
Nature | Vol 582 | 4 June 2020 | 89

Article

C9orf72 suppresses systemic and neural 
inflammation induced by gut bacteria

Aaron Burberry1,2, Michael F. Wells1,2, Francesco Limone1,2,3, Alexander Couto1,2,  
Kevin S. Smith1,2, James Keaney4, Gaëlle Gillet4, Nick van Gastel1,5, Jin-Yuan Wang1,2,  
Olli Pietilainen1,2, Menglu Qian1,2,6, Pierce Eggan1,2, Christopher Cantrell1,2, Joanie Mok1,2,  
Irena Kadiu4, David T. Scadden1,5 & Kevin Eggan1,2,6 ✉

A hexanucleotide-repeat expansion in C9ORF72 is the most common genetic variant 
that contributes to amyotrophic lateral sclerosis and frontotemporal dementia1,2. The 
C9ORF72 mutation acts through gain- and loss-of-function mechanisms to induce 
pathways that are implicated in neural degeneration3–9. The expansion is transcribed 
into a long repetitive RNA, which negatively sequesters RNA-binding proteins5 before 
its non-canonical translation into neural-toxic dipeptide proteins3,4. The failure of 
RNA polymerase to read through the mutation also reduces the abundance of the 
endogenous C9ORF72 gene product, which functions in endolysosomal pathways and 
suppresses systemic and neural inflammation6–9. Notably, the effects of the repeat 
expansion act with incomplete penetrance in families with a high prevalence of 
amyotrophic lateral sclerosis or frontotemporal dementia, indicating that either 
genetic or environmental factors modify the risk of disease for each individual. 
Identifying disease modifiers is of considerable translational interest, as it could 
suggest strategies to diminish the risk of developing amyotrophic lateral sclerosis or 
frontotemporal dementia, or to slow progression. Here we report that an 
environment with reduced abundance of immune-stimulating bacteria10,11 protects 
C9orf72-mutant mice from premature mortality and significantly ameliorates their 
underlying systemic inflammation and autoimmunity. Consistent with C9orf72 
functioning to prevent microbiota from inducing a pathological inflammatory 
response, we found that reducing the microbial burden in mutant mice with broad 
spectrum antibiotics—as well as transplanting gut microflora from a protective 
environment—attenuated inflammatory phenotypes, even after their onset. Our 
studies provide further evidence that the microbial composition of our gut has an 
important role in brain health and can interact in surprising ways with well-known 
genetic risk factors for disorders of the nervous system.

To understand the consequences of the long-term reduction in C9ORF72 
activity found in patients with amyotrophic lateral sclerosis (ALS) or 
frontotemporal dementia (FTD) who carry the repeat expansion, mice 
that contain loss-of-function (LOF) mutations in the orthologous 
gene (C9orf72) have previously been studied6,7,12,13. It was previously 
reported7, and later corroborated, that reduced C9orf72 function led 
to age-dependent inflammation, characterized by cytokine storm7,14, 
neutrophilia6,7,14, pseudothrombocytopenia7, autoimmunity7,14, sple-
nomegaly6,7,13,14 and neuroinflammation6,7. Informed by these obser-
vations and validating their importance, it was subsequently found 
that patients with ALS or FTD who had mutations in C9ORF72 were 
significantly more likely to have been diagnosed with autoimmune 
disease before their neurological diagnosis15,16.

However, the long-term survival of C9orf72 LOF mutant mice varied 
markedly between reports, despite many groups studying the same 
allele on a similar genetic background. In some studies, it was found7,12 
that the loss of one (+/−) or both (−/−) alleles of C9orf72 increased the 
risk of premature mortality, whereas others13 noted a reduced survival 
of C9orf72−/− but not C9orf72+/− mice—and another group6 reported 
no survival differences between control and mutant mice (Extended 
Data Fig. 1). These findings suggested that the environment in which 
the mice were reared might be an important modifier of survival 
when C9orf72 levels are reduced. To test this hypothesis, we asepti-
cally re-derived C9orf72-mutant mice into a new facility at the Broad 
Institute (hereafter referred to as C9orf72(Broad) mice) while continu-
ing our colony at the Harvard Biological Research Infrastructure (BRI) 
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facility (hereafter referred to as C9orf72(Harvard) mice) (Fig. 1a). To 
assess the reproducibility of the original findings at Harvard, we aged 
an independent cohort of C9orf72(Harvard) mice (C9orf72(Harvard)+/+, 
n = 55; C9orf72(Harvard)+/−, n = 114; C9orf72(Harvard)−/−, n = 62) and 
again found that C9orf72(Harvard)+/− mice (Gehan–Breslow–Wilcoxon 
P = 0.0460) and C9orf72(Harvard)−/− mice (Gehan–Breslow–Wilcoxon 
P < 0.0001) were at an increased risk of premature mortality (Fig. 1b). 
The causes of death in these mice—which included cervical lymphad-
enopathy, wasting and severe ataxia—were indistinguishable from 
those that were observed previously7, and were closely tied to their 
underlying autoimmune condition (Extended Data Fig. 2a, b). By con-
trast, we observed no early mortality or motor behaviour deficit in 
either heterozygous or homozygous mutant mice at the Broad Institute 
(C9orf72(Broad)+/+ n = 22, C9orf72(Broad)+/− n = 36, C9orf72(Broad)−/− 
n = 23) (Fig. 1c, Extended Data Fig. 2c). As a result, C9orf72−/− mice were 
significantly more likely to die prematurely when reared at Harvard than 
at the Broad Institute (Gehan–Breslow–Wilcoxon test, P = 0.0179). We 
therefore conclude that signals from the environment can be significant 
modifiers of lifespan when C9orf72 function declines.

