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SUMMARY 

 

Lung infections and smoking are risk factors for multiple sclerosis, a T-cell-mediated 

autoimmune disease of the central nervous system1. In addition, the lung serves as a niche 

for the disease-inducing T cells for long-term survival and for maturation into migration-

competent effector T cells2. Why the lung tissue in particular has such an important role 

in an autoimmune disease of the brain is not yet known. Here we detected a tight 

interconnection between lung microbiota and 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 neomycin induced a 

type I interferon-primed state in brain-resident microglial cells. Their responsiveness 

towards autoimmune-dominated stimulation by type II interferons was impaired, which 

led to decreased pro-inflammatory response, immune cell recruitment and clinical signs. 

Suppressing lipopolysaccharide-producing lung phyla by polymyxin B led to disease 

aggravation, whereas addition of lipopolysaccharide-enriched phyla or 

lipopolysaccharide recapitulated the neomycin effect. Our data demonstrate the existence 

of a lung–brain axis in which the pulmonary microbiome regulates the immune reactivity 

of the central nervous tissue and thereby influences its susceptibility to autoimmune 

disease development.   
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MAIN 

Autoimmune processes of the central nervous system (CNS) not only depend on local 

conditions in the nervous tissue itself, but are also controlled by peripheral organ systems. Of 

the latter, the lung seems to have an important role. Smoking and lung infections substantially 

increase the likelihood of multiple sclerosis1. 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 cells2. The 

lung is characterized by a specialized milieu with an individual microbial flora. This pulmonary 

microbiota contributes to the regulation of local immune responses in pathological processes 

such as asthma, idiopathic pulmonary fibrosis or tumour3,4. We here wanted to find out if 

autoimmune 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 established a rat model of lung-experimental autoimmune 

encephalomyelitis (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 (TMBPcells) and then, 6 hours later, immunized 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 ʻclassical EAEʼ (Fig. 1b).  

Neomycin applied this way should only act locally 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 significantly influence immune 
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responses, including autoimmune processes of the CNS5-9. However, analyses of the gut 

microbiota after intratracheal treatment with neomycin did not show any significant changes in 

diversity or abundance of the commensal gut bacterial strains (Fig. 1c). Moreover, a direct 

application of neomycin into the gastrointestinal tract at the dose used for the intratracheal 

applications induced only minimal changes in the gut microbiome and, importantly, was not 

sufficient to ameliorate clinical EAE (Extended Data Fig. 2a, b). At 10-fold higher doses of 

neomycin, changes in the 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 a 

direct suppressive effect on the effector T cells rather than by its antibiotic potential. However, 

even exposing T cells to 10-fold-higher concentrations of neomycin than used in our in vivo 

applications did not influence their proliferation or their encephalitogenic potential (Extended 

Data Fig. 2c, d). Furthermore, the presence of the lung microbiota was essential for the 

neomycin effect; application of neomycin in a location that lacks a microbial environment—

that is, subcutaneous injection—did not influence EAE, regardless of whether the disease was 

induced by intratracheal or subcutaneous immunization (Extended Data Fig. 2e, f).  

 

T cell function with microbiome dysbiosis   

The data up to this point suggested that dysregulation of the local microbiota can have 

a considerable effect on the generation of autoimmune processes in the lung. To confirm this, 

we tracked fluorescently labelled effector T cells (TMBP cells)10 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 intratracheal immunization, nor was there any change in their 

consequent entry into the blood. However, there was a significant reduction of TMBP cells within 

the CNS tissue (Fig. 2a). This reduced accumulation of effector T cells within the CNS tissue 
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could not be explained by intrinsic changes in their differentiation or activation state within the 

lung. Global expression profiles of TMBP cells retrieved from neomycin-treated and control rats 

revealed that the profound transcriptional changes of TMBP cells upon immunization in both 

treated and control rats were virtually identical (Fig. 2b and Extended Data Fig. 3a-d). 

Quantitative PCR for genes that encode relevant 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 Data Fig. 4a-f). 

These data indicated that the disease-suppressing effects of the neomycin-manipulated 

lung microbiota could not be explained by an influence on the activation process of the TMBP 

cells within the lung tissue. We therefore tested whether EAE induced outside of the lung—that 

is, by subcutaneous immunization—could also be influenced by manipulating the lung 

microbiome. Indeed, this ʻperipheral EAEʼ was significantly ameliorated after treatment with 

intratracheal neomycin (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); that is, in a situation in which immunization and a consecutive activation of the T cells 

in 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 ̒ substitutedʼ the neomycin with daily intratracheal transfers of microbiota 

isolated from the bronchoalveolar lavage fluid (BALF). Notably, we observed a significant 

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 TMBP cells in the course of both peripheral 
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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 TMBP 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 

TMBP-cell-induced EAE, which preferentially affects the spinal cord white matter. An 

autoimmune disease of the grey matter of the brain evoked by transfer of beta-synuclein-

reactive T cells (TbSYN cells)11 was likewise ameliorated. Also in this set-up, the accumulation 

of pathogenic TbSYN cells in the cortical grey matter of the brain was reduced in neomycin-

treated rats, indicating that changes in the microbiome affect autoimmune responses in the 

entirety of the CNS tissues (Extended Data Fig. 4i, j).  

 

These data suggest that the manipulation of the lung microbiome does not affect the 

T-cell-triggered autoimmune process in the periphery, but rather that it has an effect at 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). TMBP 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 factors12,13. Treatment with neomycin did not 

change the expression of these relevant adhesion molecules in TMBP cells, either in active or 

transfer EAE (Extended Data Fig. 5a, b). Moreover, intravital two-photon laser scanning 

microscopy (TPLSM) revealed that TMBP cells exhibited the typical migratory pattern within 

leptomeningeal vessels (Extended Data Fig. 5c, Supplementary Video 1). To exclude any 

effects on the endothelium as a result of the different inflammatory conditions of the CNS in 

neomycin-treated versus control rats, we tracked brain-antigen-ignorant ovalbumin-specific T 

(TOVA cells). These cells also crawl within leptomeningeal vessels and transgress into the 
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leptomeningeal milieu—although to a lesser extent than TMBP cells12,14. Of note, the intra- and 

extravascular locomotion behaviour and diapedesis of the TOVA 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 regulation of genes that determine the barrier function or the adhesiveness of the 

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 microbiota influences microglia 

We next examined whether the initiation of the autoimmune process within the CNS 

tissue was changed after the neomycin treatment. Upon endothelial transmigration, TMBP cells 

become reactivated within the CNS when they re-encounter their cognate antigen presented by 

local antigen-presenting cells (APCs)14. The consecutive T cellular release of cytokines—a 

classical type II interferon (IFN)-dominated profile— stimulates resident immune-competent 

cells and thereby triggers the recruitment of peripheral immune cells that induce structural 

damage and clinical signs11,15-18. 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 a failure of the TMBP cells to become reactivated within the CNS tissue (Extended 

Data Fig. 6b, c). Neither could we find significant differences in the differentiation, relative 

numbers, or cytokine expression of recruited immune cells (Extended Data Fig. 6). As the full 

manifestation of clinical signs occurs only after a secondary glial inflammatory response, we 

speculated that the transmission of the T-cellular immune trigger within the tissue might be 

disturbed. Therefore, we next tested the functionality of microglia, the primary CNS-resident 
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immune cell population of immune cells, which can react very sensitively to T cell-derived 

stimuli19; for example, by producing proinflammatory factors, chemokines and up-regulating 

expression of MHC-II molecules20. We found that microglia in acute autoimmune lesions did 

not assume their characteristic activatory morphological transformation (Extended Data 

Fig. 7a). Furthermore, in contrast to the recruited myeloid cells, microglia showed reduced 

expression levels of CXCL9, CXCL10, CXCL11, inducible nitric oxide synthase (iNOS) and 

MHCII (Fig. 3b and Extended Data Fig. 6d). The relevance of microglia in EAE pathogenesis 

and lung microbiome regulation was further supported by treating the rats with minocycline, 

which interferes with the activation of microglia21. We in fact observed a significant 

suppression of transfer EAE after application of minocycline (Fig. 3c). Notably, pre-treating 

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 colony stimulating factor 1 receptor (CSF1R) inhibitor22 (Extended Data Fig. 7b, c). 

Although we cannot rule out that changes in the peripheral or recruited immune cells could 

contribute to the clinical effects, our data indicate that it is mainly the microglia that are 

influenced after the neomycin-induced lung microbiome dysbiosis and that mediate the altered 

autoimmune response.  

 

Even in the absence of autoimmune inflammation, 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 

significantly reduced, whereas the numbers of microglia were unchanged (Fig. 4a, Extended 

Data Fig. 7d-f, Supplementary Video 3). Global transcriptome analyses of microglia revealed 

significant transcriptional changes in a restricted number of genes; genes such as Mx1, Mx2, 

Rsad2, Oas1a and Irf7 were upregulated whereas Il6st and Irf8 were downregulated (Fig. 4b 
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and Supplementary Table 1). Gene Ontology (GO) term analysis revealed that most of the 

upregulated genes could be attributed to the type I IFN signalling pathway (Extended Data Fig. 

7g). The regulation of several of these genes was confirmed with quantitative PCR (Fig. 4c, 

Extended Data Fig. 7h). The genes that were changed in total tissue and microglia overlapped 

to a large 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 major 

immune-competent glial cell population of the CNS—did not show this shift towards a type 

I IFN signalling pathway (Extended Data Fig. 7j). 

It should be noted that a shift of microglial reactivity to a type I IFN immune reactivity 

can modulate microglial responsiveness towards the type II IFN-dominated autoimmune 

challenge23. 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 signalling24, significantly interfered with the EAE 

induction (Fig. 4d). The changed reactivity of the microglia also became evident after a direct 

intrathecal stimulation with IFN and TNF. In fact, microglial cells from rats that were pre-

treated with neomycin showed a reduced activation after a local challenge with these pro-

inflammatory cytokines. Furthermore, the recruitment of inflammatory cells was significantly 

reduced (Extended Data Fig. 8a). Analyses of in vitro-stimulated microglia isolated from 

neomycin-pre-treated or control rats confirmed a reduced reactivity of the microglia upon IFN 

stimulation (Extended Data Fig. 8b). 

