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Abstract

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive and ultimately fatal
neurodegenerative disease with an average survival of 3 years from symptom onset. Rapid and
conclusive early diagnosis is essential if interventions with disease-modifying therapies are to be
successful. Cytoskeletal modification and inflammation are known to occur during the
pathogenesis of ALS. We measured levels of cytoskeletal proteins and inflammatory markers in
the cerebrospinal fluid (CSF) of ALS, disease controls and healthy subjects. We determined
threshold values for each protein that provided the optimal sensitivity and specificity for ALS
within a training set, as determined by receiver operating characteristic (ROC) analysis.
Interestingly, the optimal assay was a ratio of the levels for phosphorylated neurofilament heavy
chain and complement C3 (pNFH/C3). We next applied this assay to a separate test set of CSF
samples to verify our results. Overall, the predictive pNFH/C3 ratio identified ALS with 87.3%
sensitivity and 94.6% specificity in a total of 71 ALS subjects, 52 disease control subjects and 40
healthy subjects. In addition, the level of CSF pNFH correlated with survival of ALS patients. We
also detected increased pNFH in the plasma of ALS patients and observed a correlation between
CSF and plasma pNFH levels within the same subjects. These findings support large-scale
prospective biomarker studies to determine the clinical utility of diagnostic and prognostic
signatures in ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease with an annual
incidence of ~2 per 100,000 in the United States and average survival of 3 years after
symptom onset (Haverkamp et al. 1995). The clinical diagnosis of ALS takes on average
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16-18 months from symptom onset, based on the progression of symptoms and signs of
upper and lower motor neuron degeneration over time (Brooks 1994). Patients often undergo
invasive tests to exclude other diseases that may mimic ALS so their disease is typically at
an advanced stage before a firm diagnosis is made and treatment initiated (Gelinas 1999).

A robust diagnostic biomarker(s) for ALS would accelerate and simplify the investigative
process and result in the earlier implementation of appropriate therapies. An ideal biomarker
must show high sensitivity, specificity and overall accuracy for ALS, be validated in a
separate set of samples, and ultimately demonstrate clinical utility in prospective studies
(Bowser and Lacomis 2009). A single protein biomarker is unlikely to meet such stringent
criteria and recent efforts have therefore focused on generating a panel of biomarkers that
can be used in combination with clinical parameters to more accurately diagnose ALS.

Clues to potential biomarkers are offered by our understanding of the pathogenesis of ALS
and prior ALS biomarker discovery efforts (Ranganathan et al. 2005; Strong et al. 2005;
Ryberg and Bowser 2008; Ganesalingam and Bowser 2010). Axonal degeneration and
inflammation represent proposed pathogenic mechanisms for ALS, and therefore proteins
that function within these pathways represent biomarker candidates (Rothstein 2009).

Cytoskeletal proteins including neurofilament proteins and tau have been shown to be
elevated in the CSF of neurodegenerative diseases and proposed as biomarkers for ALS
(Sussmuth et al. 2001; Sussmuth et al. 2003; Brettschneider et al. 2006; Wild et al. 2007;
Mares et al. 2009). Neurofilament aggregates have been observed in spinal cord motor
neurons of ALS patients (Wong et al. 2000). During axonal injury or degeneration,
cytoskeletal proteins may be released into the interstitial fluid and accumulate in the CSF
and blood. Prior studies have shown significantly increased levels of neurofilament heavy
chain in the CSF of ALS patients when compared to healthy control subjects or Alzheimer’s
disease patients (Brettschneider et al. 2006). Recently, levels of phosphorylated
neurofilament heavy chain (pNFH) were shown to be significantly increased in the CSF of
ALS patients when compared to disease mimics (Reijn et al. 2009). In addition, pNFH levels
were shown to be significantly increased in blood plasma of some ALS patients, though the
total number of subjects was small (Boylan et al. 2009). Further studies are required to
verify these biomarker discovery studies.