To determine whether the improved survival that we observed 
in C9orf72(Broad) mice was associated with a diminution of inflam-
matory and autoimmune endophenotypes7, we jointly analysed 
age-matched mice reared at each facility (Fig. 1d–g, Extended Data 
Fig. 2d, e). As previously reported7, C9orf72(Harvard) mice exhibited 
autoimmune and inflammatory phenotypes, including significantly 
elevated levels of IL-23, IL-10, IL-22, G-CSF, IL-17a, TNF, IFNγ, IL-1β and 
IL-12p70 (P < 0.05) (Extended Data Fig. 2e) as well as splenomegaly 
(P < 0.0001) (Fig. 1d), neutrophilia (P < 0.0001) (Fig. 1e), pseudo-
thrombocytopenia (P < 0.0001) (Fig. 1f, Extended Data Fig. 2f, g) and 
development of auto-antibodies (P < 0.0001) (Fig. 1g). Notably and in 
every case, these inflammatory phenotypes were significantly reduced 

in C9orf72(Broad)−/− mice relative to their C9orf72(Harvard) mutant 
counterparts (Fig. 1d–g). In fact, the reduction of inflammation in the 
pro-survival Broad Institute environment was sufficiently reduced 
that many inflammatory phenotypes that we routinely observed in 
mutant mice at Harvard were no longer significantly different between 
C9orf72−/− and C9orf72+/+ mice at the Broad Institute. It is notable that 
the few phenotypes that remained significantly different between 
C9orf72(Broad)−/− and C9orf72(Broad)+/+ mice, such as modest spleno-
megaly (one-way analysis of variance (ANOVA) with Sidak’s multiple 
comparisons, P = 0.0004), were those that have been most widely 
reported6,13,14. Thus, an environment that improved survival also ame-
liorated the underlying inflammatory and autoimmune disease found 
in C9orf72 mutant mice.

Antibiotics prevent inflammation
We next considered variables between the two environments that 
might have contributed to such marked differences in the severity of 
mutant phenotypes. We found that diet, light cycle and many other 
features of the two environments were similar. However, a review of 
microbial screening reports from the two facilities indicated that 
murine norovirus (Fisher’s exact test, P = 0.0140), Helicobacter spp. 
(Fisher’s exact test, P < 0.0001), Pasteurella pneumotropica (Fisher’s 
exact test, P = 0.0070) and Tritrichomonas muris (Fisher’s exact test, 
P < 0.0001) were significantly more common in C9orf72(Harvard) mice 
than in C9orf72(Broad) mice (Supplementary Table 1). It is important 
to note that the differences between the two colonies were well within 
norms for Assessment and Accreditation of Laboratory Animal Care 
processes. The differential components of the microflora that we found 
at Harvard are not generally considered pathogenic, consistent with 
the normal health and lifespan of control mice in that environment7 
(Fig. 1b). However, Helicobacter spp. have previously been suggested 
to have immune-stimulating properties10, which raises the possibility 
that changes in gut microflora between the two environments might 
underlie the increased rate of mortality and inflammatory phenotypes 
that we found in C9orf72(Harvard) mutant mice.

To learn whether the resident microflora contributed to the 
inflammation and autoimmunity seen in C9orf72(Harvard) mutant 
mice, we weaned new C9orf72(Harvard) mice (C9orf72(Harvard)+/+, 
n = 14; C9orf72(Harvard)−/−, n = 22) and administered either vehicle or 
broad-spectrum antibiotics before the onset of inflammatory disease 
(day 30), then monitored related phenotypes for 200 days (Fig. 2a). 
As expected, antibiotics significantly reduced the abundance and 
diversity of bacterial species (including Helicobacter spp.), without 
affecting levels of murine norovirus. The guts of vehicle-treated control 
mice were largely unaltered (Fig. 2b, Extended Data Fig. 3a). We found 
that vehicle had no effect on the development of either inflammatory 
or autoimmune phenotypes in C9orf72(Harvard)−/− mice, including 
cytokine storm (Extended Data Fig. 3b), neutrophilia (Fig. 2c), pseudo-
thrombocytopenia (Fig. 2d), autoimmunity (Fig. 2e) and splenomegaly 
(Fig. 2f, Extended Data Fig. 3c). By contrast, providing lifelong antibi-
otics treatment to C9orf72(Harvard)−/− mice completely suppressed 
the emergence of all of these phenotypes (Fig. 2c–f, Extended Data 
Fig. 3b–i). Thus, our experiments suggest that signals derived from 
gut bacteria promote inflammation and autoimmunity when C9orf72 
function is diminished. However, we found that chronic administration 
of antibiotics resulted in previously reported health consequences 
(including hepatoxicity)17, which prevented us from assessing behav-
ioural and survival outcomes.

