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Abstract
Amyotrophic lateral sclerosis (ALS) is the most common neurodegenerative disease affecting motor neurons (MN). This 
fatal disease is characterized by progressive muscle wasting and lacks an effective treatment. ALS pathogenesis has not been 
elucidated yet. In a small proportion of ALS patients, the disease has a familial origin, related to mutations in specific genes, 
which directly result in MN degeneration. By contrast, the vast majority of cases are though to be sporadic, in which genes 
and environment interact leading to disease in genetically predisposed individuals. Lately, the role of the environment has 
gained relevance in this field and an extensive list of environmental conditions have been postulated to be involved in ALS. 
Among them, infectious agents, particularly viruses, have been suggested to play an important role in the pathogenesis of 
the disease. These agents could act by interacting with some crucial pathways in MN degeneration, such as gene processing, 
oxidative stress or neuroinflammation. In this article, we will review the main studies about the involvement of microorgan-
isms in ALS, subsequently discussing their potential pathogenic effect and integrating them as another piece in the puzzle 
of ALS pathogenesis.
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Introduction

Amyotrophic lateral sclerosis (ALS) is the most common 
neurodegenerative disease affecting motor neurons (MNs) 
[1, 2]. It is characterized by progressive upper and lower 
MN degeneration that typically lead to death within 3 years 
after symptom onset [3].

The pathogenesis of ALS has not been fully elucidated 
yet. However, our knowledge about disease mechanisms has 
significantly improved in the last few years [1, 4]. In this 

regard, the impairment of various cellular functions and 
signalling pathways has been related to MN degeneration 
[1, 5]. Among them, abnormalities in gene processing, pro-
teostasis, and axonal transport, as well as the involvement 
of glial cells surrounding MNs seem to be relevant mecha-
nisms [6]. ALS cases can be divided into familiar (fALS) 
and sporadic (sALS) fALS represent a small percentage of 
cases. They are secondary to mutations of specific genes 
(Cr9orf72, SOD1, FUS, TDP43, etc) which directly induce 
MN degeneration and disease [1]. By contrast, most cases 
are thought to be sporadic (sALS). In sALS, genes and envi-
ronment interact each other leading to disease onset and 
progression in genetically predisposed individuals [7]. In 
line with this concept, the role of environmental factors in 
the pathogenesis of ALS is receiving increasing attention 
[8]. There is a wide list of environmental conditions that 
have been potentially associated to ALS [7]. Interestingly, 
apart from the classic risk factors for ALS, as the exposure 
to heavy metals or the extenuating physical activity, new 
categories have been recently considered [1]. In this line, 
infectious agents, including viruses, bacteria and fungi, are 
increasingly considered to have a role in the pathogenesis of 
the disease. In this article, we will review the most relevant 
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studies discussing the role of infections in the disease, thus 
representing another piece in the ALS pathogenesis puzzle.

The role of viruses

Viruses are among the most frequent microorganisms in 
human environments. Differently from other pathogens, 
such as bacteria, viruses require a host cell for their rep-
lication. These microorganisms characteristically show a 
marked variability, which sometimes hampers the immune 
host response [9]. Some viral infections have an acute course 
(for example, those due to influenza or syncytial respira-
tory virus) while others develop chronically, such as those 
induced by human immunodeficiency virus or hepatitis 
c virus. In the last decades, viral infections, particularly 
chronic ones, have been associated to different conditions, 
including immune, cardiovascular and neurological diseases 
[9, 10].

Regarding ALS, viruses are probably the microorganisms 
whose implications in ALS pathogenesis have been most 
extensively studied. Remarkably, persistent viral infections 
have been pointed out as a predisposing factor of ALS. The 
most representative studies are summarized in Table 1. Next, 
we will discuss some important ones.

Retroviruses

Retroviruses have been associated with ALS-like syn-
dromes. In this line, upper motor neuron manifestations 
appear in a small percentage of patients infected with HIV-1 
and HTLV-1 viruses [11–13]. However, there are major dif-
ferences between the so-called ALS-like syndromes and the 
classical form of ALS [11, 14]: patients are younger at the 
time of onset, cerebrospinal fluid (CSF) pleocytosis may be 
present [15], there is no inexorable progression, and more 
importantly, the syndrome ameliorated after the institution 
of anti-viral therapy [13, 16].

HIV

During the last 30 years, more than 20 cases of ALS/ALS-
like disease have been reported in HIV seropositive indi-
viduals [17]. Reverse transcriptase (RT), a critical retroviral 
enzyme, has been detected in ALS patients’ sera than in 
controls [13, 16]. However, RT activity is hardly detected 
in CSF of ALS patients. Some authors have speculated that 
RT CSF levels might be influenced by systemic viral repli-
cation [16].

The mechanism by which HIV infection leads to ALS-
like syndromes remains unclear. HIV infects macrophages, 
microglia and astrocytes, but does not infect neurons, 
therefore the neuronal damage is likely indirect, and may 

occur secondary to the effect of neurotoxic viral proteins, 
cytokines, chemokines, and oxidative stress, produced as 
a consequence of the viral infection [6, 18]. According to 
Louboutin and Strayer [19], HIV-infected monocytes and T 
cells need the gp120 to get inside the central nervous sys-
tem (CNS); a glycoprotein that can directly induce apoptosis 
in neurons and increase oxidative stress [19, 20]. On the 
other hand, nuclear TDP-43 expression, the hallmark pro-
tein in ALS pathogenesis, was enhanced about sixfold in 
HIV patients’ cortical neurons, along with enhanced TDP-43 
phosphorylation [21].

