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Lysates of Methylococcus capsulatus Bath
Induce a lean-like microbiota, intestinal
FOXP3TROR t*IL-17F Tregs and improve
metabolism

Benjamin A. H. Jensen@® 12314 Jacob B. Holm!1213 |da S. Larsen}2!3 Nicole von Burg*!2, Stefanie Derer® °,
Si B. Sonnel, Simone I. Paerregaard® **, Mads V. Damgaard® 16, Stine A. Indrelid”, Aymeric Rivollier?,
Anne-Laure Agrinier?, Karolina Sulek®, Yke J. Arnoldussen’, Even Fjaere8, André Marette® 2, Inga L. Angell”,
Knut Rudi® ’, Jonas T. Treebak® 6, Lise Madsen!8, Caroline Piercey Akesson@® 9, William Agace*10,
Christian Sina®, Charlotte R. Kleiveland’, Karsten Kristiansen® 114 & Tor E. Lea® "4

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 Itration. 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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ut microbes shape intestinal immunitgnd increase the Results

bioavailability of otherwise indigestible nutriehta well- McB feeding reverses WD-induced gut microbiota changes and

balanced community structure is therefore essential forcreases cecal SCFA levelBo induce obesity and immuno-
immunometabolic homeostasis, whereas aberrant gut microbiatatabolic dysfunctions, C57BL/6JRj mice were initially fed an
compositions associate with numerous diseases, both within abe&sogenic WD. After 12 weeks of WD feeding, the mice were
outside the gastrointestinal trdct strati ed into new groups based on weight, fat mass and glu-

While therapeutic implications of rebalancing a mistuned gabregulatory capacity (Supplementary Fig. 1a), and fed experi-
microbiota appear promising, inconsistent response rates nrental WDs for an additional 6 weeks. While dietary fat is known
relation to both probiotics and fecal transfer studies, with occe elicit reproducible and lipid-dependent alterations in the
sional adverse events, emphasize the complexity of suoulrine gut microbiome across a variety of different diet com-
approaches. One example relates to the otherwise promigiugitiond® less is known about the microbiota-modulating
probiotic candidateAkkermansia muciniphifa where negative impact of protein. Thus, to investigate if dietary protein (i.e.,
effects have been seen in immunocompromised recipfentscasein versus whole-cell bacterial lysates) would affect gut
Similarly, Prevotella copraids in metabolizing bers in healthy microbiota community structures, we analyzed freshly collected
individualg’ and protects against bacterial invasion in hidfer, fecal samples before and throughout the dietary intervention.
chow-fed mic8 yet associates with insulin resistance in préFD and WDkeefed mice showed distinct gut microbiota ptes
diabetic obese individuals and precipitates glucoregulatafger 12 weeks of feeding (intervention baseline, week (t2
impairments in diet-induced obese (DIO) mice Fig. 1A, B), including ~10-fold lower abundance of the health-

An alternative to administering viable microbes is to utilizeromoting generaParasutterelfe? and Parabacteroidé$ coun-
whole-cell lysates, or selected cell components, of nonlivieged by an equally increased abundance of the obesity-associated
bacteria. Apart from alleviating global energy demands, if usedg@susDesul vobrid122 (Fig. 1C) as well as a ~4-fold increase in
a nutrient source, such components may also potently affect htbet Firmicuteso Bacteroidetg$/B) ratio (Fig.1D). Interestingly,
physiology as recently reported #r muciniphild® and Bi do- WDcnr. fed mice showed negligible changes in the microbiome
bacterium bidum!l In the latter example, cell surface polysignature during the 6 weeks of intervention (Fi§—E; Sup-
saccharides ofB. bi dum were used to induce peripheralplementary Fig. 2a, b), suggesting that the added lipid source had
immune-tolerance via generation of regulatory T cellggdT limited in uence on the intestinal ecology. In contrast to this
The authors reported a pronounced increase in F6RBR t*  observation, we noted a pronounced shift in bacterial composi-
Tregs (pTregd, SPecically in lamina propria (LP) of the largetion in mice fed WRQyce. Within the rst 2 weeks of treatment,
intestine (LI}L This cell type is believed to be induced bthe general community structure in these mice shifted towards
commensal microbes and has emerged as a potggpsidbset, that of their LFD-fed counterparts (FigA-E, Supplementary
exhibiting increased lineage stability and enhanced immunosdable 3). We next asked if the observed taxonomical differences
pressive capacity during intestinal ammation compared to between groups related to alterations in the functional potential.
conventional FoxpB3ROR t- Tregs(nTregglz. SCFAs are main end products of metabolizéérs, and to a