Numerous inflammatory proteins have been shown to be altered in ALS, including a panel
of inflammatory cytokines in the CSF (Kuhle et al. 2009; Mitchell et al. 2009). The
complement pathway has been postulated to contribute to motor neuron disease, and
complement proteins including C3 have been shown to be increased in the CSF and spinal
cord tissue of ALS patients (Annunziata and Volpi 1985; Goldknopf et al. 2006; Woodruff
et al. 2008). C-reactive protein (CRP) is an acute phase protein that is an in vivo activator of
complement (Wolbink et al. 1996). Therefore CRP may contribute to activation of the
complement pathway in motor neuron disease. Complement C3 (C3) has been shown to be
expressed in neurons of the rat brain after exposure to kainic acid and expression of C3 is
up-regulated in Alzheimer’s disease brains (Yasojima et al. 1999; Morita et al. 2006).
Activation of inflammatory and complement pathways, however, is not specific to ALS or
other neurodegenerative diseases.

In this study we measured the levels of pNFH, total Tau, C3, and CRP in the CSF of ALS,
disease control and healthy control subjects by enzyme linked immunosorbent assays
(ELISA). We generated threshold levels for each protein that provided the best sensitivity
and specificity within a training set. The optimal biomarker was found to be a ratio of pNFH
to C3 levels. We then applied these biomarker threshold values to a separate test set of ALS
and control subjects and the pNFH/C3 ratio provided 96% sensitivity and 90% specificity
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for ALS. In addition, the pNFH level correlated with overall patient survival. Finally, we
detected increased plasma pNFH in a subset of ALS patients and correlation of CSF and
plasma pNFH levels within the same subject. Our results indicate that the CSF levels of
pNFH and C3 may aid in the diagnosis of ALS and supports prospective studies to further
evaluate the clinical utility of these candidate biomarkers.

Clinical details and sample collection

ELISA

Patients were recruited at either the University of Pittsburgh Medical Center (UPMC) or
Massachusetts General Hospital (MGH) upon informed patient consent. The study was
approved by both UPMC and MGH institutional review boards. All ALS subjects (n=71)
were defined as possible, probable, probable laboratory-supported or definite ALS by El
Escorial criteria by experienced neurologists specialized in motor neuron disease. The
disease control (DC) group (n=52) comprised a range of diseases including: 14 ALS mimics
(2 Primary Lateral s\Sclerosis, 4 Hereditary Spastic Paraplegia, 1 Progressive Muscular
Atrophy, 1 Multifocal Motor Neuropathy with conduction block, 5 Peripheral Neuropathy, 1
Chronic Inflammatory Demyelinating Polyneuropathy); 15 Multiple Sclerosis cases (one
had co-existent Lupus); 6 Neurodegenerative conditions (2 Frontotemporal Lobe Dementia
without motor involvement, 2 Alzheimer’s Disease, 1 Parkinson’s Disease, 1
Spinocerebellar Ataxia); 4 Neoplasia cases (Lymphoma and secondary metastasis); 3
Inflammatory conditions (2 Myelopathy, 1 Neurosarcoidosis); 5 infectious diseases (1 Viral
encephalitis, 2 Lyme’s disease, 2 Aseptic meningitis); 2 Metabolic (Seizure disorder,
Superficial Siderosis); 1 Migraine; 1 Conversion disorder; and 1 Normal pressure
hydrocephalus. The healthy control (HC) group (n=40) consisted of age-matched healthy
volunteers from the community. The ethnicity was predominantly caucasian with only four
documented cases from minority ethnic groups.

We generated a training set of 106 subjects from the UPMC clinic and a test set of 57
subjects from the MGH clinic. The training set contained 8 of the disease mimics. The
clinical details for each subject group are listed in Table 1. Gender ratios for each group
were matched as close as possible across the training and test sets.

All samples were processed and stored at —80°C within 2 hours of collection. CSF was
collected by lumbar puncture into polypropylene tubes and centrifuged at 450-g for 5
minutes at 4°C to remove any cells and debris, aliquoted in small volumes and stored in low
bind Eppendorf tubes at —80°C. Blood was collected at the same office visit into
Ethylenediaminetetracetic acid (EDTA) tubes, incubated for 30 minutes at room
temperature, centrifuged at 1733-g for 10 minutes at 4°C and the layer containing plasma
removed and aliquoted in small volumes and stored in low bind Eppendorf tubes at —80°C.

