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Abstract

A common feature of inherited and sporadic ALS is accumulation of abnormal proteinaceous
inclusions in motor neurons and glia. SOD1 is the major protein component accumulating in
patients with SOD1 mutations, as well as in mutant SOD1 mouse models. ALS-linked mutations
of SOD1 have been shown to increase its propensity to misfold and/or aggregate. Antibodies
specific for monomeric or misfolded SOD1 have detected misfolded SOD1 accumulating
predominantly in spinal cord motor neurons of ALS patients with SOD1 mutations. We now use
seven different conformationally-sensitive antibodies to misfolded human SOD1 (including novel
high affinity antibodies currently in pre-clinical development) coupled with
immunohistochemistry, immunofluorescence and immunoprecipitation to test for the presence of
misfolded SOD1 in high quality human autopsy samples. Whereas misfolded SOD1 is readily
detectable in samples from patients with SOD1 mutations, it is below detection limits for all of our
measures in spinal cord and cortex tissues from patients with sporadic or non-SOD1 inherited
ALS. The absence of evidence for accumulated misfolded SOD1 supports a conclusion that SOD1
misfolding is not a primary component of sporadic ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease
characterized by the selective loss of motor neurons. While 10% of instances are dominantly
inherited (known as familial ALS or FALS), the large majority have no identifed genetic
cause and are termed sporadic ALS (SALS). The gene encoding Cu/Zn superoxide
dismutase (SOD1) was the first dominantly-inherited FALS-associated gene to be identified
[59]. To date more than 170 missense mutations of SOD1 have been associated with ALS,
and it is the second most frequent genetic cause of FALS.

A common feature of both inherited and sporadic ALS is the accumulation of abnormal
proteinaceous inclusions in motor neurons and glial cells. The major protein component of
these accumulations in familial cases with SOD1 mutations [32], as well as in mutant SOD1
mouse models [8, 48, 70], is SOD1 itself. In sporadic forms of disease, protein
misaccumulation is a prominent feature but the primary component of these aggregates is
thought to be TDP-43 [1, 20, 46]. However, in SOD1-mediated disease TDP-43 aggregates
are rarely observed [42, 43, 58, 64].

ALS-linked mutations in SOD1 have been shown to lead to an increased propensity to
misfold and/or aggregate [30, 45, 55, 63, 67, 69], suggesting that SOD1 misfolding and
aggregation play a preponderant role in disease pathology. In support of this, misfolded
SODL1 has been detected in SOD1 FALS [18, 19, 39, 40, 56] and mutant SOD1 mouse
models [25, 48-50, 56, 60], accumulating preferentially in spinal cord motor neurons. These
findings were made possible by the use of antibodies specific for monomeric or misfolded
SOD1, that do not bind to the natively folded protein.

It has been reported that certain posttranslational modifications of wild-type SOD1
(SOD1WT), including oxidation [6, 12, 16, 26, 27, 37] and demetallation [47] induce its
misfolding /n vitro, suggesting that even SOD1WT can acquire toxic properties like those
associated with ALS-linked mutants of SOD1. In transgenic mice, ~5-20 fold higher levels
of SOD1WT expression cause SOD1 aggregation and neuronal pathology in the CNS in aged
mice [24, 35, 36], whereas expressing low levels of human SOD1WT does not result in ALS-
like disease [9, 14, 28]. Co-expression of moderate levels of SOD1WT with the ALS-linked
mutant SOD1685R does not exacerbate ALS-like disease in mice [2, 9, 72]. However,
expressing high levels of human SODIWT in mutant SOD1%85R transgenic mice accelerates
onset of disease suggesting the human SOD1WT protein itself can be toxic at high
concentrations or that it enhances the toxic properties of the mutant protein [15, 54, 71].
Altogether this suggests that alterations in SOD1WT protein folding induce a gain of toxic
function that may implicate SODL1 in the pathology of ALS in patients without SOD1
mutations. Whether there is mechanistic similarity between most SALS and SOD1 mutant-
mediated disease is not established.
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Several independent groups have reported that misfolded SODL1 is not detected in spinal
cords [3, 7, 39, 40], lymphoblasts [49] or CSF [73] from SALS patients using
conformational specific antibodies recognizing aberrantly folded SOD1. This view has been
challenged by studies reporting misfolded SOD1 accumulation in motor neurons [6, 19, 22,
53] and glia [18] of spinal cords as well as in PBMCs [11] and lymphocytes [27] from SALS
patients. Neural precursor cell (NPC)- [29] or patient- [57] derived astrocytes, as well as
NPC-derived oligodendrocyte progenitors [17] from both SOD1 mutant or sporadic ALS
patients have been reported to be toxic to co-cultured normal motor neurons. It is
controversial whether this toxicity is [17, 29] or is not [57] significantly diminished upon
shRNA-mediated reduction in SOD1WT, thereby leaving unsettled whether toxicity from
sporadic ALS-derived astrocytes is, at least in part, through SOD1WT. Resolving this
question is critical to identifying mechanistic insights into the pathogenesis of SALS and
could have important implications for the therapy development in ALS, including extending
to SALS ongoing clinical trial using antisense oligonucleotide therapy to reduce SOD1
levels in SOD1 mutant-caused ALS [44, 61].