ROR't is the canonical transcription factor controlling IL-17lesser extent amino acids escaping digestion in the S, with vast
expression; a pleiotropic cytokine with both praammatory and impact on host physiology24 The highest levels of SCFAs are
immune resolving actions depending on the eliciting cell type afalind in the cecum and proximal coléh We therefore inves-
physiological contek®. Unfortunately, the studies describingigated if cecal SCFA levels were different between groups. We
plreg function did not measure IL-17 secretion. It thereforéound a consistent increase in the levels of the three major as well
remains unknown whether these cells exhibit normal, reducedas three minor classes of SCFAs in the cecum of,WiBed mice
increased IL-17 levels, and how this translates to host physiolagympared to WRnt. fed counterparts pointing towards not just
The impact of this predominantly colonic cell subset on hotixonomically, but also functionally, discrete microbiota s
metabolism also remains unknown. Still, mounting evidenaethe two groups of mice, supporting a beo&l health impact
points towards the importance of intestinal IL-17 for controllingf dietary inclusion of McB lysates (Fitf, G).
metabolic homeostasfs'®. IL-17* T.eqs may therefore be
leveraged as ‘dual hit strategy to curb immunometabolic dys-
function and gastrointestinal disturbances based on the immun&D g feeding stimulates induction of gut-specic regulatory
regulatory capacity ofT.egs COncomitant with the metabolic T cells The intricate relationship between gut microbes and host
benets of gut-delivered IL-17. immunity, combined with the immunoregulatory capacity of

To this end, we hypothesized that environmental bacteria, WB&FA3®, prompted us to investigate if the observed changes
have not been under evolutionary scrutiny for host-microbmediated by WIy.s feeding were associated with immune
interactions, would provide an unexplored reservoir of immuwalterations.
nomodulatory stimuli. In support of this hypothesis, the metha- We accordingly analyzed the immune cell geoof SI-LP and
notropic noncommensal bacteriunMethylococcus capsulatusl-LP in a subset of experimental mice= 6-10/group) using
Bath (McB) has previously been shown to interact with humanulticolor ow cytometry focusing on phenotypic characteriza-
dendritic cells (DC) modulating T cell responses in ¥rand to tion of group 3 innate lymphoid cells (ILC3), natural killer (NK)
reduce inammation and disease activity in dextran sulfateells and T cells (consult Supplementary Fig. 3a, b for gating
sodium (DSS)-induced mouse cofifisHowever, the impact on strategies). Numbers of ILC3s, NK cells and T cell receptor
host metabolism and intestinal immune cells as well as muq@€R)- * T cells, were similar between groups (Supplementary
dynamics were not addressed. Fig. 3&H). The same was true for the numbers of TCRCD4*

We accordingly explored the effect of using whole-cdll cells, as well as the proportion of T helper)I-, Tq17-,
lysates from McB as protein source to reshape immunometalamd ,T,cgsCells (Fig2A, B; H, 1). Interestingly, the proportion of
lism and the aberrant gut microbiota of DIO mice. We shoyTeqsWas more than 2- and 3-fold increased in LI- and SI-LP,
that McB lysates augment FoRRBOR t*IL-17" triple-positive respectively of WR.s fed mice compared to WEr. fed
plregs iN both SI- and LI-LP, and reset the obese microbiotounterparts (FigeC, Jp<0.001; S3G). Notably, this regulatory T
concomitant with reversed key disease traits of diet-inducedll subset has been shown to curb intestinahinmatior2 and
obesity. mediate immunological tolerance to the gut pathobiont
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Week post dietary intervention

