Hematoxylin and eosin; IBMT: Intensity based
moderated T statistics; IPA: Ingenuity pathway analysis; MLN: Mesenteric
lymph node; PAS: Periodic acid-Schiff; PCoA: Principal coordinates analysis;
PP: Peyer’s patch; qPCR: Quantitative polymerase chain reaction; SPF: Specific
pathogen-free; TJ: Tight junction

Acknowledgments
We would like to thank Floor Hugenholtz for her help during 16S rRNA
sequencing and Jenny Jansen for her help during microarray performance.
We would also thank Jan Hoeijmakers for his excellent work on conceiving
the Ercc1−/Δ7 mouse model. Yvette van Loon is acknowledged for her help
with breeding and genotyping the mouse cohorts.

Funding
This work was funded by the Netherlands Organization for Scientific
Research (Spinoza Award and SIAM Gravity Grant 024.002.002) and through
the NWO Graduate Programme on Food Structure, Digestion and Health.

Availability of data and materials
Microarray data are available in the NCBI Gene Expression Omnibus
(GEO) with number GSE126730. The 16S rRNA gene data described in this
study have been deposited in the Sequence Read Archive (SRA) at the NCBI
(PRJNA525606).

Authors’ contributions
AB, WMV, HS and CB designed the study. WPV conceived the Ercc1−/Δ7

mouse model and RB was responsible for breeding the Ercc1−/Δ7 mice. BL,
AB, SA, BM and BS performed the experiments. BL wrote the manuscript. AB,
SA, BS, WPV, WMV, HS, WS and CB contributed to the revision of the
manuscript. All authors read and approved the final manuscript.

Ethics approval
Experiments were performed with the Principles of Laboratory Animal Care
and with Dutch legislation and approval of the Dutch Ethical Committee of
Wageningen.

van der Lugt et al. Immunity & Ageing            (2019) 16:6 Page 15 of 17

https://doi.org/10.1186/s12979-019-0145-z
https://doi.org/10.1186/s12979-019-0145-z
https://doi.org/10.1186/s12979-019-0145-z
https://doi.org/10.1186/s12979-019-0145-z
https://doi.org/10.1186/s12979-019-0145-z


Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Division of Human Nutrition and Health, Wageningen University and
Research, Wageningen, The Netherlands. 2Department of Immunology,
Erasmus University Medical Center, Rotterdam, The Netherlands. 3Cell Biology
and Immunology Group, Wageningen University and Research, Wageningen,
The Netherlands. 4Laboratory of Microbiology, Wageningen University and
Research, Wageningen, The Netherlands. 5Host Microbe Interactomics,
Wageningen University and Research, Wageningen, The Netherlands.
6Department of Molecular Genetics, Erasmus University Medical Center,
Rotterdam, The Netherlands. 7Princess Máxima Center for Pediatric Oncology,
Oncode Institute, Utrecht, The Netherlands. 8Immunobiology Research
Programme, Department of Bacteriology and Immunology, University of
Helsinki, Helsinki, Finland.

Received: 5 November 2018 Accepted: 14 February 2019

References
1. Bektas A, Schurman SH, Sen R, Ferrucci L. Aging, inflammation and the

environment. Exp Gerontol. 2018;105:10–8.
2. Buford TW. (Dis)Trust your gut: the gut microbiome in age-related

inflammation, health, and disease. Microbiome. 2017;5(1):80.
3. Sanada F, Taniyama Y, Muratsu J, Otsu R, Shimizu H, Rakugi H, et al. Source

of chronic inflammation in aging. Front Cardiovascular Med. 2018;5:12.
4. Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its

potential contribution to age-associated diseases. J Gerontol A Biol Sci Med
Sci. 2014;69(Suppl 1):S4–9.

5. Rayner CK, Horowitz M. Physiology of the ageing gut. Current opinion in
clinical nutrition and metabolic care. 2013;16(1):33–8.

6. Koh A, De Vadder F, Kovatcheva-Datchary P, Backhed F. From dietary Fiber
to host physiology: short-chain fatty acids as key bacterial metabolites. Cell.
2016;165(6):1332–45.

7. Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and
colorectal cancer. Nat Rev Microbiol. 2014;12(10):661–72.

8. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation.
Cell. 2014;157(1):121–41.

9. Ple C, Breton J, Daniel C, Foligne B. Maintaining gut ecosystems for health:
are transitory food bugs stowaways or part of the crew? Int J Food
Microbiol. 2015;213:139–43.

10. Fransen F, van Beek AA, Borghuis T, Aidy SE, Hugenholtz F, van der Gaast-
de Jongh C, et al. Aged gut microbiota contributes to Systemical
Inflammaging after transfer to germ-free mice. Front Immunol. 2017;8:1385.

11. McGuckin MA, Linden SK, Sutton P, Florin TH. Mucin dynamics and enteric
pathogens. Nat Rev Microbiol. 2011;9(4):265–78.

12. Van der Sluis M, De Koning BA, De Bruijn AC, Velcich A, Meijerink JP, Van
Goudoever JB, et al. Muc2-deficient mice spontaneously develop colitis,
indicating that MUC2 is critical for colonic protection. Gastroenterology.
2006;131(1):117–29.

13. Velcich A, Yang W, Heyer J, Fragale A, Nicholas C, Viani S, et al. Colorectal
cancer in mice genetically deficient in the mucin Muc2. Science (New York,
NY). 2002;295(5560):1726–9.

14. Lu P, Burger-van Paassen N, van der Sluis M, Witte-Bouma J, Kerckaert JP,
van Goudoever JB, et al. Colonic gene expression patterns of mucin Muc2
knockout mice reveal various phases in colitis development. Inflamm Bowel
Dis. 2011;17(10):2047–57.

15. de Vos WM. Microbe Profile: Akkermansia muciniphila: a conserved
intestinal symbiont that acts as the gatekeeper of our mucosa.
Microbiology. 2017;163(5):646–8.

16. Belzer C, de Vos WM. Microbes inside--from diversity to function: the case of
Akkermansia. The ISME journal. 2012;6(8):1449–58.

17. Derrien M, Vaughan EE, Plugge CM, de Vos WM. Akkermansia muciniphila
gen. Nov., sp. nov., a human intestinal mucin-degrading bacterium. Int J
Syst Evol Microbiol. 2004;54(Pt 5):1469–76.

18. Ottman N, Reunanen J, Meijerink M, Pietila TE, Kainulainen V, Klievink J, et al.
Pili-like proteins of Akkermansia muciniphila modulate host immune
responses and gut barrier function. PLoS One. 2017;12(3):e0173004.

19. Plovier H, Everard A, Druart C, Depommier C, Van Hul M, Geurts L, et al. A
purified membrane protein from Akkermansia muciniphila or the
pasteurized bacterium improves metabolism in obese and diabetic mice.
Nat Med. 2017;23(1):107–13.

20. Cani PD, de Vos WM. Next-generation beneficial microbes: the case of
Akkermansia muciniphila. Front Microbiol. 2017;8:1765.

21. Dao MC, Everard A, Aron-Wisnewsky J, Sokolovska N, Prifti E, Verger EO, et
al. Akkermansia muciniphila and improved metabolic health during a
dietary intervention in obesity: relationship with gut microbiome richness
and ecology. Gut. 2016;65(3):426–36.

22. Schneeberger M, Everard A, Gomez-Valades AG, Matamoros S, Ramirez S,
Delzenne NM, et al. Akkermansia muciniphila inversely correlates with the
onset of inflammation, altered adipose tissue metabolism and metabolic
disorders during obesity in mice. Sci Rep. 2015;5:16643.

23. Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, et al. Cross-
talk between Akkermansia muciniphila and intestinal epithelium controls
diet-induced obesity. Proc Natl Acad Sci U S A. 2013;110(22):9066–71.

24. van der Lugt B, Rusli F, Lute C, Lamprakis A, Salazar E, Boekschoten MV, et
al. Integrative analysis of gut microbiota composition, host colonic gene
expression and intraluminal metabolites in aging C57BL/6J mice. Aging.
2018;10(5):930–50.

25. Langille MG, Meehan CJ, Koenig JE, Dhanani AS, Rose RA, Howlett SE, et al.
Microbial shifts in the aging mouse gut. Microbiome. 2014;2(1):50.