Here we have undertaken large-scale, unbiased analyses for accumulation of misfolded
SODL1 in tissue samples from over 50 high quality human SALS autopsies using
immunofluorescence/immunohistochemistry and immunoprecipitation with seven different
monoclonal and polyclonal antibodies raised by independent investigators against differing
epitopes exposed only in misfolded human SOD1. They include the C4F6 [25], B8H10 [25,
34], DSE2 3H1 [23, 33, 53, 68], DSE2 10E11 [23] and 131-153Ra [19] antibodies which
were previously shown to be highly specific for misfolded human SOD1 (reviewed in [51]).
In addition, two other conformationally-sensitive monoclonal antibodies which have
stronger binding to misfolded SOD1 compared to each of the five previously published
antibodies were tested. Using this comprehensive approach, we find no evidence of SOD1
misfolding in the spinal cord or cortex of patients with sporadic or non-SOD1 inherited
forms of ALS.

Material and methods

Animals

SOD1C93A and their non-transgenic littermates have been previously described [31]. End-
stage disease was defined when animals could not right themselves when placed on their
side, in compliance with the requirements of the Animal Care and Use Committee of the
University of California.

Human samples

Human control, FALS and SALS paraffin-embedded spinal cord and brain tissues for
immunohistochemistry/immunofluorescence analyses and non-fixed frozen tissues
embedded in OCT for immunoprecipitation were obtained through an Institutional Review
Board compliant process for Human Subjects Research. Appropriate demographics and
clinical information for the patient cases analyzed throughout this study are summarized in
Supplementary Table 2.
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Immunohistochemistry

Spinal cord sections—Four micrometer tissue sections were cut from blocks of
formalin-fixed paraffin embedded spinal cords from ALS patients and stained using a fully-
automated Ventana Discovery Ultra (Ventana Medical Systems, Tucson, AZ, USA) which
allows for online depariffinization as well as very tight control of antigen retrieval
conditions. Each misfolded SOD1 antibody was carefully evaluated with regards to retrieval
conditions optimizing the signal-to-noise ratio of staining and the minimal amount of
retrieval that was needed for each antibody was used to prevent non-specific staining.
Deparaffinization was done by heating the slides to 68°C for 3 cycles of 4 minutes each in
the presence of the Ventana EZ solution. Antigen retrieval was done using either a Tris-
EDTA based solution (CC1) or citrate-based (CC2). Retrieval varied from 12 to 28 minutes
(see table below). Sections were incubated sequentially with an avidin-biotin blocking
system. The primary antibodies were incubated on the sections for 1 hour at 37°C followed
by a biotinylated Donkey anti-rabbit or mouse secondary antibody (Jackson
ImmunoResearch) for 32 minutes at 37°C. Primary antibodies were visualized using the
DABMap system (Ventana Medical Systems) with DAB as a chromagen. In some cases, the
chromagen was followed by hematoxylin as a counterstain. Slides were rinsed, dehydrated
through alcohol and xylene and coverslipped. Imaging was performed on Nanozoomer slide
scanner (Hamamatsu) at the UCSD microscopy core.