HTLV‑1

Westarp et al. reported that 50% of 50 patients with sporadic 
ALS had d antibodies reacting against HTLV-1/2 antigens 
[22]. However, other studies failed to find proviral DNA of 
HTLV-1 and2 in the CNS of patients with ALS [23, 24]. 
An autopsy study of one patient with ALS-like syndrome 
who was infected with HTLV-1 showed discrete lymphocytic 
infiltrates throughout the CNS, along with moderate anterior 
horn cell loss and both axonal and myelin losses in the lat-
eral corticospinal tract at all spinal levels [25].

The real mechanisms by which HTLV-1 causes neuro-
logical diseases remains a mystery. There are three main 
hypotheses [12]: (1) direct toxicity (the expression of viral 
HTLV-1 antigens by infected glial cells, recognized by CD8, 
provokes the release of a plethora of cytokines, detrimental 
to motor neurons); (2) autoimmunity (inappropriate glial 
cell antigen recognition activates the immune cascade); 
and (3) “bystander damage” (cytotoxic T CD8 cells rec-
ognize interferon-gamma-secreting HTLV-1-infected CD4 
T cells, and as a consequence, microglia secretes myelino-
toxic cytokines). Recently, some investigators suggested that 
the production of interferon gamma by HTLV-1-infected 
cells in the CNS would provoke astrocytes to secrete the 
chemokine CXCL10, able to engage more infected cells via 
the chemokine receptor CXCR3, resulting in chronic inflam-
mation [12].

Human endogenous retrovirus (HERV)

Human endogenous retrovirus (HERV) sequences, which 
represent up to 10% of human genomic DNA [19], might be 
pathogenic in ALS [26]. Besides, expression of distinctive 
transcripts encoded by the HERV-K genome is increased in 
brain tissue of patients with sporadic ALS [26–29], pref-
erentially in areas adjacent to the motor cortex. In those 
cases, immunostaining revealed the expression of HERV-K 
in neurons but not in non-neuronal cells, in either postmor-
tem brain tissue or in individuals with Alzheimer’s disease 
[27, 29].
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In vitro studies showed that transfection of either the 
whole HERV-K genome or just its envelope protein into 
cultured human neurons from ALS patients triggered neu-
rite beading and retraction, and eventually neuronal death. 
The HERV-K envelope protein was also documented to be 
neurotoxic in vivo [26, 27, 29]. Moreover, the interaction of 
TDP-43 with the HERV-K long terminal repeat augments 
the expression of HERV-K genes, meaning that TDP-43 
protein regulates HERV-K viral protein accumulation [21, 
26–28]. Local neuroinflammation is likely a key driver of 
HERV-K expression in the brain, and the analysis of the 
HERV-K promoter suggests that inflammatory mediators 
may also modulate HERV-K’s transcription [21, 27, 29].

Interestingly, there is a link in the literature between HIV 
and HERV-K. Independent groups have discovered that 
HERV-K proteins accumulate in cortical neurons of patients 
with HIV infection [21, 30]. The degree of HIV replication 
can be evaluated by the presence or absence of HIV p24 
positive cells by immunochemistry. HERV-K RT expression 
was significantly elevated in brain tissue with p24 reactivity 
[21]. Moreover, enhanced HERV-K levels were observed in 
patients who failed to respond to HAART therapy or were 
treated with sub-optimal therapeutic doses. Furthermore, 
longitudinal analyses of peripheral blood mononuclear cells 
(PBMC) from HIV-infected patients show that increased 
HERV-K expression may precede spikes of HIV replication 
[21, 31].

Additionally, there might be a bidirectional interaction 
between viruses and damaged neuronal proteins. In fact, the 
enhanced neuronal expression of HERV-K may be activated 
by Tau protein released from HIV-infected cells [14, 21, 32]. 
Finally, some authors have hypothesized about the role of 
retroviruses in cell-to-cell transport of pathogenic TDP43, 
since exosomes can carry retroviral cargo [21, 33]. As sug-
gested by Douville et al. [13], monitoring exosome com-
position could lead to the discovery of clinical biomarkers 
required for future studies on ERV-associated diseases [21].

Other viral agents

Enterovirus

Given the known tropism of poliovirus for MN, it seems 
reasonable to speculate that enteroviruses might play a role 
in ALS pathogenesis. Indeed, persistent infection by entero-
virus has been reported to cause sporadic ALS. According to 
Ravits [34], six RT-PCR studies in ALS patients searching 
enteroviruses have been reported, and half of them showed 
a positive results.

Fung et al. proposed a model, based on the observation of 
TDP-43 translocation from the nucleus during infection, by 
which coxsackievirus B3 (CVB3) leads to cytoplasmic TDP-
43 translocation, which is often accompanied by reduced 

solubility and increased formation of protein aggregates 
which result in neuron toxicity [35].

The seroprevalence of another enterovirus, Echovirus-7, 
was studied by Cermelli et al. by a neutralization test. They 
found anti-viral antibodies in 40% controls and 55% ALS 
patients [36].

Herpes viruses

Finnen et al. found that cells infected with herpes simplex 
virus 2 (HSV-2) failed to accumulate stress granules (SGs) 
(a physiological cell reaction) in response to arsenite, a 
chemical compound that induces oxidative stress [37]. In 
another study, it was demonstrated that the disruption of 
arsenite-induced SG formation by HSV-2 is mediated by a 
virion component [38], which is required for this disruption.

In conclusion, a definite etiologic link between viruses 
and ALS has not been established yet. However, many pub-
lished data suggest an underlying connection (Fig. 1). Yet, 
we are just starting to gather the pieces of the complex puz-
zle that sporadic ALS is. Unveiling viral cellular pathways 
involved in ALS could further lead to new insights in ALS 
pathogenesis, and hopefully, open the door to upcoming 
therapies.

