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Zusammenfassung des wissenschaftlichen Inhalts

(Francesca Odoardi & Alexander Fliigel)

Um uns mit Sauerstoff zu versorgen, ist die Lunge Uber eine grole Austauschflache mit der
Umgebung verbunden, welche eine spezielle mikrobielle Flora beherbergt. In dieser Studie
konnte eine enge Beziehung zwischen dem Lungenmikrobiom und der Immunreaktivitat des
Gehirns identifiziert werden. So scheint das Lungenmikrobiom die Aktivitat der Mikroglia, der
.iImmunzellen des Gehirns” zu regulieren, indem es als eine Art Frihwarnsystem wirkt. Die
Relevanz dieser ,Lunge-Hirn-Achse® konnte in einem Tiermodell der multiplen Sklerose, einer
Autoimmunerkrankung des Gehirns, demonstriert werden:

Eine leichte Manipulation der mikrobiellen Flora durch lokale Gabe eines niedrigdosierten
Antibiotikums reichte aus, um die Anfalligkeit des Gehirns fir diese Autoimmunerkrankung zu
verandern. Nach der Antibiotikagabe waren die Verastelungen der Mikroglia verkurzt und sie
reagierten weniger auf Entziindungsreize. Eine Analyse des behandelten Lungenmikrobioms
ergab, dass sich bestimmte Bakterien verstarkt im Lungengewebe ansammeln, die einen

besonderen Zellwandbestandteil, namlich Lipopolysaccharid (LPS), produzieren. Tatsachlich



konnte die Behandlung der Tiere mit den inaktivierten Bakterien oder ihnrem LPS den bei der
Antibiotikabehandlung beobachteten Phanotyp rekapitulieren.

Diese neuentdeckte Lunge-Hirn-Achse kdnnte auch aus klinischer Sicht relevant sein:
Infektionen der Lunge, Rauchen, und Umweltfaktoren kénnen sich auf das Lungenmikrobiom
auswirken und somit die Immunreaktion des Gehirns beeinflussen. Diese enge Verbindung
von Lunge und Gehirn kdnnte mdglicherweise therapeutisch genutzt werden, z. B. durch lokale
Gabe bestimmter Probiotika oder Antibiotika. Eine gezielte Beeinflussung der Immunreaktivitat
des Gehirns ist darliber hinaus bei der Behandlung einer Vielzahl von infektiosen oder

degenerativen Erkrankungen des zentralen Nervensystems denkbar.
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Lunginfections and smoking are risk factors for multiple sclerosis, a T-cell-mediated
autoimmune disease of the central nervous system'. In addition, the lung servesasa
niche for the disease-inducing T cells for long-term survival and for maturationinto

migration-competent effector T cells®>. Why the lung tissue in particular has such an
importantrolein an autoimmune disease of the brainis not yet known. Here we
detected atightinterconnection between the lung microbiota and the immune
reactivity of the brain. A dysregulation in the lung microbiome significantly
influenced the susceptibility of rats to developing autoimmune disease of the central
nervous system. Shifting the microbiota towards lipopolysaccharide-enriched phyla
by local treatment with neomycininduced a type-I-interferon-primed statein
brain-resident microglial cells. Their responsiveness towards
autoimmune-dominated stimulation by type Ilinterferons was impaired, which led to
decreased proinflammatory response, immune cell recruitment and clinical signs.
Suppressing lipopolysaccharide-producing lung phyla with polymyxin B led to
disease aggravation, whereas addition of lipopolysaccharide-enriched phyla or
lipopolysaccharide recapitulated the neomycin effect. Our data demonstrate the
existence of alung-brain axis in which the pulmonary microbiome regulates the
immune reactivity of the central nervous tissue and thereby influencesiits
susceptibility to autoimmune disease development.

Autoimmune processes of the central nervous system (CNS) not only
depend onlocal conditions inthe nervoustissueitself, but are also con-
trolled by peripheral organ systems. Ofthe latter, the lung seemsto have
animportantrole. Smoking and lung infections substantially increase
the likelihood of multiple sclerosis'. In addition, activated T cells—
which can trigger an autoimmune reaction within the CNS—migrate
into the lung tissue, where they develop into migration-competent
pathogenic effector cells and survive as long-term memory cells?.
The lung is characterized by a specialized milieu with an individual
microbial flora. This pulmonary microbiota contributes to the regu-
lation of local immune responses in pathological processes such as
asthma, idiopathic pulmonary fibrosis or tumour>*. We here wanted
tofind outifautoimmune processes of the brain can also be influenced
by the lung microbial communities.

We began by investigating whether the lung microbiota affects the
initiation of an autoimmune process inside the lung. For this purpose,
we specifically manipulated the microbiota in the lung and estab-
lished a rat model of lung experimental autoimmune encephalomy-
elitis (lung EAE) (Extended Data Fig. 1a). Daily intratracheal infusion
of 1 mg neomycin induced significant changes in lung microbiome
diversity and abundance (Fig. 1a) without measurable alterations to
the lung-intrinsic cellular immune milieu (Extended Data Fig. 1b—f).
Into these pre-treated rats we intravenously transferred myelin basic

protein (MBP)-specific T cells (T, cells) and then, 6 h later, immu-
nized the rats intratracheally with MBP. Of note, after the neomycin
treatment, the lung EAE was almost completely blocked. By contrast,
rats that did not receive neomycin developed ‘classical’ EAE (Fig. 1b).
Neomycinapplied this way should only actlocally in the lung tissue.
We wanted to exclude, though, that our observed clinical effects could
have been caused by some of the antibiotic drug spilling over from
the airways to the gastrointestinal tract and changing the intestinal
microbiota, as the intestinal microbiome can substantially influence
immune responses, including autoimmune processes of the CNS*™°.
However, analyses of the gut microbiota after intratracheal treatment
with neomycin did not show any significant changesin diversity or abun-
dance of the commensal gut bacterial strains (Fig. 1c). Moreover, adirect
application of neomycininto the gastrointestinal tract at the dose used
for theintratracheal applicationsinduced only minimal changesin the
gut microbiome and, importantly, was not sufficient to ameliorate clini-
cal EAE (Extended DataFig. 2a, b). At 10-fold-higher doses of neomycin,
changesinthe microbiome diversity of the gut emerged, but no effects
on EAE were observed in this set-up either (Extended Data Fig. 2a, b).
The disease-ameliorating effects of neomycin might theoretically be
explained by adirect suppressive effect on the effector T cells rather than
byits antibiotic potential. However, even exposing T cells to10-fold-higher
concentrations of neomycin than those used in our in vivo applications
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Fig.1|Manipulations of the lung microbiota affect CNS autoimmunity.

a, Intratracheal treatment with neomycin (Neo) induces lung microbiota
dysbiosis. Left, principal component analysis (PCA) of the microbiota composition
of BALF fromrats that were intratracheally treated with PBS or neomycinat the
indicated concentration for 7 days.16S rRNA sequencing (NMDS, non-metric
multidimensional scaling). Middle, corresponding Shannon and phylogenetic
diversity indices. Right, quantification of bacterialabundance based on tufgene
expressionvial6SrRNA-based quantitative PCR. Mean + s.e.m. Cumulative data
fromtwoindependentexperiments.n = 6 (allgroups). b, Intratracheal (i.tr.)
treatment withneomycin ameliorates active EAE. Lung EAE wasinducedinrats
that were pre-treated intratracheally with neomycin or PBS for 7 days. Clinical
parameters: Body weight change (lines) and clinical scores (bars) over the EAE
course, incidence (%), average onset (days afterimmunization), average peak
score, average cumulative score. Mean + s.e.m. Representative data from four
independentexperiments.n =6 (PBS); n=9 (Neo). CFA, complete Freund’s
adjuvant;i.v., intravenous. ¢, Intratracheal treatment with neomycin does not
induce gut microbiota dysbiosis. PCA, Shannon and phylogenetic diversity
indicesand quantification of bacterialabundancein faecal samples from the
sameratsasina.Meants.e.m.n=4(PBS);n=5(0.1and1mgNeo).a, ¢, Statistical
significance by one-way ANOVA with Tukey’s multiple comparisons test
(Gaussiandistribution) and Kruskal-Wallis test with Dunn’s multiple
comparisons test (non-Gaussian distribution). b, Statistical significance by
unpaired two-tailed t-test (Gaussian distribution) and Mann-Whitney test
(non-Gaussiandistribution).*P<0.05, ***P<0.001.

did notinfluence their proliferation or their encephalitogenic potential
(Extended DataFig.2c, d). Furthermore, the presence of the lung micro-
biotawas essential for the neomycin effect; application of neomycinina
location thatlacks a microbial environment—that s, subcutaneousinjec-
tion—did notinfluence EAE, regardless of whether the disease was induced
byintratracheal or subcutaneousimmunization (Extended DataFig. 2e, f).

T cell function with microbiome dysbiosis

Thedatauptothis pointsuggested that dysregulation of the local micro-
biotacanhave a considerable effect on the generation of autoimmune

processesin thelung. To confirmthis, we tracked fluorescently labelled
effector T cells (T, cells)®in the course of the lung EAE model. We did
not see any effects of local neomycin treatment on the amplification of
the T cells within the lung after the intratrachealimmunization, nor was
there any change in their consequent entry into the blood. However,
there was a significant reduction of Ty cells within the CNS tissue
(Fig.2a). This reduced accumulation of effector T cells within the CNS
tissue could not be explained by intrinsic changes in their differentia-
tion or activation state within the lung. Global expression profiles of
Tyee cells retrieved from neomycin-treated and control rats revealed
that the profound transcriptional changes of T, cells after immuniza-
tion in both treated and control rats were virtually identical (Fig. 2b,
Extended DataFig. 3a-d). Quantitative PCR for genes that encode rel-
evant cytokines, chemokine receptors and factors controlling T cell
division and egression confirmed these data (Fig. 2c, Extended Data
Fig. 3e). We also did not detect any significant changes in numbers
or differentiation of the other immune cell populations in the lung
(Extended DataFig. 4a-f).

These data indicated that the disease-suppressing effects of the
neomycin-manipulated lung microbiota could not be explained by
aninfluence ontheactivation process of the Ty, cells within the lung
tissue. We therefore tested whether EAEinduced outside of the lung—
thatis, by subcutaneousimmunization—could also be influenced by
manipulating the lung microbiome. Indeed, this ‘peripheral EAE’ was
significantly ameliorated after intratracheal treatment with neomy-
cin (Extended Data Fig. 4g). Furthermore, we observed a significant
disease-dampening effect when EAE was induced by the transfer of
effector T cells (transfer EAE); thatis, in asituation in whichimmuniza-
tionand aconsecutive activation of the T cellsin situ are not required
(Fig.2d). To confirm the role of the lung microbiota in this EAE model,
we performed a bacterial transfer experiment. We discontinued the
intratracheal neomycin treatments of rats and ‘substituted’ the neo-
mycin with daily intratracheal transfers of microbiotaisolated from
the bronchoalveolarlavage fluid (BALF). Notably, we observed a sig-
nificant reduction of the clinical symptoms of transfer EAE in the
rats that had received BALF-microbiota from neomycin-treated rats
but not in those that had received BALF-microbiota from control
rats (Fig. 2e).

To determine by which mechanisms the modified lung microbiome
interferes with the autoimmune processes we tracked the pathogenic
Tuee cellsin the course of both peripheral and transfer EAE. The T cell
numbers and their preclinical migration patterns in the periphery
were not affected by the antibiotic treatment. Instead, similarly to
neomycin treatment in lung EAE, we found that the numbers of the
Tuep cells within the CNS tissue were significantly reduced (Fig. 2f-h,
Extended Data Fig. 4h).

The neomycin-induced changes of the lung microbiome did not
only influence classical Tygp-cell-induced EAE, which preferentially
affects the spinal cord white matter. An autoimmune disease of the
grey matter of the brain evoked by the transfer of B-synuclein-reactive
T cells (T,syn cells) was likewise ameliorated. Also in this set-up, the
accumulation of pathogenic Ty cellsin the cortical grey matter of the
brain was reduced in neomycin-treated rats, indicating that changes
inthe microbiome affect autoimmune responses in the entirety of the
CNStissues (Extended Data Fig. 4i, j).

