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Abstract

In traumatic spinal cord injury (SCI) patients, the assessment of the exact degree of lesion
severity and neurological prognosis has proven to be extremely challenging. The current tools
for predicting functional outcome in SCI patients such as clinical examination and magnetic
resonance imaging are often inaccessible to unstable or polytraumatized patients, lack
sensitivity and are unreliable in the acute phase of the injury. Multiple candidate protein
biomarkers known to be linked to the pathology have been studied for their potential to
predict neurological outcome over time. This hypothesis-driven approach however, has
yielded only minimal success and the reported individual markers lack sensitivity and
correlation with specific outcome measures, which highlights the need for an unbiased high-
throughput screening approach to identify novel candidate biomarkers. Antibodies were
suggested to represent better biomarkers as their counterpart antigens as they are highly
specific and abundantly present in blood due to their inherent amplification and long half-life.
Moreover, antibodies are easily accessible, and are amenable to high-throughput screening.
We therefore suggest an unbiased, high-throughput and powerful antibody profiling
procedure, named Serological antigen selection, based on cDNA phage display to combine
the multiple benefits of stable and frequent antibodies and those of an unbiased method. The
application of such an innovative and unbiased approach can complement the more traditional

approaches to aid in the discovery of novel SCl-associated biomarkers.



1. Introduction

A spinal cord injury (SCI) is a physically devastating condition that often results in life-
long functional disability. SCI comprises a very heterogeneous patient population, which is
caused by differences in injury pattern, severity, location, genetic background, pre-injury
health situation, and variability in medical, surgical and rehabilitative care. Currently, SCI is
diagnosed based on neurological symptoms and imaging of the spinal cord. Magnetic
resonance imaging (MRI) is currently considered the best imaging technique for evaluating
traumatic SCI during the acute phase [1]. Standard clinical MRI sequences effectively identify
spinal cord compression, transection, edema, and hemorrhage.

While the diagnosis of acute traumatic SCI is usually quite straightforward, the
identification of the precise degree of severity and the prognosis of neurologic outcome have
proven to be more challenging. Currently, neurological examination according to the
American Spinal Injury Association (ASIA) impairment scale (AIS) is the most predictive
tool to assess functional outcome, especially when combined with MRI findings [2-4]. The
AIS scores are considered to be reliable and prognostic in SCI patients when assessed 72
hours after the initial trauma [5,6]. However, within the first 72 hours, several factors such as
spinal shock, concomitant brain injury, coma or sedation may affect the reliability of this
neurological examination [5]. Moreover, clinical examination is not always feasible and
reliable in patients with unstable early clinical status and other systemic injuries.

The current classification system to stratify SCI patients, which is based on the AIS
scores, artificially reduces the variability of the heterogeneous SCI patient population [7].
Patients with the same AIS score are classified in the same group in clinical studies, however,
these patients might be very distinct with respect to other aspects such as the level and extent
of injury and recovery potential. As a consequence, the probability of finding any correlation

between the neurological status of patients and the functional outcome is diminished and the



effects that might be present in some patients are masked by the extensive variation within the
groups. Due to this suboptimal stratification of patients and variability in spontaneous
recovery, the number of participants needed to have sufficient statistical power to detect
clinically important differences in function becomes unrealistically high.

MRI is a second tool for assessing a patient’s recovery potential as MRI findings such as
parenchymal hemorrhage, transection, and longer lesion length were shown to correlate with
less favorable neurological outcomes [4]. The conventional MRI sequences, however, do not
provide in depth information about the integrity of critical long white matter tracts which are
responsible for the observed functional deficits after SCI [8,9]. In addition, MRI is often
unavailable in many locations and even when available, patients with multiple injuries may be
too unstable and inaccessible for early MRI.

