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ABSTRACT: Numerous studies have identified microbial sequences or epitopes in pathological and non-pathological human brain samples. It
has not been resolved if these observations are artifactual, or truly represent population of the brain by microbes. Given the tempting speculation
that resident microbes could play a role in the many neuropsychiatric and neurodegenerative diseases that currently lack clear etiologies, there
is a strong motivation to determine the “ground truth” of microbial existence in living brains. Here | argue that the evidence for the presence of
microbes in diseased brains is quite strong, but a compelling demonstration of resident microbes in the healthy human brain remains to be done.
Dedicated animal models studies may be required to determine if there is indeed a “brain microbiome.”
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Introduction

The development of high-throughput sequencing has enabled
researchers to overcome the requirement to culture microbes
(bacteria/archea, fungi, viruses, etc.) in order to assay their dis-
tribution.! This has led to dramatic advances in the characteri-
zation of the gut microbiome and other niches of the body
colonized by microbes.>* There is now compelling evidence
that the gut microbiome has significant effects on human
physiology,”” and these studies have provided mechanistic
insights into how this can be driven by metabolites produced
by bacteria® or by microbial modulation of the immune sys-
tem.” Conceivably, microbes could also influence physiology
more directly if they can escape their normal niches and popu-
late blood or organs. Here we consider the evidence as to
whether this does occur, and specifically whether microbes
enter the brain.

What is a “Brain Microbiome”?

By analogy to the gut microbiome, a brain microbiome would
consist of a set of microbes that perdure, although not neces-
sarily actively replicate, in the brain. This is in contrast to brain
abscesses or encephalopathies, which clearly involve the growth
of (often specific) microbes. A brain microbiome would cer-
tainly have orders of magnitude fewer microbes than the gut,
and would need to be maintained by either a low level breach-
ing of the blood/brain barrier (BBB) by microbes balanced by
their active removal, and/or the continuing presence of largely
quiescent microbes. While there is evidence that the gut micro-
biome has co-evolved with the host'? this would be very
unlikely in a putative brain microbiome, as the brain is presum-
ably a “dead end” niche for any microbes that reside there.

Why Even Consider a Brain Microbiome?
A seminal study published by the Power group'! provided

intriguing evidence for the presence of microbes in the human

brain. These researchers set out to determine if the brain injury
observed in HIV/AIDS was accompanied by microbial infil-
tration into the brain. Using high-throughput sequencing of
total RNA from autopsy-derived cerebral white matter, these
investigators found non-human sequences aligning to 173 dif-
ferent bacteria and phage. Critically, these researchers found
similar distributions of microbial sequences in both the HIV
and control brain samples. a-proteobacteria was the predomi-
nant phylum of bacteria identified, and was found in all brain
samples tested. These observations were validated by both 16S
rRNA gene amplification and in situ staining for peptidogly-
can and bacterial 16S rRNA sequences. Importantly, these
researchers also demonstrated that bacterial sequences detected
in a human brain sample by 165 RNA amplification were pre-
sent in the brains of immuno-compromised mice (Rag”-)
7weeks after transplantation of the human brain tissue into the
mice. In contrast, parallel transplantation of heat-treated brain
tissue into immuno-compromised mice resulted in no or mini-
mal detection of the targeted 16S RNA sequence, suggesting
that the 16S RNA sequences detected in the human brain
samples were derived from viable bacteria. While this early
study used relatively small sample sizes, it provided the types of
validation studies needed to counter the common assumption
that the brain is sterile.