These data suggest that the manipulation of the lung microbi-
ome does not affect the T-cell-triggered autoimmune process in the
periphery, butrather thatit has an effectat the border of or within the
CNS. Next, therefore, we investigated the interaction of the effector
T cells with the endothelium of the blood-brain barrier (BBB). Ty
cells enter the CNS tissue from leptomeningeal vessels of the spinal
cord, where they crawl on the endothelial surface using integrins and
chemokines as adhesion factors'>". Treatment with neomycin did
not change the expression of these relevant adhesion molecules in
Tuee cells, eitherin active or in transfer EAE (Extended Data Fig. 5a, b).
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Fig.2|Lungdysbiosis does notinfluence T cell activation and migration.
a-c¢,Lung EAEwasinducedinrats that were pre-treated intratracheally with
neomycin or PBS for 7 days. a, Neomycin treatment reduces CNS invasion but
notthe peripheral T cell distribution. Number of Ty,z, cells. Flow cytometry.
Day 7 afterimmunization. Mean + s.e.m. Cumulative datafromtwo independent
experiments.n=9 (PBS); n=5(Neo).b, ¢, Intratracheal treatment with
neomycin does notchange the T cellular transcriptome. b, Differential gene
expression of Ty, cells from lungs on day 1afterimmunizationin rats that were
pre-treated with PBS versus neomycin. ¢, Cytokine expression of Ty, cells in
thelungs of rats that were immunized with MBP (+MBP; n =8 per group) or
without MBP (-MBP; n=3per group). Quantitative PCR. Day 1afterimmunization.
Mean +s.e.m.Cumulative data from two independent experiments.

d, Intratracheal treatment with neomycin ameliorates transfer EAE. Clinical
parameters. Mean +s.e.m. Cumulative data fromthree independent
experiments.n=9 (PBS); n=11(Neo). e, The lung microbiota of neomycin-
treated rats ameliorates EAE. Rats were intratracheally pre-treated with

Moreover, intravital two-photon laser scanning microscopy (TPLSM)
revealed that T, cells exhibited the typical migratory pattern within
leptomeningeal vessels (Extended DataFig. 5¢c, Supplementary Video1).
To exclude any effects on the endothelium as a result of the different
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neomycin. Thetreatment was interrupted before Ty, cell transfer and
continued throughintratracheal transfer of microbiotaisolated from BALF of
rats that were intratracheally pre-treated with neomycin or PBS. Clinical
parameters. Mean £ s.e.m. Cumulative data from two independent
experiments.n =6 (bothgroups).f-h, Pre-treatment with neomycin reduces
Twepcell entry into the spinal cord. f, Experimental setup asin Fig.2d. Number
of Tygpcells. Day 7 after transfer. Mean + s.e.m. Representative datafrom three
independent experiments.n=4 (PBS); n=5(Neo). g, Kinetics of Ty cell
invasioninthe spinal cord. Flow cytometry. Mean + s.e.m. Representative data
fromtwoindependent experiments. n=4-6 (PBS); n=4-7 (Neo) per time point.
h, CNSinvasion of Ty cells (green). Intravital TPLSM. Representative images
fromtwo independent experiments. Red, vessels. Scale bars, 100 um (main
images); 50 pm (magnified images). a, c-g, Statistical significance by unpaired
two-tailed t-test (Gaussian distribution) and Mann-Whitney test (non-Gaussian
distribution).*P<0.05,**P<0.01,***P< 0.001.

inflammatory conditions of the CNS in neomycin-treated versus con-
trol rats, we tracked brain-antigen-ignorant ovalbumin-specific T cells
(Tova cells). These cells also crawl within leptomeningeal vessels and
transgress into the leptomeningeal milieu—althoughto alesser extent



than Ty cells®!*, Of note, the intra- and extravascular locomotion
behaviour and diapedesis of the T, cells were virtually identical
after neomycin treatment (Extended Data Fig. 5d, e, Supplementary
Video 2). Furthermore, the expression profiles from endothelial cells
of neomycin-treated and control rats did not show significant regula-
tion of genes that determine the barrier function or the adhesiveness
ofthe vasculature (Extended Data Fig. 5f), and TPLSM did not provide
any evidence for a leaky BBB (Extended Data Fig. 5g), indicating that
the changes to the lung microbiome by neomycin did not influence
the properties of the CNS endothelium.

The lung microbiotainfluences microglia

We next examined whether the initiation of the autoimmune process
within the CNStissue was changed after the neomycin treatment. After
endothelial transmigration, Ty, cells become reactivated within the
CNSwhentheyre-encounter their cognate antigen presented by local
antigen-presenting cells (APCs)™. The consecutive T cellular release
of cytokines—a classical type Il interferon (IFN)-dominated profile—
stimulates residentimmune-competent cells and thereby triggers the
recruitment of peripheral immune cells that induce structural dam-
age and clinical signs™" 8, Longitudinal analyses in the course of EAE
indeed revealed a significantly decreased inflammatory milieu in the
CNS tissue of neomycin-treated rats (Fig. 3a, Extended Data Fig. 6a).
This dampened autoimmune inflammation could not be explained by
afailure of the Ty, cells to become reactivated within the CNS tissue
(Extended Data Fig. 6b, c). Neither could we find significant differ-
ences in the differentiation, relative numbers or cytokine expression
of recruitedimmune cells (Extended Data Fig. 6). As the full manifesta-
tion of clinical signs occurs only after asecondary glial inflammatory
response, we speculated that the transmission of the T cellularimmune
trigger within the tissue might be disturbed. Therefore, we next tested
the functionality of microglia, the primary CNS-resident population
of immune cells, which can react very sensitively to T cell-derived
stimuli*’; for example, by producing proinflammatory factors and
chemokines and upregulating the expression of MHC-llmolecules®. We
found that microgliain acute autoimmune lesions did not assume their
characteristic activatory morphological transformation (Extended
DataFig. 7a). Furthermore, in contrast to the recruited myeloid cells,
microglia showed reduced expression levels of CXCL9, CXCL10,
CXCLI11, inducible nitric oxide synthase (iNOS) and MHC-II (Fig. 3b,
Extended Data Fig. 6d). The relevance of microglia in EAE pathogen-
esisand lung microbiome regulation was further supported by treat-
ing the rats with minocycline, which interferes with the activation of
microglia®. We in fact observed a significant suppression of transfer
EAE after application of minocycline (Fig. 3c). Notably, pre-treating
the rats with neomycin did not add to the disease-dampening effect
of minocycline (Fig. 3c). Very similar results were obtained when we
targeted the microglia with an ablation strategy using a selective col-
ony stimulating factor 1receptor (CSFIR) inhibitor? (Extended Data
Fig.7b, c). Although we cannot rule out that changesin the peripheral
orrecruitedimmune cells could contribute to the clinical effects, our
dataindicate that it is mainly the microglia that are influenced after
the neomycin-induced lung microbiome dysbiosis and that mediate
the altered autoimmune response.

Eveninthe absence of autoimmuneinflammation, we noted a marked
change in the microglial morphology after intratracheal treatment
with neomycin, both in the spinal cord and in the brain cortical grey
matter tissue. The lengths and numbers of their branches were signifi-
cantly reduced, whereas the numbers of microglia were unchanged
(Fig.4a, Extended DataFig. 7d-f, Supplementary Video 3). Global tran-
scriptome analyses of microglia revealed significant transcriptional
changesinarestricted number of genes; genes such as MxI, Mx2, Rsad2,
Oasla and Irf7 were upregulated, whereas /l6st and Irf8 were down-
regulated (Fig. 4b and Supplementary Table 1). Gene Ontology (GO)
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Fig.3|Lungdysbiosis affects microgliaimmunereactivity. a, b, EAE was
inducedinratsthat were pre-treated intratracheally with neomycin or PBS by
transfer of Ty cells. a, Intratracheal treatment with neomycin reduces
Tyep-cell-mediated CNS inflammation. Number of endogenous aTCR* CD4*
and CD8' T cells, CD45RA" B cellsand CD45"&" CD11b* M® (recruited monocytes
andresident macrophages) isolated from the spinal cord at the indicated time
points after transfer. Flow cytometry. Mean + s.e.m. Representative data from
threeindependent experiments. n =4 (PBS); n=4-6 (Neo) per time point.

b, Intratracheal treatment with neomycin dampens the microglial response to
aT-cell-mediated attack. Differential expression of iNOS (Nos2), MHC-II (Rt1ba)
and chemokinesin microgliasorted at the initiation stage of the EAE from PBS-
orneomycin-treated rats. Quantitative PCR. Mean + s.e.m. Representative data
fromtwo independent experiments. n =4 (PBS); n=3 (Neo) per condition.ND,
notdetected. ¢, Minocycline ameliorates EAEbut does not add to the
disease-ameliorating effects of intracheal neomycin treatment. Rats were
treated intraperitoneally with minocycline or vehicle and intratracheally with
neomycin or PBS. After 7 days, EAE was induced by T,z cell transfer. The
treatments were continued throughout the entire disease course. Clinical
parameters. Mean + s.e.m. Cumulative data from two independent
experiments.n =7 (vehicle + PBS, minocycline + PBS, minocycline + Neo); n=6
(vehicle +Neo).i.p., intraperitoneal. a, b, Statistical significance by unpaired
two-tailed t-test (Gaussian distribution) and Mann-Whitney test (non-Gaussian
distribution). ¢, Statistical significance by one-way ANOVA with Tukey’s
multiple comparisonstest.*P<0.05,**P< 0.01,***P< 0.001; NS,
not-significant.

term analysis revealed that most of the upregulated genes could be
attributed to the typel IFN signalling pathway (Extended DataFig. 7g).
Theregulation of several of these genes was confirmed with quantita-
tive PCR (Fig. 4c, Extended DataFig. 7h). The genes that were changed
intotal tissue and microglia overlapped toalarge extent, indicating that
lung-microbiota-induced changes of the CNS tissue primarily affect
the microglia (Fig. 4b, Extended Data Fig. 7i). Indeed, astrocytes—the
other majorimmune-competent glial cell population of the CNS—did
not show this shift towards a type I IFN signalling pathway (Extended
DataFig. 7j).
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Fig.4|Lung dysbiosis shifts microgliatoatypelIFNsignature.

a, Intratracheal treatment with neomycininduces an altered microglia
morphology. Confocal three-dimensional (3D) reconstructions of IBA1
microgliainthe grey matter of the spinal cord 7 days after intratracheal
treatment with PBS or neomycin. Representative images of 16 different cells
from3rats pergroup.Scale bar,10 pm. b, ¢, Intratracheal treatment with
neomycininducesatypellFNsignaturein spinal cord microglia.

b, Comparison of global gene expression profilein CD45"°*CD11b* microglia
sorted fromthe spinal cord of rats treated with PBS or neomycin for 7 days.
Candidate genes upregulated in neomycin- versus PBS-treated rats are
indicated asred dots. Genes significantly up- or downregulated (P < 0.05) but
below the 0.5 fold change cut-off areindicated as light red and light blue dots,
respectively. TypelIFN-regulated genes are indicated. Bold, genes confirmed
by quantitative PCR. ¢, Set-up asinb. Expression of type I IFN-regulated genes
measured by quantitative PCR. Mean +s.e.m. Cumulative datafromthree
independent experiments. n=5-12 per condition (both groups).

d, Intrathecal (i.th.) treatment with poly I:C ameliorates EAE. EAE wasinduced
by transfer of Ty, cells. Poly I:C was administered intrathecally on days 0,2 and
4 after Typ cell transfer. Clinical parameters. Mean + s.e.m. Cumulative data
fromtwoindependentexperiments.n =6 (bothgroups).c,d, Statistical
significance by unpaired two-tailed t-test (Gaussian distribution) and Mann-
Whitney test (non-Gaussian distribution). *P < 0.05,**P < 0.01, ***P < 0.001.

It should be noted that a shift of microglial reactivity to a type I IFN
immune reactivity can modulate microglial responsiveness towards
the type llIFN-dominated autoimmune challenge?. This could explain
the observed diminished tissue inflammation (Fig. 3a, Extended
Data Fig. 6a). Accordingly, intrathecal injection of poly I:C, which
evokes a type I IFN signature through Toll-like receptor 3 signalling®,
significantly interfered with the EAE induction (Fig. 4d). The changed
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reactivity of the microglia also became evident after a direct intrath-
ecal stimulation with IFNy and TNF. In fact, microglial cells from rats
that were pre-treated with neomycin showed a reduced activation
after a local challenge with these proinflammatory cytokines. Fur-
thermore, the recruitment of inflammatory cells was significantly
reduced (Extended Data Fig. 8a). Analyses of in-vitro-stimulated micro-
gliaisolated from neomycin-pre-treated or control rats confirmed a
reduced reactivity of the microglia after IFNy stimulation (Extended
DataFig. 8b).

Lipopolysaccharide as alung microbial CNS regulator

To find out how these alterations in microglial reactivity are linked
to the lung microbiome, we next focused on the changes of the lung
commensal bacterial communities after intratracheal treatment with
neomycin. Gram-negative Bacteroidetes was the most abundant phy-
lumof bacteria (37%), witha 2.5-fold increase in the neomycin-treated
group compared to the phosphate-buffered saline (PBS)-treated
group (Fig. 5a). In this phylum, the families that showed the greatest
increases were the Prevotellaceae, Muribaculaceae and Rikenellaceae,
allof which are anaerobes and include members that are resistant to
neomycin (Fig.5b). We also observed an upregulationin other bacte-
rial families, including the Lachnospiraceae and Lactobacillaceae.
These qualitative changes in the composition of the lung microbiota
were associated with a significantincrease in the total bacterial load
(Fig.1a).

We next wanted to find out whether Bacteroidetes—the phylumthat
was most affected by the neomycin treatment—would be relevant for
the observed clinical effects. Therefore, we transferred aninactivated
strain from the Bacteroidetes phylum, Prevotella melaninogenica.
Intratracheal transfer of P. melaninogenicaled to significantly damp-
ened clinical EAE (Fig. 5c). Transfer of the microbiota by gastrointestinal
gavage did not change the disease, which provides further support for
therelevance of the lung microbiomeinthe regulation of theimmune
reactivity of the CNS (Extended DataFig. 8c). The efficiency of the meta-
bolically inactive P. melaninogenica hints at a structural microbial com-
ponent, which mediates theimmune modulating effects within the CNS.
One potential candidate for this is the bacterial cell wall component
lipopolysaccharide (LPS), which is well known to evoke type I IFN
responses®?®, Considering that Bacteroidetes contribute up to 80%
of the LPS production in the gut?, we next quantified the concentra-
tion of LPS withinthe BALF. We observed asignificantincreasein LPSin
neomycin-treated rats (Extended DataFig. 8d). Thisincreased level of
intrapulmonary LPS correlated with anincreased type I IFN signature
ininterstitial macrophages and neutrophilsin the lung (Extended Data
Fig.8e). Of note, intratracheal treatment with the antibiotic drug van-
comycin—which did not induce a shift towards LPS-producing phyla
(Extended DataFig. 8d, Extended Data Fig. 9a, b)—did not change the
microglial expression profile and was not effective in ameliorating EAE
(Extended Data Fig. 9c-g). Furthermore, intratracheal application of
the LPS-neutralizing antibiotic peptide polymyxin B*? significantly
increased the severity of EAE (Extended Data Fig.10a). To directly test
the role of LPS, we increased its local levels by intratracheal applica-
tion of LPS from Escherichia coli or from P. melaninogenica. As was
the case with the neomycin treatment or microbiota transfer, LPS
supplementation in the lung led to an amelioration of EAE (Fig. 5d,
Extended Data Fig. 10b). LPS has been reported to penetrate the BBB
and to evoke functional changes in microglia®**. Therefore, we finally
applied LPS directly into the CNS. Intrathecal injection of LPS evoked
clear disease-dampening effects that exceeded even those observed
after intratracheal LPS applications (Fig. Se, Extended Data Fig. 9¢).
The datatherefore support the view that ashift towards LPS-producing
phylainducesatypellFNresponseinthe CNS, and that this mechanism
underlies the resistance against autoimmune processes (Extended
DataFig. 9d).
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Fig.5|PulmonaryLPS controls CNS autoimmunity. a,b, Neomycininducesa
shift towards LPS-producing phylainthe lung microbiota. a, Average relative
abundance of bacterial phyla of the lung microbiotain PBS- or neomycin-treated
rats.b, Corresponding heat map depicting the relative abundance of lung
bacterialinhabitants at the family level. ¢, Intratracheal administration of
inactivated P. melaninogenicahas an EAE-suppressive effect. EAE wasinduced by
transfer of Tygp cells. Clinical parameters after daily intratracheal treatment
started 7 days before Ty, cell transfer and continued throughout the entire
disease course.Mean *s.e.m. Cumulative datafrom twoindependent
experiments.n=6(PBS); n=8(P.melaninogenica).d, Intratracheal treatment
with LPS from P. melaninogenica ameliorates EAE. Transfer EAE was induced in
ratsthat were pre-treatedintratracheally for 7 days with PBSor LPS at the
indicated concentration. The treatment was continued throughout the entire
disease course. Clinical parameters. Mean + s.e.m. Cumulative datafrom two
independentexperiments.n=9 (PBS);n=6(0.01mgLPS),n=7(0.025 mgLPS).
e, Intrathecal administration of LPS from P. melaninogenicahas a
disease-suppressive effect. LPS (0.005 mg per rat) was administered on days O, 2
and 4 after Ty, cell transfer. Clinical parameters. Mean + s.e.m. Cumulative data
fromtwoindependent experiments.n=7 (PBS); n=6 (LPS).c, e, Statistical
significance by unpaired two-tailed ¢-test (Gaussian distribution) and Mann-
Whitney test (non-Gaussian distribution). d, Statistical significance by one-way
ANOVA with Tukey’s multiple comparisons test.*P< 0.05,**P< 0.01, **P< 0.001.

