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Individuals with traumatic spinal cord injury (SCI) suffer from numerous peripheral
complications in addition to the long-term paralysis that results from disrupted neural
signaling pathways. Those living with SCI have consistently reported gastrointestinal
dysfunction as a significant issue for overall quality of life, but most research has focused
bowel management rather than how altered or impaired gut function impacts on the
overall health and well-being of the affected individual. The gut-brain axis has now been
quite extensively investigated in other neurological conditions but the gastrointestinal
compartment, and more specifically the gut microbiota, have only recently garnered
attention in the context of SCI because of their vast immunomodulatory capacity and
putative links to infection susceptibility. Most studies to date investigating the gut
microbiota following SCI have employed 16S rRNA genomic sequencing to identify
bacterial taxa that may be pertinent to neurological outcome and common sequalae
associated with SCI. This review provides a concise overview of the relevant data that has
been generated to date, discussing current understanding of how the microbial content
of the gut after SCl appears linked to both functional and immunological outcomes, whilst
also emphasizing the highly complex nature of microbiome research and the need for
careful evaluation of correlative findings. How the gut microbiota may be involved in the
increased infection susceptibility that is often observed in this condition is also discussed,
as are the challenges ahead to strategically probe the functional significance of changes
in the gut microbiota following SCI in order to take advantage of these therapeutically.
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INTRODUCTION

It is well-recognized that traumatic spinal cord injury (SCI) leads to permanent sensorimotor
impairments, but perhaps less appreciated is the fact that individuals with SCI also suffer from
debilitating multi-system physiological dysfunction (1, 2). For example, autonomic dysreflexia,
SCI-induced immune depression syndrome (SCI-IDS) and bladder/bowel dysfunction can all
develop after SCI due to a disruption of autonomic pathways between the brain and the spinal cord
(3-6). In the context of inflammation and immune function after SCI, the majority of neurotrauma
research has focused on defining the activity of specific immune effectors, placing particular
emphasis on how these impact on lesion site development. What is much less understood, however,
is why the immune response to SCI is aberrant and involves co-existing pro-inflammatory and
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immunosuppressive elements, both of which are notably not
contained to the lesion itself. The overall picture of an obviously
multi-faceted and paradoxically-acting immune system therefore
remains blurred, including much of its relationship to the
secondary sequalae of SCI. Whilst overall mortality has reduced
considerably, current treatments do little to combat the
more chronic consequences of SCI, including serious visceral
comorbidities, and there has been no discernible progress in
improving life expectancy and overall quality of life for affected
individuals (7-9).

With the increasing recognition of an impaired and/or
aberrantly acting immune system, more recent work in the
field has shifted its focus toward investigating the possibility
of extraneous stimuli or signals that may be influencing the
immunological changes that occur after SCI. One logical
candidate here may be the gut. The vast microbial communities
that reside in the gut (and indeed in other niches in the
body) coordinate critical functions for host survival and they
have many complex interrelationships with other organs in
the body, to the extent that the microbiota is now regarded
an organ in its own right. The gut's microbial ecology
and intrinsic immune compartment are known to exert
considerable influence over basal immunological activity,
any perturbations to homeostatic conditions in the gut can
therefore have a robust impact on immune function (10-13).
How SCI affects this aspect of the gut is only just beginning
to be understood. Surveys amongst SCI patients typically
reveal gut dysfunction and neurogenic bowel conditions
that culminate in reduced intestinal motility, impaired
defecation, abdominal pain and associated infection risk
as major issues that undermine their overall quality of life,
arguably more so than physical paralysis (1, 2, 14, 15). A better
fundamental understanding of how the gut contributes to the
pathophysiological changes and chronic consequences of SCI is
therefore of paramount importance.

THE GUT MICROBIOTA

The pivotal influence and contribution of the gut microbiota to
overall health is due in part to the presence of 10!* microbes
with a taxonomic diversity encompassing bacterial, archaeal and
eukaryotic species (10, 12). The microbial inhabitants of the gut
are diverse between individuals and while a core microbiota
of defined microorganisms does not exist, high-throughput
metagenomic sequencing has revealed the reliable presence
of 12 bacterial phyla, chiefly Firmicutes and Bacteroidetes,
archaeal phyla, as well as rich fungal communities (10, 16-18).
Together, they share a high degree of functional redundancy
through a genomic content ~150 times larger than the human
genome (19, 20). Diet changes, host behavior and antibiotic
treatment throughout life significantly impact on both the gut
microbiota and disease susceptibility. At an extreme, work with
gnotobiotic mice allude to a compromised ability of the body to
effectively manage immunity; this seminal discovery already has
wider implications for the use of laboratory animals that have
fundamentally misrepresented (or even absent) gut microbiota,

in particular when considering the translational value of these
experiments (21).

The immune-modulatory capacity of the gut microbiota
spans between the production of stimulatory metabolites, and
the priming of immune cells that are critical for maintaining the
health of the host; however, these influences can become
detrimental if the microbial balance is lost. To avoid
inappropriate immune activation by “non-self” material,
the microbiota is largely kept separate from surveilling host
immune cells via physical, biochemical and immunological
means (10, 22). There are however certain commensal
bacteria that actively interact with immune effectors such
as Bacteroides fragilis, a member of the Bacteroidetes phylum,
which directly stimulate regulatory CD4" T cells to enable
its own colonization into the epithelium and simultaneously
induce beneficial immunosuppression (23, 24). The secretion
of immunoglobulin A stimulated by segmented filamentous
bacteria (SFB) goes toward limiting the exposure of the
epithelium to other pathogenic microbes (10, 25, 26). On
the other hand, the pathobiont (i.e., a commensal microbe
with the potential to become a pathogenic) Escherichia
coli similarly adheres to the epithelium, but can trigger
the recruitment of Th17 rather than regulatory CD4" T
cells, which effectively enhances inflammation in the gut
(18, 27). In considering the immunomodulatory potential
of metabolites, microbial short-chain fatty acids (SCFAs)
derived via anaerobic fermentation have the capacity to
exert widespread influence over host cellular function,
including epigenetic regulation, stem cell proliferation and
gut barrier modulation and, importantly, they also act
as potent anti-inflammatory mediators (18, 28). Microbe-
directed immune cell manipulation is thought to be necessary
for homeostatic immune control, though a push toward
pro-inflammatory conditions in disease contexts such as
inflammatory bowel disease implicate the pathological potential
of these microorganisms if the delicate balance they maintain
with the host becomes disturbed.

INTERACTIONS BETWEEN THE GUT
MICROBIOTA AND THE CENTRAL
NERVOUS SYSTEM

The activity and influence of the gut microbiota is not
contained to local immune-gut interactions but extends via
critical communication axes to distant organs including the
brain. This relationship was made apparent in the association
of gastrointestinal disorders with psychiatric conditions, as well
as in multiple cases where antibiotic treatment modulated
disease outcomes in the central nervous system (CNS) in sterile
contexts (18, 29-31). Specific routes of direct communication
include afferent fibers from the enteric nervous system (ENS;
the intrinsic neural network of the gut), autonomic signaling
and humoral pathways such as the hypothalamic-pituitary-
adrenal axis and enteroendocrine/mucosal immune system
communications (32). Observations that diet-induced changes
in the intestinal microbiota were accompanied by increased
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exploratory behavior in mice suggest that there may be additional
pathways for communication with the brain that are independent
of the aforementioned routes and instead rely on microbial-
derived factors interacting with the CNS (29).