 

Lipopolysaccharide as a lung microbial CNS regulator 

To find out how these alterations in microglial reactivity are linked to the lung 

microbiome, we next focussed on the changes of the lung commensal bacterial communities 

upon intratracheal treatment with neomycin. Gram-negative Bacteroidetes was the most 
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abundant phylum of bacteria (37%), with a 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, all of which are anaerobes and include members that are resistant to neomycin 

(Fig. 5b). We also observed an upregulation in other bacterial families, including 

Lachnospiraceae and Lactobacillus. These qualitative changes in the composition of the lung 

microbiota were associated with a significant increase in the total bacteria load (Fig. 1a).  

We next wanted to find out if Bacteroidetes—the phylum that was most affected by the 

neomycin treatment—would be relevant for the observed clinical effects. Therefore, we 

transferred an inactivated strain from the Bacteroidetes phylum, Prevotella melaninogenica. 

Intratracheal transfer of P. melaninogenica led to significantly dampened clinical EAE (Fig. 

5c). Transfer of the microbiota by gastrointestinal gavage did not change the disease, which 

provides further support for the relevance of the lung microbiome in the regulation of the the 

immune reactivity of the CNS (Extended Data Fig. 8c). The efficiency of the metabolically 

inactive P. melaninogenica hints at a structural microbial component, which mediates the 

immune 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 

responses25,26. Considering that Bacteroidetes contribute up to 80 % of the LPS production in 

the gut27, we next quantified the concentration of LPS within the BALF. We observed a 

significant increase in LPS in neomycin-treated rats (Extended Data Fig. 8d). This increased 

level of intrapulmonary LPS correlated with an increased type I IFN signature in interstitial 

macrophages and neutrophils in the lung (Extended Data Fig. 8e). Of note, intratracheal 

treatment with the antibiotic drug vancomycin—which did not induce a shift towards LPS-

producing phyla (Extended Data Fig. 8d, Extended Data Fig. 9a-b)—did not change the 

microglial expression profile and was not effective in ameliorating EAE (Extended Data 
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Fig. 9c-g). Furthermore, intratracheal application of the LPS-neutralizing antibiotic peptide 

polymyxin B28,29 significantly increased the severity of EAE (Extended Data Fig. 10a). To 

directly test the role of LPS, we increased its local levels by intratracheal application of LPS 

from Escherichia coli or 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 microglia30,31. 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. 5e, Extended Data Fig. 9c). The data therefore support 

the view that a shift towards LPS-producing phyla induces a type I IFN response in the CNS, 

and that this mechanism underlies the resistance against autoimmune processes (Extended Data 

Fig. 9d).  

 

Our study indicates a new functional connection between the lung and the brain. This 

connection is controlled by the local lung microbiota, which apparently continuously sends 

signals to the microglia, the ʻimmune cellsʼ of the brain19. The microglial cells adapt their 

immunological responsiveness according to these microbial signals. The lung is the most 

extended body surface32 that is in contact with the outside environment, and it is therefore 

constantly exposed to microorganisms and contaminants. These pathogens can also pose a 

danger to the CNS. The pulmonary microbiome, which is directly located at the interface with 

the outside environment and which in its nature is tailored to react to these external threats, can 

therefore act as a kind of remote warning system for the sensitive CNS.  

Until now, the gut microbiome has had the main focus of attention as a regulator of CNS 

immune functions33. There are, however, clear differences in the location and the nature of the 

microbial signals that are responsible for this regulation. Although remote effects of the gut 
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microbiome on the CNS have been postulated8,34,35, the major focus is on effects in the intestinal 

milieu, immune structures in the intestine and the draining lymph nodes. Microbial antigens 

that resemble those of CNS structures could have a role as the initial trigger of the pathogenic 

T cell response9. Conversely, a regulatory function of microbial factorssuch as 

polysaccharide A has been discussed36. Furthermore, microbial nutrients or their derivatives, 

such as short-chained fatty acids or tryptophan metabolites, can influence the activation and 

differentiation of pathogenic T cells37,38. Although a contribution by microbial metabolites 

cannot be ruled out in the effects on CNS autoimmunity observed here, our data favor LPS as 

the trigger of a type I IFN response that interferes with the autoimmune process in EAE models 

and multiple sclerosis23,39,40. Perhaps the most prominent difference between the gut and the 

lung microbiome is the extent of manipulation necessary to change the immunological situation. 

Influencing CNS autoimmunity via the gut requires strong interference with the gut 

microbiome—for example a high-dosed combined antibiosis that almost completely depletes 

the microbiota, or housing the animals in a sterile 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 a mega-colon34,41-43. In the lung, by contrast, minimum 

manipulations—here only a moderate shift in the bacterial diversity—are enough to achieve a 

corresponding microglial reaction. The pulmonary microbiome is distinct and comprises only 

a quantitatively tiny population in comparison to that of the gut (at least 108 in magnitude)44. 

Therefore, minimal outside influences may suffice to unbalance it. 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 conquered by microbial signal substances 

to reach the blood is likely to be much shorter for the pulmonary commensals than for the 

intestinal commensals. Especially in the alveolar area, this distance for the purpose of optimized 

oxygen exchange is minimized: the border of the cell layers of alveolar cells and capillary 

endothelium consists only of a shared basement membrane. Moreover, the direct blood flow 
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out of the lung into the arterial system provides an unfiltered access to the CNS. The gut has 

the liver as a ʻfirewallʼ between itself and the CNS45.  

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 

perspective: infections of the lung, smoking, therapeutic manipulations and environmental 

factors all can 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 also in a wide range of CNS diseases in which the reactivity of the 

brain’s innate immune response is involved—for example, in infectious or degenerative 

disorders.   
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LEGENDS 

 

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 from rats that were intratracheally 

treated with PBS or neomycin at the indicated concentration for 7 days. 16S rRNA sequencing 

(NMDS, non-metric multidimensional scaling). Middle: Corresponding Shannon and 



Hosang et al. The lung microbiome regulates brain autoimmunity 

18 
 

phylogenetic diversity indices. Right: Quantification of bacterial abundance based on tuf-gene 

expression via 16S rRNA based quantitative PCR. Mean ± s.e.m. Cumulative data from two 

independent experiments. n=6 (all groups). b, Intratracheal (i.tr.) treatment with neomycin 

ameliorates active EAE. Lung EAE was induced in rats 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 after immunization), 

average peak score, average cumulative score. Mean ± s.e.m. Representative data from four 

independent experiments. n=6 (PBS); n=9 (Neo). CFA, complete Freund’s adjuvant; i.v., 

intravenous. c, Intratracheal treatment with neomycindoes not induce gut microbiota dysbiosis. 

PCA, Shannon and phylogenetic diversity indices and quantification of bacterial abundance in 

fecal samples from the same rats as in a. Mean ± s.e.m. n=4 (PBS), n=5 (0.1 and 1mg Neo). a, 

c, Statistical significance 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). b, Statistical significance by unpaired two-tailed t-test (Gaussian 

distribution) and Mann-Whitney test (non-Gaussian distribution). *P < 0.05, ***P < 0.001. 

 

Fig. 2. Lung dysbiosis does not influence T cell activation and migration. a-c, Lung EAE 

was induced in rats that were pre-treated intratracheally with neomycin or PBS for 7 days. 

a, Neomycin treatment reduces CNS invasion but not the peripheral T cell distribution. Number 

of TMBP cells. Flow cytometry. Day 7 after immunization. Mean ± s.e.m. Cumulative data from 

two independent experiments. n=9 (PBS), n=5 (Neo). b,c, Intratracheal treatment with 

neomycin does not change the T cellular transcriptome. b, Differential gene expression of TMBP 

cells from lungs on day 1 after immunization in rats that were pre-treated with PBS versus 

neomycin. c, Cytokine expression of TMBP cells in the lungs of rats that were immunized with 

MBP (+MBP, n=8 per group) or without MBP (-MBP, n=3 per group). Quantitative PCR. Day 1 
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after immunization. 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 from three independent experiments. n=9 (PBS), n=11 (Neo). 

e, Theung microbiota of neomycin-treated rats ameliorate EAE. Rats were intratracheally pre-

treated with neomycin. The treatment was interrupted before TMBP cell transfer and continued 

through intratracheal transfer of microbiota isolated 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 (both groups). f-h, Pre-treatment with neomycin reduces 

TMBP cell entry into the spinal cord. f, Experimental setup as in Fig. 2d. Number of TMBP cells. 

Day 7 after transfer. Mean ± s.e.m. Representative data from three independent experiments. 

n=4 (PBS), n=5 (Neo). g, Kinetics of TMBP cell invasion in the spinal cord. Flow cytometry. 

Mean ± s.e.m. Representative data from two independent experiments. n=4-6 (PBS), n=4-7 

(Neo) per time point. h, CNS-invasion of TMBP cells (green). Intravital TPLSM. Representative 

images from two independent experiments. Red: Vessels. a, c-g, Scale bars, 100 m (main 

images); 50 m (mangnified images). a, c-g, 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. 

 

Fig. 3. Lung dysbiosis affects microglia immune reactivity. a-b, EAE was induced in rats 

that were pre-treated intratracheally with neomycin or PBS by transfer of TMBP cells. 

a, Intratracheal treatment with neomycin reduces TMBP cell-mediated CNS inflammation. 

