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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive, invariably fatal neurologic disorder resulting
from upper and lower motor neuron degeneration, which typically develops during the sixth or
seventh decade of life, and is diagnosed based on standard clinical criteria. Its underlying cause
remains undetermined. The disease may occur with increased frequency within certain families,
often in association with specific genomic mutations, while some sporadic cases have been linked
to environmental toxins or trauma. Another possibility, first proposed in the 1970s, is that
retroviruses play a role in pathogenesis. In this paper, we review the published literature for
evidence that ALS is associated either with infection by an exogenous retrovirus or with the
expression of human endogenous retroviral (HERV) sequences in cells of the central nervous
system. A small percentage of persons infected with the human immunodeficiency virus-1
(HIV-1) or human T cell leukemia virus-1 (HTLV-1) develop ALS-like syndromes. While
HTLV-1 associated ALS-like syndrome has several features that may distinguish it from classical
ALS, HIV-infected patients may develop neurological manifestations that resemble classical ALS
although it occurs at a younger age and they may show a dramatic improvement following the
initiation of antiretroviral therapy. However, most patients with probable or definite ALS show no
evidence of HIV-1 or HTLV-1 infection. In contrast, recent reports have shown a stronger
association with HERV, as analysis of serum samples, and postmortem brain tissue from a number
of patients with a classical ALS has revealed significantly increased expression of HERV-K,
compared to controls. These findings suggest that endogenous retroviral elements are involved in
the pathophysiology of ALS, but there is no evidence that they are the primary cause of the
syndrome.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive neurodegenerative
disorder, in which increasing muscle weakness leads to respiratory failure and death. The
disease is diagnosed clinically, based on a standard set of neurologic findings known as the
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El Escorial criteria (Table 1). ALS most commonly begins during the sixth or seventh
decade of life, leading to death in 3-5 years, with an annual worldwide incidence of
approximately 2 per 100,000 population (Logroscino et al, 2010). Some 5- 10% of cases
have a familial basis (FALS), while the remainder are sporadic (SALS). Once considered a
pure motor disorder, affecting only upper and lower motor neurons, recent findings suggest
that ALS actually involves multiple systems and neuronal groups in the brain (Ferrajuolo et
al, 2011).

Despite extensive research, the etiology of ALS remains unexplained. Mutations in specific
genes have been identified in just over half of familial and about 10% of sporadic cases
(Lattante et al, 2012). Those most frequently detected involve the genes encoding
C90RF72, superoxide dismutase-1 (SOD1) and the TAR-DNA-binding protein (TARDBP).
Mutations in gene C9ORF72 involve repeat expansion of a hexanucleotide GGGGCC and
are strongly associated with ALS cases in which motor neuron degeneration is accompanied
by frontotemporal dementia (De Jesus-Hemandez et al, 2011; Renton et al, 2011). In Guam,
an ALS-like syndrome associated with Parkinsonism and dementia has been linked to
exposure to a toxin in cycad seeds (Reed et al, 1987). Clusters of cases have also been
reported in football and soccer players, suggesting the possibility of trauma as a triggering
event.

Viral infection has also long been suspected to play a role in ALS, in part because of the
marked similarities in the histopathologic and neuroanatomic findings in ALS and
poliomyelitis (Norris, 1977). Retroviruses have been a particular focus of inquiry since the
1970s, when the first human retrovirus, human T-lymphotropic virus-1 (HTLV-1) was
discovered, and reverse transcriptase (RT) activity was detected in the postmortem brain
tissue of two Guamanian ALS patients (Viola et al., 1975). Retroviral involvement in ALS
could potentially take two forms: infection by an exogenous agent, such as the human
immunodeficiency virus-1 (HIV-1), HTLV-1 or a human foamy virus (HFV), or the
expression of a human endogenous retroviral (HERV) sequences in motor neurons or other
cells of the central nervous system.

In this paper, we review the published medical literature for evidence that exogenous or
endogenous retroviruses play a role in the pathogenesis of ALS. We first summarize reports
of the detection of RT expression in patients who met the El Escorial criteria for probable or
definite ALS. We then review the occurrence of ALS-like syndromes in persons infected
with HIV-1, HTLV-1 or HFV, noting that most such cases differ from “classic” ALS in their
earlier age at onset, variable course and, in the case of HIV-1 infection, frequent
improvement during antiretroviral therapy. We then review evidence of HERV gene
expression in patients with probable or definite ALS, including our own recent observations
of HERV-K polymerase gene transcripts in postmortem brain tissue (Douville et al., 2011).
We conclude by suggesting promising directions for further research on the role of
exogenous and endogenous retroviruses in degenerative motor neuron disease.