Total protein was determined using the BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA). Levels of candidate biomarkers measured in the CSF were determined using
commercial ELISA kits to the Human C-Reactive Protein (CRP, Millipore, Billerica, MA),
human phosphorylated Neurofilament H (BioVendor Research and Diagnostic Products,
Modrice, Czech Republic) and human total Tau (Invitrogen, Camarillo, CA). A prototype
commercial kit was used to determining plasma pNFH levels (EnCor Biotechnology Inc,
Gainesville, FL). This ELISA kit uses a pair of mouse monoclonal antibodies to pNFH and
has been previously described and shown to measure pNFH in human plasma (Boylan et al.
2009). Samples were run in triplicate and each experiment repeated at least twice.
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An ELISA was developed within the laboratory using commercially available antibodies to
measure levels of C3 in CSF. Costar 96 well EIA/RIA high binding plates (Corning, Inc. Cat
No. 3590 were coated with 2 pg/ml Affi-Anti C3 1gY, (Genway, San Diego, CA), diluted in
0.05M Carbonate-Bicarbonate, pH 9.6 for 60 minutes at room temperature, 100 pl/well. The
plates were then washed 3 times with 0.05% Tween 20 in PBS, pH 7.4 followed by
incubation with 200 pl/well of blocking solution (Superblock T20 (PBS) Blocking Buffer,
Thermo Scientific, Rockford, IL) for 60 minutes at room temperature. After washes, plates
were incubated with 100 pl of the sample, diluted 1 in 50 with sample buffer (Superblock
T20 (PBS) Blocking Buffer). A standard curve was generated using a human complement
C3 Protein Standard, (Genway, San Diego, CA) diluted in blocking solution to 500 ng/ml
followed by serial dilutions. Plates were incubated with 100 pl/well. Duplicates were run
with coefficients of variation less than 10%. After washes, the plates were incubated 100 pl/
well of 0.2mg/ml Affi-anti C3 IgY-HRP (Genway, San Diego, CA) diluted in sample buffer
for 60 minutes at room temperature. 100 pl/well of TMB Peroxidase Substrate System
(KPL, Gaithersburg, MD) was used to visualize the reaction product and the absorbance
values were read at 450nm. Net absorbance was calculated by deducting the mean value
obtained for a duplicate of “blank” wells containing diluent buffer only.

For group comparisons, non-parametric t-test and one-way ANOVA were used to determine
statistical significance followed by Dunn’s multiple comparison test for pair wise group
comparisons. For all data analysis we set a significance level of p < 0.05. The Pearson
correlation test and Spearman’s rank test for non-parametric analysis were used for
correlation analyses, and Pearson test was performed for pairwise correlation analysis for
pNFH to patient survival. All statistical analysis was performed using GraphPad Prism 5.0
software (GraphPad Software Inc. La Jolla, CA).

We first measured levels of phosphorylated neurofilament heavy chain (pNFH), total tau
(Tau), complement C3 (C3), and C-reactive protein (CRP) in the CSF of a training set
consisting of 106 subjects (Table 1A). The median level of pNFH was 1.77ng/ml, 0.2ng/ml
and 0.165ng/ml for ALS, DC and HC respectively (Figure 1a). This median level for ALS
patients is similar to the mean value of 1.7ng/ml reported earlier (Brettschneider et al. 2006).
pPNFH was significantly elevated in ALS compared to healthy and disease controls. One-way
ANOVA with Dunn’s multiple comparison test is significant (p<0.05) for ALS vs HC and
ALS vs DC, but not HC vs DC. C3 was also significantly increased in ALS versus healthy
controls and DC versus HC, but not ALS versus DC (Figure 1b). There were no significant
alterations (p>0.05) across the subject groups for CRP or Tau using the same statistical tests.