The role of bacteria

Although viruses may be the microorganisms postulated to 
play the main role in ALS pathogenesis, several studies also 
suggest a potential role of bacteria in ALS. Among bacterial 
infections, cyanobacteria and Lyme disease seem to be the 
most relevant ones. The role of the microbioma is another 
emerging field.

Cyanobacteria

Cyanobacteria and the beta-N-methylamino-l-alanine 
(BMAA) toxin, which has been identified in more than 20 
cyanobacterial genera, constitute one the first environmen-
tal factors known to have a role in ALS. They are probably 
the most extensively studied. Evidence came from studies 
in Guam in 1945, where a disproportionate incidence of 
an ALS complex syndrome, which also included dementia 
and parkinsonian features, was reported among the Cham-
orro’s population [39]. Two decades later, the neurotoxin 
b-N-methylamino-l-alanine (BMAA) was discovered in the 
indigenous cycad (Cycas micronesica), the seeds of which 
were used by Chamorros to make flour [40, 41]. Not long 
after, the causality principle was more consistently con-
firmed when the BMAA was detected in brains of Guama-
nian patients with ALS, but not in Guamanian control brains 
[42, 43]. Further studies demonstrated that BMAA in cycads 
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Fig. 1   An integrated perspective of viruses and motor neuron degen-
eration. Viruses may yield motor neuron (MN) degeneration by act-
ing both directly (apoptosis’ induction) and indirectly (by means 
of glial cells’ activation and neuroinflammation). Non-neurotropic 
viruses, such as HIV or HTLV viruses, infect astrocytes and micro-
glia, but peripheral monocytes and T cells as well. Glial cell infec-
tion entails two main consequences: cytokine/chemokine release and 
adaptive immune response cells activation in situ. As a result of the 
latter, immunoglobulin production and CD8 T cell activation occur. 
Both cytokine/chemokine generation and CD8 activation lead to MN 
degeneration, even reproducing some of the molecular hallmarks of 
ALS pathogenesis, pre-eminently TDP-43 phosphorylation and sub-

sequent protein aggregation. One of the underlying molecular pro-
cesses behind MN death secondary to neuroinflammation is the acti-
vation of the “dormant” HERV-K viral sequences. On the other hand, 
when infecting peripheral immune adaptive and innate cells, non-
neurotropic viruses can yield motor neuron degeneration by several 
mechanisms, but mainly through direct apoptosis and increased levels 
of oxidative stress. Regarding neurotropic viruses, including entero-
viruses or herpes viruses, evidence on how they may be responsible 
for motor neuron toxicity is fewer; however, it has been observed that 
they might play some kind of role in disrupting stress granule forma-
tion in response to oxidative stress, as well as in TDP-43 phospho-
rylation and aggregation
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comes from symbiotic cyanobacteria resident in specialized 
coralloid roots of this plant, and that it gets concentrated 
during the process of flour production [42].

The role of BMAA in motor neuron disease has been fur-
ther supported by other clusters reported in France and USA 
[44–47]. The precise mechanism explaining BMAA toxic-
ity has not been completely clarified. It has been proved to 
induce neurotoxicity in both mice and non-human primates 
[48], resulting in MN death at concentrations of 10–30 Mm 
[49]. Interestingly, the BMAA toxin has also been involved 
in other neurodegenerative diseases such as Parkinson’s dis-
ease or Alzheimer’s disease [50]. However, there is not a 
clear concordance among studies, since some authors have 
reported inconsistent data in “in vivo” studies [51]. Regard-
ing the pathogenic mechanisms, it has been postulated that 
BMAA behaves as an endogenous neurotoxic reservoir that 
would be slowly released within the brain and spinal cord 
inducing its neurotoxic effects over the years [42]. Com-
plementary experimental studies have shown that the neu-
rotoxic effects of BMAA might be related to the depletion 
of glutathione, glutamatergic toxicity, synergism with other 
neurotoxins, its capacity to induce protein misfolding, and 
accumulation of intracellular aggregates [52]. The interin-
dividual BMAA susceptibility has been assessed by several 
investigators, but they have not been able to identify the 
genetic variants responsible for susceptibility yet [53].

Borrelia burgdorferi

Lyme disease, caused by the spirochete Borrelia burgdor-
feri, may present with a wide constellation of abnormalities 
from both the central nervous system (CNS) and the periph-
eral nervous system (PNS). Regarding the latter, polyradicu-
loneuropathy is one of the most common manifestations of 
the disease, which exceptionally might mimic ALS [54]. 
In addition, some studies have been carried out to explore 
the relationship between Borrelia infection and the risk of 
developing ALS [55]. The results do not support a causal 
link between infection and ALS. In this line, Visser et al. 
reported no association between B. burgdorferi antibodies 
and ALS. In fact, they found similar proportion of subjects 
with positive serology among ALS patients and the gen-
eral population. In addition, they reported that, among ALS 
patients, the seropositivity condition was not associated with 
differences in survival [56]. Likewise, Muddasir et al. did 
not find differences in seropositivity rates. Furthermore, 
treatment with ceftriaxone was not associated with better 
prognosis of the disease [57].

Microbiota

The term microbiota refers to an “ecological community” 
of commensal symbiotic and pathogenic microorganisms. 

It includes bacteria, archaea, protists, fungi and viruses. 
Microbiota has been widely studied in recent years, as it 
has been postulated to have a pathogenic role not only in 
intestinal diseases but also in other immunological, inflam-
matory and degenerative disorders. These studies emphasize 
the role of microbiota in the immunologic, hormonal and 
metabolic homeostasis of the host [58, 59].