2. Reverse transcriptase activity in ALS

A defining characteristic of all retroviruses is that they possess an enzyme, reverse
transcriptase (RT) that has the ability to convert RNA into complementary DNA (Temin and
Mizutani, 1970). Therefore, detection of RT has been used as a generic retroviral screening
method that requires no previous knowledge of viral genome nucleotide sequence. Studies
demonstrating the association of RT with ALS are summarized in Table 2. The first
demonstration of retroviral involvement in ALS dates back to 1975 when Viola et al found
RT activity in cytoplasmic particulate fraction from two Guamanian ALS but not in brains
from two control individuals. At that time, a growing interest was in finding the retroviral

Antiviral Res. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alfahad and Nath

Page 3

origin of RT in patients with ALS. In the 1980s, with the discovery of HTLV-1 and HIV,
ALS-like syndromes in patients with HTLV-1 and HIV were described, and hence believed
to be the source of RT. However, one group tested SALS patients, who were seronegative
for both HTLV-1 and HIV, for RT activity (Andrew et al, 2000). They used a novel
approach in the form of product enhanced reverse transcriptase (PERT) assay, which is
highly sensitive for detecting RT activity (Yamamoto et al, 1996). Much higher proportion
of SALS patient (59%) had RT activity in the serum compared to healthy controls (5%)
which raised the question as to the source of this RT activity. This finding was confirmed in
three independent studies (see Table 2). Unexpectedly, the prevalence of PERT positivity in
the serum was similar in those with ALS and their healthy blood relatives, 47% vs. 43%,
respectively (Steele et al, 2005). The blood relatives comprised seven children (three PERT
positive), one sibling (one PERT positive), four parents (one PERT positive), one aunt (one
PERT positive), and one cousin (zero PERT positive). Authors in this study argued that if
this ALS-associated RT activity had been caused by an exogenous retrovirus, one might
expect to have found an increased prevalence of RT activity in the spouses of ALS patients
because sexual transmission is characteristic of exogenous retrovirus infections in humans.
However, spousal controls in this study did not display an increased prevalence of serum RT
activity and therefore provide no support for the existence of an exogenous AL S-associated
retrovirus. The amount of RT activity seen in SALS matched that measured in serum from
HIV-infected patients. RT activity was found to be higher in controls when multiple
sclerosis (MS) was used as non-sALS control suggesting a contribution of increased HERV
expression to the total RT activity given that HERV expression is known to be increased in
MS (Christensen T, 2005).

2.1. Comments

These studies showed RT involvement in SALS, or a subset of SALS, with prevalence of
53% (average in 131 ALS cases) versus 12.25% (average in 152 non-related healthy
controls). Many reasons could explain the lack of detecting RT in 100% of serum samples
from ALS cases. First, the level of serum RT activity in some ALS patients may fall below
the lower detection limit of the current PERT assay, depending on several factors like time
of the day, stage of ALS, and concurrent use of other medications/herbs. Second, RT
activity might not be increased in a subset of SALS. The two studies that looked at RT
activity in CSF gave contradictory results (39% vs. 4% in ALS cohorts). One difference is
that the first study obtained CSF and serum from the same patients, while the second study,
CSF samples and serum samples were not obtainable from the same patients for testing
concurrently. It’s important to note that ALS is not a leptomeningeal disease and, hence, the
acute phase reactants associated with it are likely to appear in the blood much more than in
the CSF. A close example would be in cases of HIV infection where the concentration of
HIV in CSF is significantly lower (often undetectable) than the concentration in serum, even
in patients with HIV-related neurologic complications. The increased RT activity is likely
part of a cascade of events involved in the pathogenesis of SALS, and some other disorders
like MS, and not an evidence that SALS is a retroviral disease.

3. ALS-like syndromes in patients infected with exogenous retroviruses

3.1. Human Immunodeficiency Virus

Upon development of a diagnostic serologic test for HIVV-1 in 1985, Hoffman et al. (1985)
reported the first case of HIV-associated ALS (HALS). Moulignier et al (2001)
retrospectively identified six cases of HALS among 1700 HIV-infected patients over a 13-
year period suggesting ALS frequency of 3.5 per 1000 HIV-infected persons. To date, at
least 29 cases of HALS patients have been reported (see Table 3 for details & Table 4 for
summary). HALS occurred at a younger age (range 22—61 years, mean 40 years) compared
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with SALS in which more than 75% occurred in patients older than 55 years old. The male
to female ratio, excluding suspected ALS category, was 4.8: 1 for HALS, compared to 1.3: 1
for ALS and 1: 1.5 for HIV. According to the EI Escorial criteria (see Table 1), 72% of
HALS cases were classified as either clinically definite ALS (41%), or clinically probable/
possible ALS (31%). Another 8 cases were classified as clinically suspected ALS.

Contrary to a review on HALS cases that mentioned isolated lower motor neuron (LMN)
syndrome to be the predominant variant of SALS (Verma and Berger, 2006), our review
suggests that pure LMN syndrome was only present in 32% of HALS, while mixed UMN
and LMN was present in 57%. In around 38% of reported HALS, HIV was newly
discovered suggesting that HALS can develop at any stage of HIV infection. Severity of
immunosuppression was variable, with CD4 counts ranging from 2 to 618 cells/mm? (56%
had less that 350 cells/mm3), and viral load ranged from undetectable to 7.8x10* RNA
copies/ml. All HALS patients who improved or stabilized (52% of all HALS), were treated
with ART except for one case which occurred before the ART era. The response to ART
coincided with reduction in viral load and normalization of CD4 count. However, despite
continued ART, normal CD4 count and undetectable viral load, three patients had clinical
relapse after a period of initial improvement (15 months in one and 24 months in two).

One report found HIV subgroup B in homosexual male partners; one developed a benign
fasciculation syndrome while the other developed “classical” ALS syndrome (Von Giesen et
al, 2002). Three of the 29 reported HALS cases have been tested for HIV subgroups, two
group B and one group C (Von Giesen et al, 2002; Pearl et al, 2003; Sinha et al, 2004).
Prognosis of HALS was not related to age at onset, initial CD4 cell count or viral load, or
duration of known HIV seropositivity. Five pathological reports of HALS have been
described. Two looked typical of SALS suggesting the possibility of a mere coincidence
between ALS and HIV infection (Casado et al, 1997; Simpson et al, 1994). Those patients
did not respond to ART, one died four years later and the other lost follow up. The other
three pathology reports were supportive of a HIV disease, one patient showed some
improvement while the other two patients followed a typical SALS progressive course.