The Caveats

Microbial sequences seem to be invariably detected in RNA-
seq data from human tissue, accounting for 1.4% of total reads
in a pooled analysis of samples across 2630 individuals from 54
diverse human tissues.!? Similarly, all human tissue RNA seq
data that my research group has analyzed (eg, from Refs.3-1°)
contain sequences aligning to identified microbes, typically
bacterial rRNA. Multiple research groups have raised the pos-
sibility that microbial sequences detected in human tissue by

metagenomic sequencing or 16S rRNA-directed PCR result
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from contamination.'6-18 There is unquestionably a “kit-ome:
bacterial sequences present in the reagents used for the prepa-
ration of DNA and DNA sequencing libraries that can subse-
quently contaminate data from tissue samples.!”!® Combined
with a possibly unavoidable low-level contamination occurring
in the recovery of the tissue sample itself, it may be impossible
to generate brain sequence data that does not contain some
artifactual microbial sequences. Experimental’ and computa-
tional? approaches have been established to minimize consid-
eration of artifactual microbial sequences in RNA or DNA
sequence data. A limitation of mining published RNA-seq or
DNA datasets for microbes is that these studies were directed
toward other goals (eg, gene expression or tumor DNA detec-
tion) and typically lack the controls or approaches needed to
optimally look for bona fide tissue microbes. A recent study that
did apply rigorous controls concluded that the human placenta
lacked a microbiome, as all microbial sequences identified in
metagenomic or 16S sequencing data could be accounted for as
batch variation or presence in reagents used.?! However, as
pointed out in a review of this study,?> demonstrating that con-
tamination can account for identified sequences does not prove
that it does, and it remains possible that microbial species that
appear in the kitome (eg, E. coli) are also present in human
tissue.20

Another factor in contemplating a brain microbiome is the
consideration that probably all recovered human tissues con-
tain some blood, including the brain white matter?® analyzed in
the Branton et al studies described above.!® The presence of
microbes in (healthy) human blood was initially suggested by
microscopy studies,?*?> but controversy remained as to whether
bacteria were truly being visualized.?® However, a large number
of 16S rRNA and metagenomic sequencing studies have now
reported the presence of bacterial sequences in healthy human
blood (recently reviewed in Castillo et al?’), and the evidence
for bacterial sequences (if not viable bacteria) in blood is now
compelling. A quantitative 16S rRNA study done by Paisse
et al?® reported that healthy human blood could have 10° to 107
bacterial genomes per ml. These estimates readily exceed any
reports of what can be cultured from blood, although this could
be a result of the limitations of culturing combined with the
presence of dormant or inviable microbes. Interestingly, the
predominant blood bacterial phylum in this study was o-
proteobacteria (as observed in the Branton et al study), not the
Firmicutes and Bacteroidetes that predominate in the gut. The
likely presence of microbial sequences in blood suggests that
even if microbial sequences are identified in brain tissue, addi-
tional studies or analyses will be required to determine if these
sequences are truly “in” the brain. One such approach is to look
at different brain regions in the same subject, with the expecta-
tion that if different microbes are identified in different brain
regions, it is unlikely they are being recovered from blood.
Given the heterogeneity of the BBB,? and the differential
breakdown of this barrier with age3? it would be predicted that

if a brain microbiome exists, the overall “microbial load” may
also differ between brain regions.

Microbes in Diseased Brains

Given the possibility that infection plays a role in neurodegen-
erative diseases, significant efforts have been undertaken to
look for microbes in postmortem brain samples, particularly in
the context of Alzheimer’s disease (AD).3! These studies have
used a variety of approaches, including immunocytochemical
detection of bacterial and fungal antigens (eg, lipopolysaccha-
ride (LPS) and the E. co/i K99 pilus antigen,® gingipains,3
Candida albicans epitopes,3¥), 16S RNA amplification®*** and
analysis of large scale datasets for viral sequences.’>3¢ An
important consideration is that detection of microbial antigens
is not in and of itself compelling evidence for the presence of
intact (live or dead) microbes. For example, macrophages infil-
trating a diseased brain could conceivably bring with them
phagocytized antigens or microbial sequences they encoun-
tered in the periphery. Many of the studies described above
report an increase in the target species in the AD cases, as well
as finding evidence of microbes in some of the control cases. In
the context of a putative brain microbiome, it is hard to dis-
count the increased microbial load in AD as a result of artifac-
tual contamination if control and pathological samples were
processed in the same way. At face value, the immunocyto-
chemical studies also demonstrate microbial antigen reactivity
in CNS tissue rather than associated capillaries.333* Unresolved
is whether the increased microbial load in AD brains results
from a secondary “sick brain” effect. There is strong evidence
that the blood brain barrier is compromised in AD and other
neurodegenerative diseases’” and thus the presence of microbes
in these brains may not reflect their association with healthy
brains. Nevertheless, it cannot be ruled out that the increased
microbial load in diseased brains is contributed to by an expan-
sion of endogenous microbes, possibly resulting from compro-
mised brain immune functions (eg, altered microglial
surveillance).