Number of endogenous TCR+ CD4+ and CD8+ T cells, CD45RA+ B cells and CD45high 

CD11b+ M(recruited monocytes and resident macrophages) isolated from the spinal cord at 

the indicated time points after transfer. Flow cytometry. Mean ± s.e.m. Representative data 

from three independent experiments. n=4 (PBS), n=4-6 (Neo) per time point. b, Intratracheal 
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treatment with neomycindampens microglial response to a T cell-mediated attack. Differential 

expression of iNOS (Nos2), MHC-II (Rt1ba) and chemokines in microglia sorted at the 

initiation stage of the EAE from PBS- or neomycin-treated rats. Quantitative PCR. Mean 

± s.e.m. Representative data from two independent experiments. n=4 (PBS), n=3 (Neo) per 

condition. ND, not detected. c, Minocycline ameliorates EAE but does not add to the disease-

ameliorating effects of intratracheal neomycin treatment. Rats were treated intraperitoneally 

with minocycline or vehicle and intratracheally with neomycin or PBS. After 7 days, EAE was 

induced by TMBP cell transfer. The treatments were continued throughout the entire disease 

course. Clinical parameters. Mean ± s.em. Cumulative data from two independent experiments. 

n=7 (vehicle + PBS, minocycline + PBS, minocycline + Neo), n=6 Vehicle + Neo). a, b, 

Statistical significance by unpaired two-tailed t-test (Gaussian distribution) and Mann-Whitney 

test (non-Gaussian distribution). c, Statistical significance by one-way ANOVA with Tukey’s 

multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, NS: not-significant. 

 

Fig. 4. Lung dysbiosis shifts microglia to a type I IFN signature. a, Intratracheal treatment 

with neomycin induces an altered microglia morphology. Confocal three-dimensional (3D) 

reconstructions of Iba1+ microglia in the grey matter of the spinal cord 7 days after intratracheal 

treatment with PBS or neomycin. Representative images of 16 different cells from 3 rats per 

group. b, c, Intratracheal treatment with neomycin induces a type I IFN signature in spinal cord 

microglia. b, Comparison of global gene expression profile in CD45low CD11b+ microglia 

sorted from the spinal cord of rats treated with PBS or neomycin for 7 days. Candidate genes 

upregulated in neomycin- versus PBS-treated rats are indicated as red dots. Genes significantly 

up- or downregulated (P < 0.05) but below the 0.5 fold change cut-off are indicated as light red 

and light blue dots, respectively. Type I IFN-regulated genes are indicated. Bold: Genes 

confirmed by quantitative PCR. c, Set-up as in b. Expression of type I IFN-regulated genes 
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measured by quantitative PCR. Mean ± s.e.m. Cumulative data from three independent 

experiments. n=5-12/condition (both groups). d, Intrathecal (i.th.) treatment with poly I:C 

ameliorates EAE. EAE was induced by transfer of TMBP cells. Poly I:C was administered 

intrathecally on days 0, 2 and 4 after TMBP cell transfer. Clinical parameters. Mean ± s.e.m. 

Cumulative data from two independent experiments. n=6 (both groups). 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. 

 

Fig. 5. Pulmonary LPS controls CNS autoimmunity. a, b, Neomycin induces a shift towards 

LPS-producing phyla in the lung microbiota. a, Average relative abundance of bacterial phyla 

of the lung microbiota in PBS- or neomycin-treated animals. b, Corresponding heat map 

depicting the relative abundance of lung bacterial inhabitants at family level. c, Intratracheal 

administration of inactivated P. melaninogenica has an EAE suppressive effect. EAE was 

induced by transfer of TMBP cells. Clinical parameters after daily intratracheal treatment started 

7 days before TMBP cell transfer and continued throughout the entire disease course. Mean ± 

s.e.m. Cumulative data from two independent experiments. n=6 (PBS), n=8 

(P. melaninogenica). d, Intratracheal treatment with LPS from P. melaninogenica ameliorates 

EAE. Transfer EAE was induced in rats that were pre-treatedintratracheally for 7 days with 

PBS or LPS at the indicated concentration. The treatment was continued throughout the entire 

disease course. Clinical parameters. Mean ± s.e.m. Cumulative data from two independent 

experiments. n=9 (PBS), n=6 (0.01mg LPS), n=7 (0.025mg LPS). e, Intrathecal administration 

of LPS from P. melaninogenica has a disease-suppressive effect. LPS (0.005 mg per rat) was 

administered on days 0, 2 and 4 after TMBP cell tansfer. Clinical parameters. Mean ± s.e.m. 

Cumulative data from two independent experiments. n=7 (PBS), n=6 (LPS). c, e, Statistical 

significance determined by unpaired two-tailed t-test (Gaussian distribution) and Mann-
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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. 

 

METHODS 

 

Animals 

Male and female 6–10-week-old wild type (wt) and bSYN TCR-transgenic rats11 on a LEW/Crl 

(Rattus norvegicus) background were used for all experiments and for the generation of T cell 

lines. The rats were kept in GR9000 IVC cages at a 12–12 h light–dark cycle with food and 

water provided ad libitum. They were bred and raised at the animal facilities of the University 

Medical Center Göttingen. All experiments were performed in accordance 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 described46, 

β-Synuclein93-111 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) or eGFP (GFP) and 

reactive against MBP (TMBP), bSYN (TbSYN) or OVA (TOVA) were generated as previously 

reported10,11. In brief, female Lewis rats were immunized subcutaneously at the tail base (s.c.) 

with 150 μl of an emulsion consisting of equal parts of antigen (MBP, bSYN or OVA; 1 mg 

ml-1) and complete Freund’s adjuvant (CFA, Difco) containing Mycobacterium tuberculosis 

H37Ra extract (2 mg ml-1, BD). Nine to ten days after immunization, the cell suspension 

obtained from the draining lymph nodes was co-cultured with GP+E86 packaging cell lines 
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producing replication-deficient retroviruses expressing a fluorescent protein of interest and an 

antibiotic resistant gene in the presence of MBP (10 µg ml-1), OVA (10 µg ml-1) or bSYN (8 µg 

ml-1) 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 

murine IL2. Starting from day 4 after antigen stimulation, transduced T cells were selected by 

the addition of G418 (400 mg ml-1, Thermo Fisher) for two weeks or puromycin (1 µg ml-1, 

Carl Roth) for one week. On day 7 after primary stimulation, 3.5 × 106 T cells were challenged 

with the cognate antigen in the presence of 70 × 106 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 lines were αβTCR+, CD4+, CD8− and had an effector 

memory phenotype (L-selectin−, CD45RClow, and CD44high). Upon stimulation, they produced 

IFN and IL17. Phenotype, cytokine profile, antigen specificity, pathogenicity and the absence 

of mycoplasma contamination were verified in each cell line.  

 

EAE models, and scoring system 

Adoptive Transfer EAE and T-cell mediated grey matter disease 

Fully activated TMBP or TbSYN cell blasts (day 2 after antigen encounter) were injected in the tail 

vein of recipient wt animals in EH medium. If not stated otherwise, 2.5 × 105 TMBP cell blasts 

or 1.5 × 106 TbSYN cell blasts per rat were transferred. As a control, 2.5 × 105 TOVA cell blasts 

were intravenously injected following the same procedure.            

Lung EAE 

Resting TMBP cells (7.5 × 106, 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 anesthetized with ether and fixed with a bar behind their 
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upper incisors on a stand in an upright position slightly leaning backwards. The trachea was 

located using a Small Animal Laryngoscope LS-2 (Penn Century). Subsequently, an emulsion 

consisting of equal parts of antigen, that is, MBP or OVA (0.02 mg ml-1), and CFA (0.2 mg ml-

1) was instilled into the trachea through a winged 18G catheter (B. Braun). Each rat received a 

total volume (in µl) corresponding to around one-third of its body weight (in g). 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 TMBP cells (7.5 × 106, 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 to equal parts of 

antigen, that is, MBP or OVA (1 mg ml-1), and CFA (1 mg ml-1) was injected subcutaneously 

(s.c.) into the popliteal cavities of both hind limbs of ether-anesthetized rats. Each rat received 

a total volume (in µl) 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 = tetraparesis; 5 = death. For atypical symptoms that could occur upon transfer of TbSYN cells, 

the following classification was used: 0 = no disease; 1 = occasional twitches and scratching 

with or without flaccid tail; 2 = frequent twitches and scratching, ataxia; 3 = severe tonic and 

myoclonic movements, severe gait impairment; 4 = tetraparesis; 5 = death. Animals 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. 
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Antibiotic treatment 

Neomycin (Thermo Fisher Scientific) or vancomycin (Abcam) were administered 

intratracheally (daily dose: 0.1 or 1 mg; volume: 150 µl), subcutaneously into the popliteal 

cavity (daily dose: 1 mg; volume: 50 µl) or orally by gavage (daily dose: 1 or 10 mg; volume: 

300 µl). The intratracheal dose of antibiotics was selected upon initial titration on the basis 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 µl). 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, both 

theintratracheal and oral antibiotic treatments were well tolerated by the rats. No respiratory 

distress or diarrhoea were observed and the rats steadily increased their body weight 

comparably to the controls.  

 

Transfer of BALF-derived microbiota 

Animals were intratracheally treated with neomycin. After 7 days, the treatment was stopped 

and the rats were intratracheally transferred with BALF-derived microbiota of rats that were 

intratracheally pre-treated for 7 days with either PBS or neomycin (donor group). Immediately 

after the microbiota transfer, EAE was induced byintravenus injection of TMBP 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 ʻCollection of BALF and faecal samplesʼ). 

The BALF was centrifuged for 10 min at 13,000 rpm and 4 °C and the bacterial pellet was re-
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suspended in 450 µl sterile PBS. Each rat of the recipient group received a daily dose of 150 µl 

of the corresponding BALF re-suspension.  

 

Functional inhibition of microglia by minocycline treatment 

PBS-treated or neomycin-treated rats received inraperitoneal minocycline-hydochloride 

(Sigma-Aldrich) dissolved in 40 % 2-hydroxypropyl--cyclodextrin (vehicle; ITW Reagents; 

daily dose: 50 mg per kg rat body weight). Injection of the same volume of vehicle served as 

control. Treatments with PBS/neomycin and minocycline/vehicle started 7 days before TMBP 

cell transfer and were continued throughout the entire EAE course. Of note, the intraperitoneal 

treatment was 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 CSF1R 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 TMBP 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. 
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Treatments with poly I:C, inactive Prevotella melanonogenica and LPS  

Poly I:C treatment 

Polyinosinic-polycytidylic acid sodium salt (poly I:C; Sigma-Aldrich) was dissolved in sterile 

water at a stock concentration of 10 mg ml-1. Aliquots were stored at -20 °C and thawed shortly 

before injection. Poly I:C solution (1 mg in 100 µl) was administeredintrathecally in rats 

anesthetized with ketamine (50 mg per kg, Medistar) and Xylazine (10 mg per kg Ecuphar). 