A cut-off level of 0.635 ng/ml for pNFH generated a sensitivity of 84.4% sensitivity and
93.5% specificity for ALS in the training set (Table 2). All healthy control subjects
exhibited minimal pNFH in the CSF and were below this cut-off value. Among the six
disease controls that exhibited pNFH higher than the cut-off value included two subjects
with metastatic brain tumors, one with progressive muscular atrophy, one with
neurosarcoidosis, one subject with MS and one with multifocal motor neuropathy with
conduction block. For C3, a threshold value of 3.62 pg/ml produced a sensitivity of 62% and
specificity of 56% for ALS. Increasing the threshold value to 3.99 pg/ml reduced the
sensitivity to 50% but increased the specificity to 71%. For CRP, a threshold of 3.2 ng/ml
produced a sensitivity of 55% and specificity of 50%. A cut-off value of 240 pg/ml for total
tau produced a sensitivity of 50% and specificity of 51%.
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As C3 and CRP are involved in inflammatory responses, we sought to further distinguish
between ALS and disease controls by combining data from cytoskeletal and inflammatory
pathways. Therefore, we also calculated ratios of pNFH/C3, pNFH/CRP and pNFH/Total
protein for each subject (Figure 2). The pNFH/Total protein ratio demonstrated a similar
pattern to pNFH alone indicating that there is an increase in the absolute concentration of
pNFH levels rather than a global increase in protein concentration. Interestingly, pNFH/C3
ratio levels showed significant differences (p<0.05 with one-way ANOVA and a Dunn’s
multiple comparison test) with less overlap between ALS and both disease controls and
healthy control groups. This was also observed by the pNFH/CRP ratio levels (p<0.05),
suggesting that inclusion of general inflammatory responses allows more specificity in
identifying ALS (Figure 2). We note that calculating the pNFH/CRP ratio can be
problematic when levels of CRP are at the assay detection threshold, which occurred for 19
samples. For such cases, they were recorded with the minimum assay concentration value.

Receptor Operator Characteristic (ROC) curves of the training set were generated for pNFH,
pNFH/C3 and pNFH/CRP. The area under the curve (AUC) values were 0.9401, 0.9581and
0.8406 respectively (Figure 3). The ROC curves enabled optimum thresholds to be
established for each of the variables in order to maximize the sensitivity and specificity.
When determining thresholds, there is always a trade-off between sensitivity and specificity.
This is highlighted in Table 2 using different threshold cut-off values for pNFH/C3. The
optimal cut-off values were: pNFH/C3 > 0.000125 and pNFH/CRP > 0.3755. Rules were
also combined using either an AND function or an OR function. The former tends to
increase specificity whereas the latter increases sensitivity. The majority of rules generated
sensitivity > 80% and specificity > 90%, with the optimal rule a combination of pNFH and
pNFH/C3 ratio levels (Table 2).

Together, these results demonstrate that pNFH achieves an excellent level of sensitivity and
specificity, similar to findings from other laboratories (Brettschneider et al. 2006; Reijn et
al. 2009). For subjects above the pNFH cut-off value, the pNFH/C3 ratio threshold value
increases confidence in the diagnosis of ALS. Combining the pNFH cut-off value, the
pNFH/C3 ratio and the pNFH/CRP ratio provided 100% specificity in our training set,
though the sensitivity for ALS was reduced to 59% (Table 2).

We then sought to verify our findings using a separate test set of 57 samples obtained from a
different clinic but collected with the same procedures (Table 1B). We measured pNFH and
C3 levels in all test subjects. A similar pattern was observed in this patient cohort, giving us
greater confidence in both pNFH and pNFH/C3 in distinguishing ALS from controls. Using
the threshold values determined by the ROC curves for the training set, we obtained a
sensitivity of 95% and specificity of 93% for pNFH alone and a sensitivity of 96% and
specificity of 90% for the pNFH/C3 ratio in the test set.