Antibody Ventana retrieval | Working dilution

4A1 CC1,; 28 minutes 1/60,000
ABE5 CC1; 28 minutes 1/60,000
B8H10 CC1,; 28 minutes 1/3,000

Ral31-153 | CC1; 12 minutes 1/3,000

10E11 CC1,; 12 minutes 1/15,000

3H1 CC2; 28 minutes 1/15,000

Cortical sections—Six micrometer tissue sections were cut from blocks of formalin-fixed
paraffin embedded cortices from ALS patients and deparaffinized with Citrisolv (Fisher) and
hydrated with a graded alcohol series. Endogeneous peroxidase activity was quenched with
0.06% H,0,, 15 minutes. Antigen retrieval with high pH solution (Vector) in a pressure
cooker was done for 20 minutes. Sections were blocked with 1% FBS (Atlanta Biologicals)
for 25 minutes prior incubating overnight in primary monoclonal misfolded SOD1
antibodies: B8H10 (1/1,000; MediMabs), 4A1 (1/10,000; kindly provided by Biogen), and
AB5ES5 (1/10,000; kindly provided by Biogen). Secondary anti-mouse antibody (ImMmPRESS
reagent Kit, anti-Mouse, Vector) was then incubated for 60 minutes at room temperature and
revealed using NovaRed (Vector) for 1 minute. Counterstaining with Hematoxylin (Fisher)
was also done in some of the sections.

Different types of immunoreactive species detected with each conformationally-sensitive
antibody by IHC in patient spinal cords were scored with a semi-quantitative arbitrary scale
we devised to portray the intensity of the immunoreactive signals. Globular inclusions
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containing misfolded SOD1-immunopositive aggregates were scored 100 to emphasize the
significant and distinct immunoreactivity compared with all the other signals. Round
deposits were scored 4 or 5 depending on their frequency, diffuse faint granular cytoplasmic
staining was scored 3, and rare or frequent faint cytoplasmic diffuse staining was scored 2 or
3, respectively. No immunoreactivity was scored as 0. Immunohistochemical images were
independently scored by three observers who were blinded to the sample identity.

Immunofluorescence

Tissues were de-paraffinized through histology grade CitriSolv (three times for 5 minutes
each) and a graded alcohol series (100%, 95% and 70% ethanol (vol/vol) twice for 5 minutes
each). After a 10 minute permeabilization step in 1x PBS, 0.2% TritonX100, antigen
retrieval (LOmM Citrate buffer, pH6.0, in pressure cooker at 120°C for 20 minutes) was
applied to the sections. This antigen retrieval step was skipped when the effects of the
absence of antigen retrieval on the immunostaining were being tested. Sections were further
blocked with 10% normal goat serum (vol/vol, Jackson ImmunoResearch Laboratories) and
incubated with misfolded SOD1 antibodies (C4F6 (1/200) and B8H10 (1/1,000; MediMabs)
and 3H1 (1:10,000; gift from Dr. Cashman) with or without rabbit TDP-43 (1/50;
Proteintech #10782-2) prepared in antibody diluent (Dako) overnight at 4°C. Sections were
then incubated with biotinylated secondary antibodies (Jackson ImmunoResearch
Laboratories) followed by streptavidin-FITC (Invitrogen). To reduce autofluorescence noise,
quenching with 0.1% Sudan Black in 70% EtOH for 5-10 seconds was applied prior to
coverslip mounting with Prolong (Invitrogen). Imaging was performed on a Nikon Eclipse
laser scanning confocal microscope.

Immunoprecipitation

Spinal cords from end-stage mutant SOD1G93A rats or their aged-matched littermates (5
months of age) were homogenized in cold 1x PBS buffer plus protease inhibitors (Roche
Diagnostics). The lysates were centrifuged for 10 minutes at 1,000g and the resulting
supernatants (clarified tissue extract) were further incubated in the immunoprecipitation (IP)
buffer (1x PBS, 0.5% triton X100 with protease inhibitors) at 4°C for 20 hours with
misfolded SOD1 monoclonal B8H10 (MediMabs), DSE2 3H1 (gift from Dr. Cashman), 4Al
and A5E5 (gift from Biogen) or polyclonal Ra131-153 antibody (gift from Dr. Brannstrém),
previously crosslinked to Dynabeads protein G (Invitrogen) with dimethyl pimelimidate
(Pierce) according to the manufacturer’s instructions. The beads were magnetically isolated
and washed three times with IP buffer. Samples were eluted with boiling in 2.0x sample
buffer with dithiothreitol. Immunoprecipitated proteins were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and probed with the indicated antibodies followed
by horseradish peroxidase-conjugated secondary antibodies (Jackson Immunochemicals).
Pico or Femto ECL (Pierce) was used to detect immunoreactive bands. Primary antibodies
against SOD1 (C-17; Santa Cruz Biotechnology or SOD1-100; Enzo Life Sciences),
GAPDH (Abcam), were used for immunoblotting.