Regarding the nervous system, it has been reported that 
microbiota regulates the blood–brain barrier permeability 
and several cellular pathways, including neurone survival, 
neurogenesis and cell growth and differentiation [59]. On 
this basis, the relationship between microbiota and neuro-
degenerative diseases is receiving increasing attention [60]. 
To date, the majority of studies have included patients with 
Parkinson’s disease and they reported differences in micro-
biota composition between patients and healthy controls, 
thus suggesting a role of microbiota in the neurodegenera-
tion process.

A fewer number of studies have addressed the potential 
role of microbiota in ALS, but there is incomplete agreement 
among them. Regarding experimental models, some authors 
reported that the superoxide dismutase (SOD) enzyme 
activity, one of the most relevant proteins involved in ALS 
pathogenesis, could be modulated by intestinal microflora 
[61, 62]. Shaoping et al. examined the gut of SOD1G93A 
transgenic mice, which express a mutated form of SOD, 
and reported increased permeability and a reduction in the 
expression of some proteins, such as E-cadherin [63]. These 
changes were associated with a significant reduction in sev-
eral microorganism including E. coli, Fermicus and Butyrivi-
brio fibrisolvens [63]. Interestingly, on this basis Zhang et al. 
reported that the administration of butyrate (a short chain 
fatty acid derived from bacteria) restored ALS-related dys-
biosis and slowed disease progression in the SOD1 murine 
model [64].

The studies with ALS patients are also scarce. Fang et al. 
evaluated six ALS patients and described differences in 
indices and taxa species [65]. More recently, Brenner et al. 
studied 25 patients with ALS (23 sALS and 2 fALS) without 
bulbar symptoms or marked functional disability [66]. They 
found significant differences between ALS and healthy con-
trols in both the overall number of microbial species and in 
the abundance of uncultured Ruminococcaceae [66].

In view of those preliminary and inconsistent data, future 
studies including larger cohorts of patients with different 
forms of the disease are needed to characterize ALS micro-
biota and to elucidate whether it plays an important role in 
the pathogenesis of the disease.

Other bacterial agents

Apart from those previously discussed the role of other bac-
teria species in ALS has been assessed without consistent 
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results. For example, increased rates of mycoplasma infec-
tion have been reported in Gulf War veterans and civilians 
diagnosed with ALS suggesting a pathogenic role in the dis-
ease [67]. However, other authors have not replicated that 
results [68].

The role of fungi

Fungi have a worldwide distribution and are able to grow 
and develop in a wide range of habitats and conditions. More 
than 100,000 species of fungi have been described, but the 
global biodiversity of the fungus kingdom has not fully elu-
cidated yet. Some estimations suggest that there might be 
up to 3.8 million species. Currently, fungal species are clas-
sified according to morphology, genetics, biochemical and 
physiological features [69]. As it occurs with other microor-
ganisms, a large proportion of them are commensal, exerting 
beneficial influences on neighbor organisms, while others 
can be highly deleterious.

Apart from their obvious role in infectious disorders, 
fungi have been associated to several non-infectious diseases 
[70, 71]. Regarding neurological disorders, some studies 
support their role in both neurodegenerative and inflam-
matory diseases, such as Alzheimer’s disease or multiple 
sclerosis [72]. In this line, several fungi species have been 
identified in brains from Alzheimer’s patients and in blood 
and cerebrospinal fluids from multiple sclerosis patients, 

thus suggesting that chronic fungal infection might act as a 
trigger or a predisposing condition of these diseases [72–74].

Carrasco et al. first suggested the implication of fun-
gal infections in ALS after identifying fungal proteins and 
DNA traces in the cerebrospinal fluid and brain tissue of 
patients with ALS [75]. Not long after, the same investi-
gators reported the presence of fungal structures, such as 
yeast and hyphae, in the motor cortex, the medulla and the 
spinal cord of 11 ALS patients. Different fungi species were 
identified by qPCR and next-generation sequencing (NGS). 
Among them, the most prevalent species were Malassezia, 
Candida, Cryptococcus, Penicillium, Cladosporium and 
Davidiella [76]. However, there was no concordance in the 
identified fungal species across patients, showing a high 
interindividual variability. In addition, the fungal species 
also varied according to the CNS localization studied (Motor 
cortex: Candida, Malassezia and Fusarium; Medulla: Can-
dida, fungus clone S24T, Basidiomycota; Spinal Cord: 
Candida, Fusarium, Malassezia). Based on this diversity, 
authors speculated that these variations in fungal species 
might determine different forms of disease and prognosis 
[76].

Several mechanisms could link fungi with ALS: (1) 
protein metabolism, one of the most important pathway 
in ALS might be altered in those fungal-infected neurons; 
(2) neuroinflammation involving T lymphocytes infiltrates, 
which is often seen in ALS patients, could reflect some 
degree of fungal infection [77], (3) high levels of chitinase 
(an enzyme linked to fungal infection) have been reported 

Fig. 2   Integrating microorgan-
isms in ALS pathogenesis. Gene 
processing, energy metabo-
lism, proteostasis, cytoskel-
eton organization, oxidative 
stress, glial cell dysfunction 
and neuroinflammation are 
regarded as important cellular 
pathways associated to motor 
neuron degeneration. Interest-
ingly, some of them seem to be 
modified by several microorgan-
isms. The figure shows current 
evidences supporting the 
involvement of microorganisms 
on these pathways. Dotted lines 
reflect those situations with 
weaker evidences
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in ALS patients [75]; and (4) SOD1 protein, a commonly 
altered protein in ALS patients plays an important role in the 
immune defense against fungi [78]. However, in our view, 
there is not currently sufficient evidence for a role of fungi in 
ALS and further studies with larger sample size are needed 
before reaching definite conclusions.