Effects of the microbiota-gut-brain axis have also been
implicated in CNS injury and diseases. Investigations of
blood-brain-barrier (BBB) development revealed that germ-
free mice have increased BBB permeability, which renders the
CNS vulnerable; this phenotype was only rescued with the
introduction of normal microflora (33). In autism spectrum
disorders, a reduced integrity of the BBB, in addition to
abnormal neural development and altered gene expression,
has also been linked to the gut microbiota (34). The use
of germ-free mice has increased appreciation of how the
microbiota shapes neuroinflammation, including in the context
of experimental autoimmune encephalomyelitis (EAE—the
animal model of multiple sclerosis), with both pro- and anti-
inflammatory effects (29, 35). Here, germ-free and antibiotic-
treated mice show reduced EAE severity compared to normal
mice (36), whilst the introduction of segmented filamentous
bacteria (SFB) into the gut of these germ-free mice was
sufficient to instigate EAE, reinstating the ability of these
mice induce Thl7 cells (35, 37). Colonization of the gut
with B. fragilis provided greater protection, however, from
EAE symptoms through increased regulatory T cell activity
(36, 38). The critical involvement of the microbiota in CNS
disease appears recapitulated in humans, as alterations in
the microbiome of multiple sclerosis patients correlated with
specific gene expression patterns that direct host immune
activity (39).

In the context of traumatic CNS injuries, pivotal work by
Houlden et al. (30) showed that the gut microbiota undergoes
significant change (i.e., gut dysbiosis) after experimental
stroke and traumatic brain injury (TBI). A disturbance of
the microbiota-gut-brain axis is thought to underpin the
symptoms of abdominal pain, intestinal immobility and gastric
ulcer formation that occur in these patients following injury
(31). After an insult to the brain, a significant loss of
cholinergic neurons in the gut submucosa, accompanied by
an upregulation of noradrenaline from sympathetic terminals
in the gastrointestinal tract, dysregulate the gut microbial
content (30, 40). Changes in the gut microbiota that favor
pathogenic bacteria (gram-negative species of Bacteroidetes and
Proteobacteria) over beneficial species (from the Firmicutes
phylum) can be observed as early as 2h post-injury and
persist for a week; interestingly, these alterations in microbial
abundance are predictive of the lesion volume and associated
behavior deficits in an almost dose-dependent manner (41). To
counter gut dysbiosis after TBI, antibiotic treatment targeting
pathobionts as well as probiotic interventions that support
anti-inflammatory activity have been successful in decreasing
pathology in the gut, thereby conferring neuroprotection.
Whilst these findings emphasize the role of the microbiota-gut-
brain axis in CNS injury, the exact mechanisms behind these
observations and the associated clinical implications have not
been addressed.

CURRENT RESEARCH INTO SCI AND THE
GUT MICROBIOTA

The gut microbiota has also been rapidly gaining interest for
potential “disease-modifying” effects in SCI (42). Whilst this is
unsurprising given the obvious parallels between TBI and SCI,
it is important to consider the direct innervation of the gut
from the spinal cord, and how this may be differentially affected
between these conditions as well as within SCI itself based on
the neurological level of the lesion. Sympathetic nerve fibers
providing autonomic input into the ENS originate from the
thoracic region of the spinal cord, whilst visceral sensory afferents
carrying feedback from the gut synapse with spinal cord neurons
that eventually transit to the brain (43). Afferent vagal fibers also
report to the brain, specifically informing it of the conditions of
the intestinal environment (18). Interruption or loss of control
over these various pathways and feedback loops push the intrinsic
ENS circuits away from homeostasis, and this autonomic
imbalance in part explains why SCI patients also suffer from
severe gut immobility, fecal retention and increased risk of
infections, all of which culminate in a considerably reduced
quality of life (1). The impact of SCI on the gut microbiota
and the subsequent consequences on inflammation and immune
function are only now beginning to be systematically interrogated
(see Table 1 for a summary overview).

The first report of changes in the gut microbiome of SCI
patients identified a specific reduction of beneficial butyrate-
producing microbes of the Firmicutes phylum at 12 months or
more post-injury compared to healthy controls (44). Although
this work was primarily descriptive via the use of 16S ribosomal
RNA (rRNA) genomic sequencing, it was suggested that
this microbiome profile may be pointing toward a reduced
immunomodulatory metabolite content of the gut. Later pre-
clinical work in a thoracic level 9 (T9) contusion SCI mouse
model by Kigerl et al. (54) reported that SCI increases gut
permeability 1 week after injury, and it was postulated that,
similar to stroke (40), this may allow for bacterial translocation
to distant organs (45). This landmark study also sequenced 16S
rRNA, which was extracted from fecal samples of mice with a
moderate-severe T9 contusive SCI up to 28 days post-injury.
Their results showed that the bacterial orders Bacteroidales
decreased while Clostridiales significantly increased over time
post-SCI. Although there is no doubt that profound changes to
the gut microbiota did occur in these SCI mice, a consideration
around this study is that the experimental design did not include
fecal samples from sham-operated controls beyond the sub-acute
phase (>7 days post-SCI). The 16S rRNA sequencing results
for these mice were further presented as pooled data rather
than being split between the acute (0-3 days) and sub-acute (5-
7 days) phases post-surgery. A more recent study by Schmidt
et al. (45) showed acute effects of surgery (i.e., laminectomy)
and/or anesthesia on the gut microbiome, albeit in rats, and
others have reported rapid and profound shifts in the gut
microbiome profile of poly-traumatized human patients with no
documented history of neurological injury (46). Going forward,
the impact of trauma itself, SCI severity, lesion level and possible
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TABLE 1 | A summary of gut microbial changes after SCI in pre-clinical and human investigations.

Study details PCR gene primers  Microbial changes (vs. control) Intervention/ References
Phyla + lower taxonomic ranks Treatment
Pre-clinical Animal: Female C57BL/6 mice 16s rRNA V4-V5 4 Firmicutes VSL #3 probiotic (54)
studies SCI: 75 kdyn T9 contusion (cont.) SCI 515F 4+ (o) Clostridiales | Gut dysbiosis
Controls: T9 Laminectomy + naive 806R | Bacteroidetes 4 Functional
Timepoints: <28 days hard enter | (0) Bacteroidales recovery
Separately housed, no antibiotics. Food
intake equilibrated across all animals.
Animal: Adult female Fischer rats 16s rRNA V4 = a diversity - (50)
SCI: moderate-severe T9 cont. SCI (weight Unknown primers Actinobacteria
drop: 10g rod from 25.0 mm) 4+ (f) Bifidobacteriaceae
Controls: T9 Laminectomy 1 (s) B. choerinum
Timepoints: 8 weeks (wks) Firmicutes
Co-housed in injured + non-injured pairs, 4 (f) Clostridiaceae
7-day gentamicin treatment. Ad libitum 1 (s) C. disporcum
access to food and water. 1 (s) C. saccharogumia
(f) Lactobacillaceae
1 (s) L. intestinalis
Animal: Adult female C57BL/6 mice 16s rRNA V3-V5 4 Increased bacterial load PDE4B~/~ KO mice (53)
SCI: 50 kdyn T9 cont. SCI (V4) J Firmicutes J Gut dysbiosis
Controls: T9 Laminectomy Unknown primers 4 Bacteroidetes 1 Neuroinflammation
Timepoints: <6 weeks 4 Proteobacteria 4 Functional
Co-housed in exp. group, no antibiotics recovery
Animal: Adult female C57BL/6 mice 16s rRNA V3-V4 4 o diversity Melatonin (55)
SCI: 70 kdyn T10 cont. SCI 338F Firmicutes J Gut dysbiosis
Controls: T10 Laminectomy 806R } (0) Lactobacillales |} Leaky gut
Timepoints: 28 days | (9) Lactobacillus 4 Functional
No antibiotics. Ad libitum access to food 4+ (o) Clostridliales recovery
and water. 1 (f) Lachnospiraceae
Actinobacteria
| (o) Bifidobacterialis
Animal: Adult female Lewis rats 16s rRNA V4 4 o diversity in all groups at 3 dpi Fecal Transplant (45)
SCI: 125 kdyn unilateral C5 cont. SCI Unknown primers Significantly different OTUs (g/s level): | Gut dysbiosis
Controls: C5 Laminectomy and naive 155 = SCl vs. healthy 1 Anxiety-like
Timepoints: preinjury, 3 days, 4 weeks 40 = SCl vs. sham behavior
Co-housed in exp. group; no antibiotics. Ad Analysis of phylogenetic
libitum access to food and water. differences in supplementary data
Human SCI: AIS grade A Cont. SCI 16s rRNA V4 Firmicutes - (44)
studies Control: Healthy individuals 515F | (9) Pseudobutyrivibrio
Further comparisons: 806R J (9) Dialister (UMN)
Upper motor neuron (UMN) + lower motor 1 (9) Megamonas
neuron (LMN) bowel syndrome J (9) Marvinbryantia (UMN vs. LMN)
Timepoints: >1 year post-injury 1} (9) Roseburia (LMN)
1-3 weeks standard diet, 3 weeks
no antibiotics
SCI: AIS grade A SCI 16s rRNA V3-Vv4 1 a diversity - (14, 52)*
Control: Healthy males 338F |} Firmicutes (Quad vs. Healthy *Same
Further comparisons: Quadriplegia (quad) 806R and Para) quadriplegic
vs. paraplegia (para) } (9) Dialister patient
Timepoints: > 6 months post-injury 1} (9) Megamonas cohort
2 weeks standard diet, 1 month no antibiotics } (9) Eubacterium
1 (9) Subdoligranium
1} (g) Faecalibacteria (Quad)
4 (g) Blautia
4 (9) Lachnoclostridium
4 (9) Phascolarctobacterium
(Para)
Bacteroidetes

