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ARTICLE

Lysates of Methylococcus capsulatus Bath
induce a lean-like microbiota, intestinal
FoxP3+ROR�t+IL-17+ Tregs and improve
metabolism
Benjamin A. H. Jensen 1,2,3,14�, Jacob B. Holm1,12,13, Ida S. Larsen1,2,13, Nicole von Burg4,13, Stefanie Derer 5,
Si B. Sonne1, Simone I. Pærregaard 1,4, Mads V. Damgaard 1,6, Stine A. Indrelid7, Aymeric Rivollier4,
Anne-Laure Agrinier2, Karolina Sulek6, Yke J. Arnoldussen7, Even Fjære8, André Marette 2, Inga L. Angell7,
Knut Rudi 7, Jonas T. Treebak 6, Lise Madsen1,8, Caroline Piercey A�kesson 9, William Agace4,10,
Christian Sina5, Charlotte R. Kleiveland7, Karsten Kristiansen 1,11,14� & Tor E. Lea 7,14�

Interactions between host and gut microbial communities are modulated by diets and play
pivotal roles in immunological homeostasis and health. We show that exchanging the protein
source in a high fat, high sugar, westernized diet from casein to whole-cell lysates of the non-
commensal bacterium Methylococcus capsulatus Bath is suf�cient to reverse western diet-
induced changes in the gut microbiota to a state resembling that of lean, low fat diet-fed
mice, both under mild thermal stress (T22 °C) and at thermoneutrality (T30 °C). Con-
comitant with microbiota changes, mice fed the Methylococcus-based western diet exhibit
improved glucose regulation, reduced body and liver fat, and diminished hepatic immune
in�ltration. Intake of the Methylococcu-based diet markedly boosts Parabacteroides abun-
dances in a manner depending on adaptive immunity, and upregulates triple positive
(Foxp3+ROR�t+IL-17+) regulatory T cells in the small and large intestine. Collectively, the-
se data point to the potential for leveraging the use of McB lysates to improve immuno-
metabolic homeostasis.
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Gut microbes shape intestinal immunity1 and increase the
bioavailability of otherwise indigestible nutrients2. A well-
balanced community structure is therefore essential for

immunometabolic homeostasis, whereas aberrant gut microbiota
compositions associate with numerous diseases, both within and
outside the gastrointestinal tract3.

While therapeutic implications of rebalancing a mistuned gut
microbiota appear promising, inconsistent response rates in
relation to both probiotics and fecal transfer studies, with occa-
sional adverse events, emphasize the complexity of such
approaches. One example relates to the otherwise promising
probiotic candidateAkkermansia muciniphila4, where negative
effects have been seen in immunocompromised recipients5,6.
Similarly,Prevotella copriaids in metabolizing� bers in healthy
individuals7 and protects against bacterial invasion in high� ber,
chow-fed mice8, yet associates with insulin resistance in pre-
diabetic obese individuals and precipitates glucoregulatory
impairments in diet-induced obese (DIO) mice9.

An alternative to administering viable microbes is to utilize
whole-cell lysates, or selected cell components, of nonliving
bacteria. Apart from alleviating global energy demands, if used as
a nutrient source, such components may also potently affect host
physiology as recently reported forA. muciniphila10 and Bi� do-
bacterium bi� dum11. In the latter example, cell surface poly-
saccharides ofB. bi� dum were used to induce peripheral
immune-tolerance via generation of regulatory T cells (Tregs).
The authors reported a pronounced increase in Foxp3+ROR� t+
Tregs (pTregs), speci� cally in lamina propria (LP) of the large
intestine (LI)11. This cell type is believed to be induced by
commensal microbes and has emerged as a potent Treg subset,
exhibiting increased lineage stability and enhanced immunosup-
pressive capacity during intestinal in� ammation compared to
conventional Foxp3+ROR� t- Tregs(nTregs)12.