Half of the dose (50 µl) was injected into the cisterna magna and the remaining half into the 

lumbar spinal cord (L4-L5) using a stereotactic device (Narishige). The treatment was 

performed on days0, 2 and 4 after TMBP cell transfer. Sterile PBS was used as control. Of note, 

24 h after intrathecal injection, the animals displayed a reduction in body weight as reported47. 

As this symptom occurred independently of EAE symptoms, body weight changes are not 

depicted in the 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 

106 colony-forming units (CFU) per ml. The culture was chemically inactivated using chicken 

egg lysozyme (2 mg l-1; SERVA) and subsequently heat-inactivated at 99 °C for 30 min. 

Successful inactivation was verified by the inability of the bacteria to regrow in culture. Before 

transfer, the samples were centrifuged at 13,000 rpm for 10 min at 4 °C and re-suspended in 

sterile PBS. Rats received daily 5 x 105 CFU in 150 µl sterile PBS daily or 150 µL sterile PBS 

as control either intratracheally or orally. The treatment was started 7 days before disease 

induction by transfer of TMBP cells and continued through the entire experiment.  

P. melaninogenica LPS treatment 
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For LPS extraction, P. melaninogenica was cultured as described in ʻTreatment with inactive 

inactive Prevotella melaninogenicaʼ. The culture was grown to an optical density at 600 nm 

(OD600) of 0.8-1.2. LPS was extracted using an LPS Extraction Kit (iNtRON) according to the 

manufacturer’s instructions. The yield was quantified using the PierceTM Chromogenic 

Endotoxin Quant Kit (Thermo Fisher Scientific). E. coli LPS (serotype 0127: B8; 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 administeredintratracheally (dose: 0.01 or 0.025 mg in 150 µl PBS) orintrathecally 

(dose: 0.005 mg in 30 µl PBS). For the intratracheal treatment, LPS was administered daily 

starting on day 7 before disease induction by transfer of TMBP cells and continued through the 

entire experiment. For intrathecal treatment, P. melaninogenica LPS was injected as above in 

the cisterna magna on days 0, 2 and 4 after TMBP cell transfer. Sterile PBS was used as control. 

E. coli LPS treatment 

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

(0.01 mg in 150 µl PBS) or intratracheally (0.003 mg in 30 µl PBS) following the same schedule 

as for P. melaninogenica LPS treatments. The daily intratracheal LPS dose was 50 times lower 

than the dose administered in a model of acute lung injury48 and was well-tolerated by the rats. 

No respiratory distress was observed and the animals steadily increased their body weight 

comparably to the controls. Upon intratracheal treatments with either P. melaninogenica or 

E. coli LPS, as observed upon poly I:C administration, the rats displayed a reduction in body 

weight not related to EAE. Therefore, body weight changes are not depicted in in the 

corresponding graphs. 
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Lung and gut microbiota analysis 

Description of the samples 

For characterizing the changes of lung and gut microbiota after intratracheal antibiotic 

treatment, bronchoalveolar lavage fluid (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 (1 or 10 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. 

Collection of BALF and faecal samples 

BALF and faecal samples were collected under sterile conditions from the same rats. In brief, 

the rats were euthanized using an overdose of ketamine/xylazine. After carefully disinfecting 

the rat’s fur with 70 % EtOH, a tracheotomy was performed and a sterile gavage needle (18G) 

was inserted 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 were 

slowly instilled into the lung and after 30 s a volume of 4 ml was retrieved. This step was 

repeated once, yielding 8 ml of total BALF per rat. Faecal samples were collected from the 

recto-anal region. BALF (in 2ml aliquots) and faecal samples were immediately snap-frozen on 

dry ice and stored at -80 °C until further processing.  

Lysis and nucleic acid extraction  

To efficiently extract nucleic acids from both gram-positive and gram-negative bacteria, a pre-

lysis step was performed by incubating 400 µl BALF with 2 µl chicken egg lysozyme (100 mg 
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ml-1; SERVA) at 37 °C and 180 rpm for 1 h. DNA extraction from BALF was performed using 

the QIAamp cador Pathogen Mini Kit (Indical Bioscience) according to the manufacturer’s 

instructions. DNA was eluted with 50 µl sterile water. Rat faecal samples (around 150 mg) were 

resuspended in 1 ml InhibitEX buffer (QIAGEN) at 37 °C for 15 min for homogenization and 

mixed every 5 min with an inoculation loop. Faecal sample DNA was extracted using the 

QIAamp Fast DNA Stool Mini Kit (QIAGEN) according to the manufacturer’s instructions. 

DNA was eluted with 200 µl sterile water. Extracted nucleic acids were quality-checked via 

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 analyzing the expression 

of the protein elongation factor Tu (tuf) gene by real-time quantitative PCR using the Bacteria 

(tuf gene) quantitative PCR Kit (Takara) and an iQ5 Multicolor Real-Time PCR Detection 

System (BioRad). PCR and cycling conditions were set according to the manufacturer’s 

instructions. All samples were prepared at least in duplicate. CT values of the individual 

measurements did not exceed 1.5 amplification cycles. For the BALF samples, the copy number 

of the tuf gene was normalized to 100 µl for each sample. Faecal samples were normalized 

based on the weighed amount used for DNA extraction. The copy number of the tuf gene was 

finally normalized for 100 µg of faeces for each sample. 

16S amplicon generation and sequencing  

Bacterial 16S rRNA amplicons were generated using Klindworth primers with adapters for 

Illumina MiSeq sequencing targeting the V3 – V4 region49. For BALF samples, PCR mixtures 

(50 µl) contained 1x Phusion GC buffer (5x), 0.2 mM of each deoxynucleoside triphosphates, 

5 % DMSO, 0.1 mM MgCl2, 0.2 µM of each primer, 0.02 U of Phusion™ High-Fidelity DNA 

Polymerase (Thermo Fisher Scientific) were used. As template, approximately 150 or 350 ng 
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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 samples, the following cycler program was used: initial denaturation at 

98 °C for 1 min, 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 (Steinbrenner) according to the manufacturer’s instructions. 

Amplicons were eluted in 40 µl sterile water and quantified with the Quant-iT dsDNA HS assay 

kit and a Qubit fluorometer (Invitrogen). The indexing of the amplicons was performed with 

the Nextera XT Index-Kit (Illumina). 16S rRNA gene sequencing was performed using the dual 

index paired end approach (2x 300 bp) with v3 chemistry for the Illumina MiSeq platform.    

16S rRNA Sequence Data Processing  

Raw sequencing data were initially processed by using the Miseq marker gene pipeline v1.850. 

Further processing was performed using VSEARCH v2.12.0651 and the UNOISE3 algorithm. 

Raw sequencing reads were mapped to the amplicon 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 13852,53. If not otherwise stated, 

all bioinformatic tools were used with default parameters. 

Statistical Analyses  

Subsampling, removal of chloroplasts, eukaryote, mitochondria, archaea and unclassified 

ASVs, as well as statistical analysis including diversity analysis and visualization, was 

performed in Rstudio version 1.3.1056 (RStudio Team, 2020) and R 4.0 (R Core Team, 2013). 

Inter-sample data normalization was performed in R using the geometric mean of pairwise 

ratios package (GMRP v0.1.3)54. Data were visualized by using ampvis2 (v2.6.4)55 and the 
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implemented package ggplot2 (v3.3.2)56. Alpha-diversity metrics and species richness were 

used to characterize the bacterial diversity within each sample, which included calculation of 

the Shannon diversity index and phylogenetic diversity index. All samples were rarefied in 

ampvis2 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 parametric 

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 considered 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 (version 

2.6.4) wrapping around the vegan package (version 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 heatmaps the amp_heat function implemented in ampvis2 55 was used to identify 

the most abundant taxa (mean) in different treatments and antibiotic concentration. Taxonomic 

classification is indicated on class and genus level. 

 

Quantitative analysis of LPS 

The amount of LPS in BALF samples was measured in triplicates using the Pierce Chromogenic 

Endotoxin Quant Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. 

Values are expressed in international endotoxin units (EU) per ml. 
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Cell isolation 

Rats were intracardially perfused for 6 min with PBS before organ explant. Mononuclear cells 

were isolated as previously described2,10 and kept on ice 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 (PromoCell; centrifugation settings: 30 min at 840g and 20°C). Lungs were 

thoroughly and repeatedly sectioned using a tissue chopper (McIlwain). 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 µm) and washed with EH. The pellet was resuspended in 5 ml 40 % isotonic Percoll and 

underlayed with 5 ml 70 % Percoll (centrifugation settings: 30 min at 2,000 rpm and 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 µm), 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 µm) 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 parenchyma was 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-1; Roche) and DNAse I (120 U ml-1; 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-µm 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. 



Hosang et al. The lung microbiome regulates brain autoimmunity 

34 
 

 

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 surface staining: TCR-AF647 

(clone R73, Biolegend), CD45RA-PE (clone OX-33; Biolegend), CD8α-FITC (OX-8; 

Biolegend) and CD8α-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 αL, 

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 ED9, Bio-Rad). Matching directly labelled mouse IgM 

(clone R6-60.2, BD Biosciences), mouse IgG-APC (Jackson) and Mouse IgG1κ (MOPC 31C, 

Sigma-Aldrich) were used as isotype controls. Antibodies were used at a concentration of 

1:200.  