Discussion

Our study indicates a new functional connection between the lungand
the brain. This connection is controlled by the local lung microbiota,
which apparently continuously sends signals to the microglia, the

‘immune cells’ of the brain®. The microglial cells adapt their immu-
nological responsiveness according to these microbial signals. Thelung
is the most extended body surface® that is in contact with the outside
environment, and it is therefore constantly exposed to microorganisms
and contaminants. These pathogens can also pose adanger to the CNS.
The pulmonary microbiome, whichis directly located at the interface
with the outside environmentand whichinits natureis tailored to react
tothese external threats, can therefore act as akind of remote warning
system for the sensitive CNS.

Until now, the gut microbiome has had the main focus of attention
asaregulator of CNS immune functions®. There are, however, clear
differencesinthelocation and the nature of the microbial signals that
areresponsible for this regulation. Although remote effects of the gut
microbiome on the CNS have been postulated®***, the major focusis
oneffectsintheintestinal milieu,immune structuresin theintestine
and the draining lymph nodes. Microbial antigens that resemble those
of CNS structures could have arole as the initial trigger of the patho-
genic T cell response’. Conversely, aregulatory function of microbial
factorssuchas polysaccharide A has been discussed. Furthermore,
microbial nutrients or their derivatives, such as short-chained fatty
acids or tryptophan metabolites, can influence the activation and
differentiation of pathogenic T cells®”*8, Although a contribution
by microbial metabolites cannot be ruled out in the effects on CNS
autoimmunity observed here, our data favour LPS as the trigger of a
type I IFN response that interferes with the autoimmune process in
EAE models and multiple sclerosis?****°, Perhaps the most prominent
difference between the gut and the lung microbiome is the extent of
manipulation thatis necessary to change theimmunological situation.
Influencing CNS autoimmunity via the gut requires strong interfer-
ence with the gut microbiome—for example, a high-dosed combined
antibiosis that almost completely depletes the microbiota, or housing
the animalsinasterile environment. The effects of such interference
are strong and range from an atrophy of secondary immune organs
to massive local problems (for example, the development of amega-
colon)***™_In the lung, by contrast, minimal manipulations—here
only amoderate shiftin the bacterial diversity—are enoughto achieve
a corresponding microglial reaction. The pulmonary microbiome
is distinct and comprises only a quantitatively tiny populationin
comparison to that of the gut (at least 10% in magnitude)**. Therefore,
minimal outside influences may suffice to unbalanceit. Furthermore,
the particularities of the blood-air barrier and the special integration
of the lung in the circulatory system can come into play. Thus, the
distance to be covered by microbial signal substances to reach the
blood is likely to be much shorter for the pulmonary commensals
thanfor the intestinal commensals. Especially in the alveolar area, this
distance for the purpose of optimized oxygen exchange is minimized:
theborder of the cell layers of alveolar cells and capillary endothelium
consists only of ashared basement membrane. Moreover, the direct
blood flow out of the lung into the arterial system provides unfiltered
access to the CNS. The gut has the liver as a ‘firewall’ between itself
and the CNS*.

In conclusion, we show here that a well-balanced equilibrium of the
pulmonary microbiota tunes the activation state of microglia, most
likely through incremented colonization of LPS-producing bacterial
taxa. This observation could be of importance in a clinical perspec-
tive: infections of the lung, smoking, therapeutic manipulations and
environmental factors can all act on the pulmonary microbiome and
thus might influence the immune reactivity of the brain. This tight
interconnection could potentially be therapeutically exploited, for
example, by the local application of probiotics or certain antibiotics.
A targeted manipulation of the immune reactivity of the CNS could
provide a treatment option not only in an autoimmune situation, but
alsoinawide range of CNS diseases in which thereactivity of the brain’s
innate immune response is involved—for example, in infectious or
degenerative disorders.
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Methods

Rats

Male and female 6-10-week-old wild type and bSYN TCR-transgenic
rats™ on a LEW/Crl (Rattus norvegicus) background were used for all
experiments and for the generation of T cell lines. The rats were kept
inGR9000IVC cages ata12-12-hlight-dark cycle with food and water
provided ad libitum. They were bred and raised at the animal facilities
ofthe University Medical Center Gottingen. All experiments were per-
formedinaccordance with the regulations of animal welfare of Lower
Saxony, Germany. No differences were noted between the sexes.

Antigens

Myelin basic protein (MBP) was extracted from guinea pig brain as
previously described*, B-synucleiny,_,; peptide (bSYN) was synthetized
by the peptide facility of the Charité (Berlin), and ovalbumin (OVA) was
purchased from Sigma-Aldrich.

Generation and culturing of T cells

CD4" T cells retrovirally transduced to express Life-act Turquoise (CFP)
oreGFP (GFP) and reactive against MBP (Tygp), bSYN (Tyyn) Or OVA (Tys)
were generated as previously reported'®, In brief, female Lewis rats
were immunized subcutaneously at the tail base (s.c.) with 150 pl of
an emulsion consisting of equal parts of antigen (MBP, bSYN or OVA;
1mg ml™) and complete Freund’s adjuvant (CFA, Difco) containing
Mycobacterium tuberculosis H37Ra extract (2 mg ml™, BD). Nine to ten
days afterimmunization, the cell suspension obtained from the draining
lymph nodes was co-cultured with GP+E86 packaging cell lines produc-
ing replication-deficient retroviruses expressing a fluorescent pro-
tein of interest and an antibiotic-resistant gene in the presence of MBP
(10 pg mI™), OVA (10 pg mI™) or bSYN (8 pg mI™) in DMEM-based medium
containing 1% rat serum. Forty-eight hours later, T cells were expanded
by adding DMEM-based medium containing horse serum (10%,
Biochrom AG) and mouse IL-2. Starting from day 4 after antigen
stimulation, transduced T cells were selected by the addition of G418
(400 mg ml™, Thermo Fisher Scientific) for two weeks or puromycin
(1pg ml™, Carl Roth) for one week. On day 7 after primary stimulation,
3.5 x10°T cellswere challenged with the cognate antigenin the presence
of 70 x 10%irradiated thymic APCs. The primary cell lines underwent at
least three cycles of stimulation in culture before being used for transfer
experiments. All established T cell lineswere BTCR*CD4*CD8 and had
an effector memory phenotype (L-selectin™, CD45RC"" and CD44"'e"),
Upon stimulation, they produced IFNy and IL-17. Phenotype, cytokine
profile, antigen specificity, pathogenicity and the absence of myco-
plasma contamination were verified in each cell line.

EAE models and scoring system

Adoptive transfer EAE and T-cell-mediated grey matter disease.
Fully activated Ty or Tysyy cell blasts (day 2 after antigen encounter)
were injected in the tail vein of recipient wild-type rats in EH medium.
If not stated otherwise, 2.5 x 10° Tz, cell blasts or 1.5 x 10° T,y cell
blasts per rat were transferred. As a control, 2.5 x 10° Ty, cell blasts
were intravenously injected following the same procedure.

Lung EAE. Resting Ty, cells (7.5 x 10°, day 6 after antigen encounter)
in EH medium were injected into the tail vein of recipient wild-type
rats. Six hours later the rats were immunized intratracheally. For this
purpose, rats were briefly anaesthetized with ether and fixed withabar
behind their upper incisors on a stand in an upright position slightly
leaning backwards. The trachea was located using a Small Animal La-
ryngoscope LS-2 (Penn Century). Subsequently, anemulsion consisting
of equal parts of antigen, that is, MBP or OVA (0.02 mg ml™), and CFA
(0.2 mg mI™) was instilled into the trachea through a winged 18G cath-
eter (B.Braun). Eachrat received atotal volume (in pl) corresponding to
around one-third ofits body weight (ing). The rats were then released

from the stand and transferred to their cages to recover. The entire
procedure typically lasted approximately 1 min per rat.

Subcutaneous EAE. Resting Ty, cells (7.5 x 10, day 6 after antigen
encounter) in EH medium were injected into the tail vein of recipient
wild-type rats. Six hours later, an emulsion consisting of equal parts
of antigen, that is, MBP or OVA (1 mg ml™), and CFA (1 mg ml™) was
injected subcutaneously (s.c.) into the popliteal cavities of both hind
limbs of ether-anaesthetized rats. Eachrat received atotal volume (in pl)
corresponding to around one-third of its body weight (in g).

EAE scoring. Weight and clinical scores were recorded daily. Classical
signs of EAE were scored as follows: 0 = no disease; 1 = flaccid tail;
2 =gait disturbance; 3 = complete hind limb paralysis; 4 = tetrapare-
sis; 5 =death. For atypical symptoms that could occur after transfer
of Tysyn cells, the following classification was used: O = no disease;
1=occasional twitches and scratching with or without flaccid tail;
2=frequent twitches and scratching, ataxia; 3 = severe tonic and myo-
clonicmovements, severe gaitimpairment; 4 = tetraparesis; 5=death.
Rats with a clinical score above 3 were euthanized.

No statistical methods were used to predetermine sample size.
Clinical score was assessed in a blinded fashion. Rats were randomly
allocated to experimental groups.

Antibiotic treatment

Neomycin (Thermo Fisher Scientific) or vancomycin (Abcam) were
administered intratracheally (daily dose: 0.1 or 1 mg; volume: 150 pl),
subcutaneously into the popliteal cavity (daily dose: 1 mg; volume:
50 pul) or orally by gavage (daily dose: 1 or 10 mg; volume: 300 pl).
Theintratracheal dose of antibiotics was selected after initial titration
onthebasis that it did not change the immune cell composition of the
lung. Polymyxin B (Roth) was administered intratracheally (daily dose:
0.1 mg; volume: 150 pl). The antibiotics were freshly prepared before
every treatment by dissolving the powder in sterile PBS. An equivalent
volume of PBS was used as control. If not stated otherwise, neomycin
and vancomycin were administered at a daily dose of 1 mg per rat. The
rats were treated daily for 7 days before starting the experiment. Daily
treatment was continued throughout the entire experiment. Of note,
boththeintratracheal and the oral antibiotic treatments were well toler-
ated by therats. Norespiratory distress or diarrhoeawere observed and
theratssteadilyincreased their body weight comparably to the controls.

Transfer of BALF-derived microbiota

Ratswereintratracheally treated with neomycin. After 7 days, the treat-
ment was stopped and the rats were intratracheally transferred with
BALF-derived microbiota of rats that were intratracheally pre-treated
for7 days with either PBS or neomycin (donor group). Immediately after
the microbiota transfer, EAE was induced by intravenous injection of
Tuee cells. The treatment with BALF-derived microbiota was performed
daily for the entire disease course.

For the collection of microbiota, sterile BALF (8 ml per rat) was
collected daily from either the PBS- or the neomycin-donor group as
described in ‘Collection of BALF and faecal samples’. The BALF was
centrifuged for 10 min at 13,000 rpm and 4 °C and the bacterial pellet
was resuspended in 450 pl sterile PBS. Each rat of the recipient group
received adaily dose of 150 pl of the corresponding BALF resuspension.

Functional inhibition of microglia by minocycline treatment

PBS-treated or neomycin-treated rats received intraperitoneal
minocycline hydrochloride (Sigma-Aldrich) dissolved in 40%
2-hydroxypropyl-B-cyclodextrin (vehicle; ITW Reagents; daily dose:
50 mg per kg ratbody weight). Injection of the same volume of vehicle
served as control. Treatments with PBS/neomycin and minocycline/vehi-
clestarted 7 days before Ty cell transfer and were continued through-
out the entire EAE course. Of note, the intraperitoneal treatment was
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well-tolerated by the rats. No distress was observed and the rats steadily
increased their body weight comparably to the controls.

Depletion of microglia by PLX3397 treatment

PBS-treated or neomycin-treated rats received the CSFIR inhibitor
PLX3397 (MedChemExpress) dissolved in 0.5% HPMC/1% Tween80/2.5%
DMSO (daily dose: 30 mg per kg rat body weight) or vehicle by gavage.
Treatments with PBS/neomycin and PLX3397/vehicle started 7 days
before Ty cell transfer and were continued throughout the entire
EAE course. Of note, the oral treatment was well tolerated by the rats.
No distress was observed and the rats steadily increased their body
weight comparably to the controls.