Finally, we pooled both sets of data to obtain overall values for sensitivity and specificity
across all 163 subjects (Figure 4). Figure 5 depicts a scatter plot of pNFH versus C3 values
for each subject, showing the separation of ALS from all control subjects using these two
proteins. The thresholds for pNFH and pNFH/C3 determined by ROC curves are overlayed
on the graph. The increased sensitivity of pNFH/C3 is reflected by ALS cases lying below
the pNFH=0.635 threshold but above the pNFH/C3=0.000125 line. Six out of fourteen ALS
mimics exhibited a false positive result when testing for pNFH/C3 alone as compared to just
two out of fourteen when the pNFH threshold value was used in combination with pNFH/
C3. A combined rule of pNFH > 0.6349 ng/ml AND pNFH/C3 > 0.000125 generated a
sensitivity of 87.7% and a specificity of 94.6%.
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We had survival data for 39 ALS subjects. A correlation (Pearson test R= —0.485, p=0.016)
was observed between pNFH levels and days from symptom onset to death (Figure 6). The
date of symptom onset was determined retrospectively by patient report. There were 6
bulbar onset patients included in this analysis, and removal of these typically more rapidly
progressive ALS patients did not alter the statistical results. This result suggests that pNFH
levels in the CSF are a candidate prognostic biomarker. One limb onset ALS patient with a
slow progressive form of the disease for which symptoms were confined to one hand had the
longest survival, this patient had a low pNFH level.

While CSF is an excellent biofluid for biomarker discovery efforts due to its proximity to
the affected nervous system tissue, it presents practical difficulties for diagnostics in terms
of acquisition and potential risks to the patient. While C3 levels have previously been
examined in the blood, only a recent study has examined pNFH levels in the plasma of a few
ALS patients (Boylan et al. 2009). Therefore, we examined matching blood plasma samples
to determine if similar pNFH alterations were seen in plasma. With a sample size of 61
subjects, we detected a significant increase (p<0.05) using a one-way ANOVA with Dunn’s
multiple comparison test in pNFH level when comparing ALS versus HC (Figure 7a). By
Mann Whitney t-test, we noted significant differences in plasma pNFH levels between ALS
and healthy controls (p = 0.01). However, we found no significant difference between ALS
and neurologic disease controls (Mann Whitney t-test, p = 0.33). The median levels of
pNFH detected in each subject group were 0.052 ng/ml for HC, 0.067 ng/ml for DC, and
0.08 ng/ml for ALS. We also directly compared pNFH levels between the CSF and plasma
for each individual subject. We found a weak correlation between the plasma and CSF
pNFH levels within individuals (Pearson correlation RZ = 0.18, p < 0.001 (Figure 7b)).
Interestingly, we observed individuals with significant pNFH in the plasma but very little
pNFH in the CSF. Likewise, we observed individuals with significant pNFH in the CSF
(ALS patients) with little or absent pNFH in their plasma (Fig. 7b). Overall, the significant
differences observed between ALS and neurologic disease controls for pNFH in the CSF
were not maintained in the plasma samples.

Discussion

We measured levels of cytoskeletal and inflammatory proteins in the CSF of patients with
ALS, other disease controls and healthy subjects. Using cut-off values obtained from a
training set, the pNFH/C3 ratio provided 96% sensitivity and 90% specificity in a separate
test set. Phosphorylated neurofilament heavy chain (pNFH) was able to distinguish ALS
from both disease and healthy controls with 87.7% sensitivity and 93.7% specificity. A
combination of pNFH and pNFH/C3 generated an overall 87.7% sensitivity and 94.6%
specificity across all 163 subjects. Survival data on 39 ALS cases demonstrated a moderate
correlation between CSF pNFH levels and patient survival, implicating the potential of
pNFH as a prognostic marker. This finding is consistent with an earlier study although larger
numbers are required to validate this finding (Brettschneider et al. 2006).

We utilized a large number of disease control subjects covering a range of pathogenic
conditions, including 14 ALS mimics that often are not easily distinguished based on
clinical symptoms. In this study, 12 of the 14 ALS mimics were distinguished from ALS
using the rule combining pNFH and pNFH/C3. We also used two separate sets of CSF
samples collected at two different medical centers using standardized sample collection and
storage procedures to minimize artifacts generated during the collection process.