1} (9) Prevotella

4 (9) Bacteroides

4 (g) Parabacteroides (Para)
4 Proteobacteria

1 (9) Escheria/Shigella
4 Verrucomicrobia
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interspecies differences therefore all require careful investigation
as to how they impact on the gut microbiota and, if so, for how
long these changes persist or perhaps even diverge with time
(46-49). This becomes particularly important when exploring
correlations between select changes in the gut microbiota and the
neurological outcome.

A separate study by O’Connor et al. also examined differences
in microbial content of the gut following T9 contusion SCI
in rats (50). They detected significant modifications in the
gut microbiome after SCI during the intermediate/chronic
phase of SCI (8 weeks post-injury) as compared to the sham-
operated control group. Somewhat counterintuitively perhaps
is that this study found a greater prevalence of Lactobacillus
intestinalis, a lactic acid-producing probiotic bacterial species
generally considered to be beneficial. By the same token, the
microbiota of SCI animals also showed unexpected post-SCI rises
in certain Clostridaiceae and Bifidobacterium species that are
primarily thought to be beneficial. It may be that the activity of
these commensal bacteria becomes pathogenic (and/or of lesser
influence) within an inflammatory environment (51). Certainly,
pro-inflammatory cytokines such as IL-1f, IL-12 and MIP-2
were significantly elevated in intestinal tissue 4 weeks after SCI,
the extent of which was also correlated with a reduction of
beneficial butyrate-producing bacteria in the gut, which falls in
line with previous human SCI work (44). It is important to note,
however, that all animals in this study received a 7-day course
of gentamicin treatment following surgery. How this and also
the use of general anesthesia in experimental studies impacts on
the gut microbiota, including the shaping of any SCI-associated
changes therein, remains unclear. Whilst the study by Kigerl
et al. (54) therefore may provide more specific insights how
traumatic SCI itself impacts on the gut microbiota, the findings
of O’Connor et al. (50) are still of significant translational value
given that most human patients undergo surgery and typically
receive prophylactic antibiotic as well as probiotic treatment after
their injury.

Several more recent reports have attempted to better define
the consequences of SCI-induced changes in the gut microbiota,
linking these directly to specific bacterial types that could be
directly therapeutically targeted. For instance, in a Chinese
cohort of male SCI patients, Zhang et al. (14) reported that the
overall diversity of the gut microbiota was significantly reduced
6 months after SCI compared to healthy controls. Amongst a
spectrum of changes in bacterial phyla and genera and an overall
decrease in microbial diversity after SCI, these authors found that
Bacteroides, a genus of the Bacteriodales order, increased with SCI
(14); they also observed an increase in the abundance of bacteria
from the Proteobacteria and Verrucomicrobia phylum. These
changes were directly compared with aspects of neurogenic bowel
dysfunction as well as the extent of physical paralysis, which
again revealed more specific microbial alterations. A more recent
follow-up investigation by this group correlated these established
changes in the microbial profile to the serum lipid profiles of
this patient cohort (52). Another investigation in mice by Myers
et al. also characterized SCI-induced gut dysbiosis, noting a
significant increase of the Proteobacteria phylum at 6 weeks
after injury compared to an uninjured control group, which is

in agreement with human SCI findings and perhaps suggests
a bias toward gram-negative endotoxin-containing bacteria as
drivers gut pathogenesis in this condition (53). The findings
of this study also pointed toward a reduction in Firmicutes,
along with an increase in Bacteroidetes phyla. Genetic ablation
of the phosphodiesterase PDE4B prevented these changes in
bacterial phyla, which coincided with improved functional
recovery via inflammatory modulation. An investigation by Jing
et al. (55) measured an overall increase in bacterial diversity
in SCI mice [which goes against some human SCI microbiome
analysis (14)], in particular a relative increase in the abundance
of Clostridiales, as was found in previous work (54), and a
decrease in Lactobacillales and Bifidobacteriales. Daily melatonin
treatment post-injury appeared to reverse some of these changes,
and this was correlated with a more favorable cytokine profile and
improvements in gut barrier integrity and functional recovery
(55). Lastly, the study by Schmidt et al. that was alluded to
earlier documented transient changes in the gut microbiota of
rats with a unilateral mild cervical contusion SCI, which occurred
as early as 3 dpi before resolving by 4 weeks, and correlated
these changes with anxiety-like behaviors (45). Treatment of
these rats with fecal transplants from naive animals resulted
in a normalization of the gut microbiota based on 16S rRNA
sequencing results, and also prevented the onset or development
of anxiety-like behaviors. No improvements in lesion pathology
and locomotor recovery were observed in association with this
intervention (45). Interestingly, the study by Kigerl et al. (54)
showed that the extent of neuroinflammation at the site of SCI
could, at least partly, be ameliorated with the therapeutic use
of the probiotic VSL #3, which contains lactic acid-producing
bacteria from the Lactobacillus and Bifidobacterium genera.
Whilst the root causes that drive SCI-induced gut dysbiosis
remain unknown, and also how VSL #3 provides neuroprotection
at the lesion site, this finding clearly holds promise for clinical
translation. It also emphasizes the point that either preventing
gut dysbiosis or, alternatively, restoring the composition of the
gut microbiota to a pre-injury state may not necessarily lead
to beneficial outcomes, but rather that introduction and/or
boosting of beneficial microbial communities may be required to
skew the inflammatory response toward one that improves the
neurological outcome.