Treatments with poly I:C, inactive Prevotella melanonogenica
andLPS

Poly I:C treatment. Polyinosinic-polycytidylic acid sodium salt (poly
I:C; Sigma-Aldrich) was dissolved in sterile water at a stock concentra-
tion of 10 mg ml™. Aliquots were stored at 20 °C and thawed shortly
before injection. Poly I:C solution (1 mg in 100 pl) was administered
intrathecallyinratsanaesthetized with ketamine (50 mgperkg; Medistar)
and xylazine (10 mg per kg; Ecuphar). Half of the dose (50 pul) was
injected into the cisternamagna and the remaining halfinto the lumbar
spinal cord (L4-L5) using a stereotactic device (Narishige). The treat-
ment was performed on days 0, 2 and 4 after Ty, cell transfer. Sterile
PBS was used as control. Of note, 24 h after intrathecal injection, the
rats showed areductioninbody weight asreported*. As this symptom
occurred independently of EAE symptoms, body weight changes are
not depicted inthe corresponding graphs.

Treatment with inactive Prevotella melaninogenica. Prevotella
melaninogenica (P. melaninogenica; type strain DSM 7089; DSMZ) was
grown anaerobically in modified PYG medium (Medium 104; DSMZ)
at 37 °C. For transfer experiments of inactive P. melaninogenica, the
culture was grown to a concentration of 30 x 10° colony-forming units
(CFU) per ml. The culture was chemically inactivated using chickenegg
lysozyme (2 mg I}; SERVA) and subsequently heat-inactivated at 99 °C
for 30 min. Successful inactivation was verified by the inability of the
bacteriatoregrowin culture. Before transfer, the samples were centri-
fuged at13,000 rpmfor10 minat4 °Cand resuspendedinsterile PBS.
Rats received daily 5 x 10° CFU in 150 pl sterile PBS daily or 150 pl sterile
PBSas control eitherintratracheally or orally. The treatment was started
7 days before disease induction by transfer of T, cells and continued
throughout the entire experiment.

Prevotella melaninogenica LPS treatment. For LPS extraction,
P. melaninogenica was cultured as described in ‘Treatment with inac-
tive Prevotella melaninogenica’. The culture was grown to an optical
density at 600 nm (ODg,,) of 0.8-1.2. LPS was extracted using a LPS
ExtractionKit (iNtRON) according to the manufacturer’s instructions.
The yield was quantified using the Pierce Chromogenic Endotoxin
Quant Kit (Thermo Fisher Scientific). E. coli LPS (serotype 0127: BS;
Sigma-Aldrich) served as an additional control.

Solution with LPS from P. melaninogenica was freshly prepared
before every treatment by dissolving the isolated LPS pellet in sterile
PBS by boiling the vial for 5 min. P. melaninogenica LPS was adminis-
teredintratracheally (dose: 0.010r 0.025 mgin150 pl PBS) orintrathe-
cally (dose: 0.005 mgin 30 pl PBS). For theintratracheal treatment, LPS
was administered daily starting on day 7 before disease induction by
transfer of Ty, cells and continued throughout the entire experiment.
Forintrathecal treatment, P. melaninogenica LPS was injected as above
inthe cisternamagna on days 0, 2 and 4 after Ty, cell transfer. Sterile
PBS was used as control.

Escherichia coli LPS treatment. Escherichia coli (E. coli; serotype
0127: B8; Sigma-Aldrich) was administered intratracheally (0.01 mg

in 150 pl PBS) or intrathecally (0.003 mg in 30 pl PBS) following the
same schedule as for P. melaninogenica LPS treatments. The daily in-
tratracheal LPS dose was 50 times lower than the dose administered
in a model of acute lung injury*® and was well-tolerated by the rats.
No respiratory distress was observed and the rats steadily increased
their body weight comparably to the controls. After intrathecal treat-
ments with either P. melaninogenica or E. coli LPS, as observed with
polyl:C administration, the rats displayed areductionin body weight
not related to EAE. Therefore, body weight changes are not depicted
inthe corresponding graphs.

Lung and gut microbiota analysis

Description of the samples. For characterizing the changes of lung
and gut microbiota after intratracheal antibiotic treatment, BALF and
faeces samples were collected from rats that were daily treated with
neomycin (0.1 or 1 mg per day), vancomycin (0.1 or 1 mg per day) or
PBS for 7 days. For each cohort, six samples from two independent
experiments each including three rats per group per treatment were
analysed. For characterizing the changes in gut microbiota after oral
antibiotic treatment, faecal samples were collected from rats that
were daily treated with neomycin (1or 10 mg per day) or PBS for 7 days.
For each cohort, sixsamples from two independent experiments each
including three rats per group per treatment were analysed.

Collection of BALF and faecal samples. BALF and faecal samples
were collected under sterile conditions from the same rats. In brief,
theratswere euthanized using an overdose of ketamine/xylazine. After
carefully disinfecting the rat’s fur with 70% ethanol, a tracheotomy
was performed and asterile gavage needle (18G) wasinserted into the
trachea under a laminar flow hood. The gavage needle was fixed and
held in position using a surgical suture (B. Braun). Five millilitres of
pre-warmed (37 °C) PBS was slowly instilled into the lung and after 30 s a
volume of 4 mlwas retrieved. This step was repeated once, yielding 8 ml
oftotal BALF per rat. Faecal samples were collected from the recto-anal
region. BALF (in 2-ml aliquots) and faecal samples were immediately
snap-frozen ondryice and stored at —80 °C until further processing.

Lysis and nucleic acid extraction. To efficiently extract nucleic ac-
ids from both gram-positive and gram-negative bacteria, a pre-lysis
step was performed by incubating 400 pl BALF with 2 pl chicken egg
lysozyme (100 mg ml™; SERVA) at 37 °C and 180 rpm for 1 h. DNA extrac-
tion from BALF was performed using the QlIAamp cador Pathogen Mini
Kit (Indical Bioscience) according to the manufacturer’sinstructions.
DNA was eluted with 50 pl sterile water. Rat faecal samples (around
150 mg) were resuspended in 1 mlInhibitEX buffer (Qiagen) at 37 °C for
15 minfor homogenization and mixed every 5 min with aninoculation
loop. Faecal sample DNA was extracted using the QlIAamp Fast DNA
Stool MiniKit (Qiagen) according to the manufacturer’s instructions.
DNAwas eluted with200 plsterile water. Extracted nucleicacids were
quality-checked using 0.8% LE Agarose (Biozym) gel electrophoresis.
Nucleic acid concentrations were quantified using a NanoDrop ND-
1000 Spectrophotometer (Thermo Fisher Scientific).

Quantification of bacterial number. The bacterial load of rat BALF
and faecal samples was estimated by analysing the expression of the
protein elongation factor Tu (tuf) gene by quantitative PCR using the
Bacteria (tufgene) Quantitative PCRKit (Takara) and aniQ 5 Multicolor
Real-Time PCR Detection System (BioRad). PCR and cycling conditions
were set according to the manufacturer’sinstructions. Allsamples were
prepared atleastinduplicate. CT values of the individual measurements
did notexceed 1.5 amplification cycles. For the BALF samples, the copy
number of the tufgene was normalized to 100 pl for each sample. Faecal
samples were normalized on the basis of the weighed amount used for
DNA extraction. The copy number of the tufgene was finally normalized
for100 pg of faeces for each sample.



16S amplicon generation and sequencing. Bacterial 16S rRNA am-
plicons were generated using Klindworth primers with adapters for
lllumina MiSeq sequencing targeting the V3-V4 region®. For BALF
samples, PCR mixtures (50 pl) contained 1x Phusion GC buffer (5x),
0.2 mM of each deoxynucleoside triphosphate, 5% DMSO, 0.1 mM
MgCl,, 0.2 uM of each primer and 0.02 U of Phusion High-Fidelity DNA
Polymerase (Thermo Fisher Scientific). As template, approximately
150 or 350 ng of isolated BALF or faecal DNA, respectively, was used.
Negative and positive controls contained no DNA template or genomic
Bacillus DNA, respectively. For amplicon amplification of BALF sam-
ples, the following cycler program was used: initial denaturation at
98 °C for1min, 35 cycles of denaturation at 98 °C for 45 s, annealing
at 62 °C for 45 s and extension at 72 °C for 45 s, followed by a final
extension at 72 °C for 5 min. For faecal samples, the 25 PCR cycles
were performed with an extension time of 30 s. Each PCR reaction was
performed in triplicate. The resulting PCR products were pooled in
equal amounts and purified with the MagSi-NGSPrep Plus Kit (Stein-
brenner) according to the manufacturer’s instructions. Amplicons
were eluted in 40 pl sterile water and quantified with the Quant-iT
dsDNA HS assay kit and a Qubit fluorometer (Invitrogen). The index-
ing of the amplicons was performed with the Nextera XT Index-Kit
(Illumina). The 16S rRNA gene sequencing was performed using the
dual index paired-end approach (2 x 300 bp) with v3 chemistry for
the lllumina MiSeq platform.

Processing of 16S rRNA sequencing data. Raw sequencing data
were initially processed using the Miseq marker gene pipeline v.1.8%.
Further processing was performed using VSEARCH v.2.12.06° and the
UNOISE3algorithm.Rawsequencingreadswere mapped totheamplicon
sequence variant (ASV) table. The similarity threshold was set at 100%.
Taxonomic classification of ASVs was performed using BLASTn 2.7.1
against the SILVA SSU NR database release 138°*%. If not otherwise
stated, all bioinformatic tools were used with default parameters.

Statistical analyses. Subsampling, removal of chloroplasts, eukary-
ote, mitochondria, archaeaand unclassified ASVs, as well as statistical
analysisincluding diversity analysis and visualization, was performedin
Rstudiov.1.3.1056 (RStudio Team, 2020) and R4.0 (R Core Team, 2013).
Inter-sample data normalization was performed in R using the geomet-
ricmean of pairwise ratios package (GMRP v.0.1.3)**. Data were visual-
ized using ampvis2 (v.2.6.4)% and the implemented package ggplot2
(v.3.3.2)%%. Alpha-diversity metrics and species richness were used to
characterize the bacterial diversity within each sample, whichincluded
calculation of the Shannon diversity index and phylogenetic diversity
index. Allsamples wererarefied inampvis2 to the corresponding lowest
number of reads per treatment. The normality of data distribution was
examined by the Shapiro-Wilk test. ANOVA was used to compare para-
metric variables among three or more groups, and the Kruskal-Wallis
test was used for non-parametric variables. To compare means between
unpaired groups with an assumption of unequal variance between
sample sets, the independent t-test was used, and for non-parametric
variables the Mann-Whitney U-test. P values less than 0.05 were con-
sidered to indicate statistical significance. For visualization in bar
charts, the mean of treatment replicates was used to account for the
variance in animal samples. To visualize the multivariate dispersion of
the composition of the community, the non-metric multidimensional
scaling (NMDS) matrix of the Bray-Curtis dissimilarity between samples
was calculated by the ampvis2 package (v.2.6.4) wrapping around the
vegan package (v.2.5-6) using the ASV table and the phylogenetic tree.
Ordination plots were created with ggplot2 (3.3.2) with bray as distance
measure. For heat maps the amp_heat function implemented in am-
pvis2¥was used to identify the most abundant taxa (mean) in different
treatments and antibiotic concentration. Taxonomic classification is
indicated on the class and genus level.

Quantitative analysis of LPS

The amount of LPS in BALF samples was measured intriplicates using
the Pierce Chromogenic Endotoxin QuantKit (Thermo Fisher Scientific)
according to the manufacturer’sinstructions. Values are expressed in
international endotoxin units (EU) per ml.

Cellisolation

Rats were intracardially perfused for 6 min with PBS before organ
explant. Mononuclear cells were isolated as previously described*'®
and kept onice in EH medium until processed. The procedures are
briefly summarized below: EDTA-treated blood was retrieved from
the heart by cardiac puncture. Mononuclear cells were isolated by
density gradient using Lymphocyte Separation Medium (PromocCell;
centrifugation settings: 30 min at 840g and 20 °C). Lungs were thor-
oughly and repeatedly sectioned using a tissue chopper (Mcllwain).
The homogenized tissue was washed with EH. Pellets were resuspended
andincubated with 2 ml of 0.3% collagenase in PBS for 30 min at 37 °C
under constant shaking. Subsequently, the tissue was homogenized
using agentleMACS Dissociator (MiltenyiBiotec), forced through a cell
strainer (40 pm) and washed with EH. The pellet was resuspended in
5ml40%isotonic Percoll and underlaid with 5 ml 70% Percoll (centrifu-
gationsettings:30 minat 2,000 rpmand 4 °C). The leukocyte-enriched
interphase was then collected, washed and resuspended in EH medium.
Spleens and lymph nodes were passed through a cell strainer (40 pm),
washed once with PBS and treated with ACK-buffer for erythrocyte lysis.
Parenchyma and leptomeninges of brain and spinal cord were passed
through acell strainer (40 pm) and washed once with PBS. Myelin debris
was eliminated by Percoll-density gradient (centrifugation settings:
30 min at 700g and 4 °C). For endothelial cell isolation, spinal cords
were dissected, and the meninges were removed from the parenchyma.
Spinal cord parenchymawas brought to single cell suspension using a
Dounce homogenizer. The meninges were chopped up using a razor
blade. The CNS tissues were then digested with liberase (0.4 U ml™;
Roche) and DNAsel (120 U ml™; Roche) at 37 °C for 1 h with gentle pipet-
ting of the solution every 10 min. Subsequently, the cell suspension
was passed through a 40-pm cell strainer. Myelin debris was removed
using a Percoll-density gradient as described above. After washing,
the pellets were antibody-labelled in staining-buffer and sorted by
fluorescence-activated cell sorting (FACS) as described below.