3.1.1. Comments—Sporadic ALS occurring in HIV-infected patients can be secondary to
HIV infection or a mere coincidence. Although the pathogenesis of neither is understood,
the likelihood of shared pathogenesis is suggested by the identical presentation in many
cases. A retrovirus, likely HIV, as a cause of a subset of SALS cases is supported by the
response to ART seen in 52% of HALS cases. This, however, has notable controversy. HIV
does not infect neurons, but emerges predominantly in microglia/macrophages in the CNS
(Cosenza et al, 2002). Thus, selective damage to motor neuron may occur by neurotoxic
viral proteins or cytokines, and chemokines produced as a consequence of the viral infection
(Jubelt et al, 2001). Autopsy studies have failed to connect HIV, or any virus, directly to
motor neuron and muscle fiber loss (Galassi et al, 1998; Hoffman et al, 1985; Simpson et al,
1994) although the possibility exists that in these rare cases of HALS, HIV may mutate to
infect motor neurons which would explain the dramatic response to ART in these patients.
Clinically, HALS differs from sALS in several aspects, including: younger age at onset,
rapid progression, almost always high protein in CSF, and partial clinical recovery in
response to ART. In contrast to the invariable progression of SALS, outcome in HALS
ranges from rapid deterioration and death to complete recovery with ART. Corticosteroids
and IVIg have been used in HALS with no benefit. ART is the only class of drugs that
improved, stabilized or even cured ALS cases. In fact, because of the potential reversibility
of ALS in HIV infected patients, testing for concomitant HIV infection in every sALS case
is warranted in any individual with risk for HIV infection, especially due to difficulty in
separating sALS from HALS on clinical grounds alone. Trials in HIV-negative SALS cases
with zidovudine (Westarp et al, 1993c) and indinavir (Scelsa et al, 2005) were unsuccessful.
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It’s important to note that ART, specifically stavudine, has been associated with a rare but
life-threatening disorder called HIV-associated neuromuscular weakness syndrome
(HANWS). It presents with rapidly progressive limb weakness that may sometimes be
associated with bulbar and respiratory muscles weakness (Simpson et al, 2004).

3.2. Human T cell Leukemia Virus-1

It is estimated that HTLV-1 infects 15 to 20 million individuals throughout the world. The
HTLV-1 antibody prevalence rate varies from 0.2 to 10% among adults, depending on the
geographical area. It increases with age, in some places eventually reaching 20 to 50% of the
female population aged 60 and above (Mueller, 1991). The two major diseases associated
with HTLV-1, adult T-cell leukemia/lymphoma (ATL) and HTLV-1 associated myelopathy/
tropical spastic paraparesis (HAM/TSP), are described in all endemic areas. HAM/TSP is a
slowly progressive disorder with 50% of patients becoming wheelchair bound after 10 years.
A case of HAM/TSP can fulfill all inclusion criteria for ALS, having both UMN and LMN
signs. However, more findings that are atypical of ALS are found in HAM/TSP including
bladder dysfunction, sensory symptoms, and generally multi-organ involvement (Castro et
al, 2007). Compared to younger age groups, people in their 60s are at higher risk of
developing ALS as well as seropositive for HTLV-1. This increased incidence of both
entities can lead to a bias in over-estimating the proportion of ALS patient who are HTLV-1
seropositive. Since the description of HAM/TSP in mid-1980s, at least 35 cases of ALS-like
syndrome have been reported (Table 5). Eleven of these cases fulfilled the EI Escorial
criteria for clinically definite ALS. All cases are HTLV-1 seropositive and, in addition to
ALS-like symptoms, have atypical symptoms of ALS, namely autonomic and/or sensory
symptoms. Two pathological reports of autopsy were available; both cases were suggestive
of HAM/TSP and not ALS. The final diagnosis by authors of all reported cases was HAM/
TSP with exception of one report (10 cases). Cases of HAM/TSP with ALS-like finding
differed from classical ALS by the presence of atypical symptoms of ALS, sensory and
autonomic, the long survival of 10.6 years on average, and the response to steroids in some
cases. One report (Martin et al, 1995) suggested ALS to be secondary to HTLV-1 by
showing that 25 out of 50 ALS patients are seropositive by immunoblot. The same group
showed further evidence with detecting HTLV-1 tax-rex sequences in PBMC of 40% of
patients with ALS. Another group was unable to detect similar findings in any of 43 patients
with ALS (Andrews et al, 1997).

3.2.1. Comments—The variability in clinical findings early in the course of ALS and the
lack of any biological diagnostic marker make absolute diagnosis difficult and compromise
the certainty of diagnosis in clinical practice, therapeutic trials and classification for research
purposes. If ALS diagnosis was made by inclusion clinical criteria alone can overlap with
other neurological syndrome. This can be seen in Table 5 were all HAM/TSP patients
fulfilled the inclusion criteria for ALS diagnosis. However, the final diagnosis made was
HAM/TSP due to the presence of other symptoms that are atypical of ALS. However, the
World Federation of Neurology had recognized that sometimes classical ALS is present in
association with laboratory-defined abnormalities that are of uncertain significance to the
pathogenesis of ALS (Brooks et al, 2000). If and when antiviral therapy for HTLV-1
becomes available, it may be possible to determine if HTLV-1 can play a causative role in
ALS in some of these patients.