The role of parasites

Regarding parasites, there is no clear evidence of a causal 
association between them and ALS. Anecdotally, Harvey 
et al. reported a patient with evidence of Borrelia and Babe-
sia coinfection, who developed a progressive motor neu-
ron disease consistent with ALS. Clinical manifestations 
improved after treatment with ceftriaxone and anti-Babesia 
therapy [79]. To the best of our knowledge, no other studies 
linked babesia infection with ALS.

Integrating microorganisms in the puzzle 
of ALS

Despite the huge efforts of the last decades, we still do not 
completely understand why MNs degenerate [1, 7, 80]. The 
most widely accepted theory, based on the gene–environ-
ment interaction concept, proposes that MN degenera-
tion occurs in individuals in which aging-related cellular 
damage, environmental conditions and genetic risk factors 
add up reaching a certain threshold [7]. On this basis, the 
exposure to several environmental factors may induce ALS 
development.

Infections, and in particular some specific microorgan-
isms including some viruses, bacteria and fungi, are sug-
gested as new players in the pathogenesis of the disease 
(Fig. 2). In this scenario, microorganisms might be con-
sidered as environmental factors, which, in the presence 
of other external or genetic risk factors, could lead to ALS 
development. Interestingly, it has been reported that these 
agents might interfere in some crucial cellular MN pathways 
[6] including gene processing, proteostasis or in the glial 
cell-MN interaction.

This should not be confused with the fact that some infec-
tions, particularly Lyme disease, may show clinical mani-
festations of MN disease, thus occasionally mimicking ALS 
[54].

Although the role of microorganisms in the pathogen-
esis of the disease seems moderately supported, particularly 
in the case of viruses, there is currently no indication to 
treat patients with antimicrobial drugs. In the future, stud-
ies involving larger number of patients will help to pre-
cisely elucidate the importance of microorganisms, such as 
viruses or fungi, in ALS, addressing some crucial unresolved 

questions, such as if they act as a trigger or as perpetuating 
agents once the disease has already been established. The 
investigation of this new environmental category will doubt-
lessly provide us more knowledge about the disease, not only 
from a specific infectious point of view, but also from a more 
holistic perspective.

Compliance with ethical standards 

Conflicts of interest  All authors declare that they have no conflict of 
interests.

References

	 1.	 Zufiria M, Gil-Bea FJ, Fernandez-Torron R, Poza JJ, Munoz-
Blanco JL, Rojas-Garcia R et al (2016) ALS: a bucket of genes, 
environment, metabolism and unknown ingredients. Prog Neuro-
biol 142:104–129

	 2.	 Riancho J, Lozano-Cuesta P, Santurtun A, Sanchez-Juan P, Lopez-
Vega JM, Berciano J et al (2016) Amyotrophic lateral sclerosis in 
northern Spain 40 years later: what has changed? Neurodegener 
Dis 16(5–6):337–341

	 3.	 Hardiman O, van den Berg LH, Kiernan MC (2011) Clinical diag-
nosis and management of amyotrophic lateral sclerosis. Nat Rev 
Neurol 7(11):639–649

	 4.	 Riancho J, Berciano MT, Ruiz-Soto M, Berciano J, Landreth G, 
Lafarga M (2016) Retinoids and motor neuron disease: potential 
role in amyotrophic lateral sclerosis. J Neurol Sci 360:115–120

	 5.	 Al Chalabi A, Hardiman O, Kiernan MC, Chio A, Rix-Brooks 
B, van den Berg LH (2016) Amyotrophic lateral sclerosis: 
moving towards a new classification system. Lancet Neurol 
15(11):1182–1194

	 6.	 Riancho J, Gonzalo I, Ruiz-Soto M, Berciano J (2016) Why 
do motor neurons degenerate? Actualization in the pathogen-
esis of amyotrophic lateral sclerosis. Neurologia. https​://doi.
org/10.1016/j.nrl.2015.12.001

	 7.	 Al Chalabi A, Hardiman O (2013) The epidemiology of ALS: 
a conspiracy of genes, environment and time. Nat Rev Neurol 
9(11):617–628

	 8.	 Riancho J, Bosque-Varela P, Perez-Pereda S, Povedano M, de 
Munain AL, Santurtun A (2018) The increasing importance of 
environmental conditions in amyotrophic lateral sclerosis. Int J 
Biometeorol. https​://doi.org/10.1007/s0048​4-018-1550-2

	 9.	 Karim S, Mirza Z, Kamal MA, Abuzenadah AM, Azhar EI, Al 
Qahtani MH et al (2014) The role of viruses in neurodegenerative 
and neurobehavioral diseases. CNS Neurol Disord Drug Targets 
13(7):1213–1223

	10.	 Babiker A, Jeudy J, Kligerman S, Khambaty M, Shah A, Bagchi 
S (2017) Risk of cardiovascular disease due to chronic hepatitis c 
infection: a review. J Clin Transl Hepatol 5(4):343–362

	11.	 Limongi D, Baldelli S (2016) Redox imbalance and viral infec-
tions in neurodegenerative diseases. Oxid Med Cell Longev 
2016:6547248