Integrating all these specific microbial alterations at various
taxonomic ranks and the functional significances of these will
now form the next challenge, especially given the vast amount
of data that is typically acquired from sequencing studies. On the
whole, most investigations have reported a decrease of bacterial
taxa in the Firmicutes phylum that occasionally coincides
with an increase of the Bacteroidetes phylum. In combination,
this may be indicative of a SCI-associated adjustment in the
“Firmicutes:Bacteroidetes-ratio.” It should be noted that the
studies of Kigerl et al. (54) and O’Connor et al. (50) seemingly
reported opposing results here, but these are likely attributable
to experimental deviations. Specifically, Kigerl et al. (54) housed
their mice individually to avoid coprophagia whilst animals were
co-housed in the study by O’Connor et al. (50). As mentioned
earlier, O’Connor et al. (50) also prophylactically gave their
SCI rats 7 days of gentamicin treatment whereas the study
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by Kigerl et al. (54) avoided the use of antibiotics altogether.
More broadly speaking, recent pivotal work by The Human
Microbiome Project showed that the Firmicutes:Bacteroidetes-
ratio may be more reflective of an organism’s “microbial
equilibrium” and therefore not necessarily as suitable a measure
of dysbiosis between individuals as previously thought (56). The
Proteobacteria phylum also appears to increase in abundance in
both a pre-clinical and SCI patient setting. Given that certain
Proteobacteria genera have been implicated in driving peripheral
inflammation (57), future studies should therefore derive a
clearer putative mechanism for this phylum in the context of
SCl-associated pathology.

Taken together, the above-listed exploratory studies have been
instrumental in substantiating the association between the gut
microbiome and SCI-associated pathology, although the findings
remain correlative for the most part and the drivers of dysbiosis
are still currently unknown. All of these investigations employed
16S rRNA gene sequencing to map out bacterial diversity of the
gut via the generation of big genomic datasets. It is important
to recognize that, when used in isolation, this technique has
some major caveats: (1) archaeal and fungal communities are
omitted from these analyses and, perhaps more importantly, (2)
the identification of specific organisms may not necessarily be
conducive to defining the causes of dysbiosis, altered gut function
and its wider peripheral consequences. This may run the risk
of potentially convoluting our understanding of how certain
microorganisms drive and/or link to pathophysiological changes.
The reliance that this type of analysis places on designating
operational taxonomic units of interest overlooks the global
metabolic/physiological potential of the gut microbiota as a
whole, which ultimately may provide a more informative and
complete perspective on gastrointestinal activity after SCI. It
should also be noted that examining both the murine and human
microbiomes at a genus/species level may not be appropriate at
times, and interrogating the broader functional perspective of the
microbiota instead, perhaps via the use of enterotypes, may be a
more applicable and translatable approach in this field (58).

ENTEROTYPES AS A WAY FORWARD TO
INTERPRET THE SIGNIFICANCE OF
CHANGES IN MICROBIOTA BETWEEN
CONDITIONS AND SPECIES?

A multitude of techniques, experimental design options and
analysis strategies have been recommended to better resolve
the functional profile of the gut microbiota in SCI and the
putative implications thereof [reviewed in Kigerl et al. (59)].
One additional approach may, however, be to consider the
entire microbiota of an organism as a whole via the use of
global classifications, also known as enterotypes (58). This
stratification strategy aids in removing bias that researchers
often place on changes in specific microbial genera/species,
which may be overstating the functional relevance of these
(60, 61). The human gut microbiome was the first to be
stratified into three enterotypes based on bacterial compositional
clustering around a central/driver taxon, with profiles aligned

around particular functional characteristics, such as the synthesis
of different vitamins and various metabolic activities (60).
Enterotypes have been claimed to represent the majority
of inter-individual diversity in humans as opposed to a
continuum of microbial differences and, notably, certain
abundant physiological functions were associated with relatively
rarer bacteria genera (60). The delineation of specific enterotypes
continues to receive much scrutiny, however, with some recent
work proposing a gradient of microbial variation, and others
being concerned by the inherent risk of oversimplification with
a stratification model (61-63). It is nonetheless evident that
analyzing global microbial patterns is likely to prove quite
informative given the overlap in enterotypes observed in humans
and model organisms (58, 64). Hildebrand et al. (64) indeed
revealed the presence of such enterotypes in various strains of
laboratory mice, with a low-richness cluster that was dominated
by Bacteriodetes (similar to the human equivalent “enterotype 1”)
and a high-richness cluster was populated with Ruminococcaceae
(similar to the human equivalent “enterotype 3”). The microbial
richness of these murine clusters was also found to be associated
with varying levels of the calprotectin protein, a marker of
intestinal inflammation, suggesting that certain mice may more
readily induce inflammation depending on their gut enterotype
(64). The presence of similar enterotypes in humans and
laboratory mouse strains therefore demands a greater awareness
to be given to enterotypes during experimental design in pre-
clinical research, particularly from a translational perspective,
as they may not necessarily be reflected in genera/species-
specific compositional differences (58). To date, trauma-related
perturbations of enterotypes have not been studied in humans or
mice. Future work may therefore benefit from profiling potential
enterotype-like clustering in animals prior to and after injury, in
order to examine the possible impact of identified gut patterns or
changes therein, and to also ascertain the impact of an “injury-
state” enterotype on whole organism physiology (61).

THE ROLE OF THE GUT MICROBIOTA IN
INFECTION SUSCEPTIBILITY

SCI patients are highly susceptible to life-threatening infections,
and this is often attributed to the peripheral immune depression
that many patients experience following their injury, a
phenomenon known as SCI-IDS. SCI-IDS manifests as a
reduction of circulating leukocytes, acute lymphoid organ
atrophy and, in animal models, an increase in bacterial colony-
forming units (CFUs) that can be cultured from e.g., the lungs
(65, 66). Seminal work by Priiss et al. (65) showed that an
adrenal gland removal/transplantation paradigm (which restores
only cortical function of the adrenal glands), could achieve a
“homeostatic” re-balancing of noradrenaline and glucocorticoid
levels. This was found to alleviate the consequences of SCI-IDS
after high-level (T1) SCI, with reductions noted in the number
of CFUs that could be cultured from the lungs. This study did
not establish, however, the critical mechanisms that allow for this
“spontaneous pneumonia” to develop, leaving the question of
how an imbalance in the aforementioned stress factors leads to
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an increased presence and/or growth of microbes in the lungs as
of yet unanswered. Kigerl et al. (54) suggested that the gut may
perhaps “leak” infectious microbes after SCI, and that this may
lead abnormal bacterial presence in extraneous tissues such as
the lungs; however, the capacity of the gut microbiota to instigate
infection through translocation is yet to be proven.

Support for a role of the gut microbiota as a source of
disseminating bacteria comes from prior investigations into
infection susceptibility following ischemic stroke (40). Here,
Stanley et al. (40) demonstrated that airway infections after stroke
are only observed in specific-pathogen-free mice (i.e., mice with
microbiota but devoid of known pathogens), and not germ-free
mice (i.e., mice with no microbiota). Sequencing of the lung
microbiome after injury and bacterial tracking experiments led
to the conclusion that the microbial source of infection was
derived from the gut content. These findings are consistent
with observations in other conditions where a translocation of
bacteria to the lungs has been described, including sepsis and
acute respiratory distress syndrome (67). In their exploration

of potential mechanisms driving gut dysregulation after stroke,
Stanley et al. (40) showed that the intestinal barrier was
“leaky” as a result of increased gut permeability and altered
epithelial tight junction distribution. These researchers also
suggested that disrupted sympathetic innervation of the gut
triggers the movement of commensal bacterial from the gut,
which they verified via a reduced post-stroke infection incidence
with adrenergic receptor inhibition (40). Taken together, this
investigation offered a highly novel concept for the occurrence
of airway infections after an acquired CNS insult, which may
rationalize the theoretically-coupled incidences of SCI-induced
gut dysfunction and dysbiosis with the heightened infection
susceptibility in this patient population.