OCT embedded non-fixed frozen spinal cords from patients were used as starting material
for immunoprecipitation. Prior to tissue homogenization the OCT was scraped out (while
tissues were still kept frozen on dry ice) and spinal cords were then thawed and rinsed on
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cold 1x PBS on ice. Spinal cords were rapidly weighed and homogenized as described above
in 10% weight/volume of cold PBS supplemented with protease inhibitors.

Results

Multiple conformationally-sensitive antibodies identify misfolded SOD1 aggregates in
spinal cords of SOD1A4V patients

To test whether misfolded SOD1 accumulates in sporadic ALS, we selected six
conformationally-sensitive antibodies (Supplementary Table 1) for their ability to
specifically detect misfolded human SOD1 conformers by immunoprecipitation. We initially
compared their efficiency and specificity in spinal cords from an ALS rat model expressing
ALS-linked mutation of human SOD1G93A (Fig. 1a—c) and from human patients carrying the
most frequent mutation in human SOD1 in the United States (alanine substituted to valine at
position 4, known as A4V) (Fig. 1a—b, d). Four different antibodies raised against misfolded
SOD1 were used for immunoprecipitation starting from whole tissue extracts of freshly
frozen, unfixed spinal cords from diseased SOD1G93A rats or aged-matched non-transgenic
(Ntg) littermates (Fig. 1b—c). Commercially available B8BH10 [25], ASE5 and 4A1
antibodies immunoprecipitated 5-, 10- and 12-fold more misfolded SOD1, respectively,
compared to the previously published 3H1 DSE?2 antibody [68]. While all four antibodies
immunoprecipitated SOD1 from extracts of spinal cord from human patients with the
SOD1A4Y mutation, the ASE5 and 4A1 antibodies were more efficient compared to B8H10
and 3H1 DSE2 (Fig. 1d). The higher level of misfolded SOD1 immunoprecipitated from the
rat spinal cords compared to that from ALS A4V patients correlated with the higher levels of
mutant SOD1 expressed in the transgenic animals.

In order to confirm the presence and identify the location of misfolded SOD1, we utilized
immunohistochemistry (IHC) and immunofluorescence (IF) using B8H10, polyclonal
131-153Ra, 4A1, ASE5, CAF6 antibodies, and an additional antibody recognizing the DSE2
epitope (10E11 and 3H1 clones) (Fig 1e—f; Supplementary Fig. 1). Each of these antibodies
detected misfolded SOD1-immunopositive aggregates reminiscent of globular inclusions in
motor neuron perikarya and neurite processes of spinal cords from human patients carrying
the SOD1A4Y mutation. None identified any such structure in samples from a non-
neurological patient control. In control patients, faint diffuse, granular, or with dense round
deposits identified to be corpora amylacea in neuronal cytoplasm were observed by IHC
using each of these antibodies (Fig. 1€). In all cases nuclear TDP-43 immunostaining was
detected as expected in our collection of human spinal cord samples, thus validating that the
quality of the sections was not compromised (Fig. 1f; Supplementary Fig. 1).

Misfolded SOD1 aggregates are not in sporadic ALS tissues using conformationally-
sensitive antibodies that detect misfolded SOD1 conformers