We next asked whether the acute suppression of gut microbiota 
could ameliorate inflammatory and autoimmune phenotypes after 
their establishment in C9orf72(Harvard) mutant mice. To this end, 
we obtained another independent cohort of C9orf72(Harvard) mice 
(C9orf72(Harvard)+/+, n = 25; C9orf72(Harvard)−/−, n = 24; day 250), dem-
onstrated these mice displayed the expected inflammatory phenotypes 
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Fig. 1 | Environment governs survival, inflammation and autoimmunity in 
C9orf72 LOF mice. a, Aseptic embryo transfer of C9orf72 neo-deleted allele 
from Harvard BRI to the Broad Institute. Male and female mice were aged for 
survival or tissue collection. CNS, central nervous system. b, c, Survival of mice 
at Harvard BRI (C9orf72+/+, n = 55; C9orf72+/−, n = 114; C9orf72−/−, n = 62) (b) or the 
Broad Institute (C9orf72+/+, n = 22; C9orf72+/−, n = 36; C9orf72−/−, n = 23) (c) 
(Gehan–Breslow–Wilcoxon). NS, not significant. d–g, Age-matched 
(48-week-old) mice reared at Harvard BRI (C9orf72+/+, n = 12; C9orf72+/−, n = 13; 
C9orf72−/−, n = 10) or the Broad Institute (C9orf72+/+, n = 12; C9orf72+/−, n = 18; 
C9orf72−/−, n = 11) were assessed for spleen weight (d), blood neutrophil count 
(e), blood platelet count measured at 0 °C (f) and plasma anti-double-stranded 
(ds)DNA antibody activity (g). In d–g, one-way ANOVA with Sidak’s multiple 
comparisons. Each dot represents one mouse.
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relative to control mice and showed that they exhibited poor perfor-
mance on the accelerating rotarod (Fig. 3a–d, Extended Data Fig. 4a). 
Then, we began acute administration of broad-spectrum antibiotics 
and monitored associated phenotypes over the course of 60 days. We 
found that this treatment significantly reduced each of the inflamma-
tory and autoimmune phenotypes in mutant mice (Fig. 3b–d), including 
splenomegaly (P = 0.0002) (Extended Data Fig. 4c, d) and improved 
rotarod performance (P = 0.0398) (Extended Data Fig. 4a). By contrast, 
treatment with vehicle had no effect on these measures (Fig. 3b–d, 
Extended Data Fig. 4a–d).

Faecal transplants mitigate inflammation
To more directly investigate whether the phenotypic improvements 
were due to the microbial communities of the gut (rather than unrelated 
consequences of antibiotics treatment), we performed faecal trans-
plant experiments. We produced another cohort of C9orf72(Harvard) 
mice (C9orf72(Harvard)+/+, n = 27; C9orf72(Harvard)−/−, n = 32; day 100) 
and demonstrated that these mice displayed the expected inflamma-
tory phenotypes relative to control mice. We then suppressed the gut 
microflora of these mice with transient antibiotic treatment, and trans-
planted with faeces from either the pro-inflammatory (Harvard BRI) or 
pro-survival (Broad Institute) environment (Fig. 3e). Transplantation of 
pro-survival gut microflora significantly improved each of the inflam-
matory and autoimmune phenotypes (Fig. 3f–h, Extended Data Fig. 4e). 
By contrast, transplant with microflora from the pro-inflammatory 
facility did not improve these measures, which suggests that the ben-
efits we observed when transplanting faeces from the protective envi-
ronment were not merely due to the brief antibiotic treatment that 
enabled microbial engraftment. Therefore, our studies establish that 
the inflammatory and autoimmune disease that underlies premature 
mortality in C9orf72(Harvard) mutant mice can be therapeutically 
prevented, and that signals from particular gut microbiota help to 
maintain this disease.

Profiling gut bacteria
To identify the bacterial species of the gut that are associated with 
severe phenotypes in C9orf72(Harvard) mutant mice, we surveyed 
the composition of faeces from two pro-inflammatory environments 
in which the mutant mice perished7,12, as well as from one previously 
published6 and one additional pro-survival environment (Fig. 3i). 
Principal component analysis readily separated samples from the 
four environments, with the largest principal component (principal 
component 1, 28.7% of variance) separating the two pro-inflammatory 
environments from the two pro-survival environments (Fig. 3j). Deeper 
investigation of this axis of variance revealed a shared significant 
decrease in α-diversity in the two pro-inflammatory environments, 
and unsupervised hierarchical clustering demonstrated that sam-
ples from the pro-inflammatory environments showed β-diversity 
disparate from that in pro-survival environments (Fig. 3k, Extended 
Data Fig. 5f). Exemplifying these considerable differences in commu-
nity structure, 62 of 301 bacterial species we identified (20.6%) were 
significantly altered in their abundance when jointly comparing the 
two pro-survival environments to the two pro-inflammatory environ-
ments (P < 0.0002) (Extended Data Fig. 5a–e). Consistent with initial 
observations (Supplementary Table 1), Helicobacter spp. were found in 
both of the pro-inflammatory environments (Extended Data Fig. 5g, h, 
Supplementary Fig. 1) but were absent in pro-survival environments.