It is interesting to note, however, that although Stanley
et al. (40) provided evidence in support of the premise that
a disrupted neuronal circuitry instigated gut permeability and
dysregulation after experimental stroke, blocking adrenergic
signaling only resulted in a decreased bacterial load as opposed
to a complete elimination of microbes from the lungs, suggesting
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FIGURE 1 | Pathogenic changes in the gut microbiota after traumatic spinal cord injury. As part of the wider systemic response to SCI, inflammatory changes in the
gut are likely to contribute to reduced intestinal function and barrier integrity (1). Leakiness of the gut epithelium can dysregulate the microbial community in the gut
lumen and allow for bacterial translocation. Release of noradrenaline from post-ganglionic sympathetic terminals is thought to further contribute to gut dysbiosis (2). A
greater abundance and/or expansion of specific pathobionts after SCI can induce a Th17 response, which propagates further inflammation (3). Afferent sensory
feedback signals report perturbations in the intestinal environment to the brain via the vagus nerve, thereby completing the bidirectional loop between the gut and the
central nervous system, while gut microbes release metabolites and signaling molecules such as short-chain fatty acids (SCFAs) that shape peripheral
immunomodulatory processes (4). These changes may modulate the immune response to e.g., airway infections. Commensal microbes from the gut may also be able
to take up inappropriate residence in the lungs (5). Local inflammatory changes in the lungs in response to SCI may compromise the respiratory epithelium (6), and
interfere with local defense mechanisms against extraneous pathogens (7).
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the putative existence of other/concurrent mechanisms that add
to infection susceptibility. Intestinal damage resulting in the
“leaky gut” phenotype may additionally be explained by excessive
inflammatory processes that already exist in the context of the
original disease/injury occurring in the host. For instance, in
graft-vs.-host disease, neutrophils are recruited to the intestinal
wall and are responsible for tissue damage via the induction
of reactive oxidative species. Their destructive activity appeared
dependent on the presence of translocating microbes into
the peri-intestinal tissue, as neutrophils were not recruited in
germ-free mice (68). Thus, displaced microbes may act as a
chemotactic stimulus for inflammatory immune cells, whereby
their movement could dictate the site of inflammation. When
considering SCI, it is well-established that neutrophils do not just
accumulate at the lesion site itself (69), but also in peripheral
tissues. Here, systemically circulating neutrophils can cause
widespread tissue damage in other organs such as the liver,
spleen, lung and kidneys, a phenomenon more generally known
as Systemic Inflammatory Response Syndrome (SIRS) (70, 71).
It has already been noted that patients with severe SIRS also
endure gut dysbiosis (72), so it is tempting to speculate that
the early mobilization and priming of neutrophils by a CNS
insult like SCI may also deleteriously affect the gut. Alternatively,
the immunomodulatory activity of commensal gut microbes
and/or the changes therein, as described earlier, may also add
to altered systemic immune function. These possibilities are not
mutually exclusive.

Perturbations to normal crosstalk between the gut microbiota
and the immune system may disrupt this delicate homeostatic
balance and provoke the unwanted residence and/or growth
of extraneous pathogens in the airways of the host (11). For
example, protection against pneumonia instigated by S. aureus is
conferred in part by the activity of SFB in the gut which again
promote pulmonary Th17 immunity (73). The gut microbiota
normally positively regulates host defense against pneumococcal
pneumonia by limiting bacterial dissemination, controlling
inflammation, and by enhancing the phagocytic function of
resident alveolar macrophages; these protective influences of the
gut microbiota are dysregulated in germ-free mice (11, 74). These
results are also corroborated by experiments in Rag™/~ mice
(which are deficient in T and B cells), as gut SFB can still instruct
innate immune effectors here to resolve infections via the gut-
lung axis (75). Lastly, unregulated secretion of anti-inflammatory
SCFAs may also negatively interfere with host immunity and
play into the pathophysiology of respiratory diseases, as has been
documented in a cohort of tuberculosis-suffering patients (76).

REFERENCES

1. Ahuja CS, Wilson JR, Nori S, Kotter MRN, Druschel C, Curt A,
et al. Traumatic spinal cord injury. Nat Rev Dis Primers. (2017)
3:17018. doi: 10.1038/nrdp.2017.18

2. Sezer N, Akkus S, Ugurlu FG. Chronic complications of spinal cord injury.
World ] Orthop. (2015) 6:24-33. doi: 10.5312/wjo.v6.i1.24

3. Lenherr SM, Cameron AP. Voiding dysfunction and upper tract deterioration
after spinal cord injury. Curr Bladder Dysfunc Rep. (2013) 8:289-96.
doi: 10.1007/s11884-013-0200-0

Studies into the intestinal microbiota of human patients already
indicate changes in beneficial butyrate-producing microbes after
SCI, warranting further investigations as to how this may play
into impaired host immunity (44). Given the high prevalence
of airway infections after SCI, a better understanding of how
disruption in critical feedback circuits with the gut microbiota
can work together with SIRS as a possible propagator of tissue
damage may further rationalize the degree of vulnerability
patients have toward extraneous sources of infection (i.e., of
nosocomial origin) after injury (77, 78) (see Figure 1).

CONCLUSION

It is clear that individuals with SCI suffer from severe
gastrointestinal dysfunction, the extent of which significantly
impacts on their overall quality of life. As the importance of the
gut microbiome for overall health and well-being is increasingly
recognized, the significance of investigating the impact of SCI
thereon is without question. Recent investigations all corroborate
evidence that SCI undeniably changes the gut microbiota, and
future studies can now aim to more specifically address how
altered signaling via the CNS-gut axis may influence outcomes.
Moving forward, future studies should aim to engage advanced
metagenomic techniques so that the overall immunological and
functional influence of the gut microbiota can be evaluated
more thoroughly. As gut dysfunction may play a role in the
increased infection susceptibility of this patient population,
the net influence of changes in the gut microbiota over host
immune function after SCI need to be better understood.
It will be imperative, however, that all aspects of the gut
microbiota are considered here to generate wholistic perspective
of immunological dysfunction and microbial alterations after
SCI, in order for these to be successfully translated into effective
intervention strategies for SCI patients.

AUTHOR CONTRIBUTIONS

TJ] drafted the manuscript. MR provided critical feedback.
Both authors contributed to editing and approved of the
final manuscript.

FUNDING

T] was supported by a Research Training Program Scholarship
(Australian Government). This work was made possible by the
support of SpinalCure Australia to the laboratory of MR.

4. Norton L. Spinal Cord Injury, 2007-08. In: Welfare AloHa, editor. Injury
Research and Statistics Series No 52. Canberra: Australian Institute of Health
and Welfare (2010).

5. Riegger T, Conrad S, Liu K, Schluesener HJ, Adibzahdeh M, Schwab JM. Spinal
cord injury-induced immune depression syndrome (SCI-IDS). Eur ] Neurosci.
(2007) 25:1743-7. doi: 10.1111/j.1460-9568.2007.05447.x

6. Kabatas S, Yu D, He XD, Thatte HS, Benedict D, Hepgul KT, et al.
Neural and anatomical abnormalities of the gastrointestinal system
resulting from contusion spinal cord injury. Neuroscience. (2008)
154:1627-38. doi: 10.1016/j.neuroscience.2008.04.071

Frontiers in Immunology | www.frontiersin.org

May 2020 | Volume 11 | Article 704


https://doi.org/10.1038/nrdp.2017.18
https://doi.org/10.5312/wjo.v6.i1.24
https://doi.org/10.1007/s11884-013-0200-0
https://doi.org/10.1111/j.1460-9568.2007.05447.x
https://doi.org/10.1016/j.neuroscience.2008.04.071
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Jogia and Ruitenberg

SCI and the Gut Microbiota

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Morganti-Kossmann C, Raghupathi R, Maas AIR. Traumatic Brain and

Spinal Cord Injury: Challenges and Developments. Cambridge; New York, NY:
Cambridge University Press (2012).