For measuring IFN and IL17 expression, ex vivo isolated cells were left unstimulated or 

stimulated in vitro with 1 μg ml-1 PMA (Phorbol 12-myriytate 13-acetate, Sigma-Aldrich) and 

5 μM ionomycin calcium salt (Sigma-Aldrich) for 30 min. Brefeldin A (5 μg ml-1) was added 

to block cytokine secretion. Cells were cultured for further 2 h and surface-stained with anti-rat 

αβTCR-AlexaFluor647 (Clone R73, Biolegend), anti-rat CD4-PE/Cy7 (Clone W3/25, 

Biolegend) and anti-CD8α-PerCP (Clone OX-8, Biolegend) for 30 min at 4° C. The cells were 

fixed with 2 % PFA, permeabilized with BD Perm/Wash buffer (BD Biosciences) and stained 
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with rat anti-mouse anti-IL17-BV42 (clone TC11-8H4, Biolegend) and mouse anti-rat IFNγ-

PE (Clone DB1, Biolegend) for 45 min at 4°C. For intracellular 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 a FACSAria 4L SORP 

cell sorter (Becton Dickinson) controlled by FACS Diva software (BD) at a low flow rate under 

constant cooling (4 °C). TMBP cells, endogenous TCR+ CD4+ and CD8+ T cells, CD45-

CD11b-stromal cells, CD45+ CD11b+ ED9- interstitial macrophages, CD45+ CD11b+ ED9+ 

alveolar macrophages orrecruited monocytes and RP3+ neutrophils were sorted from the lung. 

For obtaining T cells from lungs for transcriptome analysis, CD11b+ cells were depleted before 

sorting using anti-PE MicroBeads for MACS separation (Miltenyi Biotec) according to the 

manufacturer’s instructions. For characterization of CNS resident cells in neomycin- versus 

PBS-treated rats, CD11b- GLAST+ astrocytes and CD45low CD11b+ microglial cells were 

sorted. In inflamed conditions, cell characterization was performed on CD45low CD11b+ 

microglial cells and CD45high CD11b+ M, which comprise both recruited monocytes and 

resident macrophages. Of note, even though microglia upregulated CD11b in inflamed 

conditions, they were still well distinguishable from CD45high CD11b+ M (Supplementary 

Fig.1). The sorted cells were centrifuged at 1,500g for 4 min at 4 °C and the pellet was 

resuspended in 300 µl TRI reagent (Merck) and 1 µl glycogen (Roche). The samples were 

stored at -80 °C until further processing. Data analysis was performed with FlowJo LLC (v10) 

or CytExpert (5.2) software. 

Gating strategies used throughout the manuscript are depicted in Supplementary Figure 1.  
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Neomycin toxicity assay 

TMBP cells (5 × 104 per well) were challenged with MBP (10 mg ml-1) in the presence of 

irradiated thymocytes (5 × 105 per well) in 96-well flat bottom plates (Thermo Fisher 

Scientific). Neomycin was added in various concentrations (100 ng – 10 mg ml-1). The cells 

were incubated at 37 °C and 10 % CO2. T cell proliferation was quantified by flow cytometry 

on days 2, 3 and 4 after antigen encounter. On day 2, 50 µl of IL2-containing growth medium 

were added to wells acquired on day3 (and 4). The same procedure was repeated on day 3 for 

samples acquired on day 4. In addition, following in vitro exposure to neomycin (1 or 10 mg 

ml-1), 2.5 × 105 TMBP cell blasts (day 2 after stimulation) were adoptively transferred into naïve 

recipient rats and the clinical course of EAE was monitored over the following days. 

 

Intravital TPLSM 

TPLSM and spinal cord preparation were performed as described previously11,12,57. The 

procedures are briefly summarized below. TPLSM was used to image the motility and 

infiltration of fluorescently labelled TMBP and TOVA cells in the spinal cord of living rats. In 

addition, the technique was used to analyze BBB permeability. Imaging of TMBP cells was 

performed in the preclinical phase, at the onset and at the peak of EAE. 

Surgical procedures 

The rats were pre-anesthetized with a subcutaneous injection of 75 mg kg-1 ketamine (Medistar) 

combined with 0.5 mg kg-1 medetomidin (Vetpharm). Subsequently, they were intubated via 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) via a heated pad connected to a 

custom-built thermocontroller. Fluid supply during imaging sessions was maintained using a 



Hosang et al. The lung microbiome regulates brain autoimmunity 

37 
 

perfusing device (Ismatec) set to a 0.6 ml/h-1 flow rate. Thoracic leptomeninges were accessed 

as described12,57 by performing a laminectomy at level Th12/L1 and carefully removing the 

dura mater.  

Technical equipment and labelling procedures  

TPLSM imaging was performed as previously described11,12,57 using two different systems: (1) 

a Zeiss Laser Scanning Microscope 710 (Carl Zeiss) combined with a Coherent 10 W 

Ti:Sapphire chameleon laser (Coherent), controlled by Zeiss ZEN 2012 SP2 v2.1 software; 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 NA immersion objective Olympus Scaleview. 

Excitation at 1,100 nm was propagated by using either a Ti:Sapphire laser pumped OPO in the 

Zeiss TPLSM or a Mai Tai DeepSee Ti:Sapphire oscillator in the Olympus TPLSM. Emitted 

fluorescence was detected using non-descanned detectors equipped with 442/46 nm, 483/32 nm 

and 624/40 nm band-pass filters. Typically, areas of 424.27 μm x 424.27 μm (Zeiss) or 508.93 

μm x 508.93 μm (512 x 512 pixels, Olympus) width were scanned and 50 – 100-μm z-stacks 

were acquired. For overviews, several tile scans were acquired sequentially and stitched 

together. For reproducible motility analyses, the interval time was kept at 30 s for the Zeiss 

TPLSM and 15 s for the Olympus TPLSM, with a total acquisition time of 30 min per video. 

During motility experiments, the blood vessels were labeled with 70 kDa dextran Texas Red 

(Invitrogen) which was intravenously injected before the imaging session. For evaluation of the 

BBB permeability, 3 kDa dextran Texas Red (Molecular Probes) was intravenously injected 

during the imaging session (T=0).     
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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 subsequent manual revision. 

Motility parameters, that is, 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 

displacements), were calculated as described12,57 within a 30-min recording interval. Rolling 

T cells were defined as cells appearing as single or several round-shaped dots with an 

instantaneous velocity greater than 50 μm per min.  

 

RNA isolation, cDNA synthesis and quantitative PCR 

Gene expression on transcription level was determined using quantitative 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 instructions. Quantitative PCR was 

performed on an Applied Bioystems StepOnePlus Real-Time PCR system (Thermo Fisher 

Scientific) using custom-designed target-specific TaqMan probes quenched with TAMRA and 

labeled with FAM (Sigma-Aldrich). -actin served as housekeeping gene. All measurements 

were performed in duplicate. The difference in the CT values between the individual 

measurements did not exceed 0.5 amplification cycles. The combinations of primers and probes 

used to detect -actin, integrins, cytokines, chemokines, chemokine receptors, cyclins and 

egression factors have previously been described12,17,57. To detect the expression of tight 

junction genes, adhesion molecules, type I IFN-regulated genes and M2 macrophages markers 

the following combinations of primers and FAM-5´-3´-TAMRA probes were designed and 

tested: 
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Vcam1: Forward: ACATGAGGGTGCTCC TGTGA; Reverse: GGTGGCATTTCCCGA 

GAGGA; Probe: TGTGCCAGCGAGGGT CTACCAGCTCCT. Icam: Forward: 

GGAGACAGCAGACCACTGTGCTT; Reverse: CTCGCTCTGGGAACG AATACA; Probe: 

ACTGTGGCACCACGC. Cldn5: Forward: CGGGCGTCCAGAGTTCAGT; Reverse: 

GTCGACTCTTTCCGC ATAGTCA; Probe: CCAGTCAAGTACTCA GCACCAAGGCGA. 

Ocln: Forward: CCTAATGTGGAAGAG TGGGTTAAAAA; Reverse: 

GTCGACTCTTTCCGC ATAGTCA; Probe: CACACAAGACATGCCTCCACCCCC. Mx1: 

Forward:  TCAA TTCAG AGTTCTTCTCGAGGAT; Reverse: GGGAG GTGAGC 

TCCATGGT; Probe: CCACAGTGCCCTGCTTGGCAAA. Mx2: Forward: GAAATCTTCCA 

GCATCTGAATGC; Reverse: AAATACTGGATGATC AATGGAATGTG; Probe: 

TACCGCCAGGAGGCTCACAACTGC. Rsad2: Forward:   TTCCACACGGCCAAGACA; 

Reverse: ATACCAGCCTGTTTGAGCAGAAG; Probe: CCTTCGTGCTGCCCCTGGAGG; 

Irf 8: TGGTGACTGGGTATACTGCCTATG; Reverse: TGCCCCCGTAGTAAAAGTTGA; 

Probe: CGCACACCATTCAGCCTTATCCCAG; Irf7: Forward: ACTTAGCCCGGAGCT 

TGGAT; Reverse: GCACTGCTGAGGGTCACTTCT; Probe: TACAACTGGCCC 

AGCTCTGGAGAACAG. Oas1a: Forward: GCGTCT GACTTGCCCTTGAG; Reverse: 

CGAGATACTGTCCACCCAGTGA; Probe: CCTTTGCCTGAGGAGCCACCCTTC. RtI-

Ba: Forward: GGTTGAGAACAGCAAGCCAGTC; Reverse: GGTGAGGTAAGCCATCTT 

GTGG; Probe: TGAGACCAGCTTCCTTTCCAACCCTGA. B2M: Forward: 

TCAGAAAACTCCCCAAATTCAAG; Reverse: GACACGTA GCAGTTGAGGAAGTTG; 

Probe: ACTCTCGCCATCCACCGGAGAATG. Il6st: Forward: ATCAATTTTGACCCCGT 

GGAT; Reverse: TGGATAATTCTTCTGAGTTGGTCACT; Probe: AAGTGAAA 

CCCAGCCCACCTCATAATTTGT. Arg1: Forward: 