We next characterized the extent of microbial reconstitution in our 
faecal transplant recipients (Extended Data Fig. 6a–f). Hierarchical clus-
tering of β-diversity revealed that the microbial composition in mice 
that received faecal transplants from the Broad Institute environment 
were more similar to faeces from mice housed at the Broad Institute 
than to faeces from mice housed at Harvard BRI or faeces from mice that 
received faecal transplants from the Harvard environment (Extended 
Data Fig. 6d). Analysis of individual bacteria similarly supported the 
success of our transplants: 85% (199 out of 234) of bacterial species 
identified in faeces from mice housed at Harvard BRI being detected in 
mice that received faecal transplants from the Harvard environment, 
and 75% (178 out of 236) of bacterial species identified in faeces from 
mice housed at the Broad Institute detected in mice that received fae-
cal transplants from the Broad Institute environment (Extended Data 
Fig. 6f). Semi-quantitative PCR for Helicobacter spp. ribosomal (r)DNA 
further confirmed the reconstitution of Harvard-specific microorgan-
isms in the recipients of faecal transplants from the Harvard environ-
ment, and their elimination from the recipients of faecal transplants 
from the Broad Institute environment (Extended Data Fig. 5i, Sup-
plementary Fig. 1).

Gut components regulate myeloid cytokines
To mechanistically explore how varied faecal components in separate 
environments alter cytokine burden and autoimmunity in C9orf72−/− 
mice, we stimulated bone-marrow-derived macrophages from 
C9orf72(Harvard) mice with chemical analogues of microbial compo-
nents and found that both C9orf72(Harvard)+/− and C9orf72(Harvard)−/− 
bone-marrow-derived macrophages released higher levels of several 
pro-inflammatory cytokines than C9orf72(Harvard)+/+ control cells 
in response to bacterial lipopeptide, single-stranded (ss)RNA and 
ssDNA (Extended Data Fig. 7a–c). Given these findings, we next asked 
whether faecal material from mice housed at Harvard BRI contained 
higher levels of innate-immune stimulating factors than faeces from 
mice at the Broad Institute. To this end, we individually administered 
normalized concentrations of faecal Eubacteria from both institutions 
to C9orf72(Harvard)−/− and C9orf72(Harvard)+/+ bone-marrow-derived 
macrophages. We found that C9orf72−/− bone-marrow-derived mac-
rophages produced significantly higher levels of TNF when exposed 
to faecal material from Harvard BRI than when exposed to faeces from 
the Broad Institute (Extended Data Fig. 7d). In addition, serial dilutions 
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total sequencing reads per cage. One-way ANOVA with Dunnett’s multiple 
comparisons. c, Blood neutrophil count. d, Blood platelet count measured  
at 0 °C. e, Plasma anti-dsDNA antibody activity. f, Spleen weight. In  
c–f, one-way ANOVA with Sidak’s multiple comparisons. Each dot represents 
one mouse.



92 | Nature | Vol 582 | 4 June 2020

Article

revealed that a combination of faeces from Harvard BRI and a C9orf72−/− 
genotype leads to TNF release at the lowest faecal concentrations 
(Extended Data Fig. 7d).

Environment governs neuro-inflammation
Neuro-inflammation is a pathological hallmark of ALS and FTD asso-
ciated with mutations in C9ORF7218,19, with substantial infiltration 
of peripheral immune cells noted in the spinal cord of patients with 
ALS20,21. We used the pan-haematopoietic marker CD45 to distinguish 
CD45mid resident microglia from peripherally derived CD45high cells22 
and found that infiltrating cells were present at sites of focal inflam-
mation within the spinal cord parenchyma of C9orf72(Harvard)−/− 
mice (Fig. 4a, Extended Data Fig. 8a–h, Supplementary Videos 1, 
2). Mass cytometry analysis revealed that the CD45high cells that 
infiltrated the spinal cord were mostly CD11b+Ly6C+Ly6G+CD39− neu-
trophils and CD3e+ T cells (Extended Data Fig. 8a–f; gating strategy 
is in Supplementary Information). Notably, lifelong suppression of 
gut microflora with antibiotics prevented the accumulation of infil-
trating myeloid cells within the spinal cord of C9orf72(Harvard)−/− 
mice (Fig. 4b, c).

In addition to infiltrating peripheral immune cells, there are also sub-
stantial changes to resident microglia in the nervous systems of patients 
with ALS or FTD23. Previous studies6,8,9,24 have implicated C9orf72 
and its interactor SMCR8 in regulation of endolysosomal trafficking 
and autophagy, particularly in myeloid derivatives. We found that 

microglia from the spinal cord of C9orf72(Harvard)−/− mice expressed 
higher levels of the lysosome-associated proteins LAMP16 (Extended 
Data Fig. 9a, Supplementary Videos 3, 4) and cathepsin B (Extended 
Data Fig. 9b, Supplementary Videos 5, 6). Lifelong suppression of gut 
microbiota did not significantly decrease LAMP1 or cathepsin B levels 
in C9orf72(Harvard)−/− microglia (Extended Data Fig. 9c, d),which sug-
gests that C9orf72 regulates lysosomal constituents independently 
from microbial signals.