Flow cytometry and FACS

Flow cytometry analysis was performed with a FACSCalibur operated
by Cell Quest software (Becton Dickinson) or with a CytoFLEX flow
cytometer operated with CytExpert software (Beckmann Coulter).

The following anti-rat monoclonal antibodies were used for sur-
face staining: B TCR-AF647 (clone R73, Biolegend), CD45RA-PE (clone
0OX-33, Biolegend), CD8«-FITC (OX-8; Biolegend) and CD8«-PerCP
(BD Biosciences), CD4-PE/Cy7 and CD4-PE/Cy5 (Clone W3/25,both BD
Biosciences), CD134-BV421 (Clone 0X40, BD Biosciences), CD25-PE
(Clone 0X39, Biolegend), CD62L-PE (clone OX85, Biolegend), LFA-1-APC
(integrin oL, clone WT.1, Serotec), VLA-4-APC (anti-CD49d, clone TA-2,
Sigma-Aldrich), CD31-PE (clone TLD-3A12, BD Biosciences), CD11b/c-PE
and CD11b/c APC (clone OX-42, Biolegend), CD45-PE, CD45-AF647 and
CDA45-PerCP (clone OX-1; all Biolegend), GLAST-APC (ACSA1, Miltenyi),
RT1B-FITC (clone OX-6, BD Biosciences), RP3-BV421 (BD Biosciences)
and CD172a-FITC (Clone ED9, Bio-Rad). Matching directly labelled
mouse IgM (clone R6-60.2, BD Biosciences), mouse IgG-APC (Jackson)
and mouse IgGlk (MOPC 31C, Sigma-Aldrich) were used as isotype
controls. Antibodies were used at a concentration of 1:200.

For measuring IFNy and IL-17 expression, ex-vivo-isolated cells
were left unstimulated or stimulated in vitro with 1 ug ml™ PMA
(Phorbol 12-myriytate 13-acetate, Sigma-Aldrich) and 5 pM ionomy-
cin calciumsalt (Sigma-Aldrich) for 30 min. Brefeldin A (5 pg ml™) was
added to block cytokine secretion. Cells were cultured for a further
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2 hand surface-stained with anti-rat xBTCR-AlexaFluor647 (Clone
R73, Biolegend), anti-rat CD4-PE/Cy7 (Clone W3/25, Biolegend) and
anti-CD8a-PerCP (Clone OX-8, Biolegend) for 30 minat4 °C. The cells
were fixed with 2% PFA, permeabilized with BD Perm/Wash buffer (BD
Biosciences) and stained with rat anti-mouse anti-IL17-BV42 (clone
TC11-8H4, Biolegend) and mouse anti-rat IFNy-PE (Clone DB1, Bioleg-
end) for 45 minat4 °C. Forintracellular staining for FOXP3 detection,
ex-vivo-isolated cells were surface-stained as described above, fixed and
permeabilized using the Foxp3/transcription factors staining buffer set
(eBioscience) following the manufacturer’s instructions and stained
with anti-mouse/rat/human FOXP3-PE (Biolegend).

For characterization of the expression profile, cells were sorted using
aFACSAria4L SORP cell sorter (Becton Dickinson) controlled by FACS
Diva software (BD) at a low flow rate under constant cooling (4 °C).
Tyee cells, endogenous aSTCR* CD4* and CD8" T cells, CD45 CD11b™
stromal cells, CD45°CD11b*ED9" interstitial macrophages,
CD45°CD11b"ED9" alveolar macrophages or recruited monocytes and
RP3" neutrophils were sorted from the lung. For obtaining T cells from
the lungs for transcriptome analysis, CD11b" cells were depleted before
sorting using anti-PE MicroBeads for MACS separation (Miltenyi Biotec)
according to the manufacturer’sinstructions. For characterization of
CNS-resident cellsinneomycin- versus PBS-treated rats, CD11b"GLAST"
astrocytes and CD45'°"CD11b* microglial cells were sorted. Ininflamed
conditions, cell characterization was performed on CD45'°*CD11b"
microglial cells and CD45"€"CD11b* M®, which comprise both recruited
monocytes and resident macrophages. Of note, even though microglia
upregulated CD11b in inflamed conditions, they were still well distin-
guishable from CD45"€"CD11b* M® (Supplementary Fig.1). The sorted
cells were centrifuged at 1,500g for 4 min at 4 °C and the pellet was
resuspendedin300 pl TRIreagent (Merck) and 1 pl glycogen (Roche).
The samples were stored at —80 °Cuntil further processing. Data analy-
sis was performed with FlowJo LLC (v.10) or CytExpert (5.2) software.

Gating strategies used throughout the manuscript are depicted in
Supplementary Fig. 1.

Neomycin toxicity assay

Tuse cells (5 x 10* per well) were challenged with MBP (10 mg mI™) in the
presence of irradiated thymocytes (5 x 10° per well) in 96-well flat bot-
tom plates (Thermo Fisher Scientific). Neomycinwasadded in various
concentrations (100 ng-10 mg ml™). The cells were incubated at 37 °C
and 10% CO,. T cell proliferation was quantified by flow cytometry on
days 2,3 and 4 after antigen encounter. On day 2, 50 pl of IL-2-containing
growth medium was added to wells acquired on day 3 (and 4).
Thesameprocedurewasrepeated onday 3 forsamplesacquiredonday4.
Inaddition, after in vitro exposure to neomycin (Lor10 mg ml™),2.5 x 10°
Tusp cell blasts (day 2 after stimulation) were adoptively transferred into
naiverecipient rats and the clinical course of EAE was monitored over
the following days.

Intravital TPLSM

TPLSM and spinal cord preparation were performed as described previ-
ously™?¥ The procedures are briefly summarized below. TPLSM was
used to image the motility and infiltration of fluorescently labelled
Tuspand Toy, cellsin the spinal cord of living rats. In addition, the tech-
nique was used to analyse BBB permeability. Imaging of T cells was
performedinthe preclinical phase, at the onset and at the peak of EAE.

Surgical procedures. The rats were pre-anaesthetized with a sub-
cutaneous injection of 75 mg kg™ ketamine (Medistar) combined
with 0.5 mg kg™ medetomidin (Vetpharm). Subsequently, they were
intubated through a small incision of the trachea and immediately
ventilated with 1.5-2% of isoflurane (CP-Pharma). During imaging, rats
were stabilized in a custom-made microscope stage and their body
temperature was regulated and maintained (36-37 °C) by a heated pad
connected to a custom-built thermocontroller. Fluid supply during

imaging sessions was maintained using a perfusing device (Ismatec)
settoa 0.6 ml h™ flow rate. Thoracic leptomeninges were accessed as
described'>¥ by performing a laminectomy at level Th12/L1and care-
fully removing the dura mater.

Technical equipment and labelling procedures. TPLSM imaging was
performed as previously described'*> using two different systems:
(1) aZeiss Laser Scanning Microscope 710 (Carl Zeiss) combined witha
Coherent10 W Ti:Sapphire chameleon laser (Coherent), controlled by
ZeissZEN2012SP2v.2.1software; and (2) an Olympus FVMPE-RS TPLSM
equipped with a Spectra-Physics Mai Tai Ti:Sapphire oscillator and a
Mai Tai DeepSee Ti:Sapphire oscillator. The excitation wavelength was
tuned to 880 nm or 1,010 nm and routed through a 20x water 1.0 NA
immersion objective W Plan Apochromat (Carl Zeiss) or a 25x water
1.05 NAimmersion objective Olympus Scaleview. Excitation at1,100 nm
was propagated by using either a Ti:Sapphire laser pumped OPOin the
Zeiss TPLSM or aMai Tai DeepSee Ti:Sapphire oscillator in the Olympus
TPLSM. Emitted fluorescence was detected using non-descanned detec-
tors equipped with 442/46 nm, 483/32 nm and 624/40 nm band-pass
filters. Typically, areas of 424.27 pm x 424.27 pm (Zeiss) or 508.93 pm
x 508.93 um (512 x 512 pixels, Olympus) width were scanned and
50-100-um z-stacks were acquired. For overviews, several tile scans
were acquired sequentially and stitched together. For reproducible
motility analyses, the interval time was keptat 30 s for the Zeiss TPLSM
and15 s for the Olympus TPLSM, with a total acquisition time of 30 min
per video. During motility experiments, the blood vessels were labelled
with 70-kDa dextran Texas Red (Invitrogen) which was intravenously
injected before the imaging session. For evaluation of the BBB perme-
ability, 3-kDa dextran Texas Red (Molecular Probes) was intravenously
injected during the imaging session (7= 0).

Analysis of time-lapse videos and statistics. Acquired 3D time-lapse
videos were analysed using Imaris 9.3.1 software (Bitplane AG). Cells
were tracked using the automated Imaris Track module with subse-
quent manual revision. Motility parameters; that s, track length, track
duration, track speed, track displacement and track straightness (ratio
between total T cell path length and the sum of the entire single dis-
placements), were calculated as described'>” within a 30-minrecord-
ing interval. Rolling T cells were defined as cells appearing as single
or several round-shaped dots with an instantaneous velocity greater
than 50 pm per min.

RNA isolation, cDNA synthesis and quantitative PCR

Gene expression on transcription level was determined using quan-
titative PCR. RNA was extracted from TRI Reagent (Merck) according
to the manufacturer’s instructions. Reverse transcription into cDNA
was performed using the RevertAid First Strand cDNA synthesis kit
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Quantitative PCR was performed on an Applied Bioystems
StepOnePlus Real-Time PCR system (Thermo Fisher Scientific) using
custom-designed target-specific TagMan probes quenched with
TAMRA and labelled with FAM (Sigma-Aldrich). B-actin served as a
housekeeping gene. All measurements were performed in duplicate.
The differencein the CT values between the individual measurements
did notexceed 0.5 amplification cycles. The combinations of primers
and probes used to detect B-actin, integrins, cytokines, chemokines,
chemokine receptors, cyclins and egression factors have previously
been described'>”*". To detect the expression of tight junction genes,
adhesion molecules, type I IFN-regulated genes and M2 macrophage
markers the following combinations of primers and FAM-5"-3-TAMRA
probes were designed and tested:

Vcam1I: Forward: ACATGAGGGTGCTCC TGTGA; Reverse: GGTGG
CATTTCCCGA GAGGA; Probe: TGTGCCAGCGAGGGT CTACC
AGCTCCT. Icam: Forward: GGAGACAGCAGACCACTGTGCTT; Reverse:
CTCGCTCTGGGAACG AATACA; Probe: ACTGTGGCACCACGC. CldnsS:



Forward: CGGGCGTCCAGAGTTCAGT; Reverse: GTCGACTCTTTCC
GC ATAGTCA; Probe: CCAGTCAAGTACTCA GCACCAAGGCGA. Ocln:
Forward: CCTAATGTGGAAGAG TGGGTTAAAAA; Reverse: GTCG
ACTCTTTCCGCATAGTCA; Probe: CACACAAGACATGCCTCCACCCCC.
Mx1:Forward: TCAATTCAG AGTTCTTCTCGAGGAT; Reverse: GGGAG
GTGAGC TCCATGGT; Probe: CCACAGTGCCCTGCTTGGCAAA. Mx2:
Forward: GAAATCTTCCA GCATCTGAATGC; Reverse: AAATACTGGATG
ATC AATGGAATGTG; Probe: TACCGCCAGGAGGCTCACAACTGC.
Rsad2:Forward: TTCCACACGGCCAAGACA; Reverse: ATACCAGCCTG
TTTGAGCAGAAG; Probe: CCTTCGTGCTGCCCCTGGAGG; Irf8: TGGTG
ACTGGGTATACTGCCTATG; Reverse: TGCCCCCGTAGTAAAAGTTGA;
Probe: CGCACACCATTCAGCCTTATCCCAG; Irf7:Forward: ACTTAGCC
CGGAGCT TGGAT; Reverse: GCACTGCTGAGGGTCACTTCT; Probe:
TACAACTGGCCC AGCTCTGGAGAACAG. Oasla: Forward: GCGTCT
GACTTGCCCTTGAG; Reverse: CGAGATACTGTCCACCCAGTGA; Probe:
CCTTTGCCTGAGGAGCCACCCTTC. Rtl-Ba:Forward: GGTTGAGAACAG
CAAGCCAGTC; Reverse: GGTGAGGTAAGCCATCTT GTGG; Probe: TGAG
ACCAGCTTCCTTTCCAACCCTGA. B2M:Forward: TCAGAAAACTCCCC
AAATTCAAG; Reverse: GACACGTA GCAGTTGAGGAAGTTG; Probe:
ACTCTCGCCATCCACCGGAGAATG. /l6st: Forward: ATCAATTTTG
ACCCCGT GGAT; Reverse: TGGATAATTCTTCTGAGTTGGTCACT;
Probe: AAGTGAAA CCCAGCCCACCTCATAATTTGT. Argl: Forward:
GAAAGTTCCCAGATGTACCAGGAT; Reverse: AGCCGATGTACACGATG
TCCTT; Probe: CTGGGTGACCCCCTGCATATCTGC; Mrcl: Forward:
CTGCAAAAAATCAGACGAAATCC; Reverse: TGTAGTAACAGTGGCC
GTGGAA; Probe: TACGGAACCCCCACAGCTGCCTG. Mrc1:Forward:
CTGCAAAAAATCAGA CGAAATCC; Reverse: TGTAGTAACAGTGGCC
GTGGAA; Probe: TACGGAACCCCC ACAGCTGCCTG. Ifnb1: Forward:
GCGTTCCTGCTGTGCTTCTC; Reverse: TGCTAGTGCTTTGTCGGAACTG;
Probe: CACTGCCCTCTCCATCGACTACAAGCAG.