GAAAGTTCCCAGATGTACCAGGAT; Reverse: AGCCGATGTACACGATGTCCTT; 

Probe: CTGGGTGACCCCCTGCATATCTGC; Mrc1: Forward: 

CTGCAAAAAATCAGACGAAATCC; Reverse: TGTAGTAACAGTGGCCGTGGAA; 

Probe: TACGGAACCCCCACAGCTGCCTG. Mrc1: Forward: CTGCAAAAAATCAGA 

CGAAATCC; Reverse: TGTAGTAACAGTGGCCGTGGAA; Probe: TACGGAACCCCC 

ACAGCTGCCTG. Ifnb1: Forward: GCGTTCCTGCTGTGCTTCTC; Reverse: 

TGCTAGTGCTTTGTCGGAACTG; Probe: CACTGCCCTCTCCATCGACTACAAGCAG. 
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RNA extraction, cDNA library preparation, and RNA sequencing  

RNA extraction, cDNA library preparation, and RNA sequencing (RNA-seq) was performed 

as described11,57,58 at the Transcriptome and Genome Analysis Laboratory (TAL) of the 

University Medical Center Göttingen. For T cell sequencing, total RNA was isolated from TMBP 

cells retrieved from the lungs of neomycin- or PBS-treated rats on day 0 and day 1 after 

intratracheal immunization. Three different biological replicates were prepared for each 

sample. For each replicate, around 20,000 TMBP cells sorted from 4 to 5 rats with a purity greater 

than 98 % were pooled. To address changes in the CNS expression profile upon antibiotic 

treatments, total RNA from total spinal cord tissue or from spinal cord derived CD45low 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 to five rats 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 (Illumina). Illumina BaseCaller software was used to transform 

fluorescence 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. Quantification of gene expression was done with the feature Countsprogram (version 

1.5.1). Samples were subjected to differential expression analysis with DESeq259 (version 

1.14.1). Gene annotation was performed using Rattus norvegicus entries from Ensembl. For 

analysis of TMBP cells in the lung, genes with a minimum one fold change and false discovery 

rate (FDR)-adjusted P<0.05 were considered differentially expressed. For the analysis of sorted 
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microglia and spinal cord, in which low differences in expression level were expected, genes 

with a minimum 0.5 fold change and FDR-adjusted P<0.05 were considered differentially 

expressed. KEGG pathway and GO term enrichment analysis were performed using the 

Database for Annotation, Visualization and Integrated Discovery (DAVID)60. 

 

In vitro activation of microglia 

Microglial cells were isolated from the spinal cords of PBS- or neomycin-treated rats using a 

three-phase Percoll density gradient as described11,61. In brief, the spinal cord parenchyma was 

passed through a cell strainer (40 µm) and washed once with PBS. Microglia were isolated 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 µl DMEM-based medium containing 1 % rat serum. Another 50 µl of the 

above medium containing different concentrations of recombinant rat IFNwere added to each 

well, resulting in final concentrations of 0, 1, 10 and 100 ng ml-1 IFNBefore transfer, the 

microglia of each well were centrifuged at 1,500g for 4 min at 4 °C and the pellet was re-

suspended in 300 µl TRI reagent (Merck) and 1 µl glycogen (Roche). The samples were stored 

at -80 °C until further processing. 

 

In vivo activation of microglia by intrathecal delivery of cytokines 

For T cell-independent activation of the microglia, rats were intravenously treated with PBS or 

neomycin. Seven days later, a cytokine mix (volume: 30 µl) composed of IFN (250 ng) and 

TNF (250 ng) was injected in the cisterna magna of anesthetized rats. Rats were analysed 4 

and 18 h after intrathecal injection. The cytokines IFN and TNF were selected because of 

their essential role in triggering CNS autoimmunity in rats11,62. The final cytokine dose and the 
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analysis time-points were chosen on the basis of preliminary experiments (data not shown) in 

which the cytokines were titrated and their effect on the CNS was measured at different time 

intervals after injection.   

 

Histology and immunohistochemistry 

Rats underwent treatment with PBS or neomycin for 7 days prior to 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 cryoprotectant and stored at -20 °C. 

Brains and spinal cords were cut into 50 µm thick coronal sections (brain coordinates from 

bregma: -1.92 to -3.72, spinal cord: L1 to L6) using a cryostat (Leica) and stored in PBS at 4°C 

until 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 secondary antibody host(s) for 1.5 h at RT. 

Thereafter, the slices were incubated with the primary antibodies in blocking solution (5 %) for 

48 h at 4 °C. This step was followed by an overnight incubation at 4 °C with the suitable 

fluorophore-conjugated secondary antibodies in blocking solution (3 %). The sections were 

then mounted on SuperFrostPlus Slides (ThermoFisher) with Fluoromount-G (Southern 

Biotech). For microglia analysis (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 v2.1 software (Carl Zeiss) equipped with UV-diode for DAPI, a 488 nm 

Argon laser, a 561 nm DPSS laser and a 633 nm HeNe laser. Lasers were routed through a 40x 

oil NA1.3 immersion objective Plan Apochromat objective (Carl Zeiss).The pinhole size was 
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set to 50 µm. A z-step size between 0.5 and 1 μm was chosen for optimal z-resolution. 

Morphological analysis and three-dimensional reconstruction of microglia was performed using 

Imaris 8.0.1 software (Bitplane AG) as described11. Confocal z-stacks were smoothed with both 

Median and Gaussian filters. Single cells were rendered by first using the filament tool to 

reconstruct the processes and later the surface tool to render the cell body. The 3D rendered 

images served for the quantitative analysis of morphological parameters. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism (V6 – 8; GraphPad, USA) and 

Microsoft Excel (2010 and 2016; Microsoft, USA). Unless indicated otherwise, data are 

represented as mean ± s.e.m. (standard error of the mean). The statistical significance is reported 

in the figures. The statistical tests that underlie the data analysis are stated in the corresponding 

figure legends. In brief, Gaussian distribution of independent data sets was tested using a 

Kolmogorov-Smirnov test with Lilliefors’ correction. For comparing two datasets, statistical 

significance was determined by unpaired two-tailed t-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 via 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. 
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EXTENDED DATA FIGURES 

 

Extended Data Fig. 1. Establishment of a lung EAE model and targeted manipulation of 

the lung microbiome. a, Lung EAE. Rats were intraveneously (i.v.) transferred with resting 

TMBP cells and 6 h later were intratracheally (i.tr.) immunized with CFA ± MBP. Clinical 

parameters: Body weight change (lines) and clinical scores (bars), incidence (%), onset (days 

after immunization), peak score, cumulative score. Mean ± s.e.m. Representative data of 3 

independent 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 

from animals i.tr. treated for 7 days with PBS or neomycin. b, Number of endogenous TCR+ 

CD4+ and CD8+ T cells, CD45RA+ B cells, CD11b+ ED9- interstitial macrophages, CD11b+ 

ED9+ M (alveolar macrophages and infiltrating monocytes) and RP3+ neutrophils. Flow 

cytometry. Mean ± s.e.m. c, Percentage expression of FoxP3, IFN and IL17 in endogenous 

TCR+ CD4+ and CD8+ T cells. Flow cytometry. IFN and IL17 were analyzed in steady state 

condition and upon stimulation with PMA and Ionomycin (PMA/I). Mean ± s.e.m. 

d, e, Corresponding surface expression of the activation markers CD134 (OX40) and CD25 

(IL2R) by flow cytometry (d) and expression of the indicated cytokines measured by 

quantitative PCR (e) Mean ± s.e.m. b-e, Cumulative data of 2 independent experiments. n=5 

(all groups). f, I.tr. treatment for 7 days with PBS or neomycin does not change MHC expression 

in lung immune cells. Expression of the indicated genes in total lung, pulmonary stromal cells 

(CD45-), as well as lymphoid (CD45+ CD11b-) or myeloid (CD45+ CD11b+) hematopoietic 

pulmonary cell populations. Quantitative PCR. Housekeeping gene: -actin. Mean ± s.e.m. 

Cumulative data of 3 independent 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 Data Fig. 2. Neomycin treatment outside the lung does not affect CNS 

autoimmunity. a-b, Oral treatment with neomycin does not ameliorate EAE. a, Left:: PCA of 

the microbiota composition of faecal samples from ratsthat 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 tuf-gene expression via 16S 

rRNA based quantitative PCR. Mean ± s.e.m. Cumulative data of 2 independent experiments. 

n=6 (all groups). b, Clinical parameters observed in lung EAE of rats pre-treated orally with 

PBS or neomycin (1 or 10 mg) for 7 days. Mean ± s.e.m. Cumulative data of 2 independent 

experiments. n=8 (PBS, 1mg Neo), n=7 (10mg Neo). c-d, I.tr. neomycin treatment does not 

affect TMBP cell proliferation and effector function. c, Quantification of TMBP cells cultured in 

presence of neomycin at the indicated concentrations. Flow cytometry on D2, D3 and D4 after 

antigen challenge.  Representative data of 2independent experiments. n=3(all groups). 

d, Clinical outcome of EAE induced by transfer of TMBP cells previously stimulated in vitro in 

presence of neomycin at the indicated concentrations. Clinical parameters. Mean ± s.e.m. 

Representative data of 3 independent experiments.  n=3 (both groups). e-f, Subcutaneous (s.c.) 

treatment with neomycin does not affect EAE. e, Lung EAE was induced in rats s.c. pre-treated 

for 7 days with PBS or neomycin. Clinical parameters. Mean ± s.e.m. Representative data of 3 

independent experiments. n=5 (both groups). f, Rats s.c. pre-treated for 7 days with PBS or 

neomycin were i.v. transferred with resting TMBP cells. 6 h later, they were s.c. immunized with 

MBP. Clinical parameters. Mean ± s.e.m. Representative data of 3 independent experiments. 

n=3 (both groups). 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 
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unpaired two-tailed t-test (Gaussian distribution) and Mann-Whitney test (non-Gaussian 

distribution). *P < 0.05, **P < 0.01, ***P < 0.001. 