To examine the activation status of resident microglia in 
C9orf72(Harvard) mutant mice and to ask whether microglial acti-
vation might be altered by signals from the microbiota, we measured 
levels of the pattern recognition receptor dectin 1, the chemokine 
receptor CCR9 and the lipoprotein lipase LPL, which have previ-
ously been associated with pro-inflammatory microglial states25–27. 
Consistent with the notion that microglia become activated when 
C9orf72 levels decline, we found that dectin 1 and CCR9 were enriched 
in microglia from C9orf72(Harvard)−/− mice (Fig. 4d–f, Extended 
Data Fig. 9e–g, Supplementary Videos 7, 8). Importantly, dectin 1 
and CCR9 expression were significantly reduced in microglia from 
C9orf72(Harvard) mutant mice with gut microflora that was chroni-
cally suppressed with antibiotics (Fig. 4d–f). These results demon-
strate that when C9orf72 function is reduced, peripheral immune 
cells can infiltrate the spinal cord, where they associate with sites 
of neuro-inflammation, and that treatment with antibiotics, which 
suppresses the microbiota, modulates both infiltration and micro-
glial activation.
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Fig. 3 | Gut bacteria propagates inflammation and autoimmunity in 
C9orf72 LOF mice. a, Age-matched (36-week-old) female C9orf72(Harvard)+/+ 
and C9orf72(Harvard)−/− neo-deleted mice were cohoused by treatment group, 
then administered vehicle (C9orf72(Harvard)+/+, n = 12; C9orf72(Harvard)−/−, 
n = 12) or antibiotics (C9orf72(Harvard)+/+, n = 13; C9orf72(Harvard)−/−, n = 12) 
daily. b–d, These mice were then assessed for plasma anti-dsDNA antibody 
activity (b), blood neutrophil count (c) and blood platelet count measured at 
0 °C (d). e, Age-matched (13-week-old) female C9orf72(Harvard)+/+ and 
C9orf72(Harvard)−/− neo-deleted mice were cohoused by treatment group, 
administered antibiotics for two weeks, and then gavaged with faeces from the 
Harvard BRI environment (C9orf72(Harvard)+/+, n = 13; C9orf72(Harvard)−/−, 

n = 17) or Broad Institute environment (C9orf72(Harvard)+/+, n = 14; 
C9orf72(Harvard)−/−, n = 15). f–h, These mice were then assessed for plasma 
anti-dsDNA antibody activity (f), blood neutrophil count (g) and blood platelet 
count measured at 0 °C (h). i–k, Faecal pellets (n = 5 each) from two 
pro-inflammatory environments (Harvard BRI and Johns Hopkins) and two 
pro-survival environments (Broad Institute and Jackson Laboratory) were 
subjected to 16S rDNA sequencing (i), and then assessed by principal 
component (PC) analysis ( j) and Bray–Curtis dissimilarity matrix of β-diversity 
(k). In b–d, f–h, one-way ANOVA with Sidak’s multiple comparisons. Each dot 
represents one mouse.
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Discussion
Our results indicate that when C9orf72 function declines, the environ-
ment generally—and the gut microbiota specifically—become potent 
modifiers of whether autoimmunity, neural inflammation, motor 
deficits and premature mortality occur. The effect of environment 
and accompanying changes in microbial microflora are so strong in 
this mouse model that in one environment, inflammatory disease and 
death were highly penetrant phenotypes, whereas in another they were 
essentially absent. We therefore provide the probable explanation for 
the considerable phenotypic variation that has been observed across 
groups studying this C9orf72 LOF allele in mice6,7,12,13. These conclusions 
are important because they re-emphasize that the 50% reduction in the 
levels of C9ORF72 found in patients with ALS or FTD who have mutations 
in C9ORF72 are a credible cause for the neural inflammation that are 
characteristic in their condition. Most provocatively, our findings also 
suggest that variance in microbiota could explain why some carriers 
of the C9ORF72 mutation develop ALS or FTD, or overt inflammatory 
conditions such as lupus15,16, while others do not.

It should be re-emphasized that the microorganisms present in the 
environments we studied here are not considered mouse pathogens 
per se, and that their abundances were within the scope found in com-
parable institutions28. Importantly, the environmental conditions 
that triggered severe phenotypes in our C9orf72(Harvard) mice were 
reproducible elsewhere. Previous reports7,12 have noted a relationship 
between the reduction in C9orf72 function and an increased rate of 
premature mortality comparable to that described here. It is notable 

that these two pro-inflammatory environments were most similar in 
their microbial constituents and also shared many microorganisms 
that were not present in the two pro-survival locations we surveyed. 
Given the large number of species that we found significantly differ in 
their abundance between pro-inflammatory and pro-survival environ-
ments (Fig. 3i, Extended Data Fig. 5c), future studies will be needed 
to elucidate the relative contribution of individual bacterial species 
to variation in the inflammatory and autoimmune phenotypes we 
report here. However, microorganism-by-microorganism analysis 
of varying environments and our transplant mice would seem to rule 
out the previously reported protective effects of Akkermansia mucin-
iphila29,30 (Extended Data Fig. 6f) and potential inflammatory influences 
of T. muris (Extended Data Fig. 5e).

It is increasingly appreciated that gut microorganisms alter the matu-
ration and function of microglia31, can influence the activity of neurons 
in the central nervous system32 and contribute to neuro-inflammation 
and neuropathology in models of Alzheimer’s33 and Parkinson’s dis-
ease34. However, only initial surveys of the gut microbiota have been 
reported in patients with neurological conditions35 and, thus far, results 
from initial studies in patients with ALS have been mixed36,37. One study 
has reported significant differences between the microbial constitu-
encies of patients with ALS and controls36, whereas another found no 
clear distinctions37. Given the genetic heterogeneity exhibited within 
patients with ALS, it is perhaps not surprising that early studies have 
not reached consensus.