3.3. Human Foamy Virus

Spuma- or foamy viruses (FV), enzootic in most non-human primates, cats, cattle and
horses, comprise a special type of retrovirus that has developed a replication strategy
combining features of both retroviruses and hepadnaviruses. Man is not a natural host for
FVs but can become infected through contact with animals. A hallmark of FVs is their
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apparent apathogenicity in natural hosts as well as in infected humans (Delelis et al, 2004).
This is in stark contrast to their highly cytopathic nature /n vitro, where infection ultimately
results in the death of most target cells due to syncytia formation and vacuolization. In the
early 1990s, HFV antibodies were reported to be prevalent in sera of SALS patients and an
etiological linkage was suggested (Westarp et al., 1992, 1993a, 1993b, 1993d, 1994).
Another group applied the same methodology but could not show the seropositivity of HFV
in eight SALS patients’ serum and CSF samples (Rosener et al, 1996).

3.3.1. Comments—The reports of HFV seropositivity in SALS sera (25% — 45%) came
from the same group (Westarp et al., 1992, 1993a, 1993b, 1993d, 1994), while another
group was not able to replicated these findings despite using the same methodology
(Rosener et al, 1996). The association between HFV and sALS was refuted on the basis of
autopsy studies that showed no evidence for the HFV nor the classical syncytia formation
and vacuolization, typical of FV. To our knowledge no further studies have looked at this
association since 1996.

4. Detection of HERV expression in patients with ALS

The source of increased RT activity detected in more than half the SALS cases has not been
found yet. Many speculated that the responsible virus is likely to be a human endogenous
retrovirus (HERV). HERYV are retroviral-like sequences that make up 8.2% of the human
genome (Lander et al, 2000). A large number of pathologies especially autoimmune
disorders and malignancies have been linked to HERVs (Urnovitz et al, 1996). They have
been classified into 3 major classes according to similarities to known viruses & further
subdivided into families according to tRNA primer binding site. Of all the HERV families,
HERV-K and HERV-W have gained the most attention due to the presence of complete
open reading frame (cORF) and the ability to form virus-like particles.

Three different groups have looked at the HERV expression in ALS patients; each studied
different tissue samples: serum, muscle biopsy, and brain at autopsy. First evidence of
HERYV involvement in ALS came in 2004 when Hadlock et al. showed increased immune
response to HML-2 gag protein in serum samples from ALS patients with IgG reactivity in
57% compared to 11% in control, and IgM reactivity of 11% in ALS compared to no
reactivity in controls. Furthermore, they showed one-log reduction in HML-2 RNA in
PBMC from ALS patients who are anti-HML-2 gag antibody positive. Other HERV families
tested did not have an antibody response to their gag proteins, namely HML-1, HML-4,
HML-5, HML-6, and HERV-W. The authors suggested an immune response against HERV-
K may play a causal role in ALS.

Another group published two studies looking at HERV-W env and gag expression levels in
muscle biopsies from ALS patients (M1), and compared them to muscle biopsies from
unaffected muscle from ALS patients (M2) and from healthy controls (M3). Although the
expression levels were slightly different with M1<M2<M3, the authors concluded from their
first study (Oluwole et al, 2004) that ALS starts in the muscles with secondary degeneration
of anterior horn cells. However, their second paper (Oluwole et al, 2007) conflicted with
first by showing increased HERV-W env and gag expression in M1 compared to M2 and
M3. For determining the source of the HERV-W in muscle biopsies, they measured the
expression of some inflammatory markers, including: CD14, beta-2-microglobulin, and
MDHZ1, all of which were elevated. They concluded that the increased HERV-W expression
in muscle biopsies more likely reflect a macrophage response in the muscles undergoing
neurogenic atrophy than a primary pathogenetic event in ALS.
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Evidence for a direct role of HERV-K expression in ALS was found in 2011, when Douville
et al. showed increased HERV-K expression directly in brain tissue from ALS cases. Brain
tissue from patients with ALS exhibited increased HERV-K pol RNA expression,
particularly from loci 7q34 and 7g36.1, compared to brain tissues from systemic disease,
accidental death, and Parkinson’s disease. Given that ALS is primarily a disease of motor
neurons, expression of HERV-K pol in ALS was stratified by brain regions, namely:
prefrontal, sensory, motor, and occipital. The result was substantially higher expression in
prefrontal cortex and sensory cortex compared to motor cortex (p = 0.05 and p < 0.05
respectively) from patients with ALS. Regional differences in HERV expression were not
seen in the control patient groups, suggesting that the patients with ALS had a unique
pattern of HERV expression in the brain.