. Raspa A, Pugliese R, Maleki M, Gelain F. Recent therapeutic approaches for

spinal cord injury. Biotechnol Bioeng. (2016) 113:253-9. doi: 10.1002/bit.25689

. Shavelle RM, DeVivo M]J, Brooks JC, Strauss DJ, Paculdo DR. Improvements

in long-term survival after spinal cord injury? Arch Phys Med Rehabil. (2015)
96:645-51. doi: 10.1016/j.apmr.2014.11.003

Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J.
(2017) 474:1823-36. doi: 10.1042/BCJ20160510

Budden KE, Gellatly SL, Wood DLA, Cooper MA, Morrison M, Hugenholtz
P, et al. Emerging pathogenic links between microbiota and the gut-lung axis.
Nat Rev Microbiol. (2016) 15:55.doi: 10.1038/nrmicro.2016.142

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diversity,
stability and resilience of the human gut microbiota. Nature. (2012) 489:220-
30. doi: 10.1038/nature11550

Selber-Hnatiw S, Rukundo B, Ahmadi M, Akoubi H, Al-Bizri H, Aliu AFE, et al.
Human gut microbiota: toward an ecology of disease. Front Microbiol. (2017)
8:1265. doi: 10.3389/fmicb.2017.01265

Zhang C, Zhang W, Zhang J, Jing Y, Yang M, Du L, et al. Gut microbiota
dysbiosis in male patients with chronic traumatic complete spinal cord injury.
] Transl Med. (2018) 16:353. doi: 10.1186/512967-018-1735-9

Krogh K, Nielsen ], Djurhuus JC, Mosdal C, Sabroe S, Laurberg S. Colorectal
function in patients with spinal cord lesions. Dis Colon Rectum. (1997)
40:1233-9. doi: 10.1007/BF02055170

Hugon P, Dufour J-C, Colson P, Fournier P-E, Sallah K, Raoult D. A
comprehensive repertoire of prokaryotic species identified in human beings.
Lancet Infect Dis. (2015) 15:1211-9. doi: 10.1016/S1473-3099(15)00293-5
Iliev ID, Leonardi I. Fungal dysbiosis: immunity and interactions at mucosal
barriers. Nat Rev Immunol. (2017) 17:635. doi: 10.1038/nri.2017.55

Blander JM, Longman RS, Iliev ID, Sonnenberg GE, Artis D. Regulation of
inflammation by microbiota interactions with the host. Nat Immunol. (2017)
18:851-60. doi: 10.1038/ni.3780

Dethlefsen L, McFall-Ngai M, Relman DA. An ecological and evolutionary
perspective on human-microbe mutualism and disease. Nature. (2007)
449:811-8. doi: 10.1038/nature06245

Qin J, Li R, Raes ], Arumugam M, Burgdorf KS, Manichanh C, et al. A human
gut microbial gene catalogue established by metagenomic sequencing. Nature.
(2010) 464:59-65. doi: 10.1038/nature08821

Rosshart SP, Vassallo BG, Angeletti D, Hutchinson DS, Morgan AP, Takeda K,
et al. Wild mouse gut microbiota promotes host fitness and improves disease
resistance. Cell. (2017) 171:1015-28.e13. doi: 10.1016/j.cell.2017.09.016
Hooper LV, Littman DR, Macpherson AJ.
the microbiota and the immune system. Science. (2012) 336:1268-
73. doi: 10.1126/science.1223490

Donaldson GP, Lee SM, Mazmanian SK. Gut biogeography of the bacterial
microbiota. Nat Rev Microbiol. (2016) 14:20-32. doi: 10.1038/nrmicro3552
Round JL, Lee SM, Li ], Tran G, Jabri B, Chatila TA, et al. The Toll-like receptor
2 pathway establishes colonization by a commensal of the human microbiota.
Science. (2011) 332:974-7. doi: 10.1126/science.1206095

Lecuyer E, Rakotobe S, Lengline-Garnier H, Lebreton C, Picard M,
Juste C, et al. Segmented filamentous bacterium uses secondary and
tertiary lymphoid tissues to induce gut IgA and specific T helper 17
cell responses. Immunity. (2014) 40:608-20. doi: 10.1016/j.immuni.2014.
03.009

Suzuki K, Meek B, Doi Y, Muramatsu M, Chiba T, Honjo T, et al. Aberrant
expansion of segmented filamentous bacteria in IgA-deficient gut. Proc Natl
Acad Sci USA. (2004) 101:1981-6. doi: 10.1073/pnas.0307317101

Viladomiu M, Kivolowitz C, Abdulhamid A, Dogan B, Victorio D,
Castellanos JG, et al. IgA-coated E. coli enriched in Crohn’s disease
spondyloarthritis promote TH17-dependent inflammation. Sci Transl Med.
(2017) 9:eaaf9655. doi: 10.1126/scitranslmed.aaf9655

Al-Lahham SaH, Peppelenbosch MP, Roelofsen H, Vonk R], Venema
K. Biological effects of propionic acid in humans; metabolism, potential
applications and underlying mechanisms. Biochim Biophys Acta. (2010)
1801:1175-83. doi: 10.1016/j.bbalip.2010.07.007

Bercik P, Denou E, Collins J, Jackson W, Lu J, Jury J, et al. The
intestinal microbiota affect central levels of brain-derived neurotropic

Interactions between

30.

31

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

factor and behavior in mice. Gastroenterology. (2011) 141:599-609.e1-
3. doi: 10.1053/j.gastro.2011.04.052

Houlden A, Goldrick M, Brough D, Vizi ES, Lenart N, Martinecz B, et al. Brain
injury induces specific changes in the caecal microbiota of mice via altered
autonomic activity and mucoprotein production. Brain Behav Immun. (2016)
57:10-20. doi: 10.1016/j.bbi.2016.04.003

Zhu CS, Grandhi R, Patterson TT, Nicholson SE. A review of traumatic brain
injury and the gut microbiome: insights into novel mechanisms of secondary
brain injury and promising targets for neuroprotection. Brain Sci. (2018)
8:E113. doi: 10.3390/brainsci8060113

Collins  SM, M, Bercik P. The
intestinal microbiota and the brain. Nat
10:735. doi: 10.1038/nrmicro2876

Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, Toth M, et al. The
gut microbiota influences blood-brain barrier permeability in mice. Sci Transl
Med. (2014) 6:263ral158. doi: 10.1126/scitranslmed.3009759

Doenyas C. Gut microbiota, inflammation, and probiotics on neural
development in autism spectrum disorder. Neuroscience. (2018) 374:271-
86. doi: 10.1016/j.neuroscience.2018.01.060

Fung TC, Olson CA, Hsiao EY. Interactions between the microbiota,
immune and nervous systems in health and disease. Nat Neurosci. (2017)
20:145. doi: 10.1038/nn.4476

Ochoa-Reparaz J, Mielcarz DW, Ditrio LE, Burroughs AR, Foureau DM,
Haque-Begum §, et al. Role of gut commensal microflora in the development
of experimental autoimmune encephalomyelitis. ] Immunol. (2009) 183:6041-
50. doi: 10.4049/jimmunol.0900747

Lee YK, Menezes JS, Umesaki Y, Mazmanian SK. Proinflammatory T-
cell responses to gut microbiota promote experimental autoimmune
encephalomyelitis. Proc Natl Acad Sci USA. (2011) 108 (Suppl. 1):4615-
22. doi: 10.1073/pnas.1000082107