Consistent with the idea there are complex interactions between 
the germline genotype of a patient and their gut microflora in ALS, it 
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Fig. 4 | Gut microflora promotes myeloid cell infiltration and microgliosis 
in C9orf72 LOF spinal cord. a, Orthogonal projection of CD45 and mouse 
immunoglobulin G (IgG) in lumbar spinal cord of 55-week-old C9orf72(Harvard) 
neo-deleted mice (C9orf72(Harvard)+/+, n = 3; C9orf72(Harvard)−/−, n = 3), 
showing cells infiltrating the lumbar spinal cord. Scale bars, 200 μm.  
b, Representative gating of CD45+CD11b+ cells from spinal cord of 
C9orf72(Harvard) mice in Fig. 2. Infil., infiltrating. c, Quantification of 
CD45highCD11b+Ly6C+ myeloid cells infiltrating the spinal cord, shown in b.  
d, Quantification of CCR9 expression on CD45midCD11b+CD39+ microglia from 

the spinal cord of C9orf72(Harvard) mice, shown in Fig. 2. MFI, mean 
fluorescence intensity. e, Orthogonal projection of dectin 1 in IBA1+ microglia 
in lumbar spinal cord from 55-week-old C9orf72(Harvard) neo-deleted  
mice (C9orf72(Harvard)+/+, n = 3; C9orf72(Harvard)−/−, n = 3). Scale bars, 50 μm.  
f, Dectin 1 in CD45midCD11b+CD39+ microglia from spinal cord of C9orf72(Harvard)  
mice in Fig. 2. +/+, C9orf72(Harvard)+/+; −/−, C9orf72(Harvard)−/−; abx, 
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multiple comparisons. Each dot represents one mouse.
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was recently reported that SOD1-transgenic mice displayed a faster 
decline when bacterial load was reduced, which was linked to reduced 
bacterial production of nicotinamide29. Although we cannot rule out 
the presence of protective microorganisms in some environments, 
our studies suggest that lowering the bacterial load in C9orf72-mutant 
mice was in aggregate protective, probably by reducing the exposure of 
their genetically sensitized innate immune response to inflammatory 
factors derived from microorganisms. In sum, our studies suggests 
that the microbiome may be an important governor of the onset and 
progression of neurological disease in patients with C9ORF72 muta-
tions, including those experiencing autoimmune and inflammatory 
conditions before a diagnosis of ALS or FTD15,16. To test this idea, a key 
future experiment will be to identify C9ORF72 repeat expansion car-
riers within families known to be predisposed to developing ALS or 
FTD, and to determine whether the gut microbiota differs between 
individuals that remain healthy and those that acquire the conditions.
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Methods

Mice
All experimental procedures were approved by the Institutional Animal 
Care and Use Committee of Harvard University and the Broad Insti-
tute, and were in compliance with all relevant ethical regulations. The 
KOMP and neo-deleted C9orf72 loss of function strains were gener-
ated as previously described7. Mice were housed with nestlet bedding, 
red hut for enrichment, provided water ad libitum and fed ad libitum 
either with Prolab Isopro RMH 3000 (Harvard BRI) or with PicoLab 
Rodent Diet 20 (Broad Institute) and kept on a 12-h light–dark cycle. 
Embryo re-derivation was performed by collecting embryos from 
super-ovulated C9orf72+/− females, washing embryos, then surgical 
transfer using an aseptic technique into the reproductive tract of pseu-
dopregnant recipient females. For experiments involving antibiotics, 
mice were cohoused for at least a week before initiation of dosing. 
Mice were administered either vehicle (water) or a freshly prepared 
cocktail of four antibiotics including ampicillin sodium salt (200 mg/
kg/d), neomycin trisulfate salt hydrate (200 mg/kg/d), metronidazole  
(200 mg/kg/d), and vancomycin hydrochloride from Streptomyces 
orientalis (100 mg/kg/d) (all from Sigma) administered by twice daily 
gavage. The number (n), sex and ages of the mice used in each study 
are described in figure legends or text. Power calculations (G*Power 
3.1.9.2) using the mean and standard error of endophenotype data 
was used to estimate necessary cohort sizes for antibiotics and faecal 
transplant studies. Before administration of antibiotics, mice were 
assessed for systemic inflammatory measures and mice were allocated 
into groups so that no significant differences were present before treat-
ment initiation.

Motor behaviour
Naive mice were trained on the rotarod at constant speed of 4 rpm 
for 300 s at least 1 d before competitive assessment. For performance 
trials, the rotarod accelerated from 4 to 40 rpm over 300 s using Ugo 
Basile mouse RotaRod NG (Harvard FAS BRI) or Panlab Rota Rod (Broad 
Institute). Each trial day consisted of 3 tests per mouse, with each test 
separated by at least 20 min. The operator was blinded to mouse geno-
type during trials.

Faecal transplantation
Using sterilized forceps, donor faecal pellets were collected directly 
from the anus, or donor upper and lower intestinal contents were iso-
lated from euthanized mice and immediately frozen on dry ice. Recipi-
ent mice received antibiotics twice daily by gavage for two weeks, then 
a two day secession of antibiotics, then faecal transplantation once 
per day for two days. Faecal pellets and intestinal contents from donor 
mice were weighed, pooled, diluted to 200 mg/ml in degassed PBS and 
administered by oral gavage to recipient mice at 2 mg faeces per g of 
body weight. All cage changes were performed in HEPA filtered hoods 
with freshly autoclaved cages, bedding and enrichment.