26. Biagi E, Nylund L, Candela M, Ostan R, Bucci L, Pini E, et al. Through ageing,
and beyond: gut microbiota and inflammatory status in seniors and
centenarians. PLoS One. 2010;5(5):e10667.

27. Biagi E, Franceschi C, Rampelli S, Severgnini M, Ostan R, Turroni S, et al. Gut
microbiota and extreme longevity. Current biology : CB. 2016;26(11):1480–5.

28. van Beek AA, Hugenholtz F, Meijer B, Sovran B, Perdijk O, Vermeij WP, et al.
Frontline science: tryptophan restriction arrests B cell development and
enhances microbial diversity in WT and prematurely aging Ercc1(−/Delta7)
mice. J Leukoc Biol. 2017;101(4):811–21.

29. van Beek AA, Sovran B, Hugenholtz F, Meijer B, Hoogerland JA, Mihailova V,
et al. Supplementation with lactobacillus plantarum WCFS1 prevents decline
of mucus barrier in Colon of accelerated aging Ercc1(−/Delta7) mice. Front
Immunol. 2016;7:408.

30. Vermeij WP, Hoeijmakers JH, Pothof J. Genome integrity in aging: human
syndromes, mouse models, and therapeutic options. Annu Rev Pharmacol
Toxicol. 2016;56:427–45.

31. Engels N, Wienands J. Memory control by the B cell antigen receptor.
Immunol Rev. 2018;283(1):150–60.

32. Neef A, Sanz Y. Future for probiotic science in functional food and dietary
supplement development. Current opinion in clinical nutrition and
metabolic care. 2013;16(6):679–87.

33. Elderman M, Sovran B, Hugenholtz F, Graversen K, Huijskes M, Houtsma E, et
al. The effect of age on the intestinal mucus thickness, microbiota
composition and immunity in relation to sex in mice. PLoS One. 2017;12(9):
e0184274.

34. Derrien M, Belzer C, de Vos WM. Akkermansia muciniphila and its role in
regulating host functions. Microb Pathog. 2017;106:171–81.

35. Pelaseyed T, Bergstrom JH, Gustafsson JK, Ermund A, Birchenough GM,
Schutte A, et al. The mucus and mucins of the goblet cells and enterocytes
provide the first defense line of the gastrointestinal tract and interact with
the immune system. Immunol Rev. 2014;260(1):8–20.

36. Tran L, Greenwood-Van MB. Age-associated remodeling of the intestinal
epithelial barrier. J Gerontol A Biol Sci Med Sci. 2013;68(9):1045–56.

37. Reunanen J, Kainulainen V, Huuskonen L, Ottman N, Belzer C, Huhtinen H,
et al. Akkermansia muciniphila adheres to enterocytes and strengthens the
integrity of the epithelial cell layer. Appl Environ Microbiol. 2015;81(11):
3655–62.

38. Bodogai M, O'Connell J, Kim K, Kim Y, Moritoh K, Chen C, et al. Commensal
bacteria contribute to insulin resistance in aging by activating innate B1a
cells. Science translational medicine. 2018;10(467).

39. Derrien M, Van Baarlen P, Hooiveld G, Norin E, Muller M, de Vos WM.
Modulation of mucosal immune response, tolerance, and proliferation in

van der Lugt et al. Immunity & Ageing            (2019) 16:6 Page 16 of 17



mice colonized by the mucin-degrader Akkermansia muciniphila. Front
Microbiol. 2011;2:166.

40. Groschwitz KR, Hogan SP. Intestinal barrier function: molecular regulation
and disease pathogenesis. J Allergy Clin Immunol. 2009;124(1):3–20 quiz 1-2.

41. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, Bashiardes
S, et al. Personalized Gut Mucosal Colonization Resistance to Empiric
Probiotics Is Associated with Unique Host and Microbiome Features. Cell.
2018;174(6):1388–405.e21.

42. Gutzeit C, Magri G, Cerutti A. Intestinal IgA production and its role in host-
microbe interaction. Immunol Rev. 2014;260(1):76–85.

43. Tremblay S, Cote NML, Grenier G, Duclos-Lasnier G, Fortier LC, Ilangumaran
S, et al. Ileal antimicrobial peptide expression is dysregulated in old age.
Immunity & ageing : I & A. 2017;14:19.