Neurofilament heavy chain belongs to a family of intermediate filament proteins that form a
major part of the neuronal cytoskeleton. Phosphorylated NFH is found in axons and is
associated with slowing of neurofilament transport and expansion of the axonal caliber
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(Ackerley et al. 2003). In ALS, however, phosphorylated neurofilament aggregates are seen
within the perikaya and proximal axons of motor neurons. Furthermore, deletion/insertion
mutations within the multiphosphorylation domain of NFH have been identified in
approximately 1% of sporadic ALS cases (Al-Chalabi et al. 1999). We suggest that
determining the stoichiometry of NFH in the CSF during a human disease may be relevant
to monitoring disease progression as tight regulation of NFH stoichiometry is needed to
prevent NFH aggregrate formation and axonal degeneration. We hypothesize that pNFH is
released into the interstitial fluid compartment during axonal injury/disintegration and
accumulates in the CSF. We detected higher levels of pNFH in the CSF of ALS patients
versus other neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease
and FTD without motor involvement. We postulate that differences between
neurodegenerative diseases reflect the differences in the underlying neuronal cell type
affected by each disorder. The axonal content of motor neurons is much larger than that of
hippocampal pyramidal neurons or substantial nigral neurons and therefore the pNFH levels
detected in the CSF upon neuronal injury or degeneration are reflective of this difference of
total pNFH content between the neuronal subtypes. Consistent with this hypothesis, pNFH
levels are highest in the spinal cord and brain stem when compared to various cortical and
subcortical brain regions (Anderson et al. 2008).

Phosphorylated neurofilament protein analysis has been examined in a variety of
neurological conditions. Brettschneider et al measured pNFH levels in 69 patients with ALS,
73 Alzheimer’s disease (AD) and 33 control subjects (Brettschneider et al. 2006). CSF
levels of pNFH in ALS were five times higher than in the control groups, and the median
pNFH level in ALS was similar to that observed in our study. pNFH levels were higher in
those patients in whom upper-motor neuron signs predominated and who had a more rapid
disease progression, but they failed to include ALS disease mimics, limiting analysis of its
diagnostic specificity (Brettschneider et al. 2006). Rejin et al measured pNFH levels in 32
ALS patients and 26 ALS mimic disorders and found mean CSF levels of 781ng/l in ALS
versus 338ng/l in ALS mimics (Reijn et al. 2009). The mean levels in ALS are lower than
Brettschneider et al (2006) and the results reported here. Our data supports future
prospective studies of CSF pNFH levels to determine its clinical utility (Reijn et al. 2009).

Furthermore, increased levels of pNFH have been detected in the CSF of multiple sclerosis
(MS) (Teunissen et al. 2009) and serum of Leber Hereditary Optic Neuropathy patients
(Guy et al. 2008) as well as other neurological conditions including traumatic brain injury
(Anderson et al. 2008) and subarachnoid haemorrhage (Lewis et al. 2008). High levels of
CSF pNFH and NFH were previously observed in a subset of FTD patients (Pijnenburg et
al. 2007). We failed to detect elevated levels of pNFH in the CSF of our FTD patients that
lacked motor involvement. These results suggest that increased pNFH in the CSF of FTD
patients may correlate to motor neuron axonal damage/injury and may lead to subsequent
motor neuron disease symptoms in these patients. Further longitudinal studies are necessary
to explore this possibility.

A recent study of 20 patients and 20 healthy controls using a pNFH ELISA demonstrated
increased plasma levels in ALS and a correlation with the rate of disease progression
(Boylan et al. 2009). Using the same ELISA, we observed a statistically significant increase
in plasma pNFH in ALS patients compared to healthy control subjects, but not between ALS
and disease control groups. There was a weak correlation between plasma and CSF levels
from the same individual, though absolute levels of pNFH detected in the blood are
substantially less than that in the CSF. The lack of strong correlation suggests that pNFH
accumulation in the blood may be limited by many factors, including protein aggregation,
degradation and/or dilution by the blood volume. We observed that a few control subjects
exhibited high levels of pNFH in the blood but very low levels in their CSF. Further studies
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are required to further explore the relationship between CSF and blood levels of pNFH and
to further optimize detection of pNFH in the blood.