Altogether, neurological examination and MRI are not always accessible, feasible and
reliable in unstable SCI patients. Moreover, the outcome measures that are traditionally used
are insufficiently sensitive to predict recovery over time. These pitfalls of the current tools for
predicting functional outcome in SCI patients highlight the need for more accurate means to
define injury severity and better predict neurological outcome and for more sensitive outcome
measures that can identify small changes in neurological function to assess recovery. In the
case of SCI, an objective and quantifiable method such as the assessment of biomarkers in
biofluids, might significantly aid in the evaluation of the extent of traumatic injury,
particularly in the early phase of the injury to more accurately predict how the patient will
progress. The increased extent of injury, which is often classified by the same AIS score, may
be reflected in the different concentration of biomarkers. Additionally, biomarkers are an
efficient way to measure the progression of the injury over time. A better characterization of
SCI patients using biomarkers will ultimately result in a more suitable disease management.

Moreover, biomarkers could be used as an approach to triage individual SCI patients for more



costly examination as well as to stratify patients included in clinical trials in more relevant
groups according to the design and desired outcome. The evaluation of the efficacy of novel
therapies for SCI in clinical trials may also be done in a more sensitive manner by using
biomarkers. Biomarker research for SCI would, furthermore, significantly contribute to the
elucidation of SCI pathophysiological mechanisms and thereby hint to new therapeutic
options. In this review we shortly discuss the current candidate SCI biomarkers, however, we
mainly focus on strategies to boost the use of the current potential biomarkers and approaches
to identify novel biomarkers. An overview of the discussed strategies for biomarker discovery

and their strengths and weaknesses is given in Figure 1 (lower panel).

2. Biomarkers in SCI

According to the Biomarkers Definitions Working Group, a biomarker is defined as ‘a
characteristic that is objectively measured and evaluated as an indicator of normal biological
processes, pathogenic processes or pharmacological responses to a therapeutic intervention’.

Trauma to the spinal cord results in an acute physical injury, and leads to axonal damage
and neuronal necrosis (Figure 1a). This primary neuronal destruction may cause leakage of
cellular proteins and breakdown products into the cerebrospinal fluid (CSF) and subsequently
into the bloodstream (Figure 1b). Also the glial membranes are damaged, triggering glial-
specific protein release into biofluids. In the secondary phase, an injury-triggered
inflammatory response results in elevated levels of inflammatory mediators such as cytokines
and chemokines (Figure 1c). The amplified inflammatory response can persist months to
years after the initial injury (Figure 1d) and may contribute to the expansion of the initial
lesion (Figure 1e). Starting from these key processes, the search for SCI-specific biomarkers
has been approached in two ways; 1) by analyzing structural proteins that are abundant in the
spinal cord and that might be released from damaged nervous tissue during the primary phase,

and 2) by measuring components of the inflammatory response in the secondary phase [10].
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The biomarkers identified via these hypothesis-driven approaches have been extensively
reviewed by others [11-13] and are only shortly discussed below, where we focus mainly on

the data from recent human studies.

1 Structural and functional biomarkers

In central nervous system (CNS) diseases, mainly structural proteins that maintain cell
shape and compose structural elements of neurons and glia have been studied for their
biomarker potential as they may reflect the degree of injury. Likewise, functional proteins
with CNS-specific biological activity have also been addressed in SCI biomarker research.

Neuron-derived proteins such as neuron specific enolase (NSE), tau and neurofilaments
(NFs) have been of considerable interest to be evaluated in serum and CSF as SCI biomarkers
(Table 1). Glial proteins may also be used as biomarkers of SCI, reflecting the injury of the
glial population residing in the spinal cord. Therefore, oligodendrocyte- and astrocyte-
associated proteins such as S100B, glial fibrillary acidic protein (GFAP) and myelin basic

protein (MBP) have been investigated as potential SCI biomarkers (Table 1).

1 Neuron-derived biomarkers

NSE is a subunit of the glycolytic enzyme enolase and is localized predominantly in the
cytoplasm of neurons. Upregulated NSE is released from damaged neurons to maintain
homeostasis [14]. While animal models highlighted promising features for NSE as a SCI
biomarker [15-17], studies in humans have only recently addressed the NSE biomarker
potential. The levels of NSE within CSF in a cohort of 16 SCI patients were increased and
correlated with the baseline neurologic impairment being either motor complete (AIS A and
B) or motor incomplete (AIS C and D) [18]. Ahadi et al. (2015) recently found that also
serum NSE levels were significantly higher during the first 48 hours after injury in the 26

traumatic SCI patients included in the study compared to the control group [19]. In a



population of 34 patients with vertebral spine fractures, however, the analysis of NSE levels
revealed no significant difference [20].