We used the conformationally-sensitive antibodies (Supplementary Table 1) to SOD1
validated in Fig. 1 in immunoprecipitation (Fig. 2a—d) and IHC (Fig. 2e—f, Fig. 3, 4, 5) to
test for misfolded SOD1 in a large bank of short post-mortem interval human autopsied
samples (Supplementary Table 2). Misfolded SOD1 was not specifically immunodetected in
spinal cords from SALS patients when compared to control patients after
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immunoprecipitation with 3H1 DSE2 antibody (Fig. 2a). In addition, no misfolded SOD1
was observed in spinal cords from 10 different SALS patients compared to 7 control samples
when the 4A1 and A5ES5 antibodies were used for immunoprecipitation, although these two
antibodies were able to bind misfolded SOD1 with higher affinity compared to the other
antibodies tested in this study (Fig. 1b—d). Of note, misfolded SOD1 was not detected in
FALS patients carrying mutations in a gene other than SOD1, namely C9orf72 (Fig. 2c;
patients #13 and #14). A faint band with a size similar to that of SOD1 was detected at
comparable levels in some control or SALS patients after immunoprecipitation with either
misfolded SOD1 antibody. Importantly this band was also present in some control or SALS
patients when the immunoprecipitation was performed with control 1gGs, suggesting that it
is non-specific (Supplementary Fig. 2).

Although misfolded SOD1 was undetectable in whole spinal cord extracts from SALS
patients using conformationally-sensitive antibodies that detect misfolded SOD1 conformers
with high affinity, we reasoned that it was possible that misfolded conformers may be
present at levels below detection by immunoprecipitation but enriched in a small subset of
spinal cord cells such as motor neurons, which make up less than 10% of the overall number
of cells within spinal cords. To test this possibility, we exploited IHC and
immunofluorescence using our panel of conformationally-sensitive antibodies on lumbar,
thoracic and cervical regions of spinal cords in a total of 7 FALS, 14 control and 30 SALS
patients (Supplementary Table 3). Consistent with our other findings, misfolded SOD1
positive inclusions primarily in neuronal perikarya and neuronal processes were consistently
immunodetected in spinal cords of the three FALS patients carrying the SOD1A4Y mutation
with antibodies DSE2 10E11 or 3H1 (Fig. 2e—f, Fig. 3, Supplementary Table 3), B8H10 and
131-153Ra (Fig. 2e—f, Fig. 4, Supplementary Table 3), 4A1 and A5ES5 (Fig. 2e—f, Fig. 5,
Supplementary Table 3) and C4F6 (Supplementary Table 3). In contrast, no immunoreactive
signal was found in any spinal cord region of any of the SALS patients (DSE2 antibody -
Fig. 2e—f, Fig. 3), B8H10 and Ral131-153 antibodies - Fig. 2e—f, Fig. 4) and 4Al and ASE5
antibodies - Fig. 2e—f, Fig. 5). Faint diffuse, granular immunoreactivity which appeared in
neuronal cytoplasm or with dense round deposits was indistinguishable between SALS and
control patients (Fig. 2e—f, Fig. 3-5, Supplementary Table 3). Additionally,
immunofluorescence performed in the absence of commonly used antigen retrieval
approaches also did not reveal specific signal in SALS patient samples stained with
misfolded SOD1 3H1 DSE2 or C4F®6, indicating antigen retrieval could not explain the
absence of signal (Supplementary Fig. 3 and Supplementary Table 3).

Immunoreactive species detected with each conformationally-sensitive antibody by IHC in
patient spinal cords (shown in Fig. 2e) were quantified using a semi-quantitative scale (Fig.
2f). Misfolded SOD1 containing globular inclusions (red circles), which had the most
intense and distinctive staining were detected only in patients carrying mutations in SOD1
but not in SALS patients, FALS patients with non-SOD1 mutations, or non-neurological
controls. The three classes of fainter immunoreactive species (round deposits (blue squares),
granular (green triangles) or diffuse (grey triangles) cytoplasmic staining) were identified
equally in SALS, non-SOD1 FALS and non-neurological control patients (Fig. 2f,
Supplementary Table 3). Similarly, misfolded SOD1 was uniquely (but rarely) detected by
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IHC in the Betz cells of cortical layer 5 of patients with the SOD1A4Y mutation but not in
control or SALS patients (Fig. 6 and Supplementary Table 3).

Altogether, no misfolded SOD1 immunopositive signal was detected with any of the seven
misfolded SOD1 antibodies (Supplementary Table 1), tested in SALS patient samples
regardless of age/site of onset, disease duration (Supplementary Table 2), region of the CNS,
immunodetection approach (IHC or IF) (Supplementary Table 3).