 

Extended Data Fig. 3. Lung dysbiosis does not modify T cell activation and expression 

profile in the lung. a-e, Lung EAE was induced in rats that were pre-treated i.tr. with neomycin 

or PBS for 7 days. a, Lung-immunization induces reprogramming in the gene expression profile 

of TMBP cells. Volcano plots depicting the differential gene expression profiles of lung-derived 

TMBP cells from PBS- (left) or neomycin- (right) pre-treated rats between D1 and D0 after 

immunization. Red and blue dots represent significantly up- or downregulated genes (P < 0.05), 

respectively. Indicated are representative genes involved in cell division and cell cycle. 

b, c, Genes differentially expressed after immunization are mainly involved in cell cycle. 

b, Significantly regulated KEGG pathways for genes upregulated between D1 vs D0after 

immunization in TMBP cells isolated from lung of PBS- (left) or neomycin-treated (right) rats. 

Bold: Pathways significantly enriched in both treatments. c, Heat map of the 50 most 

upregulated genes in D1 versus D0 after immunization in PBS- and neomycin-treated rats. 

d, Lung immunization does not change effector T cell differentiation. Total reads of 

transcription factors, cytokines and chemokine receptors in TMBP cells isolated from lung of 

PBS- or neomycin-treated rats on D0 and D1 after immunization Mean ± s.e.m. n=3 (all 

groups). e, I.tr. neomycin treatment does not impair TMBP cell activation and migratory program. 

Relative expression of chemokine receptors and genes involved in cell cycle and cell egress in 

TMBP cells isolated from the lung of PBS- or neomycin-pre-treated rats on D1 after 

immunization. Quantitative PCR. Mean ± s.e.m. Representative data of two independent 

experiments. n=3 (PBS), n=4 (Neo) per condition. d-e, Statistical significance determined by 

unpaired two-tailed t-test. *P < 0.05.  
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Extended Data Fig. 4. Lung dysbiosis does not impair the lung immune response upon 

immunization but impairs gray matter autoimmunity. a-f, Lung EAE was induced in rats 

pre-treated i.tr. with PBS or neomycin. Characterization of the lung immune milieu was 

performed 24 h after i.tr. immunization. a, Lung EAE was induced in rats that were pre-treated 

i.tr. with neomycin or PBS for 7 days. b-d, Lung microbiome dysbiosis does not impair local 

T cell responses. b, Absolute numbers of TMBP cells and endogenous TCR+ CD4+ and CD8+ 

T cells. Flow-cytometry. c, 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 cytokines in each T cell subset. Quantitative 

PCR. Housekeeping gene: -actin. Mean ± s.e.m. b-d, Representative data from 2 independent 

experiments. n=5 (all groups. e-f, Lung microbiome dysbiosis does not impair local myeloid 

cell responses. e, Absolute number of CD11b+ ED9- interstitial macrophages, CD11b+ ED9+ 

Mand RP3+ neutrophils. Flow cytometry. f, Corresponding expression of chemokines, iNOS 

(Nos2), MHC-II (Rt1ba) and M2 macrophage markers. Quantitative PCR. Housekeeping gene: 

-actin. e-f, Mean ± s.e.m. Representative data of 2 independent experiments. n=5 (all groups). 

g-h, Lung dysbiosis prevents TMBP cell entry into the CNS and ameliorates peripheral EAE 

induced by s.c. immunization. Rats were i.tr. treated with neomycin or PBS for 7 days. 

Subsequently, they were i.v. transferred with resting TMBP cells and s.c. immunized with MBP. 

g, Clinical parameters. Mean ± s.e.m. Representative data of 3 independent experiments. n=4 

(both groups). h, Number of TMBP cells detected in the indicated organs by flow cytometry on 

D11 after immunization. Mean ± s.e.m. Representative data of 3 independent experiments. n=3 

(both groups). i-j, I.tr. neomycin treatment reduces TbSYN cell entry in the brain and ameliorates 

autoimmune grey matter disease. Grey matter autoimmunity was induced in rats pre-treated 

with neomycin or PBS by transfer of TbSYN cells. i, Clinical parameters. Mean ± s.e.m. 
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Cumulative data of 2 independent experiments. n=6 (both groups). j, Quantification of the 

indicated immune cell subsets in blood or brain on D5 after immunization. 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. 

 

Extended Data Fig. 5. Lung dysbiosis affects neither the T cell and endothelial cell 

interactions at the CNS borders nor the barrier integrity. a-b, I.tr. neomycin treatment does 

not influence the expression of either chemokine receptors or adhesion molecules in TMBP cells. 

Lung EAE or transfer EAE were induced in PBS- or neomycin-pre-treated rats. a, Chemokine 

receptor and integrin expression in TMBP cells isolated from blood on D5 after immunization. 

(lung EAE, n=5 per condition) or D4 p.t. (transfer EAE, n=4 per condition). Quantitative PCR. 

Housekeeping gene: -actin. Mean ± s.e.m. Representative data of 2 independent experiments. 

b, Corresponding protein expression of LFA-1 and 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. TMBP (c) or TOVA (d) cells were i.v. transferred into rats pre-treated with 

PBS or neomycin. c, Intravascular TMBP cell motility was recorded in the leptomeninges by 

TPLSM on D2.5 post-transfer. Depicted are representative time-projection images 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 cell is indicated. Mean ± s.e.m. 

Representative data of 2 experiments including 2-4 (both groups). Turquoise: TMBP cells; Red: 

70 kDa Texas Red Dextran labeled 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 projection images over a period of 30 min, 

percentage of crawling versus rolling cells (n=9 videos per group) and intravascular and 
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extravascular motility parameters derived from the indicated number of T cells. Mean ± s.e.m. 

Turquoise: TOVA cells; Red: 70 kDa Texas Red Dextran labeled vessels. Blue: Collagen. e, I.tr. 

neomycin treatment does not affect TOVA cell diapedesis. Intravital TPLSM overviews and 

corresponding magnified pictures depicting the distribution of TOVA 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 labeled vessels. Blue: Collagen. Arrows: 

Representative TOVA cells. Graph: Corresponding quantification of TOVA cells in the 

extravascular environment. Each dot represents a single 30 min video. Mean ± s.e.m. 

Representative data of two independent experiments. n=8 (both groups). f, I.tr. neomycin 

treatment does not change the expression of tight junction molecules and integrin ligands. 

Expression of the indicated genes in endothelial cells isolated from spinal cord leptomeninges 

and parenchyma of rats pre-treated for 7 days with PBS or neomycin. Quantitative PCR. 

Housekeeping gene: -actin. Mean ± s.e.m. Cumulative data of 4 different experiments. n=17-

18 (all groups). g, I.tr. neomycin treatment does not alter the permeability of leptomeningeal 

vessels. Intravital TPLSM overviews and corresponding magnified pictures of the thoracic 

spinal cord recorded 7 days after i.tr. PBS or neomycin treatment. Images were acquired 0, 30, 

60 and 90 min after i.v. injection of 3 kDa Texas Red Dextran. No leakage of the dye was 

observed at any time point. Representave images from two indepdendent eyperiments. a, e, f, 

Statistical significance determined by unpaired two-tailed t-test (Gaussian distribution) and 

Mann-Whitney test (non-Gaussian distribution). c, d, Statistical significance of percentage 

crawling versus rolling was determined with a two-way ANOVA; for the other motility 

parameters unpaired two-tailed t-test (Gaussian distribution) and Mann-Whitney test (non-

Gaussian) distribution were used. 

 



Hosang et al. The lung microbiome regulates brain autoimmunity 

51 
 

Extended Data Fig. 6. Lung dysbiosis induces quantitative but not qualitative changes in 

the immune infiltrates in the CNS. a, I.tr. neomycin treatment reduces TMBP cell-mediated 

CNS inflammation. Expression of iNOS (Nos2), MHC-II (Rt1ba), chemokines, pro-

inflammatory cytokines and regulatory genes in total spinal cord at the initiation stage of the 

EAE (i.e. 24 h after the onset of the clinical symptoms). Quantitative PCR. Housekeeping gene: 

-actin. Mean ± s.e.m. n=11 (PBS), n=9 (Neo). b-c, T cell responses in the CNS are not affected 

by lung dysbiosis in transfer EAE. EAE was induced in rats pre-treated i.tr. with neomycin or 

PBS by transfer of TMBP cells. Immune cell characterization was performed at the initiation 

state of the disease. b, Percentage of TMBP cells, endogenous TCR+ CD4+ and CD8+ T cells 

expressing FoxP3 and proinflammatory cytokines (steady state and PMA/I stimulated 

conditions) in the CNS and in the indicated peripheral compartments. Flow cytometry. Mean ± 

s.e.m. Representative data of 2 independent experiments. n=5 (all groups). c, Corresponding 

expression of the specified T cell lineage signature cytokines in the indicated T cell subsets 

isolated from the spinal cord. Quantitative PCR. Housekeeping gene: -actin. Mean ± s.e.m. 

n=2-4 (all groups). d, Myeloid cells recruited to the CNS are not impaired by lung dysbiosis. 

Expression of iNOS (Nos2), MHC-II (Rt1ba), chemokines, M2 macrophage marker and IFNβ 

in spleen-derived CD45high CD11b+ Mand in CNS-derived CD45high CD11b+ Mat the 

initiation state of EAE. Quantitative PCRHousekeeping gene: -actin. Mean ± s.e.m. 

Representative data of 2 independent experiments. n=3-4 (PBS), n=4 (Neo) per condition. 

e, T cell response in the CNS is not affected by lung dysbiosis also in lung active EAE. Lung 

EAE was induced in rats pre-treated i.tr. with neomycin or PBS. Immune cell analysis was 

performed at the initiation state of the disease. e, Percentage of TMBP cells, endogenous TCR+ 

CD4+ and CD8+ T cells expressing of FoxP3 and proinflammatory cytokines (steady state and 

PMA/I-timatulated conditions) in the CNS and in the indicated peripheral compartments. Flow-

cytometry. Mean ± s.e.m. Representative data of 2 independent experiments. n=5 (all groups). 
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f, Corresponding expression of the specified T cell lineage-signature cytokines measured as in 

c. Quantitative PCR. Mean ± s.e.m. n=2-5 (all groups). g, Myeloid cells recruited to the CNS 

are not functionally impaired. Expression of the indicated genes measured as in d in spleen-

derived CD45high CD11b+ Mand in CNS-derived CD45high CD11b+M. Quantitative PCR. 