Tau is a microtubule-binding phosphoprotein that is highly enriched in axons. Data on the
use of tau as a biomarker for traumatic brain injury (TBI) is inconsistent (reviewed by [21]).
Measurement of tau in CSF of 27 patients with complete (AIS A; n=14) and incomplete (AIS
B and C; n=13) SCI showed that tau levels were elevated in a severity-dependent manner
[22]. On the other hand, tau levels were not increased in the 3 patients with postoperative
spinal cord ischemia and paraparesis compared to the group of 20 patients without
neurological complications [23].

Another class of neuronal proteins that has been addressed as biomarkers in SCI are NFs.
These major cytoskeletal components are expressed in axons and the NF-polymer consists of
light, medium and heavy chains. After injury, the phosphorylation state of NFs is altered,
which leads to the local loss of cytoskeleton integrity [24]. In SCI patients, phospho-
neurofilament heavy (pNF-H) levels in blood became detectable already 12 h after injury and
remained elevated at day 21 post-injury [19,25]. The increase in pNF-H plasma levels of 14
SCI patients was more pronounced in the patients with complete compared to the patients
with incomplete SCI and might reflect a greater magnitude of axonal damage [25]. Another
study that included 16 SCI patients reported that also CSF levels of unphosphorylated NF-H
were significantly increased in motor complete patients versus motor incomplete patients
[18]. Furthermore, neurofilament light (NF-L) levels were shown to be elevated in CSF of
SCI patients [26,27]. Recently, Kuhle et al. (2015) found that serum NF-L levels increased
over time and that the levels correlated with the AIS scores at baseline and after 24 h and with
motor outcome several months after the injury based on NF-L screening in 13 motor
complete, 10 motor incomplete and 67 healthy controls [26]. NFs might thus have prognostic

value in SCI patients.



2 Glial-derived biomarkers

S100B is a dimeric calcium-binding protein localized predominantly in astroglial and
Schwann cells and is the most intensively studied marker in SCI. Both serum and CSF levels
of S100B are elevated in SCI patients [22,20,18,28]. The concentration of S100B was
significantly higher in patients with a motor complete injury compared to patients with motor
incomplete injury [18,22]. Furthermore, in 12 patients with vertebral fractures which showed
neurologic deficits, S100B levels were higher compared to the 22 patients without
neurological deficits [20]. In patients with spinal cord compression resulting from epidural
empyema (n=34) or metastases (n=11), normal or transiently increased S100B levels were
associated with a beneficial outcome, whereas persistently elevated S100B levels were related
to a lower extremity muscle power outcome [29,30]. The same trend was seen in complicated
courses of postoperative deterioration in a cohort of 51 patients with spondylotic cervical
myelopathy, in which a single subject that showed major functional decline had persistently
elevated S100B levels while the 2 patients that recovered after neurological decline showed
no or a transient increase in S100B levels [31]. S100B levels might thus have prognostic
relevance in several SCI pathologies.

A second glial protein that has been addressed in SCI biomarker research is GFAP, which
is exclusively found in the CNS and is a part of the astroglial skeleton. While CSF levels of
GFAP have been found to be increased in a severity-dependent fashion in SCI patients by
several studies [22,27], elevated serum levels of GFAP were only recently reported [19]. The
serum level of GFAP was useful for estimating SCI severity within the first 24 hours after
injury in a cohort of 26 SCI patients [19].

Lastly, MBP is one of the most abundant proteins in the white matter and is a major
constituent of the myelin sheath. This protein was studied in a SCI animal model, where the

concentrations of MBP significantly increased in serum and CSF already 3 hours after injury



[32]. In humans, a single study retrospectively identified higher concentrations of MBP in
CSF of patients with tropical spastic paraparesis compared to CSF of patients with non-
neurological diseases [33].