ROR� t is the canonical transcription factor controlling IL-17
expression; a pleiotropic cytokine with both proin� ammatory and
immune resolving actions depending on the eliciting cell type and
physiological context13. Unfortunately, the studies describing
pTreg function did not measure IL-17 secretion. It therefore
remains unknown whether these cells exhibit normal, reduced or
increased IL-17 levels, and how this translates to host physiology.
The impact of this predominantly colonic cell subset on host
metabolism also remains unknown. Still, mounting evidence
points towards the importance of intestinal IL-17 for controlling
metabolic homeostasis14,15. IL-17+

pTregs may therefore be
leveraged as a‘dual hit’ strategy to curb immunometabolic dys-
function and gastrointestinal disturbances based on the immune-
regulatory capacity ofpTregs concomitant with the metabolic
bene� ts of gut-delivered IL-17.

To this end, we hypothesized that environmental bacteria, who
have not been under evolutionary scrutiny for host-microbe
interactions, would provide an unexplored reservoir of immu-
nomodulatory stimuli. In support of this hypothesis, the metha-
notropic noncommensal bacteriumMethylococcus capsulatus
Bath (McB) has previously been shown to interact with human
dendritic cells (DC) modulating T cell responses in vitro16, and to
reduce in� ammation and disease activity in dextran sulfate
sodium (DSS)-induced mouse colitis17. However, the impact on
host metabolism and intestinal immune cells as well as mucus
dynamics were not addressed.

We accordingly explored the effect of using whole-cell
lysates from McB as protein source to reshape immunometabo-
lism and the aberrant gut microbiota of DIO mice. We show
that McB lysates augment Foxp3+ROR� t+IL-17+ triple-positive
pTregs in both SI- and LI-LP, and reset the obese microbiota
concomitant with reversed key disease traits of diet-induced
obesity.

Results
McB feeding reverses WD-induced gut microbiota changes and
increases cecal SCFA levels. To induce obesity and immuno-
metabolic dysfunctions, C57BL/6JRj mice were initially fed an
obesogenic WD. After 12 weeks of WD feeding, the mice were
strati� ed into new groups based on weight, fat mass and glu-
coregulatory capacity (Supplementary Fig. 1a), and fed experi-
mental WDs for an additional 6 weeks. While dietary fat is known
to elicit reproducible and lipid-dependent alterations in the
murine gut microbiome across a variety of different diet com-
positions18, less is known about the microbiota-modulating
impact of protein. Thus, to investigate if dietary protein (i.e.,
casein versus whole-cell bacterial lysates) would affect gut
microbiota community structures, we analyzed freshly collected
fecal samples before and throughout the dietary intervention.
LFD and WDREFfed mice showed distinct gut microbiota pro� les
after 12 weeks of feeding (intervention baseline, week 12+ 0;
Fig. 1A, B), including ~10-fold lower abundance of the health-
promoting genera,Parasutterella19 and Parabacteroides20, coun-
tered by an equally increased abundance of the obesity-associated
genusDesul� vobrio21,22 (Fig.1C) as well as a ~4-fold increase in
theFirmicutesto Bacteroidetes(F/B) ratio (Fig.1D). Interestingly,
WDCNTL fed mice showed negligible changes in the microbiome
signature during the 6 weeks of intervention (Fig.1A–E; Sup-
plementary Fig. 2a, b), suggesting that the added lipid source had
limited in� uence on the intestinal ecology. In contrast to this
observation, we noted a pronounced shift in bacterial composi-
tion in mice fed WDMcB. Within the � rst 2 weeks of treatment,
the general community structure in these mice shifted towards
that of their LFD-fed counterparts (Fig.1A–E, Supplementary
Table 3). We next asked if the observed taxonomical differences
between groups related to alterations in the functional potential.
SCFAs are main end products of metabolized� bers, and to a
lesser extent amino acids escaping digestion in the SI, with vast
impact on host physiology23,24. The highest levels of SCFAs are
found in the cecum and proximal colon25. We therefore inves-
tigated if cecal SCFA levels were different between groups. We
found a consistent increase in the levels of the three major as well
as three minor classes of SCFAs in the cecum of WDMcB fed mice
compared to WDCNTL fed counterparts pointing towards not just
taxonomically, but also functionally, discrete microbiota pro� les
in the two groups of mice, supporting a bene� cial health impact
of dietary inclusion of McB lysates (Fig.1F, G).