Brain Viruses

Arguably, there is already a consensus that a human “brain
virome” exists, in that sequences from latent neurotropic viruses
such as herpes virus have been routinely detected in human
brain samples. Although the fraction of healthy brains reported
to containing genomic sequences from HSV-1 (28-100%,38-40)
or HSV-6 (2%-70%,3¢41-43) varies widely, it appears that in a
significant fraction of people these viruses have migrated into
CNS tissue.* The role of these latent viruses in pathologies
such as AD is currently unresolved,3¢# although reactivation
of latent HSV-1 infection in mice can replicate pathological
hallmarks of AD.4

A Dark Brain Microbiome?
Current approaches for identifying microbial sequences in the
brain largely rely on searches based on known microbial
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sequences (eg, PCR amplification of bacterial/archeal rRNA
using primers to conserved regions) or the unbiased recovery of
sequences (eg, by metagenomic high throughput sequencing)
that subsequently show nucleotide similarity to previously
identified microbes. However, the potential exists that there
could be novel brain microbes that are not recovered or identi-
fied by standard approaches. While this might seem far-
tetched, there is a striking report of novel microbial sequences
recovered by de novo assembly of sequences obtained in the
course of sequencing human cell-free blood DNA.#” These
researchers identified >3000 novel, long (>1kb) sequences,
and provided convincing evidence that they were neither arti-
factual nor contaminants. They concluded that the human
microbiome was significantly undersampled. I note that analy-
sis of human transcriptome data in my lab has also led to the
recovery of long non-repetitive sequences that lack significant
nucleotide matches in GenBank.*® Further characterization of
instances of DNA or RNA “dark matter” will be required to

determine their biological relevance.

Future Studies

To my knowledge, no studies have been published that look
specifically for evidence of a healthy human brain microbiome
using unbiased and appropriately controlled methods. It might
be particularly informative if this could be done using brain
samples representing a range of ages. Although multiple stud-
ies have suggested the possibility of microbial sequences in
control brains, since these controls are often for age-related
neurodegenerative diseases, these control brain samples are
from older subjects. If a parallel analysis of brain samples across
the lifespan indicated an increasing brain microbial load with
age, this would both counter contamination claims and make
biological sense, given the established decrease in immune
function® and increase in blood brain barrier permeability®®
with age. Similarly, by analogy with the gut microbiome, it
seems likely that brain microbiomes would show significant
differences between people. Thus if individual brain samples
analyzed in parallel (ie, using the same reagents and run
together on a sequencing machine) identified different
microbes, this would also argue against contamination.
Disproving the existence of a brain microbiome is probably a
more difficult task, particularly given the background of con-
taminating sequences (as argued above) that may be hard to
avoid. However, if putative brain microbial distributions do not
track with any of the factors (age, sex, genetic background,
environmental exposure, etc.) known to broadly affect biologi-
cal outcomes, this would strongly argue against the presence of
a bona fide brain microbiome.