Surette interplay between the

Rev  Microbiol. (2012)

. Ochoa-Reparaz J, Mielcarz DW, Ditrio LE, Burroughs AR, Begum-Haque S,

Dasgupta S, et al. Central nervous system demyelinating disease protection
by the human commensal Bacteroides fragilis depends on polysaccharide A
expression. J Immunol. (2010) 185:4101-8. doi: 10.4049/jimmunol.1001443
Jangi S, Gandhi R, Cox LM, Li N, von Glehn F Yan R, et al. Alterations
of the human gut microbiome in multiple sclerosis. Nat Commun. (2016)
7:12015. doi: 10.1038/ncomms12015

Stanley D, Mason L], Mackin KE, Srikhanta YN, Lyras D, Prakash MD,
et al. Translocation and dissemination of commensal bacteria in post-stroke
infection. Nat Med. (2016) 22:1277-84. doi: 10.1038/nm.4194

Nicholson SE, Watts LT, Burmeister DM, Merrill D, Scroggins
S, Zou Y, et al. Moderate traumatic brain alters  the
gastrointestinal microbiome in a time-dependent manner. Shock. (2018)
52:240-248. doi: 10.1097/SHK.0000000000001211

Kigerl KA, Mostacada K, Popovich PG. Gut microbiota are disease-modifying
factors after traumatic spinal cord injury. Neurotherapeutics. (2018) 15:60-
7. doi: 10.1007/s13311-017-0583-2

Furness JB. The enteric nervous system and neurogastroenterology. Nat Rev
Gastroenterol Hepatol. (2012) 9:286. doi: 10.1038/nrgastro.2012.32

Gungor B, Adiguzel E, Gursel I, Yilmaz B, Gursel M. Intestinal
microbiota in patients with spinal cord injury. PLoS ONE. (2016)
11:€0145878. doi: 10.1371/journal.pone.0145878

Schmidt EKA, Torres-Espin A, Raposo PJE Madsen KL, Kigerl KA,
Popovich PG, et al. Fecal transplant prevents gut dysbiosis and anxiety-
like behaviour after spinal cord injury in rats. PLoS ONE. (2020)
15:€0226128. doi: 10.1371/journal.pone.0226128

Hayakawa M, Asahara T, Henzan N, Murakami H, Yamamoto H, Mukai N,
et al. Dramatic changes of the gut flora immediately after severe and sudden
insults. Dig Dis Sci. (2011) 56:2361-5. doi: 10.1007/s10620-011-1649-3
McCafferty J, Miihlbauer M, Gharaibeh RZ, Arthur JC, Perez-Chanona E,
Sha W, et al. Stochastic changes over time and not founder effects drive cage
effects in microbial community assembly in a mouse model. ISME J. (2013)
7:2116-25. doi: 10.1038/ismej.2013.106

O’Toole PW, Jeffery IB. Gut microbiota and aging. Science. (2015) 350:1214-
5.doi: 10.1126/science.aac8469

Spychala MS, Venna VR, Jandzinski M, Doran SJ, Durgan DJ, Ganesh BP, et al.
Age-related changes in the gut microbiota influence systemic inflammation
and stroke outcome. Ann Neurol. (2018) 84:23-36. doi: 10.1002/ana.25250

injury

Frontiers in Immunology | www.frontiersin.org

May 2020 | Volume 11 | Article 704


https://doi.org/10.1002/bit.25689
https://doi.org/10.1016/j.apmr.2014.11.003
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.1038/nrmicro.2016.142
https://doi.org/10.1038/nature11550
https://doi.org/10.3389/fmicb.2017.01265
https://doi.org/10.1186/s12967-018-1735-9
https://doi.org/10.1007/BF02055170
https://doi.org/10.1016/S1473-3099(15)00293-5
https://doi.org/10.1038/nri.2017.55
https://doi.org/10.1038/ni.3780
https://doi.org/10.1038/nature06245
https://doi.org/10.1038/nature08821
https://doi.org/10.1016/j.cell.2017.09.016
https://doi.org/10.1126/science.1223490
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1126/science.1206095
https://doi.org/10.1016/j.immuni.2014.03.009
https://doi.org/10.1073/pnas.0307317101
https://doi.org/10.1126/scitranslmed.aaf9655
https://doi.org/10.1016/j.bbalip.2010.07.007
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1016/j.bbi.2016.04.003
https://doi.org/10.3390/brainsci8060113
https://doi.org/10.1038/nrmicro2876
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1016/j.neuroscience.2018.01.060
https://doi.org/10.1038/nn.4476
https://doi.org/10.4049/jimmunol.0900747
https://doi.org/10.1073/pnas.1000082107
https://doi.org/10.4049/jimmunol.1001443
https://doi.org/10.1038/ncomms12015
https://doi.org/10.1038/nm.4194
https://doi.org/10.1097/SHK.0000000000001211
https://doi.org/10.1007/s13311-017-0583-2
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1371/journal.pone.0145878
https://doi.org/10.1371/journal.pone.0226128
https://doi.org/10.1007/s10620-011-1649-3
https://doi.org/10.1038/ismej.2013.106
https://doi.org/10.1126/science.aac8469
https://doi.org/10.1002/ana.25250
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Jogia and Ruitenberg

SCI and the Gut Microbiota

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

O’Connor G, Jeffrey E, Madorma D, Marcillo A, Abreu MT, Deo SK,
et al. Investigation of microbiota alterations and intestinal inflammation
post-spinal cord injury in rat model. J Neurotrauma. (2018) 35:2159-
66. doi: 10.1089/neu.2017.5349

Littman DR, Pamer EG. Role of the commensal microbiota in normal
and pathogenic host immune responses. Cell Host Microbe. (2011) 10:311-
23. doi: 10.1016/j.chom.2011.10.004

Zhang C, Jing Y, Zhang W, Zhang J, Yang M, Du L, et al. Dysbiosis of gut
microbiota is associated with serum lipid profiles in male patients with chronic
traumatic cervical spinal cord injury. Am J Transl Res. (2019) 11:4817-34.
Myers SA, Gobejishvili L, Saraswat Ohri S, Garrett Wilson C, Andres
KR, Riegler AS, et al. Following spinal cord injury, PDE4B drives an
acute, local inflammatory response and a chronic, systemic response
exacerbated by gut dysbiosis and endotoxemia. Neurobiol Dis. (2019) 124:353—
63. doi: 10.1016/j.nbd.2018.12.008

Kigerl KA, Hall JC, Wang L, Mo X, Yu Z, Popovich PG. Gut dysbiosis
impairs recovery after spinal cord injury. J Exp Med. (2016) 213:2603-
20. doi: 10.1084/jem.20151345

Jing Y, Yang D, Bai E Zhang C, Qin C, Li D, et al. Melatonin treatment
alleviates spinal cord injury-induced gut dysbiosis in mice. ] Neurotrauma.
(2019) 36:2646-64. doi: 10.1089/neu.2018.6012

Lloyd-Price J, Mahurkar A, Rahnavard G, Crabtree J, Orvis ], Hall AB, et al.
Strains, functions and dynamics in the expanded human microbiome project.
Nature. (2017) 550:61-6. doi: 10.1038/nature23889

Dickson RP. The microbiome and critical illness. Lancet Respir Med. (2016)
4:59-72. doi: 10.1016/S2213-2600(15)00427-0

Nguyen TL, Vieira-Silva S, Liston A, Raes ]. How informative is the
mouse for human gut microbiota research? Dis Model Mech. (2015) 8:1-
16. doi: 10.1242/dmm.017400