	12.	 Araujo AQ (2015) Update on neurological manifestations of 
HTLV-1 infection. Curr Infect Dis Rep 17(2):459

	13.	 Zhou L, Miranda-Saksena M, Saksena NK (2013) Viruses and 
neurodegeneration. Virol J 10:172

	14.	 Bowen LN, Tyagi R, Li W, Alfahad T, Smith B, Wright M 
et  al (2016) HIV-associated motor neuron disease: HERV-K 
activation and response to antiretroviral therapy. Neurology 
87(17):1756–1762

https://doi.org/10.1016/j.nrl.2015.12.001
https://doi.org/10.1016/j.nrl.2015.12.001
https://doi.org/10.1007/s00484-018-1550-2


35Journal of Neurology (2019) 266:27–36	

1 3

	15.	 Rowland LP (2011) HIV-related neuromuscular diseases: nema-
line myopathy, amyotrophic lateral sclerosis and bibrachial amyo-
trophic diplegia. Acta Myol 30(1):29–31

	16.	 McCormick AL, Brown RH Jr, Cudkowicz ME, Al Chalabi 
A, Garson JA (2008) Quantification of reverse transcriptase in 
ALS and elimination of a novel retroviral candidate. Neurology 
70(4):278–283

	17.	 Verma A, Berger JR (2006) ALS syndrome in patients with HIV-1 
infection. J Neurol Sci 240(1–2):59–64

	18.	 Bastos AF, Orsini M, Machado D, Mello MP, Nader S, Silva JG 
et al (2011) Amyotrophic lateral sclerosis: one or multiple causes? 
Neurol Int 3(1):e4

	19.	 Louboutin JP, Strayer D (2014) Role of oxidative stress in HIV-
1-associated neurocognitive disorder and protection by gene deliv-
ery of antioxidant enzymes. Antioxidants (Basel) 3(4):770–797

	20.	 Regulier EG, Reiss K, Khalili K, Amini S, Zagury JF, Katsikis 
PD et al (2004) T-cell and neuronal apoptosis in HIV infec-
tion: implications for therapeutic intervention. Int Rev Immunol 
23(1–2):25–59

	21.	 Douville RN, Nath A (2017) Human endogenous retrovirus-K and 
TDP-43 expression bridges ALS and HIV neuropathology. Front 
Microbiol 8:1986

	22.	 Westarp ME, Ferrante P, Perron H, Bartmann P, Kornhuber HH 
(1995) Sporadic ALS/MND: a global neurodegeneration with ret-
roviral involvement? J Neurol Sci 129(Suppl):145–147

	23.	 Alkhawajah NM, Chapman KM, Moore GR, Oger J (2015) Amyo-
trophic lateral sclerosis presentation of a human T-lymphotropic 
virus type-1 myelopathy-insight into pathogenesis. APMIS 
123(9):815–820

	24.	 Dekaban GA, Hudson AJ, Rice GP (1992) Absence of HTLV-I 
and HTLV-II proviral genome in the brains of patients with mul-
tiple sclerosis and amyotrophic lateral sclerosis. Can J Neurol Sci 
19(4):458–461

	25.	 Silva MT, Leite AC, Alamy AH, Chimelli L, Andrada-Serpa MJ, 
Araujo AQ (2005) ALS syndrome in HTLV-I infection. Neurology 
65(8):1332–1333

	26.	 Brutting C, Emmer A, Kornhuber ME, Staege MS (2017) Cooc-
currences of putative endogenous retrovirus-associated diseases. 
Biomed Res Int 2017:7973165

	27.	 Brown RH Jr, Al Chalabi A (2015) Endogenous retroviruses in 
ALS: a reawakening? Sci Transl Med 7(307):307fs40

	28.	 Douville R, Liu J, Rothstein J, Nath A (2011) Identification 
of active loci of a human endogenous retrovirus in neurons 
of patients with amyotrophic lateral sclerosis. Ann Neurol 
69(1):141–151

	29.	 Li W, Lee MH, Henderson L, Tyagi R, Bachani M, Steiner J et al 
(2015) Human endogenous retrovirus-K contributes to motor neu-
ron disease. Sci Transl Med 7(307):307ra153

	30.	 Bhat RK, Rudnick W, Antony JM, Maingat F, Ellestad KK, 
Wheatley BM et al (2014) Human endogenous retrovirus-K(II) 
envelope induction protects neurons during HIV/AIDS. PLoS One 
9(7):e97984

	31.	 Contreras-Galindo R, Gonzalez M, Almodovar-Camacho S, Gon-
zalez-Ramirez S, Lorenzo E, Yamamura Y (2006) A new real-
time-RT-PCR for quantitation of human endogenous retroviruses 
type K (HERV-K) RNA load in plasma samples: increased HERV-
K RNA titers in HIV-1 patients with HAART non-suppressive 
regimens. J Virol Methods 136(1–2):51–57

	32.	 Li W, Li G, Steiner J, Nath A (2009) Role of Tat protein in HIV 
neuropathogenesis. Neurotox Res 16(3):205–220

	33.	 Wurdinger T, Gatson NN, Balaj L, Kaur B, Breakefield XO, Pegtel 
DM (2012) Extracellular vesicles and their convergence with viral 
pathways. Adv Virol 2012:767694

	34.	 Ravits J (2005) Sporadic amyotrophic lateral sclerosis: a hypoth-
esis of persistent (non-lytic) enteroviral infection. Amyotroph 
Lateral Scler Other Motor Neuron Disord 6(2):77–87

	35.	 Fung G, Shi J, Deng H, Hou J, Wang C, Hong A et al (2015) 
Cytoplasmic translocation, aggregation, and cleavage of TDP-
43 by enteroviral proteases modulate viral pathogenesis. Cell 
Death Differ 22(12):2087–2097

	36.	 Cermelli C, Vinceti M, Beretti F, Pietrini V, Nacci G, Piet-
rosemoli P et al (2003) Risk of sporadic amyotrophic lateral 
sclerosis associated with seropositivity for herpesviruses and 
echovirus-7. Eur J Epidemiol 18(2):123–127