Blood and cytokine measures
Peripheral blood was collected via mandible puncture into EDTA-coated 
tubes. Blood counts were assessed using a Hemavet (Abaxis). Samples 
were then centrifuged to pellet cells and plasma was collected from the 
supernatant. Plasma was diluted 1:2 for luminex-based multiplexed 
fluorescence assay to assess 36 cytokines and chemokines. Plasma was 
diluted 1:200 to assess mouse anti-dsDNA total IgG autoantibodies 
(Alpha Diagnostic International).

Tissue preparation
Mice were anaesthetized with isoflurane followed by transcardial per-
fusion with HBSS supplemented with 10 U/ml heparin. Spleens were 
dissociated by repeated trituration with a glass pipetman in HBSS, 
subjected to 10-min RBC lysis (eBioscience), washed in autoMACS 

(Miltenyi), filtered (40 μm) and counted using a Countess (Invitrogen) 
for antibody staining. For flow cytometry and mass cytometry of the 
central nervous system, spinal cords were digested by papain and DNase 
diluted in EBSS (Worthington) for 10 min at 37 °C, triturated with a 
glass pipetman to generate large tissue chunks, and then allowed to 
digest for 20 min at 37 °C. DMEM supplemented with glutamax was 
added, samples triturated to single cells, ovomucoid (Worthington) and 
DNase diluted in EBSS added to inhibit protease activity, cells filtered, 
washed in autoMACS buffer, and pelleted at 500g for 15 min at 4 °C. 
Cell pellets were brought up in isotonic Percol Plus (Sigma) diluted 
to 30% in autoMACS and spun for 15 min at room temperature with 
no brake. Floating myelin was gently removed using plastic transfer 
pipette. Cell pellets were resuspended, filtered, washed in autoMACS 
and re-pelleted at 4 °C. Cells were fixed in 4% paraformaldehyde (PFA) 
(Electron Microscopy Sciences) either before or after antibody staining 
depending on need. Samples were collected on a BD LSRII or Helios 
mass cytometer. Data were analysed using FlowJo and/or Cytobank. 
For immunofluorescence experiments, following HBSS perfusion, 
mice were perfused with 4% PFA and central nervous system tissue 
was post-fixed in 4% PFA overnight at 4 °C. The next day, samples 
were washed with PBS overnight at 4 °C. Tissue was submerged in 30% 
sucrose for 2 d. After cryoprotection, lumbar regions were mounted 
in OCT and cryostat-sectioned at 30 μm.

Immunofluorescence
Spinal cord sections were washed three times in PBS to remove residual 
OCT. Sections were incubated in a blocking solution (10% donkey serum, 
0.1M glycine, 0.1% Tween20 or 0.3% Triton X100, PBS, Image-iT FX Signal 
Enhancer (Thermo)) for 1 h at room temperature. Following blocking, 
sections were incubated with primary antibodies for 2 d on a rocker at 
4 °C. Primary antibodies include: rat CD11b–FITC 1:200 (M1/70, Bio-
Legend), rabbit cathepsin B 1:400 (D1C7Y CST), rat CD45-488 1:200 
(30-F11 BioLegend), guinea pig IBA1 1:500 (234004 Synaptic Systems), 
rat LAMP1 1:200 (1D4B SCB), rat CCR9–FITC (9B1 BioLegend), rat Dectin 
1/CLEC7A (mabg-mdect Invivogen) and mouse LPL (ab21356 Abcam). 
Sections were then washed with 0.1% Tween20 in PBS (for stains with 
CD11b, CD45, CCR9, and cathepsin B) or 0.3% TritonX100 in PBS (for 
stains with IBA1, LAMP1, CLEC7A (dectin 1) and LPL) at least 5 times. 
Secondary antibodies include: donkey-anti-rat-AlexaFluor-488, -mouse 
IgG-555, -rabbit-555, -rabbit-647, -rat-647, -guinea pig-647, all 1:500 dilu-
tion (Invitrogen), for 2 h at room temperature. Sections were washed 
again, and mounted on microscope slides in Fluoromount for curing 
overnight. Spinal cords were imaged on a ZEISS LSM700 with either 
a 10× and 40× objective, or an Axio scan Z.1 at 20× objective. Images 
were stitched and processed on ZEISS ZEN 2.6 image processing soft-
ware and Bitplane Imaris 9.2. All comparative stains between control 
and mutant mice were acquired using identical laser and microscope 
settings, and images were processed with viewer blinded to genotype.

Flow cytometry
Dissociated single cells were stained in autoMACS on ice using 
the following antibodies (BioLegend): CD45–BV421 or APC–
Cy7 1:200 (30-F11), rabbit cathepsin B 1:100 (D1C7Y CST) and 
goat-anti-rabbit-AlexaFluor-488 1:500 (Invitrogen), CCR9–FITC 
1:200 (9B1), F4/80–PE–Cy5 1:400 (BM8), CD11b–AlexaFluor-700 
1:400 (M1/70 Invitrogen), LAMP1–APC–Cy7 1:400 (1D4B), TruStain 
FcX 1:250 (93), CD39–PE 1:400 (Duha59), Ly6G–PE–Cy7 1:600 (1A8), 
Ly6C–AlexaFluor-647 (HK1.4). To retrieve the cathepsin B epitope, 
fixed cells were slowly permeabilized in 90% methanol before staining 
for cathepsin B.