Human studies preclude interventional approaches that
may ultimately be required to convincingly establish both the
reality of a brain microbiome and the mechanisms leading to
its maintenance. A priori, there is no reason to suspect the
brain microbiome would be human- or primate-specific. In
theory, rodent experiments could be employed to (relatively)

quickly check the correlations between the factors described
above and the presence of brain microbes, or to determine if
treatment with a brain-penetrant antibiotic (eg, minocycline)
altered the recovery of microbial sequences. Brain material
from animal models could also be obtained with better control
for contamination. An obvious experimental approach would
be to look at brain tissue from germ-free mice, which mini-
mally should provide a baseline for the detection of artifactual
microbial components. However, the evidence that “germ free”
mice (particularly from commercial sources) are really germ
free is not compelling - they are not tested by rigorous genom-
ics-based analysis of different tissues (eg, dental tissue), and it
remains unclear if the preparation of these animals (ie, by using
sterile environments and antibiotics) really depletes all associ-
ated microbes. Nevertheless, rodent models might be a better
source material for attempting to culture brain microbes. More
powerfully, it might be possible to “tag” microbial sequences in
rodent tissues, providing additional internal controls and pos-
sibly measurement of brain microbial physiology and turnover.
One could imagine treating mice with BrdU (as is done visual-
ize brain neurogenesis) and then using BrdU immunoprecipi-
tation to recover newly synthesized DNA. As this label should
be incorporated into microbial DNA as well as newly synthe-
sized rodent DNA, this would preferentially recover resident
microbial sequences (as opposed to contaminants, which would
not be enriched by the immunoprecipitation). By pulse-chase
type experiments, it might be possible to measure brain microbe
turnover and possibly microbial replication, as inferred from
the fraction of microbial reads recovered near origins of repli-
cation. Lastly, this approach would allow co-staining experi-
ments (eg, for BrdU and LPS) that could more convincingly
demonstrate that microbial epitope staining seen in CNS tis-
sue reflects the true presence of microbes.
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Highlights

— Microbial sequences have been recovered from human
brain tissue by PCR amplification of 165 rRNA DNA
and by high throughput sequencing.

— Low level contamination of brain samples occurring dur-

ing their preparation can potentially account for the recov-
ery of microbial sequences, although the presence of
microbial sequences is not de facto proof of contamination.

— The association of increased microbial sequences or

epitopes with pathological (eg, Alzheimer) brains is
unlikely to be a result of sample contamination.

— The contention that the human brain is sterile has not

been rigorously tested.

Outstanding Questions

— Would a well-controlled analysis of a cohort of healthy
brain samples (ideally representing a wide age spectrum)
be able to discredit the presence of a brain microbiome?

— If there are brain-associated microbes, can they be accu-

rately quantified, and their viability assayed?

— Are microbial sequences associated with brain tissue actu-

ally in the brain, or are they from associated blood vessels?

— Can brain tissue be screened for microbes that do not

have a nucleotide match (ie, significant BLASTN score)

to previously identified microbes?

— Can rodent models be used to confirm the presence of a

brain microbiome in mammals, and if so, can the physi-
ology of the brain microbiome be characterized?
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— Ifthere is a brain microbiome, does it matter? Specifically,
if there are low numbers of transient or dormant microbes
in the brain, does this actually have any affect on brain
function?

Glossary

16S rRNA - In this review, this refers to the gene sequences
encoding the small subunit ribosomal RNA of bacteria. PCR
amplification of this DNA with primers directed to highly
conserved regions of the 16S RNA genes allows recovery of
even low levels of diverse rRNA sequences present in a biologi-
cal sample.

high throughput sequencing - Use of massively parallel

DNA sequencing (eg, on instruments developed by Illumina)
to decode sequences present in complex DNA mixtures.

This can be used to determine the origins of 16 rRNA

sequences recovered by PCR, or of unamplified DNA puri-
fied from samples.

metagenomics - The study of gene sequences from a commu-
nity of organisms. This often involves computational de novo
assembly of complex DNA mixtures from a community of
microorganisms (eg, the gut, environmental samples) to iden-
tify the resident organisms.

RNA-seq - High throughput sequencing of DNA prepared by
reverse transcription of complex RNA samples (eg, all RNA
present in a cell or tissue). Typically used to determine tran-
script abundance and infer levels of gene expression.
a-proteobacteria - a diverse phylum of gram negative bacteria that
includes free-living, endosymbiont, and pathological members.
cell free DNA - DNA extracted from biological specimens
(typically blood) after removal of all cells. Used for liquid can-
cer biopsies.