	37.	 Finnen RL, Pangka KR, Banfield BW (2012) Herpes simplex 
virus 2 infection impacts stress granule accumulation. J Virol 
86(15):8119–8130

	38.	 Finnen RL, Hay TJ, Dauber B, Smiley JR, Banfield BW 
(2014) The herpes simplex virus 2 virion-associated ribonu-
clease vhs interferes with stress granule formation. J Virol 
88(21):12727–12739

	39.	 Reed D, Plato C, Elizan T, Kurland LT (1966) The amyotrophic 
lateral sclerosis/parkinsonism-dementia complex: a ten-year 
follow-up on Guam. I. Epidemiologic studies. Am J Epidemiol 
83(1):54–73

	40.	 TORRES J, IRIARTE LL, Kurland LT (1957) Amyotrophic 
lateral sclerosis among Guamanians in California. Calif Med 
86(6):385–388

	41.	 Reed DM, Brody JA (1975) Amyotrophic lateral sclerosis and 
parkinsonism-dementia on Guam, 1945–1972. I. Descriptive 
epidemiology. Am J Epidemiol 101(4):287–301

	42.	 Murch SJ, Cox PA, Banack SA (2004) A mechanism for slow 
release of biomagnified cyanobacterial neurotoxins and neu-
rodegenerative disease in Guam. Proc Natl Acad Sci USA 
101(33):12228–12231

	43.	 Murch SJ, Cox PA, Banack SA, Steele JC, Sacks OW (2004) 
Occurrence of beta-methylamino-l-alanine (BMAA) in ALS/
PDC patients from Guam. Acta Neurol Scand 110(4):267–269

	44.	 Field NC, Metcalf JS, Caller TA, Banack SA, Cox PA, Stommel 
EW (2013) Linking beta-methylamino-L-alanine exposure to 
sporadic amyotrophic lateral sclerosis in Annapolis, MD. Toxi-
con 70:179–183

	45.	 Caller TA, Chipman JW, Field NC, Stommel EW (2013) Spa-
tial analysis of amyotrophic lateral sclerosis in Northern New 
England, USA, 1997–2009. Muscle Nerve 48(2):235–241

	46.	 Lannuzel A, Mecharles S, Tressieres B, Demoly A, Alhendi 
R, Hedreville-Tablon MA et al (2015) Clinical varieties and 
epidemiological aspects of amyotrophic lateral sclerosis in the 
Caribbean island of Guadeloupe: a new focus of ALS associated 
with Parkinsonism. Amyotroph Lateral Scler Frontotemporal 
Degener 16(3–4):216–223

	47.	 Masseret E, Banack S, Boumediene F, Abadie E, Brient L, 
Pernet F et al (2013) Dietary BMAA exposure in an amyo-
trophic lateral sclerosis cluster from southern France. PLoS One 
8(12):e83406

	48.	 Spencer PS, Roy DN, Ludolph A, Hugon J, Dwivedi MP, Schaum-
burg HH (1986) Lathyrism: evidence for role of the neuroexcita-
tory aminoacid BOAA. Lancet 2(8515):1066–1067

	49.	 Lobner D, Piana PM, Salous AK, Peoples RW (2007) Beta-
N-methylamino-l-alanine enhances neurotoxicity through mul-
tiple mechanisms. Neurobiol Dis 25(2):360–366

	50.	 Bradley WG, Mash DC (2009) Beyond Guam: the cyanobacteria/
BMAA hypothesis of the cause of ALS and other neurodegenera-
tive diseases. Amyotroph Lateral Scler 10(Suppl 2):7–20

	51.	 Chernoff N, Hill DJ, Diggs DL, Faison BD, Francis BM, Lang JR 
et al (2017) A critical review of the postulated role of the non-
essential amino acid, beta-N-methylamino-l-alanine, in neurode-
generative disease in humans. J Toxicol Environ Health B Crit 
Rev 20(4):1–47

	52.	 Bradley WG (2015) The John Walton Muscular Dystrophy 
Research Centre in the University of Newcastle and the BMAA 
theory of motor neuron disease. J Neuromuscul Dis 2(s2):S77–S81



36	 Journal of Neurology (2019) 266:27–36

1 3

	53.	 Sieh W, Choi Y, Chapman NH, Craig UK, Steinbart EJ, Rothstein 
JH et al (2009) Identification of novel susceptibility loci for Guam 
neurodegenerative disease: challenges of genome scans in genetic 
isolates. Hum Mol Genet 18(19):3725–3738

	54.	 Burakgazi AZ (2014) Lyme disease-induced polyradiculopa-
thy mimicking amyotrophic lateral sclerosis. Int J Neurosci 
124(11):859–862

	55.	 Hemmer B, Glocker FX, Kaiser R, Lucking CH, Deuschl G (1997) 
Generalised motor neuron disease as an unusual manifestation 
of Borrelia burgdorferi infection. J Neurol Neurosurg Psychiatry 
63(2):257–258

	56.	 Visser AE, Verduyn Lunel FM, Veldink JH, van den Berg LH 
(2017) No association between Borrelia burgdorferi antibodies 
and amyotrophic lateral sclerosis in a case-control study. Eur J 
Neurol 24(1):227–230

	57.	 Qureshi M, Bedlack RS, Cudkowicz ME (2009) Lyme dis-
ease serology in amyotrophic lateral sclerosis. Muscle Nerve 
40(4):626–628