To assess the relationship between RT and TDP-43, the dominant component of inclusion
bodies in sporadic ALS, prefrontal cortex brain tissue from ALS and control was
immunostained for both HERV-K RT and TDP-43 proteins. They were found to co-localize
in cortical neurons of patients with ALS. Importantly, HERV-K immunostaining was
present in clusters of neurons but not in other cell types in the brain. Another study showed
that there was extensive binding of transposable elements to TDP-43 and this association
was reduced in patients with frontotemporal lobar degeneration. Further there was over
expression of transposable elements in mouse models of TDP-43 dysfunction (Li et al.,
PLoS One 2012)

4.1. Comments

A comprehensive study of the expression or reactivation of endogenous retroviral elements
in ALS has not yet been undertaken. The literature on HERV-W involvement in ALS is
difficult to interpret. Two independent reports; however, have shown increased HERV-K
expression in both serum and brain tissue in ALS patients. It remains unknown if HERV-K
expression is an epiphenomenon or plays a pathophysiological role in the disease. Increased
expression of HERV has been associated with several other disorders such as schizophrenia
(Karlsson et al. 2004), autoimmune disorders (Balada et al, 2010) and malignancies
(Romanish et al, 2010). However there are several subtypes of HERV-K that are located in
different chromosomes. In addition, there are polymorphisms in the human population.
Hence, these endogenous retroviruses could potentially play a role in these diseases. It is
also possible that there may be a broader dysregulation of retrotransposable elements in ALS
similar to that reported in frontotemporal lobar degeneration. Since these elements have
reverse transcriptase activity and endonuclease activity, one way to establish their role might
be to develop interventions to suppress their expression and determine if it alters the course
of the illness.

5. Future Directions

As reviewed above, several lines of evidence suggest a possible role for retroviral elements
in the pathophysiology of ALS. Since these elements have unique enzymes associated with
them, they could potentially be exploited for drug development. Silencing these host genes
would not be expected to have any detrimental effects, since in normal adults these genes
are thought to be silenced. Since most current neuroprotective and neuroregenerative
approaches have had little success in treatment of ALS and other neurodegenerative
diseases, targeting retroviral elements would represent a novel therapeutic approach.
Certainly, in selected patients with HIV infection and an ALS-like syndrome, antiretroviral
therapy resulted in resolution of symptoms, which suggests that stabilization or reversal of
symptoms in ALS patients may not be an unrealistic goal.

Antiviral Res. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alfahad and Nath

Page 8

References

Aguzzi A, Bothe K, Wagner EF, Rethwilm A, Horak I. Human foamy virus: an underestimated
neuropathogen? Brain Pathol. 1992; 2(1):61. [PubMed: 1341948]

Almeida V, Mestre T, De Carvalho M. Pseudobulbar syndrome in two patients with human
immunodeficiency virus infection. Amyotrophic Lateral Sclerosis. 2010; 11(1-2):220-222.
[PubMed: 20184520]

Andrews WD, Al-Chalabi A, Garson JA. Lack of evidence for HTLV tax-rex DNA in motor neurone
disease. J Neurol Sci. 1997; 153(1):86-90. [PubMed: 9455984]

Balada E, Vilardell-Tarrés M, Ordi-Ros J. Implication of human endogenous retroviruses in the
development of autoimmune diseases. Int. Rev. Immunol. 2010; 29(4):351-370. [PubMed:
20635879]

Berger JR, Espinosa PS, Kissel J. Brachial amyotrophic diplegia in a patient with human
immunodeficiency virus infection: widening the spectrum of motor neuron diseases occurring with
the human immunodeficiency virus. Arch Neurol. 2005; 62(5):817. [PubMed: 15883271]

Brooks BR, Miller RG, Swash M, Munsat TL. El Escorial revisited: revised criteria for the diagnosis
of amyotrophic lateral sclerosis. Amyotroph Lateral Scler. 2000; 1(5):293-299.

Casado I, Gomez M, Carmona C, Garcia-Castanon |, Martin C, Sanchez JF. Motor neuron disease and
HIV. Rev Neurol. 1997; 25:552-554. [PubMed: 9172917]

Castro NM, Rodrigues W, Freitas DM, Muniz A, Oliveira P, Carvalho EM. Urinary symptoms
associated with human T-cell lymphotropic virus type | infection: evidence of urinary
manifestations in large group of HTLV-I carriers. Urology. 2007; 69(5):813-818. [PubMed:
17482910]

Christensen T. Association of human endogenous retroviruses with multiple sclerosis and possible
interactions with herpes viruses. Rev. Med. Virol. 2005; 15(3):179-211. [PubMed: 15782388]

Cosenza MA, Zhao M, Si Q, Lee SC. Human Brain Parenchymal Microglia Express CD14 and CD45
and are Productively Infected by HIV-1 in HIVV-1 Encephalitis. Bra Pathol. 2002; 12(4):442—-455.

DelJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford NJ, Rademakers R.
Expanded GGGGCC Hexanucleotide Repeat in Noncoding Region of COORF72 Causes
Chromosome 9p-Linked FTD and ALS. Neuron. 2011; 72(2):245-256. [PubMed: 21944778]

Delelis O, Lehmann-Che J, Saib A. Foamy viruses—a world apart. Curr. Opin. Microbiol. 2004; 7(4):
400-406. [PubMed: 15358259]

Douville R, Liu J, Rothstein J, Nath A. Identification of active loci of a human endogenous retrovirus
in neurons of patients with amyotrophic lateral sclerosis. Ann Neurol. 2011; 69(1):141-151.
[PubMed: 21280084]

Ferraiuolo L, Kirby J, Grierson AJ, Sendtner M, Shaw PJ. Molecular pathways of motor neuron injury
in amyotrophic lateral sclerosis. Nature Reviews Neurology. 2011; 7(11):616-630.