There is evidence for the involvement of the complement system in a range of
neurodegenerative conditions including ALS (Rus and Niculescu 2001; McGeer and
McGeer 2004). Many proteins contributing to inflammation and/or the innate immune
system may be elevated irrespective of the primary insult, and may exhibit high levels in
infectious diseases or autoimmune conditions. Prior studies have shown elevated tissue
levels of C3c in tissue and CSF of ALS patients (Annunziata and Volpi 1985; Kawamata et
al. 1992; Goldknopf et al. 2006). The complement system is part of the innate immune
system. It can be activated via the classical, alternative and lectin pathways. However, all
three share the activation of complement C3. Our study supports further investigation into
the complement system and C3 in the pathophysiology of ALS. By incorporating C3 as a
denominator, the ratio of pNFH/C3 effectively represents axonal degeneration versus CNS
inflammation. This allows us to generate a cut-off threshold providing greater sensitivity
than pNFH alone with minimal loss of specificity. Recently, Sussmuth and colleagues
reported that a ratio of soluble CD14 to S100beta levels in the CSF might provide a
prognostic indicator for ALS (Sussmuth et al. 2010). Our studies further suggest that the
combination of markers from neuronal and glial origins may provide improved diagnostic
and/or prognostic information on ALS patients.

There have been conflicting reports with regards to tau as a candidate biomarker for ALS
(Sussmuth et al. 2001; Paladino et al. 2009). We did not find statistically significant
alterations in total tau between ALS and controls. This may reflect differences in the
subcellular distributions of these cytoskeletal proteins in motor neurons. It is also plausible
that the tau aggregation state affects measurements with the ELISA kit used in this study.
We used the same commercial kit as Paladino et al. (2009), who also detected no significant
differences between ALS and controls. Reports demonstrating statistically significant
differences between ALS and controls used a different commercial tau ELISA kit with
different capture and detection antibodies.

Further validation studies are required to replicate our findings. Large numbers of disease
mimic samples are necessary to determine the specificity of any potential biomarker. To
accomplish this task, internationally agreed upon standards for sample collection and storage
are required to obtain reproducible data from different laboratories and permit sharing of
crucial biofluids samples across studies (Sherman et al. 2010).

In summary, we examined cytoskeletal and inflammatory proteins as candidate biomarkers
to distinguish ALS from disease controls and healthy subjects. A rule combining pNFH and
complement C3 levels was established and provided an overall sensitivity of 87.7% and
specificity of 94.6% for detecting ALS. C3 increases the specificity of the assay by
incorporating inflammation within the variables that exist in ALS and other neurological
disorders. While plasma levels of pNFH were significantly different between ALS and
healthy control subjects, we did not detect significant differences between ALS and
neurologic disease controls. We also observed weak correlations between CSF and plasma
levels of pNFH within the same individuals, suggesting that CSF may provide the optimal
biofluid for diagnostic utility of pNFH measurements for ALS. Future prospective studies
incorporating pNFH and pNFH/C3 analysis of CSF will establish the diagnostic accuracy
and clinical utility of these biomarkers.
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Figure 1.

Scatter plots for four candidate biomarkers in the training set of 106 subjects. (a) pNFH, (b)
Complement C3, (c) C reactive protein and (d) Total tau were measured in the cerebrospinal
fluid. (a) pNFH was significantly elevated in ALS compared to healthy and disease controls.
(b) C3 was also significantly increased in ALS compared to healthy controls but not disease
controls. No significant alterations (p>0.05) were found across the subject groups for (c)
CRP or (d) Tau. Horizontal line represents the median. HC: Healthy controls; DC: Disease
controls; ALS: Amyotrophic lateral sclerosis. All statistical tests were deemed significant
(p<0.05) using a One-way ANOVA with Dunn’s multiple comparison test.
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Scatter plots of the ratios for (a) pNFH/C3 (b) pNFH/CRP and (c) pNFH/Total protein for
the training set. All scatter plots exhibited significant differences between ALS and the other
control groups (p<0.05) using a One-way ANOVA with Dunn’s multiple comparison test.
Horizontal line represents the median. HC: Healthy controls, DC: Disease controls, ALS:

Amyotrophic lateral sclerosis.
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Figure 3.