	58.	 Lynch SV, Pedersen O (2016) The human intestinal microbiome 
in health and disease. N Engl J Med 375(24):2369–2379

	59.	 Rhee SH, Pothoulakis C, Mayer EA (2009) Principles and clini-
cal implications of the brain-gut-enteric microbiota axis. Nat Rev 
Gastroenterol Hepatol 6(5):306–314

	60.	 Westfall S, Lomis N, Kahouli I, Dia SY, Singh SP, Prakash S 
(2017) Microbiome, probiotics and neurodegenerative dis-
eases: deciphering the gut brain axis. Cell Mol Life Sci 
74(20):3769–3787

	61.	 Dobashi Y, Yoshimura H, Atarashi E, Takahashi K, Tohei A, 
Amao H (2013) Upregulation of superoxide dismutase activity 
in the intestinal tract mucosa of germ-free mice. J Vet Med Sci 
75(1):49–54

	62.	 Dobashi Y, Itoh K, Tohei A, Amao H (2014) Screening for intesti-
nal microflora influencing superoxide dismutase activity in mouse 
cecal mucosa. J Vet Med Sci 76(3):453–456

	63.	 Wu S, Yi J, Zhang YG, Zhou J, Sun J (2015) Leaky intestine and 
impaired microbiome in an amyotrophic lateral sclerosis mouse 
model. Physiol Rep 3(4):1–10

	64.	 Zhang YG, Wu S, Yi J, Xia Y, Jin D, Zhou J et al (2017) Target 
intestinal microbiota to alleviate disease progression in amyo-
trophic lateral sclerosis. Clin Ther 39(2):322–336

	65.	 Fang X, Wang X, Yang S, Meng F, Wang X, Wei H et al (2016) 
Evaluation of the microbial diversity in amyotrophic lateral scle-
rosis using high-throughput sequencing. Front Microbiol 7:1479

	66.	 Brenner D, Hiergeist A, Adis C, Mayer B, Gessner A, Ludolph 
AC et al (2018) The fecal microbiome of ALS patients. Neurobiol 
Aging 61:132–137

	67.	 Nicolson GL, Nasralla MY, Haier J, Pomfret J (2002) High fre-
quency of systemic mycoplasmal infections in Gulf War veterans 
and civilians with amyotrophic lateral sclerosis (ALS). J Clin 
Neurosci 9(5):525–529

	68.	 Flores-Rio de la Loza LJ, Ordonez-Lozano G, Pineda-Olvera B 
(2005) Determination of systemic infections due to mycoplasma 
in patients with clinically defined amyotrophic lateral sclerosis. 
Rev Neurol 41(5):262–267

	69.	 Hibbett DS, Taylor JW (2013) Fungal systematics: is a new age 
of enlightenment at hand? Nat Rev Microbiol 11(2):129–133

	70.	 Wainwright M (2003) An alternative view of the early history of 
microbiology. Adv Appl Microbiol 52:333–355

	71.	 Baxi SN, Portnoy JM, Larenas-Linnemann D, Phipatanakul W 
(2016) Exposure and health effects of fungi on humans. J Allergy 
Clin Immunol Pract 4(3):396–404

	72.	 Pisa D, Alonso R, Carrasco L (2011) Fungal infection in a 
patient with multiple sclerosis. Eur J Clin Microbiol Infect Dis 
30(10):1173–1180

	73.	 Pisa D, Alonso R, Juarranz A, Rabano A, Carrasco L (2015) 
Direct visualization of fungal infection in brains from patients 
with Alzheimer’s disease. J Alzheimers Dis 43(2):613–624

	74.	 Pisa D, Alonso R, Jimenez-Jimenez FJ, Carrasco L (2013) Fungal 
infection in cerebrospinal fluid from some patients with multiple 
sclerosis. Eur J Clin Microbiol Infect Dis 32(6):795–801

	75.	 Alonso R, Pisa D, Marina AI, Morato E, Rabano A, Rodal I et al 
(2015) Evidence for fungal infection in cerebrospinal fluid and 
brain tissue from patients with amyotrophic lateral sclerosis. Int J 
Biol Sci 11(5):546–558

	76.	 Alonso R, Pisa D, Fernandez-Fernandez AM, Rabano A, Car-
rasco L (2017) Fungal infection in neural tissue of patients with 
amyotrophic lateral sclerosis. Neurobiol Dis 108:249–260

	77.	 Hooten KG, Beers DR, Zhao W, Appel SH (2015) Protective and 
toxic neuroinflammation in amyotrophic lateral sclerosis. Neuro-
therapeutics 12(2):364–375

	78.	 Carvalho A, Cunha C, Pasqualotto AC, Pitzurra L, Denning 
DW, Romani L (2010) Genetic variability of innate immunity 
impacts human susceptibility to fungal diseases. Int J Infect Dis 
14(6):e460–e468

	79.	 Harvey WT, Martz D (2007) Motor neuron disease recovery asso-
ciated with IV ceftriaxone and anti-Babesia therapy. Acta Neurol 
Scand 115(2):129–131

	80.	 Robberecht W, Philips T (2013) The changing scene of amyo-
trophic lateral sclerosis. Nat Rev Neurosci 14(4):248–264


	Infectious agents and amyotrophic lateral sclerosis: another piece of the puzzle of motor neuron degeneration
	Abstract
	Introduction
	The role of viruses
	Retroviruses
	HIV
	HTLV-1
	Human endogenous retrovirus (HERV)

	Other viral agents
	Enterovirus
	Herpes viruses


	The role of bacteria
	Cyanobacteria
	Borrelia burgdorferi
	Microbiota
	Other bacterial agents

	The role of fungi
	The role of parasites
	Integrating microorganisms in the puzzle of ALS
	References