Mean ± s.e.m. Representative data of 2 independent experiments. n=2-5/ (all groups). 

a-g, Statistical significance was determined by unpaired two-tailed t-test (Gaussian distribution) 

and Mann-Whitney test (non-Gaussian distribution). *P < 0.05, ***P < 0.001. ND, not 

detected. 

 

Extended Data Fig. 7. Lung dysbiosis induces changes in microglia morphology and 

expression profile. a, I.tr. neomycin treatment dampens microglial response in EAE. EAE was 

induced in rats pre-treated i.tr. with neomycin or PBS by transfer of TMBP cells. Confocal images 

acquired in spinal cord white matter and grey matter depicting the morphology of Iba1+ 

microglia (red) at the peak of EAE. b, c, PLX3397 ameliorates EAE but does not add to the 

disease-ameliorating effects of i.tr. neomycin treatment. b, Quantification of CD45low CD11b+ 

microglia in the brain after 7 days of oral treatment with PLX3397 or vehicle. Flow cytometry. 

Mean ± s.e.m. Cumulative data of 3 independent experiments. n=9 (both groups). c, Rats were 

treated orally with PLX3397 orvehicle and i.tr. with neomycin or PBS. After 7 days EAE was 

induced by transfer of TMBP cells. The treatments were continued throughout the entire disease 

course. Clinical parameters. Mean ± s.e.m. Cumulative data of 2 independent experiments. 

n=10 (vehicle and PBS, vehicle and Neo), n=9 (PLX and PBS), n=11 (PLX and Neo). d, I.tr. 

meomycin treatment does not induce quantitative microglia changes. Rats were treated i.tr. with 

PBS or neomycin for 7 days. Histological quantification of Iba1+ microglia in the grey matter 

of the spinal cord (n=5 (PBS), n=6 (Neo)), and cytofluorimetric quantification of CD45low 

CD11b+ microglia in the spinal cord (n=10 (PBS), n=9 (Neo)). Mean ± s.e.m. e-f, I.tr. neomycin 



Hosang et al. The lung microbiome regulates brain autoimmunity 

53 
 

treatment changes microglia morphology in spinal cord and brain cortex without EAE 

induction. Rats were treated i.tr. with PBS or neomycin for 7 days. e, Quantification of the 

indicated morphological parameters extracted from confocal images of microglia in the spinal 

cord of PBS- or neomycin-pre-treated rats. Mean ± s.e.m. 16 cells from 3 different rats per 

group were analyzed. f, Iba1+ microglia in cortical grey matter after 7 days of i.tr. treatment 

with PBS or neomycin. Representative confocal 3D-reconstructions and corresponding 

morphological parameters derived from 13 cells from 3 different rats per group. Mean ± s.e.m. 

g, i.tr. NEO treatment induces a type I IFN signature in spinal cord microglia. Significantly 

enriched (P < 0.05) GO terms belonging to biological processes (BP) in genes upregulated in 

microglia of animals treated with neomycin compared to PBS. h, I.tr. neomycin treatment 

induces type I IFN-stimulated gene expression in brain-derived microglia. Differential 

expression of the indicated genes in microglial cells sorted from the brain of rats pre-treated 

with PBS or neomycin. Representative data of 2 independent experiments. Quantitative PCR. 

Housekeeping gene: -actin. Mean ± s.e.m. n=5 (both groups). i, I.tr. neomycin treatment 

induces upregulation of type I IFN-stimulated genes in the total spinal cord. Comparison of 

differential gene expression between neomycin- and PBS-treated rats. Light red dots: genes 

significantly up regulated (P < 0.05) but below the 0.5-fold change cut-off. Type I IFN-

regulated genes are indicated. Bold: Genes upregulated in both spinal cord and sorted microglia 

(Fig. 4b). j, Lung dysbiosis does not induce a shift to a type I IFN profile in 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 data of 2 independent 

experiments. n=6 (PBS), n=7 (Neo) per condition. b, d, e, h, j, Statistical significance 

determined by unpaired two-tailed t-test (Gaussian distribution) and Mann-Whitney test (non-

Gaussian distribution). c, Statistical significance determined by one-way ANOVA with 

Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. ND, not detected. 
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Extended Data Fig. 8. Effects of lung dysbiosis on microglia and the lung milieu. a, I.tr. 

neomycin treatment reduces microglial reactivity towards inflammatory cytokines in the CNS. 

Rats were i.tr. treated daily with neomycin or PBS. After 7 days, PBS or TNF/IFN were 

administered intrathecally (i.th). Percentage of MHC-II+ CD45low CD11b+ microglia and 

number of CD45high CD11b+ M in spinal cord and brain 4 h and 18 h after i.th. injection. Flow 

cytometry. Mean ± s.e.m. Representaive data from 3 independent experiments. For each CNS 

compartment, n=4 (PBS and PBS), n=5 (PBS and TNFIFNn=3 (NEO/PBS), n=5 (Neo 

and TNF & IFN. b, Lung dysbiosis impairs the capacity of microglia to respond to 

proinflammatory stimuli in vitro. Microglial cells, isolated from rats treated for 7 days with 

PBS or neomycin, were stimulated in vitro with increasing doses of IFNExpression of 

chemokines, cytokines 2MG (B2m), MHC-II (Rt1ba) and iNOS (Nos2) 4h after stimulation. 

Quantitative PCR. Representative data of 2 independent experiments. Each value represents the 

pooled microglia of at least 6 rats per group. c, Oral administration of inactivated 

P. melaninogenica does not affect EAE. EAE was induced by transfer of TMBP cells. Clinical 

parameters after daily oral treatment started 7 days before TMBP cell transfer and continued 

throughout the entire disease course. Mean ± s.e.m. Cumulative data of 2 independent 

experiments. n=5 (PBS), n=4 (P melaninogenica. d, Neomycin treatment increases pulmonary 

LPS. Concentration of LPS in BALF of rats treated for 7 days with PBS, neomycin or 

vancomycin (Vanco). ELISA. Mean ± s.e.m. Cumulative data of 2 independent experiments. 

n=9 (PBS), n=6 (Vancon=8 (Neo. e, Neomycin treatment induces a shift to a type I IFN 

phenotype in pulmonary immune cells. Expression of type I IFN-stimulated genes in pulmonary 

stromal cells (CD45-) and immune cells subsets in PBS- or neomycin-pre-treated rats. 

Quantitative PCR. Housekeeping gene: -actin. Mean ± s.e.m. Cumulative data of 3 

independent experiments. n=4-13 (PBS), n=4-11 (Neo) per condition. a, c, e, Statistical 
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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. 

 

Extended Data Fig. 9. Vancomycin does not induce a shift towards LPS and does not affect 

CNS autoimmunity. a, b, Vancomycin does not increase LPS producing phyla in the lung 

microbiota. a, Average relative abundance of bacterial phyla of lung microbiota in rats treated 

with PBS or vancomycin for 7 days. b, Corresponding heat map depicting the most regulated 

inhabitants of lung microbiota at family level. c, d, I.tr. vancomycin treatment does not affect 

the microglial gene expression profile. c, Volcano plots depicting the differential expression 

profile between vancomycin-and PBS-pre-treated rats in spinal cord derived CD45low CD11b+ 

microglia or in total spinal cord. d, Expression of type I IFN-regulated genes in CD45low 

CD11b+ microglial cells isolated from the spinal cord of rats pre-treated i.tr. for 7 days with 

PBS or vancomycin. Quantitative PCR. Please note that the experiment was performed in 

parallel with the one depicted in Fig. 4c and therefore the values in the PBS group are the same. 

House-keeping-gene: -actin. Mean ± s.e.m. Cumulative data of 3 independent experiments. 

n=5-12 (PBS), n=5-11 (Vanco) per condition. e, f, I.tr. vancomycin treatment does not affect 

transfer EAE or EAE induced via the lung. e, Transfer EAE was induced in rats pre-treated i.tr. 

with PBS or vancomycin for 7 days. Clinical parameters. Mean ± s.e.m. Representative data of 

3 independent experiments. n=6 (both groups). f, Lung EAE was induced in rats pre-treated i.tr. 

with PBS or vancomycin for 7 days. Clinical parameters. Mean ± s.e.m. Representative data of 

3 independent experiments. n=3 (both groups). g, Oral treatment with vancomycin does not 

affect EAE. Transfer EAE was induced in rats pre-treated orally with PBS or vancomycin for 

7 days. Clinical parameters. Mean ± s.e.m. Cumulative data of 2 independent experiments. n=8 

(PBS; n=8 (1mg Vanco), n=7 (10mg Vanco). d-f, Statistical significance determined by 
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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 

comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

Extended Data Fig. 10. LPS regulates EAE severity. a, I.tr. treatment with polymyxin B 

aggravates EAE. Transfer EAE was induced in rats pre-treated i.tr. for 7 days with polymyxin 

B or PBS. Clinical parameters. Mean ± s.e.m. Cumulative data of 3 independent 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 daily i.tr. for 7 days with LPS or PBS. The treatment was 

continued throughout the entire disease course. Clinical parameters. Mean ± s.e.m. Cumulative 

data of 2 independent experiments. n=8 (both groups). c, I.th. E. coli LPS administration 

ameliorates EAE. EAE was induced by transfer of TMBP cells. LPS was administered on day 0, 

2 and 4 after transfer. Clinical parameters. Mean ± s.e.m. Representative data of 2 independent 

experiments. n=5 (both groups). d, Graphical abstract: Lung microbiota control the immune 

reactivity of the CNS in steady state condition and in the case of autoimmunity. 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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