16S sequencing and PCR assays for rodent infectious agents
DNA was isolated by Powersoil (Qiagen) per the manufacturer’s proto-
col, and recovery yield and DNA quality were determined by fluoromet-
ric analysis. DNA concentration was standardized and amplified using 
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16 s rRNA primers spanning the V3 and V4 regions (Illumina). Resulting 
amplified PCR products were analysed on a Bioanalyzer (Agilent Tech-
nologies), and then purified and amplified with primers containing 
unique sample nucleotide barcodes (Illumina). PCR products were 
analysed with the Bioanalyzer for product quality control and also by 
SYBR green PCR to determine the quantity. All samples were pooled 
and standardized to a final concentration of 4.0 nM representation for 
each sample. The 16S PCR product pool was denatured with sodium 
hydroxide then adjusted to 4.0 pM and combined with 5% PhiX control 
DNA before loading onto a sequencing flow cell (Illumina) with 300-bp 
paired ends and a unique molecular tag for each sample. Following the 
sequencing run, the sequence data were separated on the basis of the 
nucleotide bar code, and then compared to the Greengenes database38. 
Relative abundance, α-diversity, β-diversity and principal coordinate 
analysis were performed using QIIME analysis software39. PCR assays 
for rodent infectious agents were performed as described40.

PCR
Faecal DNA was isolated from faecal pellets using QIAmp Fast 
DNA Stool Mini Kit (Qiagen). Helicobacter spp. 16S rDNA was 
amplified using primers 5′-CTATGACGGGTATCCGCC-3′ and 
5′-ATTCCACCTACCTCTCCCA-3′. Total Eubacteria 16S rDNA was 
amplified using primers 5′-TCCTACGGGAGGCAGCAG-3′ and 
5′-GGACTACCAGGGTATCTAATCCTGTT -3′. T. muris 28S rDNA was 
amplified using primers 5′-GCTTTTGCAAGCTAGGTCCC-3′ and 
5′-TTTCTGATGGGGCGTACCAC -3′. RNA was isolated from tissue 
by dissociating cortex in Trizol LS (Thermo) using a pellet pestle 
and reverse transcriptase with iScript (Biorad). Quantitative PCR 
with reverse transcription as performed using SYBR (Biorad). Ly6c 
was amplified using primers 5′-TACTGTGTGCAGAAAGAGCTCAG-3′ 
and 5′- TTCCTTCTTTGAGAGTCCTCAATC-3′. Gapdh was amplified  
using primers 5′-TGCGACTTCAACAGCAACTC-3′ and 5′-GCCTCTC 
TTGCTCAGTGTCC-3′.

Bone-marrow-derived macrophages
Two femurs and tibias were stripped of musculature, flushed and cul-
tured in IMDM supplemented with 10% FCS, NEAA, glutamax, penicil-
lin–streptomycin and 20 ng/ml mouse M-CSF (PeproTech). The medium 
was changed on day 3 and cells plated for experiments after 6 days. 
Cells were plated at 4 × 104 cells per well of a 96-well plate, and allowed 
to attach overnight, followed by stimulation with microbial moieties 
(Invivogen), including Pam3csk4 (10–1,000 ng/ml; tlrl-pms), zymosan 
(1 μg/ml; tlrl-zyn), HMW poly(I:C) (10 μg/ml; tlrl-pic), LPS (10 ng/ml; 
tlrl-peklps), R848 (20 ng/ml; tlrl-r848), CpG ODN (25 μg/ml; tlrl-1826) 
or PGN (20 μg/ml; tlrl-pgnb3). For faecal stimulations, previously fro-
zen faeces were thawed, diluted to 200 mg/ml in PBS, passed through 
a 40-μm filter, quick spun, and supernatant was collected and kept on 
ice. Bacterial DNA was isolated from each sample using QIAmp Fast 
DNA Stool Mini Kit (Qiagen) and total Eubacteria 16S rDNA abundance 
determined by qPCR. The more concentrated sample was diluted in PBS 
to normalize the relative Eubacteria abundance, which was confirmed 

again by bacterial DNA isolation and qPCR. Dilution curves were pre-
pared for each normalized faecal sample and added to macrophage 
cultures. Penicillin–streptomycin was added to cultures after 2 h, then 
the medium was collected after 18 h for testing by TNF enzyme-linked 
immunosorbent assay at 1:2 and 1:10 dilution (BioLegend).

Statistics
Statistical calculations were performed using GraphPad prism 
8.0. Tests between two groups used a two-tailed Student’s t-test. A 
Bonferroni-corrected t-test was used to assess differentially abundant 
bacterial species between pro-inflammatory and pro-survival environ-
ments. Tests between multiple groups used one-way ANOVA with either 
Tukey’s or Sidak’s multiple comparisons. Tests between multiple groups 
over time used two-way ANOVA with Dunnett’s multiple comparisons. 
Survival curves were evaluated by generalized Wilcoxon test.

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

Data availability
The 16S rDNA sequencing dataset are available through the  
Gene Expression Omnibus repository at GSE147325. All other data 
generated or analysed are included in the published Article and its 
Supplementary Information.
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