Helicobactor hepaticuereby protecting againstI7-mediated diet-dependent amounts of IL-17 protein, where WD feeding
barrier dysfunction and subsequent cofifisBecause RORis increased the proportion of IL-17cells within LI-LP plregs

the hallmark transcription factor for J17 cell differentiation and (Fig. 2D-G, p<0.001; 2k-N; S3H). We cormed gut-specicity
essential for their IL-17 production, we next assessed fTthgs of the WDycg-induced ;T egs as only negligible amounts were
induced by the different diets were also capable of expressingdbhserved in single-cell suspensions of liver homogenates obtained
17. Indeed, ex vivo stimulatgf eqs produced substantial and from ‘weight-matched mice fed the respective diets
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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 WDcnt. and WDy groups were similar in microbiota composition prior to dietary intervention week
12+ 0 (PERMANOVA p =0.88 and 0.43 in Expl 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 Expl 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 WDcnT. (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, WD¢nt. and WDy 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, WDcnt. N =11, and WDyeg 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. WDcn7. and WDyeg N = 10 per group. D-G Bars indicate group mean +
SEM and individuals data points in Expl (squares) and Exp2 (circles) with p-values <1x 10 ! between WDcyr. and indicated group using the speci ed
statistical test.

prophylactically for 7 weeks (Supplementary Figs. 1c,,#a)s Overall, weight development mimicked the glucoregulatory
constituted <1% of all CDA4T cells in the liver, hence contrastingcapacity. As such, WilRe-fed mice exhibited stability of weight,

the ~3 and 20% in SI- and LI-LP, respectively, of LFD- arfdt mass and lean mass when changed to experimental diets,
WDggefed mice and stunning ~12 and 30% in similar sites abntrasting the continuous weight and fat mass development of
WDyg-fed mice (Supplementary Fig. 4b). Mechanistically, LMDyt -fed mice (Fig3H, | and Supplementary Fig. 4j). The
but not SI-, LP-derived McB-induced s exhibited enhanced absence of weight gain was not explained by decreased feed
secretory capacity of the hallmark suppressive cytokine, IL-k@ake, but rather appeared to be associated with enhanced fecal
upon ex vivo stimulation (Fi®O, consult Supplementary Fig. 3energy secretion (FigJ, K).

for gating strategy). Augmented IL-10 secretion was idedtin Since obesity and impaired glucose regulation are tightly
both nTregsand pTregsPopulations in LI-LP of Wiyg-fed mice associated with NAFL?9, we next subjected paraF-embedded

(Fig. 20, P,p<0.05 and <0.001, respectively), pointing towardiser sections to histological evaluation. These analyses revealed
enhanced immune regulation following W& feeding. both diminished steatosis and hepatocellular ballooning in
Although the absolute number of IL-1Q,Tregs Was similarly WDycg-fed mice compared to WE\r.-fed counterparts, where
increased in SI-LP of Wip.g-fed mice (Supplementary Fig. 4cespecially hepatocellular ballooning was arrested in (or returned
d), the relative proportion of IL-1I0 cells within these [Tys to) a state reminiscent that of lean LFD-fed mice (Big. M,
remained similar between groups (2@, P). Collectively, thesep<0.05). Importantly, hepatocellular ballooning is instrumental
data corroborate that the phenotypic shift of enhanced secretimthe development of the more severe liver disease, RASH
capacity was restricted to the colon of \Wi-fed mice. The