RNA extraction, cDNA library preparation and RNA sequencing

RNA extraction, cDNA library preparation, and RNA sequencing
(RNA-seq) were performed as described™*® at the Transcriptome and
Genome Analysis Laboratory (TAL) of the University Medical Center
Gottingen. For T cell sequencing, total RNA was isolated from Ty,
cellsretrieved fromthe lungs of neomycin- or PBS-treated rats on day
Oanddaylafterintratrachealimmunization. Three different biological
replicates were prepared for each sample. For each replicate, around
20,000 Ty cellssorted from4 to Srats with a purity greater than 98%
were pooled. To address changes in the CNS expression profile after
antibiotic treatments, total RNA from total spinal cord tissue or from
spinal-cord-derived CD45"°*CD11b* microglial cells was isolated from
rats that were intratracheally treated for 7 days with neomycin (1 mg
per day), vancomycin (1 mg per day) or PBS. Three and five different
biological replicates were prepared for total spinal cord and microglia
samples, respectively. For each replicate, spinal cord samples of four
tofiverats were pooled. Between 20,000 and 40,000 cells were sorted
from each pooled microglial sample with a purity greater than 98%.
Library preparation for RNA-seq was performed using the TruSeq RNA
Sample Preparation Kit (Illumina) starting from at 300 ng of total RNA.
Single read (45-bp) sequencing was conducted using a HiSeq 2000
(INumina). lllumina BaseCaller software was used to transform fluo-
rescence images into BCL files. Samples were demultiplexed to FASTQ
files with CASAVA. FastQC software was used to check the sequencing
quality. Sequences were aligned to the Ensembl reference genome of
Rattus norvegicus allowing for 2 mismatches within 45 bases. Quanti-
fication of gene expression was done with the feature Countsprogram
(v.1.5.1). Samples were subjected to differential expression analysis
with DESeq2% (v.1.14.1). Gene annotation was performed using Rat-
tus norvegicus entries from Ensembl. For analysis of Ty, cells in the
lung, genes with a minimum of one fold change and false discovery
rate (FDR)-adjusted P < 0.05were considered differentially expressed.
For the analysis of sorted microglia and spinal cord, in which low dif-
ferences in expression level were expected, genes with a minimum

of 0.5-fold change and FDR-adjusted P < 0.05 were considered differ-
entially expressed. KEGG pathway and GO term enrichment analysis
were performed using the Database for Annotation, Visualizationand
Integrated Discovery (DAVID)®°.

Invitro activation of microglia

Microglial cells were isolated from the spinal cords of PBS- or
neomycin-treated rats using athree-phase Percoll density gradient as
described™®, Inbrief, the spinal cord parenchyma was passed through a
cellstrainer (40 pm) and washed once with PBS. Microgliawereisolated
from the 75%/50% isotonic Percoll interphase and washed once with
PBS. Microglia from at least six rats per group were pooled. A total of
10,000 microglia per well were plated in flat bottom 96-well plates in
50 pl DMEM-based medium containing 1% rat serum. Another 50 pl of
the above medium containing different concentrations of recombinant
ratIFNywere added to each well, resulting in final concentrations of 0,1,
10 and 100 ng mI™ IFNy. Before transfer, the microglia of each well were
centrifuged at1,500g for 4 minat4 °Cand the pellet was resuspended
in300 pl TRIreagent (Merck) and 1 pl glycogen (Roche). The samples
were stored at —80 °C until further processing.

Invivo activation of microglia by intrathecal delivery of
cytokines

For T-cell-independent activation of the microglia, rats were intra-
venously treated with PBS or neomycin. Seven days later, a cytokine
mix (volume: 30 pl) composed of IFNy (250 ng) and TNF (250 ng) was
injectedinthe cisternamagna of anaesthetized rats. Rats were analysed
4and18 hafterintrathecal injection. The cytokines IFNy and TNF were
selected because of their essential role in triggering CNS autoimmunity
inrats™%. The final cytokine dose and the analysis time points were cho-
senonthebasis of preliminary experiments (datanot shown) in which
the cytokines were titrated and their effect on the CNS was measured
atdifferent time intervals after injection.

Histology and immunohistochemistry

Rats underwent treatment with PBS or neomycin for 7 days before
intracardial perfusion with cold saline solution (10 min) followed by
a cold fixative containing 4% PFA (15 min). Samples were post-fixed
in the same fixative for 24 h and then equilibrated in a 30% sucrose
solution. Thereafter, brains and spinal cords were embedded in cryo-
protectant and stored at -20 °C. Brains and spinal cords were cut into
50-um-thick coronal sections (brain coordinates from bregma: -1.92
to-3.72, spinal cord: L1to L6) using acryostat (Leica) and stored in PBS
at4 °Cuntil further use.

The sections were permeabilized and washed in PBS containing 0.3%
Triton X-100. The blocking was performed with serum (5%) from the sec-
ondary antibody host(s) for 1.5 hatroom temperature. Thereafter, the
slices wereincubated with the primary antibodies inblocking solution
(5%) for48 hat 4 °C. This step was followed by an overnightincubation
at4 °Cwiththesuitable fluorophore-conjugated secondary antibodies
inblocking solution (3%). The sections were then mounted on Super-
FrostPlus Slides (Thermo Fisher Scientific) with Fluoromount-G (South-
ern Biotech). For microgliaanalysis (brain and spinal cord), anti-IBA-1
(1:500; rabbit; polyclonal; Wako 019-19741) and Rhodamine Red-X
(RRX) anti-rabbit (1:200; donkey; polyclonal; Jackson 711-295-152) were
used as first and secondary antibody, respectively.

Images were acquired with a Zeiss Laser Scanning Microscope 710
(Carl Zeiss) controlled by Zeiss ZEN 2012 SP2 v.2.1software (Carl Zeiss)
equipped with UV-diode for DAPI, a488 nm Argon laser, a 561 nm DPSS
laserand a 633 nmHeNelaser. Lasers were routed through a40x 0il NA1.3
immersion objective Plan Apochromat objective (Carl Zeiss). The pin-
holesize was set to 50 pm. A z-step size between 0.5and 1 um was chosen
for optimal z-resolution. Morphological analysis and three-dimensional
reconstruction of microgliawas performed using Imaris 8.0.1software
(Bitplane AG) as described™. Confocal z-stacks were smoothed with both
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Median and Gaussian filters. Single cells were rendered by first using
the filament tool to reconstruct the processes and later the surface
tool torender the cell body. The 3D-rendered images served for the
quantitative analysis of morphological parameters.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (v.6-8; Graph-
Pad) and Microsoft Excel (2010 and 2016; Microsoft). Unless indicated
otherwise, dataarerepresented asmean + s.e.m. (standard error of the
mean). The statistical significance is reported inthe figures. The statisti-
caltests that underlie the data analysis are stated in the corresponding
figurelegends. Inbrief, Gaussian distribution of independent datasets
was tested using a Kolmogorov-Smirnov test with Lilliefors’ correction.
For comparing two datasets, statistical significance was determined by
unpaired two-tailed ¢-test in the case of Gaussian and Mann-Whitney
test in the case of non-Gaussian distribution. For comparing more
than two datasets, statistical significance was determined by one-way
ANOVA with Tukey’s multiple comparisons test in the case of Gaussian
and Kruskal-Wallis test with Dunn’s multiple comparisons test in the
case of non-Gaussian distribution. In the case of the number of animals
per experiment not being sufficient to test for normality, Gaussian
distribution was assumed unless differently indicated. Significance
levels were set as *P < 0.05, **P < 0.01, **P < 0.001.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

RNA-seq datasets have been deposited online in the Gene Expres-
sion Omnibus (GEO) and BioProject with accession codes GSE191287,
GSE192411and PRJNA789820. Source data are provided with this paper.
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Extended DataFig.1|Establishmentofalung EAEmodel and targeted
manipulation ofthe lung microbiome. a, Lung EAE. Rats were intravenously
(i.v.) transferred with resting T,z cells and 6 hlater were intratracheally (i.tr.)
immunized with CFA £ MBP. Clinical parameters: Body weight change (lines)
and clinical scores (bars) over the EAE course, incidence (%), onset (days after
immunization), peak score, cumulative score. Mean +s.e.m. Representative
dataof3independent experiments.n =4 (-MBP); n=5 (+MBP).ND, not
determinable.b-e, I.tr.neomycin (Neo) treatment does not change the lung
immune cell composition. Lung samples were isolated fromratsi.tr. treated for
7 dayswith PBS or neomycin.b, Number ofendogenous aTCR* CD4"and CD8*
Tcells, CD45RA"Bcells, CD11b* ED9" interstitial macrophages, CD11b* ED9* M®
(alveolar macrophages and infiltrating monocytes) and RP3" neutrophils. Flow
cytometry. Meants.e.m.c, Percentage expression of FoxP3,IFNyandIL17in
endogenous affTCR"CD4"and CD8* T cells. Flow cytometry. IFNyand IL17 were

analysed insteady state condition and upon stimulation with PMA and
Ionomycin (PMA/I). Meants.e.m.d, e, Corresponding surface expression of
theactivation markers CD134 (OX40) and CD25 (IL2R) by flow cytometry (d)
and expression of the indicated cytokines measured by quantitative PCR (e)
Mean ts.e.m.b-e, Cumulative data of 2independent experiments. n =5 (all
groups). f, L.tr. treatment for 7 days with PBS or neomycin does not change MHC
expressioninlungimmune cells. Expression of the indicated genesin total
lung, pulmonary stromal cells (CD45), as well as lymphoid (CD45* CD11b") or
myeloid (CD45* CD11b*) hematopoietic pulmonary cell populations.
Quantitative PCR. Housekeeping gene: 3-actin. Mean +s.e.m. Cumulative data
of3independent experiments. n=9-14 (PBS); n=8-12 (Neo) per condition.
a-f, Statistical significance determined by unpaired two-tailed t-test (Gaussian
distribution) and Mann-Whitney test (non-Gaussian distribution).*P < 0.05,
**P<0.01,***P<0.001.
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Extended DataFig.2|Neomycintreatmentoutside the lung does not affect
CNS autoimmunity. a, b, Oral treatment with neomycin does notameliorate
EAE.a, Left, PCA of the microbiota composition of faecal samples from rats
that were orally treated with neomycin (1 or 10 mg) or PBS for 7 days. Middle,
corresponding Shannon and phylogenetic diversity indices. Right,
quantification of bacterial abundance based on tufgene expression vial6S
rRNA-based quantitative PCR.Mean t s.e.m. Cumulative dataof 2independent
experiments.n = 6 (allgroups). b, Clinical parameters observed in lung EAE of

rats pre-treated orally with PBS or neomycin (1or 10 mg) for 7days. Mean +s.e.m.

Cumulative dataof 2independent experiments.n=8 (PBS,1mgNeo);n=7

(10 mgNeo).c,d,l.tr.neomycin treatment does not affect Ty, cell
proliferation and effector function. ¢, Quantification of Ty, cells cultured in
presence of neomycin at the indicated concentrations. Flow cytometryon D2,
D3 and D4 after antigen challenge. Representative data of 2independent
experiments.n =3 (allgroups).d, Clinical outcome of EAEinduced by transfer

of Tygp cells previously stimulated in vitro in presence of neomycinat the
indicated concentrations. Clinical parameters. Mean + s.e.m. Representative
dataof3independent experiments.n =3 (both groups). e, f, Subcutaneous
(s.c.) treatment with neomycin does not affect EAE. e, Lung EAE wasinduced in
ratss.c. pre-treated for 7 days with PBS or neomycin. Clinical parameters. Mean
+s.e.m.Representative dataof 3independent experiments.n =5 (bothgroups).
f,Ratss.c. pre-treated for 7 days with PBS or neomycin werei.v. transferred with
resting Tygp cells. 6 hlater, they were s.c.immunized with MBP. Clinical
parameters. Mean +s.e.m.Representative dataof 3independent experiments.
n=3(bothgroups).a-d, Statistical significance determined by one-way
ANOVA with Tukey’s multiple comparisons test (Gaussian distribution) and
Kruskal-Wallis test with Dunn’s multiple comparisons test (non-Gaussian
distribution). e, f, Statistical significance determined by unpaired two-tailed
t-test (Gaussian distribution) and Mann-Whitney test (non-Gaussian
distribution).*P<0.05,**P< 0.01,***P< 0.001.
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Extended DataFig. 3 | Lung dysbiosis does not modify T cell activationand
expression profileinthelung.a-e, Lung EAEwasinducedinratsthat were
pre-treatedi.tr. with neomycin or PBS for 7 days. a, Lungimmunization induces
reprogramming in the gene expression profile of Ty, cells. Volcano plots
depicting the differential gene expression profiles of lung-derived Ty, cells
from PBS- (left) or neomycin- (right) pre-treated rats between D1and DO after
immunization. Red and blue dots represent significantly up- or downregulated
genes (P<0.05), respectively. Indicated are representative genesinvolved in
celldivisionand cell cycle. b, ¢, Genes differentially expressed after
immunization are mainly involvedin cell cycle. b, Significantly regulated KEGG
pathways for genes upregulated between D1versus DO afterimmunizationin
Twep cellsisolated from lung of PBS- (left) or neomycin-treated (right) rats.