Discussion

Misfolded SOD1 has been proposed as a component of disease in sporadic ALS patients [6,
7,18, 19, 23, 53], in large part based on detection of misfolded SOD1 in the CNS of SALS
patients using conformationally-sensitive antibodies for misfolded SOD1. However, this
evidence has been challenged by independent reports which failed to detect misfolded SOD1
in the CNS of sporadic ALS patients using a similar approach [4, 39, 40]. In light of the
importance that resolving this controversy may have on identifying new therapeutic
approaches to treat ALS, we used a comprehensive, unbiased approach using
immunofluorescence/immunohistochemistry and immunoprecipitation with seven
independent antibodies raised against different epitopes specific to misfolded human SOD1.
With these, we tested whether misfolded SOD1 is present in the CNS of a large cohort of
high quality autopsied samples (including over 40 FALS and SALS patients). In multiple
samples from ALS patients with SOD1 mutations, this panel of antibodies consistently
detected the presence of SOD1 globular inclusions in anterior horn spinal cord motor
neurons (cell body and processes) and less abundantly in Betz cells of cortex layer 5.
However, using these same antibodies, we found no evidence of this pattern of misfolded
SOD1 accumulation in non-SOD1 FALS, SALS, or control tissues. Therefore, our analysis,
including five antibodies whose prior use [6, 7, 18, 19, 23, 53] had been interpreted to
indicate that misfolded SOD1 may be present in SALS, refutes that misfolded human SOD1
accumulates in the CNS of sporadic ALS patients. We conclude therefore that misfolding of
SOD1 is unlikely to contribute to disease pathogenesis in SALS.

Prior studies reporting the presence of misfolded SOD1 in motor neurons [6, 19, 53], axons
[23] and glia [18] of SALS patients relied primarily on immunohistochemistry using a single
misfolded SOD1 antibody and in three of the five reports no controls were shown [19, 23,
53]. Comparison of the data between these different studies reveals a high degree of
inconsistency in the staining patterns attributed to misfolded SODL1. It is described as diffuse
in the neuronal cytoplasm [6], granular in neuronal cell bodies [19], and even as deposits in
the extracellular space [18, 19, 53]. The immunoreactive signal attributed to misfolded
SOD1 in a SALS sample from Forsberg et al [19] is identical to what we observe with the
same antibody in multiple samples from our control individuals. Moreover, some of this
putative immunoreactive signal resembles corpora amylacea structures, glycoproteinacous
inclusions frequently found in the CNS tissues of elderly people [10, 38, 52], including both
non-neurological control and SALS patients [4]. Such structures have been reported to
immunostain for multiple proteins including ubiquitin, heme oxygenase, Mn SOD1, and
alpha-synuclein [62], and do not represent disease-specific pathology.
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Divergent outcomes of studies [4, 6, 7, 18, 19, 23, 39, 40, 53] for the detection of misfolded
SOD1 in SALS patient samples were proposed to be due to variations in the IHC conditions
used by the different groups. In particular, Bosco et al [6] reported that antigen retrieval
approaches prevent detection of immunoreactive misfolded SODL1 in the motor neuron cell
bodies of SALS patients using the C4F6 antibody. With or without antigen retrieval
methods, we found no evidence of misfolded SOD1 immunostaining in SALS patient
samples regardless of the staining protocol used not only for the C4F6 antibody but also for
the remaining six antibodies.

Nevertheless, it is certainly true that immunohistochemical analyses of autopsied human
tissues following typical fixation may hide (or more rarely expose) antibody epitopes.
Therefore, to verify that the absence of misfolded SODL1 in nervous systems from SALS
patient may reflect fixation-mediated epitope masking, we examined a large number of
unfixed human autopsied samples that were freshly collected and then subjected to
immunoprecipitation with three different antibodies. Whereas misfolded SOD1 was
consistently immunoprecipitated in SOD1-positive FALS, we did not detect misfolded
SOD1 in immunoprecipitates from 10 SALS and 7 control patients by immunoprecipitation
using the 3H1, and two additional misfolded SOD1 antibodies with higher binding to SOD1
(4A1 and A5EDS). A faint immunoreactive species migrating at the same molecular weight of
SOD1 was detected in some control and SALS patients but also when the
immunoprecipitation was performed with control 1gGs, indicating that this band is non-
specific. Two prior teams had attempted to immunoprecipitate misfolded SOD1 from SALS
patients, but the conclusions drawn from these studies diverged sharply [23, 39, 40]. Grad et
al. [23] reported accumulation of misfolded SOD1 immunoprecipitated in four SALS and
four FALS patients compared to six controls using two DSE monoclonal antibodies
(including the 3H1 that we also tested by immunoprecipitation). However, the amounts of
misfolded SOD1 that were immunoprecipitated were normalized to the total amounts of
SOD1 present in each sample, and therefore the starting conditions of immunoprecipitation
were not comparable as higher amounts of homogenates from SALS and FALS were used to
compensate for the proposed reduced levels of SOD1. Recognizing that, we believe the
evidence actually strongly supports the conclusion that misfolded SOD1 is not accumulated
to level above that found in non-ALS tissues.