WDMcB feeding stimulates induction of gut-speci� c regulatory
T cells. The intricate relationship between gut microbes and host
immunity, combined with the immunoregulatory capacity of
SCFAs26, prompted us to investigate if the observed changes
mediated by WDMcB feeding were associated with immune
alterations.

We accordingly analyzed the immune cell pro� le of SI-LP and
LI-LP in a subset of experimental mice (n = 6–10/group) using
multicolor � ow cytometry focusing on phenotypic characteriza-
tion of group 3 innate lymphoid cells (ILC3), natural killer (NK)
cells and T cells (consult Supplementary Fig. 3a, b for gating
strategies). Numbers of ILC3s, NK cells and T cell receptor
(TCR)-�� + T cells, were similar between groups (Supplementary
Fig. 3d–f). The same was true for the numbers of TCR� + CD4+

T cells, as well as the proportion of T helper (TH)1-, TH17-,
and nTregscells (Fig.2A, B; H, I). Interestingly, the proportion of
pTregs was more than 2- and 3-fold increased in LI- and SI-LP,
respectively of WDMcB fed mice compared to WDCNTL fed
counterparts (Fig.2C, Jp< 0.001; S3G). Notably, this regulatory T
cell subset has been shown to curb intestinal in� ammation12 and
mediate immunological tolerance to the gut pathobiont
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Helicobactor hepaticus, thereby protecting against TH17-mediated
barrier dysfunction and subsequent colitis27. Because ROR� t is
the hallmark transcription factor for TH17 cell differentiation and
essential for their IL-17 production, we next assessed if thepTregs
induced by the different diets were also capable of expressing IL-
17. Indeed, ex vivo stimulatedpTregs produced substantial and

diet-dependent amounts of IL-17 protein, where WDMcB feeding
increased the proportion of IL-17+ cells within LI-LP pTregs
(Fig. 2D–G, p< 0.001; 2k-N; S3H). We con� rmed gut-speci� city
of the WDMcB-induced pTregs as only negligible amounts were
observed in single-cell suspensions of liver homogenates obtained
from ‘weight-matched’ mice fed the respective diets
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prophylactically for 7 weeks (Supplementary Figs. 1c, 4a).pTregs
constituted <1% of all CD4+ T cells in the liver, hence contrasting
the ~3 and 20% in SI- and LI-LP, respectively, of LFD- and
WDREF-fed mice and stunning ~12 and 30% in similar sites of
WDMcB-fed mice (Supplementary Fig. 4b). Mechanistically, LI-,
but not SI-, LP-derived McB-inducedpTregsexhibited enhanced
secretory capacity of the hallmark suppressive cytokine, IL-10,
upon ex vivo stimulation (Fig.2O, consult Supplementary Fig. 3c
for gating strategy). Augmented IL-10 secretion was identi� ed in
both nTregsand pTregspopulations in LI-LP of WDMcB-fed mice
(Fig. 2O, P,p< 0.05 and <0.001, respectively), pointing towards
enhanced immune regulation following WDMcB feeding.
Although the absolute number of IL-10+

n/pTregs was similarly
increased in SI-LP of WDMcB-fed mice (Supplementary Fig. 4c,
d), the relative proportion of IL-10+ cells within these Tregs
remained similar between groups (Fig.2O, P). Collectively, these
data corroborate that the phenotypic shift of enhanced secretory
capacity was restricted to the colon of WDMcB-fed mice. The
amount of Ki67+ cells followed the patterns ofpTreg abundances
(Fig. 2Q, R; Supplementary Fig. 4e, f, consult Supplementary
Fig. 3c for gating strategy).