Kiger]l KA, Zane K, Adams K, Sullivan MB, Popovich PG. The
spinal cord-gut-immune axis as a master regulator of health and
neurological function after spinal cord injury. Exp Neurol. (2020)
323:113085. doi: 10.1016/j.expneurol.2019.113085

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
et al. Enterotypes of the human gut microbiome. Nature. (2011) 473:174-
80. doi: 10.1038/nature09944

Costea PI, Hildebrand F, Arumugam M, Backhed F, Blaser MJ, Bushman FD,
et al. Enterotypes in the landscape of gut microbial community composition.
Nat Microbiol. (2018) 3:8-16. doi: 10.1038/s41564-017-0072-8

Huse SM, Ye Y, Zhou Y, Fodor AA. A core human microbiome
as viewed through 16S rRNA sequence clusters. PLoS ONE. (2012)
7:€34242. doi: 10.1371/journal.pone.0034242

Jeftery IB, Claesson MJ, O’Toole PW, Shanahan F. Categorization of the
gut microbiota: enterotypes or gradients? Nat Rev Microbiol. (2012) 10:591-
2. doi: 10.1038/nrmicro2859

Hildebrand E Nguyen TL, Brinkman B, Yunta RG, Cauwe B, Vandenabeele
P, et al. Inflammation-associated enterotypes, host genotype, cage and inter-
individual effects drive gut microbiota variation in common laboratory mice.
Genome Biol. (2013) 14:R4. doi: 10.1186/gb-2013-14-1-r4

Priiss H, Tedeschi A, Thiriot A, Lynch L, Loughhead SM, Stutte S,
et al. Spinal cord injury-induced immunodeficiency is mediated by a
sympathetic-neuroendocrine adrenal reflex. Nat Neurosci. (2017) 20:1549-
59. doi: 10.1038/nn.4643

Failli V, Kopp MA, Gericke C, Martus P, Klingbeil S, Brommer
B, et al. Functional neurological recovery after spinal cord injury

is impaired in patients with infections. Brain. (2012) 135(Pt
11):3238-50. doi: 10.1093/brain/aws267

67. Dickson RP, Singer BH, Newstead MW, Falkowski NR, Erb-Downward JR,
Standiford TJ, et al. Enrichment of the lung microbiome with gut bacteria
in sepsis and the acute respiratory distress syndrome. Nat Microbiol. (2016)
1:16113. doi: 10.1038/nmicrobiol.2016.113

68. Schwab L, Goroncy L, Palaniyandi S, Gautam S, Triantafyllopoulou A, Mocsai
A, et al. Neutrophil granulocytes recruited upon translocation of intestinal
bacteria enhance graft-versus-host disease via tissue damage. Nat Med. (2014)
20:648. doi: 10.1038/nm.3517

69. Brennan FH, Jogia T, Gillespie ER, Blomster LV, Li XX, Nowlan B, et al.
Complement receptor C3aR1 controls neutrophil mobilization following
spinal cord injury through physiological antagonism of CXCR2. JCI Insight.
(2019) 4:€98254. doi: 10.1172/jci.insight.98254

70. Bao E Brown A, Dekaban GA, Omana V, Weaver LC. CDI1d
integrin  blockade reduces the systemic inflammatory response
syndrome after spinal cord injury. Exp Neurol. (2011) 231:272-
83. doi: 10.1016/j.expneurol.2011.07.001

71. Gris D, Hamilton EF, Weaver LC. The systemic inflammatory response after
spinal cord injury damages lungs and kidneys. Exp Neurol. (2008) 211:259-
70. doi: 10.1016/j.expneurol.2008.01.033

72. Shimizu K, Ogura H, Goto M, Asahara T, Nomoto K, Morotomi M, et al.
Altered gut flora and environment in patients with severe SIRS. J Trauma.
(2006) 60:126-33. doi: 10.1097/01.ta.0000197374.99755.fe

73. Gauguet S, D’'Ortona S, Ahnger-Pier K, Duan B, Surana NK, Lu R, et al.
Intestinal microbiota of mice influences resistance to staphylococcus aureus
pneumonia. Infect Immun. (2015) 83:4003-14. doi: 10.1128/IAL1.00037-15

74. Schuijt TJ, Lankelma JM, Scicluna BP, de Sousa e Melo F Roelofs
JJTH, de Boer JD, et al. The gut microbiota plays a protective role
in the host defence against pneumococcal pneumonia. Gut. (2016)
65:575. doi: 10.1136/gutjnl-2015-309728

75. Felix KM, Jaimez IA, Nguyen TV, Ma H, Raslan WA, Klinger CN, et al.
Gut microbiota contributes to resistance against pneumococcal pneumonia
in immunodeficient Rag(-/-) mice. Front Cell Infect Microbiol. (2018)
8:118. doi: 10.3389/fcimb.2018.00118

76. Maji A, Misra R, Dhakan DB, Gupta V, Mahato NK, Saxena R, et al.
Gut microbiome contributes to impairment of immunity in pulmonary
tuberculosis patients by alteration of butyrate and propionate producers.
Environ Microbiol. (2018) 20:402-19. doi: 10.1111/1462-2920.14015

77. Montgomerie JZ. Infections in patients with spinal cord injuries. Clin Infect
Dis. (1997) 25:1285-90; quiz 91-2. doi: 10.1086/516144

78. Campagnolo DI, Bartlett JA, Keller SE, Sanchez W, Oza R. Impaired
phagocytosis of Staphylococcus aureus in complete tetraplegics. Am J Phys Med
Rehabil. (1997) 76:276-80. doi: 10.1097/00002060-199707000-00005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Jogia and Ruitenberg. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

10

May 2020 | Volume 11 | Article 704


https://doi.org/10.1089/neu.2017.5349
https://doi.org/10.1016/j.chom.2011.10.004
https://doi.org/10.1016/j.nbd.2018.12.008
https://doi.org/10.1084/jem.20151345
https://doi.org/10.1089/neu.2018.6012
https://doi.org/10.1038/nature23889
https://doi.org/10.1016/S2213-2600(15)00427-0
https://doi.org/10.1242/dmm.017400
https://doi.org/10.1016/j.expneurol.2019.113085
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/s41564-017-0072-8
https://doi.org/10.1371/journal.pone.0034242
https://doi.org/10.1038/nrmicro2859
https://doi.org/10.1186/gb-2013-14-1-r4
https://doi.org/10.1038/nn.4643
https://doi.org/10.1093/brain/aws267
https://doi.org/10.1038/nmicrobiol.2016.113
https://doi.org/10.1038/nm.3517
https://doi.org/10.1172/jci.insight.98254
https://doi.org/10.1016/j.expneurol.2011.07.001
https://doi.org/10.1016/j.expneurol.2008.01.033
https://doi.org/10.1097/01.ta.0000197374.99755.fe
https://doi.org/10.1128/IAI.00037-15
https://doi.org/10.1136/gutjnl-2015-309728
https://doi.org/10.3389/fcimb.2018.00118
https://doi.org/10.1111/1462-2920.14015
https://doi.org/10.1086/516144
https://doi.org/10.1097/00002060-199707000-00005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Traumatic Spinal Cord Injury and the Gut Microbiota: Current Insights and Future Challenges
	Introduction
	The Gut Microbiota
	Interactions Between the Gut Microbiota and the Central Nervous System
	Current Research into SCI and the Gut Microbiota
	Enterotypes as a Way Forward to Interpret the Significance of Changes in Microbiota Between Conditions and Species?
	The Role of the Gut Microbiota in Infection Susceptibility
	Conclusion
	Author Contributions
	Funding
	References