Bold, pathways significantly enriched inboth treatments. ¢, Heat map of the

50 most upregulated genes in D1 versus DO afterimmunizationin PBS-and
neomycin-treatedrats.d, Lungimmunization does not change effector T cell
differentiation. Total reads of transcription factors, cytokines and chemokine
receptorsin Tygpcellsisolated from lung of PBS- or neomycin-treated ratson
DO and D1afterimmunization Mean +s.e.m.n =3 (allgroups).e, l.tr.neomycin
treatment does notimpair Ty, cell activation and migratory program. Relative
expression of chemokine receptors and genesinvolved in cell cycle and cell
egressin Ty;gp cellsisolated from the lung of PBS- or neomycin-pre-treated rats
on D1 afterimmunization. Quantitative PCR. Mean +s.e.m. Representative
dataoftwoindependent experiments.n=3 (PBS); n=4 (Neo) per condition.

d, e, Statistical significance determined by unpaired two-tailed ¢-test. *P < 0.05.
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Extended DataFig. 4 |Lung dysbiosis does notimpair the lungimmune
response afterimmunization butimpairs grey matter autoimmunity.
a-f,Lung EAEwasinducedinrats pre-treatedi.tr. with PBS or neomycin.
Characterization of the lungimmune milieu was performed 24 h afteri.tr.
immunization.a, Lung EAE wasinduced inrats that were pre-treatedi.tr. with
neomycin or PBS for 7 days. b-d, Lung microbiome dysbiosis does notimpair
local T cellresponses. b, Absolute numbers of Ty, cells and endogenous
oBTCR'CD4"and CD8" T cells. Flow cytometry. ¢, Corresponding percentage
expression of FoxP3 and proinflammatory cytokines in stimulated (PMA/I) or
non-stimulated T cell subsets. Flow cytometry. Representative data from 2
independent experiments. n=>5 (all groups). d, Relative expression of the
indicated T cell lineage-signature cytokinesineach T cell subset. Quantitative
PCR.Housekeeping gene: B-actin. Mean +s.e.m.b-d, Representative data from
2independent experiments.n =5 (all groups). e, f, Lung microbiome dysbiosis
does notimpair local myeloid cell responses. e, Absolute number of CD11b*
ED9 interstitial macrophages, CD11b* ED9*M® and RP3* neutrophils. Flow
cytometry.f, Corresponding expression of chemokines, iNOS (Nos2), MHC-11
(Rt1ba) and M2 macrophage markers. Quantitative PCR. Housekeeping gene:

B-actin.e-f,Mean = s.e.m.Representative dataof 2independent experiments.
n=5(allgroups).g, h, Lung dysbiosis prevents Ty, cell entryinto the CNSand
ameliorates peripheral EAEinduced by s.c.immunization. Rats werei.tr.
treated with neomycin or PBS for 7 days. Subsequently, they werei.v.
transferred with resting Ty cellsand s.c.immunized with MBP. g, Clinical
parameters. Mean +s.e.m.Representative dataof 3independent experiments.
n=4(bothgroups).h, Number of Ty, cellsdetected in theindicated organs by
flow cytometry on D11 afterimmunization. Mean + s.e.m. Representative data
of3independent experiments.n =3 (bothgroups).i,j, I.tr.neomycin treatment
reduces Tygyycell entry in the brain and ameliorates autoimmune grey matter
disease. Grey matter autoimmunity was induced inrats pre-treated with
neomycin or PBS by transfer of Tgyy cells. i, Clinical parameters. Mean +s.e.m.
Cumulative dataof2independent experiments.n =6 (both groups).
j,Quantification of theindicated immune cell subsetsinblood or brainon D5
after transfer. Flow cytometry. Mean +s.e.m. Representative data of 2
independent experiments. n=4 (both groups). b-j, Statistical significance
determined by unpaired two-tailed t-test (Gaussian distribution) and Mann-
Whitney test (non-Gaussian distribution).*P < 0.05,**P< 0.01, ***P<0.001.
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Extended DataFig. 5| Lung dysbiosis affects neither T celland endothelial
cellinteractions at the CNS borders nor thebarrierintegrity.a, b, L.tr.
neomycin treatment does notinfluence the expression of either chemokine
receptorsoradhesion moleculesin Ty, cells. Lung EAE or transfer EAE
wereinducedin PBS- or neomycin-pre-treated rats.a, Chemokine receptorand
integrin expressionin Ty cellsisolated from blood on D5 afterimmunization
(lung EAE, n=5 per condition) or D4 after transfer (transfer EAE,

n=4percondition). Quantitative PCR. Housekeeping gene: 3-actin. Mean +s.e.m.

Representative dataof2independent experiments. b, Corresponding protein
expression of LFA-1and VLA-4. Flow cytometry. Representative data of 2
independent experiments. c,d, I.tr.neomycin treatment does not affect T cell
motility at the CNS borders. Tygp (€) Or Toya (d) cells were i.v. transferred into
rats pre-treated with PBS or neomycin. ¢, Intravascular Ty, cell motility was
recordedintheleptomeningesby TPLSM on D2.5 post transfer. Depicted are
representative time-projectionimages over a period of 30 min, percentage of
crawling versus rolling cells (n = 8 videos per group) and quantification of the
indicated motility parameters. Number of analysed T cellsisindicated.

Mean +s.e.m. Representative dataof 2independent experiments. n=2-4 (both
groups). Turquoise, Tygp cells; Red, 70 kDa Texas Red Dextran labelled vessels;
Blue, Collagen.d, Intravascular (upper panel) and extravascular (lower panel)
Tova cell motility was recorded in the leptomeninges by TPLSM on D3 and D4
post transfer, respectively. Time projectionimages over a period of 30 min,
percentage of crawling versusrolling cells (n = 9 videos per group) and
intravascular and extravascular motility parameters derived from the
indicated number of T cells. Mean + s.e.m. Turquoise, Toy, cells; Red, 70 kDa

Texas Red Dextranlabelled vessels; Blue, Collagen. e, I.tr.neomycin treatment
does notaffect Ty, cell diapedesis. Intravital TPLSM overviews and
corresponding magnified pictures depicting the distribution of Ty, cells
(turquoise) in the leptomeningeal milieu at the indicated time points post
transfer in PBS- or neomycin- pre-treated rats. Red, 70 kDa dextran Texas-Red
labelled vessels; Blue, Collagen. Arrows, Representative Ty, cells. Graph,
Corresponding quantification of Toy, cellsin the extravascular environment.
Eachdotrepresentsasingle 30 minvideo. Mean + SEM. Representative data of
twoindependentexperiments.n =8 (bothgroups).f,I.tr.neomycin treatment
does not change the expression of tight junction molecules and integrin
ligands. Expression of the indicated genesin endothelial cellsisolated from
spinal cord leptomeninges and parenchyma of rats pre-treated for 7 days with
PBS or neomycin. Quantitative PCR. Housekeeping gene: 3-actin. Mean +s.e.m.
Cumulative dataof 4independent experiments.n =17-18 (allgroups). g, I.tr.
neomycin treatment does not alter the permeability of leptomeningeal vessels.
Intravital TPLSM overviews and corresponding magnified pictures of the
thoracicspinal cord recorded 7 days afteri.tr. PBS or neomycin treatment.
Images were acquired 0,30, 60 and 90 min afteri.v. injection of 3 kDa Texas Red
Dextran. No leakage of the dye was observed at any time point. Representative
images from two independent experiments. a, e, f, Statistical significance
determined by unpaired two-tailed t-test (Gaussian distribution) and Mann-
Whitney test (non-Gaussian distribution). ¢, d, Statistical significance of
percentage crawling versus rolling was determined with atwo-way ANOVA; for
the other motility parameters unpaired two-tailed t-test (Gaussian
distribution) and Mann-Whitney test (non-Gaussian distribution) were used.
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Extended DataFig. 6 | Lung dysbiosisinduces quantitative but not
qualitative changesintheimmuneinfiltratesinthe CNS. a, l.tr.neomycin
treatment reduces Ty, cell-mediated CNSinflammation. Expression of iNOS
(Nos2), MHC-11 (Rt1ba), chemokines, proinflammatory cytokines and
regulatory genesin total spinal cord at theinitiation stage of the EAE (i.e.24 h
after the onset of the clinical symptoms). Quantitative PCR. Housekeeping
gene: B-actin. Mean+s.e.m.n=11(PBS); n=9 (Neo).b, c, Tcell responsesinthe
CNSare not affected by lung dysbiosisin transfer EAE. EAE wasinducedinrats
pre-treatedi.tr. with neomycin or PBS by transfer of Ty, cells. Immune cell
characterization was performed at the initiation stage of the disease.

b, Percentage of Ty, cells, endogenous aBTCR* CD4*and CD8' T cells
expressing FoxP3 and proinflammatory cytokines (steady state and PMA/I-
stimulated conditions) inthe CNS and in the indicated peripheral
compartments. Flow cytometry. Mean +s.e.m. Representative data of 2
independent experiments.n=>5 (all groups). ¢, Corresponding expression of
thespecified T cell lineage signature cytokinesin theindicated T cell subsets
isolated from the spinal cord. Quantitative PCR. Housekeeping gene: 3-actin.
Mean ts.e.m.n=2-4(allgroups).d, Myeloid cells recruited to the CNS are not
impaired by lung dysbiosis. Expression of iNOS (Nos2), MHC-11 (Rt1ba),
chemokines, M2 macrophage marker and IFNBin spleen-derived CD45"e"

CD11b*M® and in CNS-derived CD45"&"CD11b* M@ at the initiation stage of
EAE. Quantitative PCR. Housekeeping gene: 3-actin. Mean +s.e.m.
Representative dataof2independent experiments.n=3-4 (PBS);n=4

(Neo) per condition. e, T cellresponse in the CNSis not affected by lung
dysbiosisalsoinlungactive EAE. Lung EAE wasinduced inrats pre-treatedi.tr.
withneomycinor PBS.Immune cell analysis was performed at the initiation
stage of the disease. e, Percentage of Ty, cells, endogenous afTCR* CD4 " and
CD8' T cells expressing FoxP3 and proinflammatory cytokines (steady state
and PMA/I-stimulated conditions) inthe CNSandin theindicated peripheral
compartments. Flow cytometry. Mean +s.e.m. Representative data of 2
independent experiments. n=>5 (all groups). f, Corresponding expression of
thespecified T cell lineage-signature cytokines measured asin c. Quantitative
PCR.Mean +s.e.m.n=2-5(allgroups). g, Myeloid cells recruited to the CNS are
not functionally impaired. Expression of the indicated genes measuredasind
inspleen-derived CD45"¢" CD11b* M® and in CNS-derived CD45"&" CD11b* M®.
Quantitative PCR. Mean +s.e.m. Representative data of 2independent
experiments. n=2-5 (allgroups). a-g, Statistical significance was determined
by unpaired two-tailed t-test (Gaussian distribution) and Mann-Whitney test
(non-Gaussiandistribution).*P < 0.05,***P<0.001; ND, not detected.
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Extended DataFig.7 | Lungdysbiosisinduces changesin microglial
morphology and expression profile. a, I.tr.neomycin treatment dampens
microglial responsein EAE. EAEwasinducedinrats pre-treatedi.tr. with
neomycin or PBS by transfer of Ty, cells. Confocal images acquired in spinal
cord white matter and grey matter depicting the morphology of Ibal* microglia
(red) atthe peak of EAE. b, ¢, PLX3397 ameliorates EAEbut does not add to the
disease-ameliorating effects of i.tr. neomycin treatment. b, Quantification of
CD45"" CD11b* microgliain the brain after 7 days of oral treatment with
PLX3397 or vehicle. Flow cytometry. Mean +s.e.m. Cumulative data of
3independentexperiments.n =9 (bothgroups).c, Rats were treated orally
with PLX3397 or vehicle and i.tr. withneomycin or PBS. After 7 days EAE was
induced by transfer of Ty, cells. The treatments were continued throughout
the entire disease course. Clinical parameters. Mean + s.e.m. Cumulative data
of2independent experiments.n =10 (vehicle and PBS, vehicleand Neo); n=9
(PLXand PBS); n=11(PLX and Neo).d, I.tr.neomycin treatment does notinduce
quantitative microgliachanges. Rats were treated i.tr. with PBS or neomycin for
7 days. Histological quantification of Ibal* microgliain the grey matter of the
spinal cord (n=5(PBS); n=6 (Neo)), and cytofluorometric quantification of
CD45*CD11b* microgliain the spinal cord (n=10 (PBS); n=9 (Neo)). Mean+s.e.m.
e, f,1.tr.neomycin treatment changes microgliamorphology in spinal cord and
brain cortex without EAE induction. Rats were treated i.tr. with PBS or
neomycin for 7 days. e, Quantification of theindicated morphological
parameters extracted from confocal images of microgliain the spinal cord of
PBS-or neomycin-pre-treated rats. Mean = s.e.m. 16 cells from 3 different

rats per group were analysed. f, Ibal* microgliain cortical grey matter after

7 days of i.tr. treatment with PBS or neomycin. Representative confocal
3D-reconstructions and corresponding morphological parameters derived
from13cells from 3 different rats per group. Mean +s.e.m. g, l.tr.neomycin
treatmentinducesatypelIFNsignature in spinal cord microglia. Significantly
enriched (P<0.05) GO terms belonging to biological processes (BP) ingenes
upregulated in microglia of rats treated withneomycin compared to PBS. h, L.tr.
neomycin treatmentinduces type I IFN-stimulated gene expressionin brain-
derived microglia. Differential expression of the indicated genes in microglial
cellssorted fromthebrain of rats pre-treated with PBS or neomycin.
Representative dataof 2independent experiments. Quantitative PCR.
Housekeeping gene: B-actin. Mean +s.e.m.n =5 (bothgroups).i, l.tr.neomycin
treatmentinduces upregulation of typel IFN-stimulated genesinthe total
spinal cord. Comparison of differential gene expression between neomycin-
and PBS-treated rats. Light red dots, genes significantly upregulated (P < 0.05)
butbelow the 0.5-fold change cut-off. Type I IFN-regulated genes are indicated.
Bold, genes upregulatedinboth spinal cord and sorted microglia (Fig. 4b).
j,Lungdysbiosis does notinduce ashifttoatypelIFN profilein astrocytes.
Expression of type I IFN-regulated genes, 2MG (B2m), MHC-II (Rt1ba), and
TNF. Note that no signal was detectable in most of the samples. Cumulative
dataof2independent experiments.n =6 (PBS); n=7 (Neo) per condition.

b,d, e, h,j, Statistical significance determined by unpaired two-tailed t-test
(Gaussiandistribution) and Mann-Whitney test (non-Gaussian distribution).
¢, Statistical significance determined by one-way ANOVA with Tukey’s multiple
comparisonstest.*P<0.05,**P<0.01,***P< 0.001;ND, not detected.
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Extended DataFig. 8 | Effects of lung dysbiosis on microgliaand thelung
milieu. a, I.tr.neomycin treatment reduces microglial reactivity towards
inflammatory cytokinesinthe CNS. Rats werei.tr. treated daily with neomycin
or PBS. After 7 days, PBS or TNF & IFNy were administered intrathecally (i.th.).
Percentage of MHC-1I' CD45"" CD11b* microgliaand number of CD45"¢" CD11b*
M inspinal cordand brain4 hand 18 hafteri.th.injection. Flow cytometry.
Mean ts.e.m. Representative datafrom 3 independent experiments. For each
CNS compartment, n=4 (PBSand PBS); n=5(PBSand TNF & IFNy);n=3

(Neo and PBS); n=5(Neo and TNF &IFNy). b, Lung dysbiosis impairs the
capacity of microgliato respond to proinflammatory stimuliin vitro.
Microglial cells, isolated fromrats treated for 7 days with PBS or neomycin,
were stimulated in vitro withincreasing doses of IFNy. Expression of
chemokines, cytokines 2MG (B2m), MHC-I1 (Rt1ba) and iNOS (Nos2) 4h after
stimulation. Quantitative PCR. Representative data of 2independent
experiments. Each value represents the pooled microglia of at least 6 rats per
group.c, Oraladministration of inactivated P. melaninogenica does not affect EAE.
EAE was induced by transfer of Ty cells. Clinical parameters after daily

cells cells

oraltreatmentstarted 7 days before Ty, cell transfer and continued
throughout the entire disease course. Mean +s.e.m. Cumulative data of
2independentexperiments.n=>5 (PBS); n =4 (P. melaninogenica).d, Neomycin
treatmentincreases pulmonary LPS. Concentration of LPSin BALF of rats
treated for 7 days with PBS, neomycin or vancomycin (Vanco). ELISA.