amount of Ki67" cells followed the patterns gf.egabundances \wp,,.s feeding resets the hepatic lipidome and decreases
(Fig. 2Q, R; Supplementary Fig. 4e, f, consult Supplementggpatic immune in Itration alleviating NAFLD. Based on the
Fig. 3c for gating strategy). decreased NAFLD in Wfe-fed mice housed at sp-c we
designed a new experiment (study outline, Supplementary
WDwes Mitigates diet-induced obesity The altered immune Fig. 1b) using a recently descriBethethod where thermoneutral
pro le combined with a shift of the gut microbiota towards a stateousing (&q-d potentiates NAFLD in WT C57BL/6 J mice fed an
similar to that observed in lean LFD-fed mice, could potentialgbesogenic diet for 224 weeks. To more thoroughly investigate
elicit crosstalk to glucoregulatory organs. To examine if MdBe effect of WIyg-feeding, we also redesigned the diets and
lysates could reverse impaired glucose regulation, we performedtted macadamia oil in the WE\ . group, as this might lead
OGTT and assessed GSIS concomitant with body mass comipoprogression of obesity (Fig) and related disorders. This new
sition in obese mice fed WHaefor 11 weeks and after 5 weeks ofliet design entailed an increased fat/protein ratio in W&
dietary intervention allowing for temporal analyses (Suppleempared to WRRgr due to phospholipids inherently present in
mentary Fig. 1a). All mice were strai into experimental bacterial lysat€$ (Supplementary Table 1). Despite the lower
groups based on their pre-intervention glucoregulatory capagisotein content in WRQ,.g compared to both other diets, the
(Supplementary Fig. 4g, h). While the response to glucose chelative amounts of indispensable amino acids were similar
lenge remained largely unaffected from week 11 to week512 between groups (Supplementary Fig. 1f) and protein availability
regardless of experimental diets (FBf\—C), both 5h fasted was well beyond critical levels, corroborated by similar lean mass
insulin levels and glucose-stimulated insulin responses were 8ig-WDreefed mice post diet intervention (Supplementary
ni cantly increased in mice fed W (Fig. 3E, p<0.01 & Fig. 5a). Still, Wi.g-fed mice exhibited signcantly improved 5
p<0.001, respectively) in accordance with our previous report bifiasting insulin levels and decreased fat mass4Rid3), despite
time-dependent alterations in glucose regulaforFD- and weight maintenance and sigeantly increased energy intake
WDys-fed mice were fully protected against this detrimentabbmpared to both LFD and Wik=fed mice (Supplementary
trajectory (Fig.3D—F; Supplementary Fig. 4= 0.24 and 0.68, Fig. 5b-d). The decreased body fat mass was accompanied by a
respectively), and Wigs-fed mice further exhibited modestlydiminished NAS, supported by both pathological evaluation of
improved insulin sensitivity based on 5 h fasted glycemia3Eig. H&E stained liver sections (FigC, D) and hepatocytic lipid
p<0.05) and intraperitoneal insulin tolerance test (R, content assessed by Oil-Red-O staining (Bi&-G). We addi-
p<0.05). tionally observed augmented adiponectin secretion (@b,
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Fig. 2 WDy 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* Treqs (left) and IL-17% Tegs (right) in LFD (E), WDcnre (F), and WDpeg (G) group. H-K Number of indicated cells in small
intestine. L-N TCR *CD4™* FoxP3* ROR t* Tyegs (left) and IL-17* [Tyegs (right) in LFD (L), WDcnr (M), and WDy (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 Expl (squares) and
Exp2 (circles) with n=6 (LFD) or 10 (WDpg and WDcnrL). O-R SI-LP n=5 per group and LI-LP n=9 (LFD and WDgg groups) or 11 (WDpeg)-
A-D, H-K, O-R Bars indicate group mean + SEM and dots indicate individual data points. All p-values <1x 10 ! between WDcnr. and indicated group by
one-way ANOVA with multiple comparisons and Dunnett post-hoc are depicted.
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pointing towards improved insulin sensitivity in the W instrumental in de novo lipogenesis at the onset of metabolic
group, further supported by the assessment of insulsgyndromé3,

tolerance and hepatic gene transcription activity of key metabolidcVe next assessed the hepatic lipidome by tandem mass
enzymes (Figdl, J). Of interest, we observed a >10-fold dowrspectrometry to elucidate if diminished NAFLD was associated
regulation ofScdlin the liver of WDyg-fed mice, the hepatic with an altered lipid prole. Through comparison of W{g.g and
expression of which is (a) regulated by the microtad (b) WDgreewe identi ed 57 and 279 differentially regulated peaks in
6
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