ROC curves of the training set were generated for (a) pNFH, AUC=0.9401 (b) pNFH/C3,
AUC=0.9581 and (c) pNFH/CRP, AUC=0.8406 comparing ALS versus Controls to
determine a threshold to achieve an optimum sensitivity and specificity as denoted by black
circles in each panel.
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Figure 4.

ROC curves for (a) pNFH and (b) pNFH/C3 using the combined dataset of 163 subjects was
generated to determine the final optimum thresholds (denoted by black circles) for
sensitivity and specificity used in subsequent validation experiments. For pNFH > 0.635 ng/
ml, a sensitivity of 87.7% and specificity of 93.7% is achieved. For pNFH/C3 >0.000125, a
sensitivity of 87.7% and specificity of 94.6% is achieved.
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Figure 5.

Two-dimensional scatter plot comparing pNFH levels versus C3 levels in the CSF of each
subject. Most control subjects with high levels of C3 exhibit low levels of pNFH. The lines
illustrate the thresholds cut-off values generated from the ROC curves in Figure 4. Increased
sensitivity for ALS is generated by ALS cases that lie below pNFH=0.635 but above the
pNFH/C3=0.000125 line.
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Figure 6.
An inverse correlation was seen between CSF pNFH levels and survival from symptom

onset (days). Pearson correlation test (R = —0.485, p = 0.016).
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Figure 7.

(a) Scatter plot of plasma pNFH levels for each subject groups. There was significant
increase in plasma pNFH (p<0.05) as determined by one-way ANOVA with Dunns’s
multiple comparison test. (b) Scatter plot comparing plasma and CSF pNFH levels for each
subject demonstrate correlation. Pearson correlation test (R? = 0.18, p <0.001).
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Table 1

Demographics of CSF training and test sets

A) Training Set

Disease group ALS DC HC

N 45 25 36

Sex: M:F 32:13 13:12 13:23

Age (Mean+/— St. Dev) 55.0 +/— 13.4 479 +/-154 | 46.8 +/-15.6

Site of onset Bulbar: Spine | 7:37 (1 cognitive onset) | N/A N/A

Median Disease duration 15.2 months N/A N/A

B) Test set

Disease group ALS DC HC

N 26 27 4

Sex M:F 11:9 16:11 2:2

Age (Mean +/— St. Dev) 55.1+/— 13.8 | 54.1 +/—14.7 | 45.3 +/-20.0

Bulbar : Limb 5:21 N/A N/A

Median Disease duration | 17.8 months | N/A N/A

Page 19

Median disease duration represents the mean time from patient reported onset of clinical symptoms to the date when samples were collected.
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Table 2
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Rules for diagnosing ALS generated using the training set. Rules highlighted in bold represent those utilized

on the test set.

pNFH/C3 > 0.000125
AND
pNFH/CRP > 0.3755

Rule Sensitivity | Specificity
pNFH > 0.635 84.4% 93.5%
pNFH/C3 > 0.000125 91.1% 88.7%
pNFH/C3>0.21 77.8% 95.2%
pNFH/CRP > 0.3755 61.4% 87.1%
pNFH > 0.635 AND 84.4% 95.2%
pNFH/C3 > 0.000125

pNFH/C3 > 0.00021 AND | 52.2% 100%
pNFH/CRP > 0.3755

pNFH/C3 > 0.00021 OR 86.4% 83.9%
pNFH/CRP > 0.3755

pNFH > 0.635 AND 59.1% 100%
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