WDMcB mitigates diet-induced obesity. The altered immune
pro� le combined with a shift of the gut microbiota towards a state
similar to that observed in lean LFD-fed mice, could potentially
elicit crosstalk to glucoregulatory organs. To examine if McB
lysates could reverse impaired glucose regulation, we performed
OGTT and assessed GSIS concomitant with body mass compo-
sition in obese mice fed WDREFfor 11 weeks and after 5 weeks of
dietary intervention allowing for temporal analyses (Supple-
mentary Fig. 1a). All mice were strati� ed into experimental
groups based on their pre-intervention glucoregulatory capacity
(Supplementary Fig. 4g, h). While the response to glucose chal-
lenge remained largely unaffected from week 11 to week 12+ 5,
regardless of experimental diets (Fig.3A–C), both 5 h fasted
insulin levels and glucose-stimulated insulin responses were sig-
ni� cantly increased in mice fed WDCNTL (Fig. 3E, p< 0.01 &
p< 0.001, respectively) in accordance with our previous report on
time-dependent alterations in glucose regulation28. LFD- and
WDMcB-fed mice were fully protected against this detrimental
trajectory (Fig.3D–F; Supplementary Fig. 4i,p= 0.24 and 0.68,
respectively), and WDMcB-fed mice further exhibited modestly
improved insulin sensitivity based on 5 h fasted glycemia (Fig.3C,
p< 0.05) and intraperitoneal insulin tolerance test (Fig.3G,
p< 0.05).

Overall, weight development mimicked the glucoregulatory
capacity. As such, WDMcB-fed mice exhibited stability of weight,
fat mass and lean mass when changed to experimental diets,
contrasting the continuous weight and fat mass development of
WDCNTL-fed mice (Fig.3H, I and Supplementary Fig. 4j). The
absence of weight gain was not explained by decreased feed
intake, but rather appeared to be associated with enhanced fecal
energy secretion (Fig.3J, K).

Since obesity and impaired glucose regulation are tightly
associated with NAFLD29, we next subjected paraf� n-embedded
liver sections to histological evaluation. These analyses revealed
both diminished steatosis and hepatocellular ballooning in
WDMcB-fed mice compared to WDCNTL-fed counterparts, where
especially hepatocellular ballooning was arrested in (or returned
to) a state reminiscent that of lean LFD-fed mice (Fig.3L, M,
p< 0.05). Importantly, hepatocellular ballooning is instrumental
in the development of the more severe liver disease, NASH29.

WDMcB feeding resets the hepatic lipidome and decreases
hepatic immune in� ltration alleviating NAFLD. Based on the
decreased NAFLD in WDMcB-fed mice housed at T22°C we
designed a new experiment (study outline, Supplementary
Fig. 1b) using a recently described30method where thermoneutral
housing (T30°C) potentiates NAFLD in WT C57BL/6 J mice fed an
obesogenic diet for 20–24 weeks. To more thoroughly investigate
the effect of WDMcB-feeding, we also redesigned the diets and
omitted macadamia oil in the WDCNTL group, as this might lead
to progression of obesity (Fig.3) and related disorders. This new
diet design entailed an increased fat/protein ratio in WDMcB
compared to WDREF, due to phospholipids inherently present in
bacterial lysates31 (Supplementary Table 1). Despite the lower
protein content in WDMcB compared to both other diets, the
relative amounts of indispensable amino acids were similar
between groups (Supplementary Fig. 1f) and protein availability
was well beyond critical levels, corroborated by similar lean mass
to WDREF-fed mice post diet intervention (Supplementary
Fig. 5a). Still, WDMcB-fed mice exhibited signi� cantly improved 5
h fasting insulin levels and decreased fat mass (Fig.4A, B), despite
weight maintenance and signi� cantly increased energy intake
compared to both LFD and WDREF-fed mice (Supplementary
Fig. 5b–d). The decreased body fat mass was accompanied by a
diminished NAS, supported by both pathological evaluation of
H&E stained liver sections (Fig.4C, D) and hepatocytic lipid
content assessed by Oil-Red-O staining (Fig.4E–G). We addi-
tionally observed augmented adiponectin secretion (Fig.4H),