Mutant SOD1 has been reported to be secreted in vitro [5, 21, 23, 45, 66], in mouse models
[41, 65] and is detected in CSF from patients with SOD1 mutations [13]. Whether wild type
SOD1 is also released into the extracellular space is not established. Urushitani et al [66]
reported that secreted mutant SOD1 caused microgliosis and neuronal death, while SOD1WT
induced suppression of microglial activation in cell culture. Grad et al. [23] proposed that
SOD1WT s exported from cells that have been exposed to mutant SOD1 but did not test
whether naive cells under stress conditions would release misfolded SODIWT. In CSF from
ALS patients, misfolded SOD1 (scored by ELISA using polyclonal misfolded SOD1
antibodies) has been detected at very low levels not just in FALS and SALS samples, but
also controls [73], thus arguing against a direct cytotoxic role of misfolded SOD1
specifically in sporadic ALS.
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In this study by using different methods to detect misfolded SOD1, multiple misfolded
SOD1 antibodies raised against different epitopes, appropriate parallel controls and by
controlling for staining artefacts through the comparison of different antigen retrieval
methods, we demonstrate that misfolded SOD1 is not a contributing component of sporadic
ALS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Misfolded SOD1 positive aggregates are immunodetected in spinal cords of FALS SOD1
patients using multiple conformationally-sensitive antibodies against misfolded SOD1 species

(a) Scheme depicting the method used to immunoprecipitate misfolded SOD1 from rat or
human samples. Immunoblots demonstrating (b) total SOD1 levels (as the 10% of input) in
spinal cord from human patients or rats, immunoprecipitated misfolded SOD1 using A5ES5,
4A1, 3H1 DSE2, B8H10 antibodies or mouse immunoglobulins (mlgG; as a negative
control) from spinal cords of (c) non-transgenic (Ntg) and transgenic rats expressing mutant
SOD1G93A (G93A) that develop fatal paralytic ALS-like disease or (d) healthy control
(Ctrl65) or FALS human patient carrying the SOD144V mutation (A4V24). GAPDH was
used as a loading control. (e) Immunochemical analysis of misfolded SOD1 in two FALS
with SOD1A4Y mutation (#15 and #24) and two non-neurological control patients (CTRL
#19 and #44) using the 10E11 DSE2, B8H10, 131-153Ra, 4A1 and A5ES5 antibodies.
Arrows indicate the presence of globular inclusions or intense positive aggregates of
misfolded SOD1. Arrowheads point to immunoreactive round deposits found randomly,
more frequently outside cells. The cross or asterisk signs indicate cytoplasmic diffuse or
granular signal in neurons, respectively. Scale bar, 50 um. (f) Immunofluorescence analysis
of misfolded SOD1 in FALS with SOD144V mutation (#24) and non-neurological control
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(#44) patients using the BBH10, 3H1 DSE2 and C4F6 antibodies (green). TDP-43 antibody
(red) was used as a control marker to ascertain quality of tissue. Scale bar, 50 um. Dashed
white lines outline motor neurons.
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Fig. 2. No misfolded SOD1 is immunodetected in SALS patients using multiple conformationally-
sensitive antibodies against misfolded SOD1 species