Galassi G, Gentilini M, Ferrari S, Ficarra G, Zonari P, Mongiardo N, Di Rienzo B. Motor neuron
disease and HIV-1 infection in a 30-year-old HIV-positive heroin abuser: a causal relationship?
Clin Neuropathol. 1998; 17(3):131. [PubMed: 9625304]

Gardner MB, Henderson BE, Officer JE, Rongey RW, Parker JC, Oliver C, Huebner RJ. A
spontaneous lower motor neuron disease apparently caused by indigenous type-C RNA virus in
wild mice. J Natl Cancer Inst. 1973; 51(4):1243-1254. [PubMed: 4355605]

Gordon PH, Rowland LP, Younger DS, Sherman WH, Hays AP, Louis ED, Latov N.
Lymphoproliferative disorders and motor neuron disease An update. Neurology. 1997; 48(6):
1671-1678. [PubMed: 9191785]

Hadlock KG, Miller RG, Jin X, Yu S, Reis J, Mass J, Gelinas DF, Zhang J, McGrath MS. Elevated
rates of antibody reactivity to HML-2/HERV-K but not other endogenous retroviruses in ALS.
Amyotroph Lateral Scler Other Motor Neuron Disord. 2004; 5(Suppl 2):63.

Hoffman PM, Festoff BW, Giron LT Jr, Hollenbeck LC, Garruto RM, Ruscetti FW. Isolation of LAV/
HTLV-I1I from a patient with amyotrophic lateral sclerosis. N Engl J Med. 1985; 313(5):324.
[PubMed: 2989688]

Huang PP, Chin R, Song S, Lasoff S. Lower motor neuron dysfunction associated with human
immunodeficiency virus infection. Arch Neurol. 1993; 50(12):1328. [PubMed: 8257311]

Antiviral Res. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alfahad and Nath

Page 9

Jolicoeur P, Rassart E, Desgroseiller S, Robitaille Y, Paquette Y, Kay DG. Retrovirus-induced motor
neuron disease of mice: molecular basis of neurotropism and paralysis. Adv Neurol. 1991;
56:481-493. [PubMed: 1649546]

Jubelt B. Viruses and motor neuron diseases. Adv Neurol. 1991; 56:463-472. [PubMed: 1853778]

Jubelt B, Berger JR. Does viral disease underlie ALS? Lessons from the AIDS pandemic. Neurology.
2001; 57(6):945-946. [PubMed: 11571314]

Karlsson H, Schroder J, Bachmann S, Bottmer C, Yolken RH. HERV-W-related RNA detected in
plasma from individuals with recent-onset schizophrenia or schizoaffective disorder. Mol
Psychiatry. 2003; 9(1):12-13. [PubMed: 14571258]

Kimura F, Fujimura C, Ishida S, Nakajima H, Furutama D, Uehara H, Hanafusa T. Progression rate of
ALSFRS-R at time of diagnosis predicts survival time in ALS. Neurology. 2006; 66(2):265-267.
[PubMed: 16434671]

Kuroda Y, Sugihara H. Autopsy report of HTLV-1-associated myelopathy presenting with ALS-like
manifestations. J Neurol Sci. 1991; 106(2):199-205. [PubMed: 1802968]

Initial sequencing and analysis of the human genome. Nature. 409(6822):860-921.

Lattante S, Conte A, Zollino M, Luigetti M, Del Grande A, Marangi G, Sabatelli M. Contribution of
major amyotrophic lateral sclerosis genes to the etiology of sporadic disease. Neurology. 2012;
79(1):66-72. [PubMed: 22722621]

Li W, Jin'Y, Prazak L, Hammell M, Dubnau J. Transposable Elements in TDP-43-Mediated
Neurodegenerative Disorders. PloS one. 2012; 7(9):e44099. [PubMed: 22957047]

Lieb S, Friedman SR, Chitwood DD, Liberti TM, Gates GJ, Metsch LR, Kuper T. An HIV prevalence-
based model for estimating urban risk populations of injection drug users and men who have sex
with men. J Urban Health. 2004; 81(3):401-415. [PubMed: 15273264]

Logroscino G, Traynor BJ, Hardiman O, Chio A, Mitchell D, Swingler RJ, Beghi E. Incidence of
amyotrophic lateral sclerosis in Europe. J Neurol Neurosurg Psychiatry. 2010; 81(4):385-390.
[PubMed: 19710046]

MacGowan DJL, Scelsa SN, Waldron M. An ALS-like syndrome with new HIV infection and
complete response to antiretroviral therapy. Neurology. 2001; 57(6):1094-1097. [PubMed:
11571341]

McCormick AL, Brown RH, Cudkowicz ME, Al-Chalabi A, Garson JA. Quantification of reverse
transcriptase in ALS and elimination of a novel retroviral candidate. Neurology. 2008; 70(4):278—
283. [PubMed: 18209202]

Moulignier A, Moulonguet A, Pialoux G, Rozenbaum W. Reversible ALS-like disorder in HIV
infection. Neurology. 2001; 57(6):995-1001. [PubMed: 11571323]

Mueller N. The epidemiology of HTLV-I infection. Cancer Causes Control. 1991; 2(1):37-52.
[PubMed: 1873433]

Nishio M, Koizumi K, Moriwaka F, Koike T, Sawada K. Reversal of HIVV-associated motor neuron
syndrome after highly active antiretroviral therapy. J Neurol. 2001; 248(3):233-234. [PubMed:
11355160]

Norris FJ. Current status of the search for virus in amyotrophic lateral sclerosis (ALS). Neuro Neurocir
Psiquiatr. 1977; 18(2—3 suppl):443-454.

Oluwole OSA, Conradi S, Kristensson K, Karlsson H. Human endogenous retrovirus W and motor
neurone disease. Ann of thadan postgrad med. 2004; 2(2):39-42.