Fig. 1 McB feeding reverses WD-induced gut microbiota changes and increases cecal SCFA levels. A Principle coordinate analysis (PCoA) using
Weighted UniFrac distances of fecal microbiota sampled from �rst and second experiment biweekly during the dietary intervention period, as indicated by
numbers post dietary intervention in centroids. The WDCNTL and WDMcB groups were similar in microbiota composition prior to dietary intervention week
12 + 0 (PERMANOVA p = 0.88 and 0.43 in Exp1 and Exp2, respectively). At the end of each experiment, the microbiota composition was signi�cantly
different between these groups (PERMANOVA p = 0.001 and 0.002 in Exp1 and Exp2, respectively). B Taxasummary of most abundant bacterial genera
showing mean relative abundance in % of indicated family and genera in each group at indicated time points. C Deseq analysis of fecal bacterial genera
abundances signi�cantly regulated by McB intervention compared to the WDCNTL (p.adj. < 0.05). Relative abundance in % in each group and variation are
shown for each regulated genus at the sampled time points. Fold-change and adjusted p values of individual genera are indicated in Supplementary Table 3.
D Relative Firmicutes/Bacteroidetes ratio of fecal samples of individual mice before (12 + 0) and after 6 weeks of dietary intervention (12 + 6). Statistical
signi�cance is indicated by p value on Wilcoxon matched-pairs signed rank test. E Weighted UniFrac distance (instability test) between paired samples
from indicated 2-weeks’ interval post dietary intervention. Statistical signi�cance is indicated by p value on RM two-way ANOVA with multiple comparison
and Bonferroni’s post-hoc. D, E LFD n = 6, WDCNTL and WDMcB n = 15 per group. F Major short-chained fatty acids (SCFAs) in cecal content as fold-
change pmol per cecum. Propionate data was tested by one-way ANOVA and Dunnett’s multiple comparisons test. Acetate and butyrate data was tested
by Kruskal–Wallis test and Dunn’s multiple comparisons test. LFD n = 6, WDCNTL n = 11, and WDMcB n = 10. G Minor SCFAs in cecal content as fold-
change pmol per cecum. Isobutyrate and isovalerate data were tested by Kruskal–Wallis test and Dunn’s multiple comparisons test. Valerate data were
tested by one-way ANOVA and Dunnett’s multiple comparisons test. LFD n = 6. WDCNTL and WDMcB n = 10 per group. D–G Bars indicate group mean ±
SEM and individuals data points in Exp1 (squares) and Exp2 (circles) with p-values < 1 × 10� 1 between WDCNTL and indicated group using the speci�ed
statistical test.
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Fig. 2 WDMcB feeding stimulates induction of gut-speci� c regulatory T cells. A–D Number of indicated cells in colon. E–G Representative plots of colonic
TCR�+CD4+ FoxP3+ ROR�t+ pTregs (left) and IL-17+

pTregs (right) in LFD (E), WDCNTL (F), and WDMcB (G) group. H–K Number of indicated cells in small
intestine. L–N TCR�+CD4+ FoxP3+ ROR�t+ pTregs (left) and IL-17+

pTregs (right) in LFD (L), WDCNTL (M), and WDMcB (N) group. O–R Percentage of
indicated cells in SI- and LI-LP from ‘weight-matched’ mice housed at thermoneutrality. A–N Dots indicate individuals data points in Exp1 (squares) and
Exp2 (circles) with n = 6 (LFD) or 10 (WDMcB and WDCNTL). O–R SI-LP n = 5 per group and LI-LP n = 9 (LFD and WDREF groups) or 11 (WDMcB).
A–D, H–K, O–R Bars indicate group mean ± SEM and dots indicate individual data points. All p-values < 1 × 10� 1 between WDCNTL and indicated group by
one-way ANOVA with multiple comparisons and Dunnett post-hoc are depicted.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21408-9 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:1093 | https://doi.org/10.1038/s41467-021-21408-9 | www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


pointing towards improved insulin sensitivity in the WDMcB
group, further supported by the assessment of insulin
tolerance and hepatic gene transcription activity of key metabolic
enzymes (Fig.4I, J). Of interest, we observed a >10-fold down-
regulation ofScd1in the liver of WDMcB-fed mice, the hepatic
expression of which is (a) regulated by the microbiota32 and (b)

instrumental in de novo lipogenesis at the onset of metabolic
syndrome33.

We next assessed the hepatic lipidome by tandem mass
spectrometry to elucidate if diminished NAFLD was associated
with an altered lipid pro� le. Through comparison of WDMcB and
WDREFwe identi� ed 57 and 279 differentially regulated peaks in
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