Immunoblots demonstrating immunoprecipitated misfolded SOD1 using (a) 3H1, (b) 4A1,
(c—d) ABES5 antibodies in spinal cords from FALS with SOD1A4Y mutation (#15, 24 or 101),
FALS with no mutations in SOD1 (#13 [n.i.: genotype not identified]; or #14 [C9:C9ORF72
repeat expansion]), non-neurological control (CTRL #65, 31, 42, 19, 23, 39, 83) and SALS
(#11, 18, 33, 35, 36, 16, 17, 22, 32, 6) patients. Total levels of SOD1 and loading control
GAPDH are shown as 10% of input. () Immunochemical analysis of misfolded SOD1 in
two FALS with SOD1A4Y mutation (#15 and #101), two non-neurological control (#20 and
#31) and two SALS (#17 and #64) patients using the 10E11 DSE2, B8H10, 131-153Ra, 4A1
and A5ES antibodies. Arrows indicate the presence of globular inclusions or intense positive
aggregates of misfolded SOD1. Arrowheads point to immunoreactive round deposits found
randomly, more frequently outside cells. The cross or asterisk signs indicate cytoplasmic
diffuse or granular signal in neurons, respectively. Scale bar, 50 um. (f) Semi-quantification
in controls and SALS of the different types of immunoreactive species detected with each
conformationally-sensitive antibody by IHC in patient spinal cords was scored according to
the presence of globular inclusions (found only in FALS samples with SOD1 mutations),
rare or frequent round deposits (lower or upper blue squares, respectively), cytoplasmic
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granular staining (green triangle), sparse or frequent cytoplasmic diffuse staining (lower or
upper grey triangles, respectively) or no immunoreactivity (orange diamonds). Each symbol
corresponds to one patient.
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Fig. 3. No misfolded SOD1 is immunodetected in SALS patients using the 10E11 DSE?2 misfolded
SOD1 antibody

Immunochemical analysis of misfolded SOD1 in two FALS patients with SOD1A4Y
mutation (#15 and #24), two with expansion repeats in C9ORF72 gene (#14 and #81), eight
non-neurological controls (#19, 37, 83, 44, 23, 31, 20 and 65) and twelve SALS (#63, 60,
82, 6, 64, 68, 36, 35, 32, 17, 11, 16) using the 10E11 DSE2 antibody. Arrows indicate the
presence of globular inclusions or intense positive aggregates of misfolded SOD1.
Arrowheads point to immunoreactive round deposits found randomly, more frequently
outside cells. The cross or asterisk signs indicate cytoplasmic diffuse or granular signal in
neurons, respectively. Scale bar, 100 um.
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Fig. 4. No misfolded SOD1 is immunodetected in SALS patients using the monoclonal B8H10 or

polyclonal 131-153Ra misfolded SOD1 antibodies
Immunochemical analysis of misfolded SOD1 in two FALS patients with SOD1A4Y

mutation (#15 and #24), two with expansion repeats in COORF72 gene (#14 and #81), two
non-neurological controls (#19and #44) and nine SALS (#16, 17, 35, 36, 41, 66, 6, 48 and
82) using the B8H10 (two left panels) or 131-153Ra (two right panels) antibodies. Arrows
indicate the presence of globular inclusions or intense positive aggregates of misfolded

SOD1. Arrowheads point to immunoreactive round deposits found randomly, more

frequently outside cells. The cross or asterisk signs indicate cytoplasmic diffuse or granular
signal in neurons, respectively. Scale bar, 100 pm.
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Fig. 5. No misfolded SOD1 is immunodetected in SALS patients using antibodies with increased
binding to misfolded SOD1 (4Al and A5ES5)

Immunochemical analysis of misfolded SOD1 in three FALS patients with SOD1A4Y
mutation (#15, 24 and 101), two with expansion repeats in COORF72 gene (#14 and #81),
six non-neurological controls (#19, 31, 42, 44, 65, 20) and four SALS (#16, 22, 33 and 35)
using the 4A1 (two left panels) or ASE5 (two right panels) antibodies. Arrows indicate the
presence of globular inclusions or intense positive aggregates of misfolded SOD1.
Arrowheads point to immunoreactive round deposits found randomly, more frequently
outside cells. The cross or asterisk signs indicate cytoplasmic diffuse or granular signal in
neurons, respectively. Scale bar, 50 um.
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Fig. 6. No misfolded SOD1 is immunodetected in the cortex of ALS patients using multiple
antibodies

Immunochemical analysis of misfolded SOD1 in two FALS patients with SOD1A4Y
mutation (#15 and 24), two non-neurological controls (#65 and #83) and two SALS (#48
and #82) using the B8H10, 4A1 and A5E5 antibodies. Arrows indicate the presence of
globular inclusions or positive aggregates of misfolded SOD1.
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