Mean ts.e.m. Cumulative dataof 2independent experiments.n=9 (PBS);n=6
(Vanco); n=8(Neo).e, NeomycintreatmentinducesashifttoatypelIFN
phenotype in pulmonary immune cells. Expression of type I IFN-stimulated
genesin pulmonary stromal cells (CD45°) and immune cell subsets in PBS- or
neomycin-pre-treated rats. Quantitative PCR. Housekeeping gene: 3-actin.
Mean +s.e.m. Cumulative data of 3independent experiments. n =4-13 (PBS);
n=4-11(Neo) per condition.a, c, e, Statistical significance determined by
unpaired two-tailed t-test (Gaussian distribution) and Mann-Whitney test
(non-Gaussian distribution). d, Statistical significance determined by one-way
ANOVA with Tukey’s multiple comparisons test.*P< 0.05,**P< 0.01,
***P<0.001.
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Extended DataFig.9|Vancomycindoesnotinduce ashift towards LPSand
does not affect CNS autoimmunity. a, b, Vancomycin does notincrease LPS
producing phylainthelung microbiota. a, Average relative abundance of
bacterial phyla of lung microbiotainrats treated with PBS or vancomycin for

7 days.b, Corresponding heat map depicting the most regulated inhabitants of
lung microbiota at family level. ¢, d, I.tr. vancomycin treatment does not affect
the microglial gene expression profile. ¢, Volcano plots depicting the
differential expression profile between vancomycin- and PBS-pre-treated rats
inspinal cord derived CD45"" CD11b* microglia or in total spinal cord.

d, Expression of type I IFN-regulated genes in CD45'* CD11b* microglial cells
isolated from the spinal cord of rats pre-treatedi.tr. for 7 days with PBS or
vancomycin. Quantitative PCR. Please note that the experiment was performed
inparallel with the one depicted in Fig.4c and therefore the valuesin the PBS
group arethe same. Housekeeping gene: B-actin. Mean +s.e.m. Cumulative
dataof3independent experiments.n=5-12 (PBS); n = 5-11(Vanco) per

condition. e, f, I.tr. vancomycin treatment does not affect transfer EAE or EAE
inducedviathelung.e, Transfer EAE wasinduced inrats pre-treatedi.tr. with
PBS or vancomycin for 7 days. Clinical parameters. Mean +s.e.m.
Representative dataof3independent experiments. n= 6 (both groups).
f,Lung EAEwasinduced inrats pre-treatedi.tr. with PBS or vancomycin for

7 days. Clinical parameters. Mean = s.e.m. Representative dataof 3independent
experiments.n =3 (both groups). g, Oral treatment with vancomycin does not
affect EAE. Transfer EAE wasinduced inrats pre-treated orally with PBS or
vancomycin for 7 days. Clinical parameters. Mean + s.e.m. Cumulative data of
2independentexperiments.n =8 (PBS); n=8 (1mgVanco); n=7 (10 mg Vanco).
d-f, Statistical significance determined by unpaired two-tailed t-test (Gaussian
distribution) and Mann-Whitney test (non-Gaussian distribution).

g, Statistical significance determined by one-way ANOVA with Tukey’s multiple
comparisonstest.*P<0.05,**P<0.01,***P<0.001.
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Extended DataFig.10|LPSregulates EAE severity. a, I.tr. treatment with
polymyxin Baggravates EAE. Transfer EAE wasinduced inrats pre-treated i.tr.
for 7 days with polymyxin B or PBS. Clinical parameters. Mean +s.e.m.
Cumulative dataof 3independent experiments. n=11(PBS); n =14 (polymyxin B).
b, I.tr.treatment with E. coli LPS ameliorates EAE. Transfer EAE was induced in
rats pre-treated dailyi.tr. for 7days with LPS or PBS. The treatment was continued
throughout the entire disease course. Clinical parameters. Mean +s.e.m.
Cumulative dataof2independent experiments.n =8 (both groups).
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c,I.th. E.coliLPS administration ameliorates EAE. EAE was induced by transfer
of Tygp cells. LPS was administered on DO, D2 and D4 after transfer. Clinical
parameters. Mean +s.e.m. Representative dataof 2independent experiments.
n=>5(bothgroups).d, Graphical abstract: Lung microbiota controls the
immunereactivity ofthe CNSinsteady state conditionandin the case of
autoimmunity. Created with BioRender.com. a-c, Statistical significance
determined by unpaired two-tailed t-test (Gaussian distribution) and Mann-
Whitney test (non-Gaussian distribution). *P<0.05,**P < 0.01, ***P < 0.001.
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whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.
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Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.
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Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
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Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale | /ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.
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Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms
Human research participants
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Antibodies

Antibodies used The following anti-rat mAbs were used for surface staining: abTCR-AF647 (clone R73, Biolegend), CD45RA-PE (clone OX-33;
Biolegend), CD8a-FITC (OX-8; Biolegend) and CD8a-PerCP (BD Biosciences), CD4-PE/Cy7 and CD4-PE/Cy5 (Clone W3/25; both BD
Biosciences), CD134-BV421 (Clone OX40, BD Biosciences), CD25-PE (Clone OX39 Biolegend), CD62L-PE (clone OX85, Biolegend),
LFA-1-APC (integrin al, clone WT.1, Serotec), VLA-4-APC (anti-CD49d, clone TA-2, Sigma-Aldrich), CD31-PE (clone TLD-3A12, BD
Biosciences), CD11b/c-PE and CD11b/c APC (clone OX-42, Biolegend), CD45-PE, CD45-AF647 and CD45-PerCP (clone OX-1; all
Biolegend), GLAST-APC (ACSA1, Miltenyi), RT1B-FITC (clone OX-6, BD Biosciences), RP3-BV421 (BD Biosciences), CD172a-FITC (Clone
EDS9, Bio-Rad). Matching directly labelled mouse IgM (clone R6-60.2, BD Biosciences), mouse 1gG-APC (Jackson) and Mouse 1gG1k
(MOPC 31C, Sigma-Aldrich) were used as isotype controls.

For intracellualr staining the following antibodies were used: rat anti-mouse anti-IL17-BV42 (clone TC11-8H4, Biolegend), mouse anti-
rat IFNy-PE (Clone DB1, Biolegend) and anti-mouse/rat/human FoxP3-PE (Biolegend).

For histological analysis anti-Iba-1 ( Rabbit; polyclonal; Wako 019-19741) and Rhodamine Red™-X (RRX) anti-rabbit ( Donkey;
polyclonal; Jackson 711-295-152) were used as first and secondary antibody, respectively.
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Validation All antibodies used in this study were from commercial vendors and were validated for the specific application
(immunohistochemistry, flow cytometry/cell sorting) by the manufacturers. The validation is reported on their websites.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) GP+E86 ecotropic retroviral packaging cell line (ATCC).
Primary Lewis rat CD4 effector T cells specific for myelin basic protein (Establishment protocol reported in METHODS).
Primary Lewis rat CD4 effector T cells specific for beta-synuclein (Establishment protocol reported in METHODS).
Primary Lewis rat CD4 effector T cells specific for ovalbumin (Establishment protocol reported in METHODS).
Primary microglial cells (Establishment protocol reported in METHODS).

Authentication No authentication was performed for GP+E86 and derivative cell lines.
For T cell lines, authentication reported in METHODS.

Mycoplasma contamination All used cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in the study
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Lewis rats on a LEW/Crl background were bred at the animal facility of the University Medical Centre Géttingen (Germany) or
obtained from Charles River (Germany). T cell receptor transgenic Lewis rat strain (ubiquitous expression of GFP-TCRa-TCRb
transgene; unknown integration site) specific for beta-synuclein antigen were previously generated in our lab (Lodygin et al., Nature
2019) and maintained at the animal facility of University Medical Center Géttingen. Male and female 6 — 10 weeks old animals were
used for all experiments. No differences between the sexes were observed.

Wild animals The study did not involve wild animals
Field-collected samples  The study did not involve samples collected from the field

Ethics oversight All animal experiments were approved by the animal welfare of Lower Saxony, Germany.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

IZ The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

X, A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

EDTA-treated blood was retrieved from the heart by cardiac puncture. Mononuclear cells were isolated by density gradient
using Lymphocyte Separation Medium (PromoCell; centrifugation settings: 30 min at 840xg and 20°). Lungs were thoroughly
and repeatedly sectioned using a tissue chopper (Mcllwain). The homogenized tissue was washed with EH. Pellets were re-
suspended and incubated with 2 mL of 0.3 % collagenase in PBS for 30 min at 37 °C under constant shaking. Subsequently,
the tissue was homogenized using a gentleMACS Dissociator (Miltenyi Biotec), forced through a cell strainer (40 um) and
washed with EH. The pellet was re-suspended in 5 mL 40 % isotonic percoll and underlayed with 5 mL 70 % percoll
(centrifugation settings: 30 min at 2000 rpm and 4°). The leukocyte-enriched interphase was then collected, washed and re-
suspended in EH medium. Spleens and lymph nodes were passed through a cell strainer (40 um), washed once with PBS and
treated with ACK-buffer for erythrocyte lysis. Parenchyma and leptomeninges of brain and spinal cord were passed through a
cell strainer (40 um) and washed once with PBS. Myelin debris was eliminated by Percoll-density gradient (centrifugation
settings: 30 min at 700xg and 4 °C). For endothelial cell isolation, spinal cords were dissected, and the meninges were
removed from the parenchyma. Spinal cord parenchyma were brought to single cell suspension using a Dounce
homogenizer. The meninges were chopped up using a razor blade. The CNS tissues were then digested with liberase (0.4 U/
mL; Roche) and DNAse | (120 U/mL; Roche) at 37 °C for 1 h with gentle pipetting of the solution every 10 min. Subsequently,
the cell suspension was passed through a 40 um cell strainer. Myelin debris was removed using a Percoll-density gradient as
described above. Single cell population were used for surface and intracellular staining.

For surface staining the cell were antibody labeled with a mix of primary antibodies described in the list above for 30 minutes
at 4°, washed by PBS and FACS-analyzed.

For intracellular detection of IFN-gamma and IL17, ex vivo isolated cells were left unstimulated or stimulated in vitro with 1
ug/mL PMA (Phorbol 12-myriytate 13-acetate, Sigma-Aldrich) and 5 uM lonomycin calcium salt (Sigma-Aldrich) for 30
minutes. Brefeldin A (5 ug/mL) was added to block cytokine secretion. Cell were cultured for further 2 h and surface stained
with anti-rat aBTCR-AlexaFluor647 (Clone R73, Biolegend), anti-rat CD4-PE/Cy7 (Clone W3/25, Biolegend) and anti-CD8a-
PerCP (Clone OX-8, Biolegend) for 30 minutes at 4°C. The cells were fixed with 2 % PFA, permeabilized with BD Perm/Wash
buffer (BD Biosciences) and stained with rat anti-mouse anti-IL17-BV42 (clone TC11-8H4, Biolegend) and mouse anti-rat IFNy-
PE (Clone DB1, Biolegend) for 45 minutes at 4°C. For intracellular staining for FoxP3 detection, ex vivo isolated cells were
surface-stained as described above, fixed and permeabilized using FoxP3/transcription factors staining buffer set
(eBioscience) following the manufacturer’s instructions and stained with anti-mouse/rat/human FoxP3-PE (Biolegend).

BD FACSCalibur, BD FACS Aria Il, Beckman Coulter CytoFLEX S

BD CellQuest Pro5.2, BD FACS Diva software or Beckman Coulter CytExpert2.3 were used for acquisition of flow cytometry
data, Flowjo-V10 and Beckman Coulter CytExpert2.3 for data analysis.

For sequencing analysis of myelin-reactive T cells retrieved from the lungs of NEO- or PBS-treated animals on DO and D1 post
i.tr. immunization 20000 cells were sorted for each replicate. Each sample was re-analysed after sorting for assessing cell
population abundance and purity. Just samples with a purity > 98% were further processed.

For sequencing analysis of total spinal cord tissue or from spinal cord derived CD45low CD11b+ microglial cells isolated from
animals treated with PBS, Vancomycin or Neomycin between 20,000 and 40,000 cells were sorted for each replicate. Just
samples with a purity > 98% were further processed.

Each sample was re-analysed after sorting for assessing cell population abundance and purity.

Gating strategy, with representative gating, is reported in Supplementary Fig. 1.
Briefly, singlets were gated using the height, area and the pulse width of the forward and side scatter. The boundaries
between "positive" and "negative" were determined by the clear cell subpopulations and unstained negative controls.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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