Oluwole OSA, Yao Y, Conradi S, Kristensson K, Karlsson H. Elevated levels of transcripts encoding a
human retroviral envelope protein (syncytin) in muscles from patients with motor neuron disease.
Amyotroph Lateral Scler. 2007; 8(2):67-72. [PubMed: 17453631]

Pearl D, Noursadeghi M, Manji H, Edwards S, Miller R. Lower motor neuron syndrome and HIV
infection. Sexually Transmitted Infections. 2003; 79(4):351-351. [PubMed: 12902607]

Poskanzer, DC.; Cantor, HM.; Kaplan, GS. Motor neuron disease: research on amyotrophic lateral
sclerosis and related disorders. New York: Grune & Stratton; 1969. The frequency of preceding
poliomyelitis in amyotrophic lateral sclerosis; p. 286-290.

Reed D, Labarthe D, Chen KM, Stallones R. A cohort study of amyotrophic lateral sclerosis and
parkinsonism-dementia on Guam and Rota. Am J Epidemiol. 1987; 125(1):92-100. [PubMed:
3788958]

Antiviral Res. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alfahad and Nath

Page 10

Renton AE, Majounie E, Waite A, Simdn-Sanchez J, Rollinson S, Gibbs JR, Sulkava R. A
Hexanucleotide Repeat Expansion in COORF72 Is the Cause of Chromosome 9p21-Linked ALS-
FTD. Neuron. 2011; 72(2):257-268. [PubMed: 21944779]

Romanish, MT.; Cohen, CJ.; Mager, DL. In Seminars in cancer biology. Vol. Vol. 20. Academic
Press; 2010. Potential mechanisms of endogenous retroviral-mediated genomic instability in
human cancer; p. 246-253.

Raésener M, Hahn H, Kranz M, Heeney J, Rethwilm A. Absence of serological evidence for foamy
virus infection in patients with amyotrophic lateral sclerosis. J Med Virol. 1998; 48(3):222-226.
[PubMed: 8801281]

Scelsa SN, MacGowan DJL, Mitsumoto H, Imperato T, LeValley AJ, Liu MH, Kim MY. A pilot,
double-blind, placebo-controlled trial of indinavir in patients with ALS. Neurology. 2005; 64(7):
1298-1300. [PubMed: 15824372]

Sher JH, Wrzolek MA, Shmuter ZB. Motor neuron disease associated with AIDS. J Neuropathol Exp
Neurol. 1988; 47:303.

Simpson D, Estanislao L, Evans S, McArthur J, Marcus K, Truffa M, Clifford D. HIV-associated
neuromuscular weakness syndrome. AIDS. 2004; 18(10):1403-1412. [PubMed: 15199316]

Simpson DM, Morgello S, Citak K, Corbo M, Latov N. Motor neuron disease associated with HIV-1
and anti-asialo GM1 antibody. Muscle Nerve. 1994; 17:1091.

Sinha S, Mathews T, Arunodaya GR, Siddappa NB, Ranga U, Desai A, Taly AB. HIV-1 clade-C-
associated “ALS”-like disorder: first report from India. J Neurol Sci. 2004; 224(1):97-100.
[PubMed: 15450778]

Steele AJ, Al-Chalabi A, Ferrante K, Cudkowicz ME, Brown RH, Garson JA. Detection of serum
reverse transcriptase activity in patients with ALS and unaffected blood relatives. Neurology.
2005; 64(3):454-458. [PubMed: 15699374]

Temin HM, Mizutani S. A DNA-depenent DNA polymerase and a DNA endonuclease in virions of
Rous sarcoma virus. Nature. 1970; 226(5252):1211-1213. [PubMed: 4316301]

Urnovitz HB, Murphy WH. Human endogenous retroviruses: nature, occurrence, and clinical
implications in human disease. Clin Microbiol Rev. 1996; 9(1):72-99. [PubMed: 8665478]

Verma A, Berger JR. ALS syndrome in patients with HIV-1 infection. J Neurol Sci. 2006; 240(1):59-
64. [PubMed: 16236322]

Verma A, Mishra S. Spectrum of motor neuron diseases with HIV-1 infection. Annals of Indian
Academy of Neurology. 2006; 9(2):103-109.

Verma A, Schein RM, Jayaweera DT, Kett DH. Fulminant neuropathy and lactic acidosis associated
with nucleoside analog therapy. Neurology. 1999; 53(6):1365-1365. [PubMed: 10522907]

Verma RK, Ziegler DK, Kepes JJ. HIV-related neuromuscular syndrome simulating motor neuron
disease. Neurology. 1990; 40(3 Part 1):544-544. [PubMed: 2156185]

Viola MV, Frazier M, White L, Brody J, Spiegelman S. RNA-instructed DNA polymerase activity in a
cytoplasmic particulate fraction in brains from Guamanian patients. J Exp Med. 1975; 142(2):483—
494. [PubMed: 49390]

von Giesen HJ, Kaiser R, Koller H, Wetzel K, Arendt G. Reversible ALS-like disorder in HIV
infection. An ALS-like syndrome with new HIV infection and complete response to antiretroviral
therapy. Neurology. 2002; 59:474. [PubMed: 12184317]

Walker MP, Schlaberg R, Hays AP, Bowser R, Lipkin WI. Absence of echovirus sequences in brain
and spinal cord of amyotrophic lateral sclerosis patients. Ann Neurol. 2001; 49(2):249-253.
[PubMed: 11221802]

Westarp ME, Kornhuber H, Rossler J. Human spumaretrovirus antibodies in amyotrophic lateral
sclerosis. Neurology, Psychiatry and Brain Research. 1992; 1:1-4.