44. Haynes L, Maue AC. Effects of aging on T cell function. Curr Opin Immunol.
2009;21(4):414–7.

45. Davies LC, Taylor PR. Tissue-resident macrophages: then and now.
Immunology. 2015;144(4):541–8.

46. Davies LC, Rice CM, Palmieri EM, Taylor PR, Kuhns DB, McVicar DW.
Peritoneal tissue-resident macrophages are metabolically poised to engage
microbes using tissue-niche fuels. Nat Commun. 2017;8(1):2074.

47. Ouwerkerk JP, Aalvink S, Belzer C, De Vos WM. Preparation and preservation
of viable Akkermansia muciniphila cells for therapeutic interventions.
Benefic Microbes. 2017;8(2):163–9.

48. Dominguez LJ, Barbagallo M. The biology of the metabolic syndrome and
aging. Current opinion in clinical nutrition and metabolic care. 2016;19(1):5–11.

49. Nichols GA, Moler EJ. Metabolic syndrome components are associated with
future medical costs independent of cardiovascular hospitalization and
incident diabetes. Metab Syndr Relat Disord. 2011;9(2):127–33.

50. Salonen A, Nikkila J, Jalanka-Tuovinen J, Immonen O, Rajilic-Stojanovic M,
Kekkonen RA, et al. Comparative analysis of fecal DNA extraction methods
with phylogenetic microarray: effective recovery of bacterial and archaeal
DNA using mechanical cell lysis. J Microbiol Methods. 2010;81(2):127–34.

51. Ramiro-Garcia J, Hermes GDA, Giatsis C, Sipkema D, Zoetendal EG, Schaap
PJ, et al. NG-Tax, a highly accurate and validated pipeline for analysis of 16S
rRNA amplicons from complex biomes [version 1; referees: 2 approved with
reservations, 1 not approved]. F1000Research. 2016(5):1791.

52. Lathi L, Shetty S. Tools for microbiome analysis in R Version 1.1.10013. 2017.
53. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible

interactive analysis and graphics of microbiome census data. PloS one.
2013;8(4):e61217.

54. Sovran B, Loonen LM, Lu P, Hugenholtz F, Belzer C, Stolte EH, et al. IL-22-
STAT3 pathway plays a key role in the maintenance of ileal homeostasis in
mice lacking secreted mucus barrier. Inflamm Bowel Dis. 2015;21(3):531–42.

55. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A.
2005;102(43):15545–50.

56. Kramer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis
approaches in Ingenuity Pathway Analysis. Bioinformatics (Oxford,
England). 2014;30(4):523–30.

57. Wang X, Seed B. A PCR primer bank for quantitative gene expression
analysis. Nucleic Acids Res. 2003;31(24):e154.

van der Lugt et al. Immunity & Ageing            (2019) 16:6 Page 17 of 17


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	A. muciniphila supplementation increased mucus thickness in the colon of Ercc1−/Δ7 mice
	No differences in colonic and ileal microbiota composition after supplementation with A. muciniphila
	A. muciniphila supplementation minimally altered the expression of genes involved in intestinal barrier function in colon
	Supplementation with A. muciniphila decreased expression of genes and pathways related to antimicrobial activities, metabolic processes and mucus biosynthesis in ileum
	Decreased expression of genes and pathways related to inflammation and immune function in colon and ileum after A. muciniphila supplementation
	Minor changes in local B cell distribution after A. muciniphila supplementation
	A. muciniphila supplementation increased the migration of B cells into spleen and BM
	T cell distribution in MLN and spleen was unaltered after A. muciniphila supplementation
	Decreased inflammatory cell populations in spleen and MLN after A. muciniphila supplementation
	Increased numbers of CD11b+ cells and resident macrophages in peritoneum of Ercc1−/Δ7 mice supplemented with A. muciniphila
	A. muciniphila supplementation did not alter survival, body weight and organ weights of Ercc1−/Δ7 mice

	Discussion
	Conclusions
	Materials and methods
	Mice and study design
	Histology
	Microbiota composition analysis
	RNA isolation
	Microarray analysis
	cDNA synthesis and real-time quantitative PCR
	Fluorescence-activated cell sorting (FACS) analysis
	Statistical analysis

	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