Westarp ME, Westphal KP, Clausen J, Rasmussen HB, Hoff-Jorgensen R, Féhring B, Kornhuber HH.
Retroviral interference with neuronotrophic signaling in human motor neuron disease? Clin
Physiol Biochem. 1993a; 10(1):1. [PubMed: 8393394]

Westarp ME, Bartmann P, Hoff-Jorgensen R, Clausen J, Rasmussen R, Kornhuber HH. Amyotrophe
Lateralsklerose-Hinweise fur eine erhohte antiretrovirale Seroreaktivitat ohne augenfdlige
Epidemiologie. Nervenarzt. 1993b; 64:384—389. [PubMed: 8392664]

Antiviral Res. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alfahad and Nath

Page 11

Westarp ME, Bartmann P, Réssler J, Geiger E, Westphal KP, Schreiber H, Kornhuber HH.
Antiretroviral therapy in sporadic adult amyotrophic lateral sclerosis. Neuroreport. 1993c; 4(6):
819. [PubMed: 8394159]

Westarp ME, Fuchs D, Bartmann P, Hoff-Jorgensen R, Clausen J, Wachter H, Kornhuber HH.
Amyotrophic lateral sclerosis an enigmatic disease with B-cellular and anti-retroviral immune
responses. Eur J Med. 1993; 2(6):327. [PubMed: 8252177]

Westarp ME, Féhring B, Rasmussen H, Schraff S, Mertens T, Kornhuber HH. Retroviral synthetic
peptide serum antibodies in human sporadic amyotrophic lateral sclerosis. Peptides. 1994; 15(2):
207-214. [PubMed: 8008625]

Woodall CJ, Riding MH, Graham DI, Clements GB. Sequences specific for enterovirus detected in
spinal cord from patients with motor neurone disease. BMJ. 1994; 308(6943):1541-1543.
[PubMed: 8019310]

Yamamoto S, Folks TM, Heneine W. Highly sensitive qualitative and quantitative detection of reverse
transcriptase activity: optimization, validation, and comparative analysis with other detection
systems. J Virol Methods. 1996; 61(1):135-143. [PubMed: 8882946]

Zoccolella S, Carbonara S, Minerva D, Palagano G, Bruno F, Ferrannini E, Lamberti P. A case of
concomitant amyotrophic lateral sclerosis and HIV infection. Eur J Neurol. 2002; 9(2):180-182.
[PubMed: 11882063]

Antiviral Res. Author manuscript; available in PMC 2014 August 01.



Alfahad and Nath Page 12

Antiviral Res. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Alfahad and Nath

Page 13

Table 1

Revised El Escorial criteria for clinical diagnosis of ALS (Brooks et al, 2000).

Clinical Grade

Description

Clinically Definite ALS
Clinically Probable ALS

Clinically Probable -
Laboratory-Supported ALS

Clinically Possible ALS

Clinically Suspected ALS

Clinical evidence of UMN, as well as LMN signs, in three regions.

Clinical evidence of UMN and LMN signs in at least two regions with some UMN signs necessarily rostral
to (above) the LMN signs.

Clinical signs of UMN and LMN dysfunction in only one region, or UMN signs in one region, and LMN
signs defined by EMG criteria in at least two limbs, with neuroimaging and clinical laboratory investigations
to exclude other causes.

Clinical signs of both UMN and LMN dysfunction in only one region or UMN signs alone in two or more
regions; or LMN signs rostral to UMN signs and the diagnosis of Clinically Probable - Laboratory-supported
ALS cannot be proven by evidence on clinical grounds in conjunction with electrodiagnostic,
neurophysiologic, neuroimaging or clinical laboratory studies. Other diagnoses must be excluded to accept a
diagnosis of Clinically possible ALS.

Is a pure LMN syndrome, where the diagnosis of ALS could not be regarded as sufficiently certain to
include the patient in a research study.

*
The body is divided into four regions: cranial, cervical, thoracic and lumbosacral.
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Summary of reports of ALS cases associated with HIV infection.

Table 4

Category

Number (%)

Number of cases

Age (average), years

Gender: Male/Female (M:F)

Duration of HIV prior to ALS, months
<1
Average (all)

Average (>1month only)

CD4 count (average), cellsmms3
<200 [severe immunosuppresion]
200-350 [require HAART]
>500 [Normal]

AL Sgrade (by El Escorial criteria)
Definite
Probable/Possible
Suspected

High CSF protein

ALS course
Progressive

AZT only

HAART

No treatment
Improved/Stabilized > lyear

Definite

Probable/Possible

Suspected

Improved in Definite/Probable/Possible
AZT only
HAART
No treament (pre AZT era)

Motor neuron deficit
UMN only
LMN only
Mixed

29
22-61 (40)
24/5 (4.8 : 1)

38%
407
7257
2-618 (291.5)
9 (36%)

5 (20%)

4 (16%)

12 (41.4%)
9 (31%)
8 (28%)
7 (88%)

14 (48%)

3

5

6
15 (52%)
5 (33%)
8 (54%)
2 (13%)
13 (87%)
4 (31%)
8 (62%)

1 (7%)

3 (11%)
9 (32%)
16 (57%)
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