3 New structural SCI biomarkers based on data from CNS injury and neurological

disorders

As several processes in SCI and TBI are believed to be similar in both pathologies, many
of the structural proteins that are currently being investigated as markers for SCI were
originally studied in TBI (recently reviewed by [10,21]). By carefully analyzing the presence
of protein biomarkers in other neurological disorders and CNS injuries such as TBI, Yokaobori
et al. (2013) suggested a role for ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) and a-II
spectrin breakdown products (SBDPs) as putative biomarkers for SCI (Table 1) [13].

UCH-L1 expression is highly specific to neurons and this protein is abundantly present in
all neurons. Mutations in the gene encoding UCH-L1 have been associated with familial
Parkinson’s disease [34]. Furthermore, Zeterberg et al. found that polymorphisms of this gene
are linked to Alzheimer’s disease [35]. By differential neuroproteomic analysis of TBI in rats,
UCH-L1 was suggested as a biomarker for severe TBI [36]. In TBI patients, CSF levels of
UCH-L1 were significantly elevated compared to uninjured controls and increased levels
were associated with measures of injury severity, complications and outcome [37]. Similarly,
serum levels of UCH-L1 correlated to injury severity and survival outcome in TBI [38].
Interestingly, UCH-L1 levels are also elevated in spinal cord tissue 5 days after injury [39].

Intact a-1l spectrin is a structural component of axolemmal cytoskeleton abundant in
axons and presynaptic terminals. This protein is a major substrate for proteases involved in
necrotic (calpain-1) and apoptotic cell death (caspase-3). It is cleaved into SBDPs of 150kDa
and 145kDa by calpain-I or 120kDa and 150kDa by caspase-3, and thus these SBDPs can be

used to detect necrosis and apoptosis, respectively. In a rat model of TBI, SBDP levels



correlated with injury severity, lesion size and behavioral deficit [40] and in patients with
severe TBI, SBDPs are considered potential biomarkers for brain trauma [41-45]. SBDPs
have also been found in a model of SCI, and were detected already 15 minutes after the
injury, suggesting that these breakdown products can potentially be used as an early
biomarker for neuronal injury [46,47].

Yokobori et al. (2013) further addressed the use of UCH-L1 and SBDP as putative
biomarkers for SCI by measuring their concentrations in serum and CSF in a weight-drop SCI
rat model and in SCI patients. Both UCH-L1 and SBDPs levels were elevated in CSF as early
as 4h after SCI in rats and were found in serum and CSF in a SCI patient 2 days after injury
(the earliest time point investigated) [13]. Besides SBDP, also GFAP breakdown products
might represent new candidates for biomarker research (Table 1). The concept is that these
breakdown products are readily released upon brain injury while full-length GFAP is released
to a lesser extent [48]. An advantage of GFAP as a brain biomarker is that it shows strong
brain specificity and high expression levels in the brain. In TBI, the diagnostic value of GFAP
breakdown products showed clear promise in patients [49-51]. GFAP breakdown products

were already found in rat CSF as well as in a SCI patient [13].

Altogether, the functional proteins NSE and S100B have been found to be more increased
in patients with complete injury compared to patients with incomplete injury, yet as both
proteins can also be found in red blood cells and platelets [52], their diagnostic utility as a
SCl-specific marker can be questioned, especially in polytraumatized patients. On the other
hand, structural biomarkers such as tau, NFs and GFAP are increased in serum and CSF in a
severity-dependent fashion. Although extensive validation of these markers is still needed,
they emerge as promising candidate biomarkers for the estimation of injury severity. These
data encourage the evaluation of known and new structural biomarkers for injury severity in

SCI pathology.
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2 Inflammatory biomarkers

Inflammation is considered to play a central role in the pathophysiology of secondary
injury after SCI. Moreover, it is almost certain that therapeutic strategies for acute SCI will
influence or be influenced by the inflammatory response, which makes the investigation of
inflammatory mediators highly essential. Animal models, in which the lesion severity to the
spinal cord was precisely controlled, have demonstrated that concentrations of inflammatory
mediators such as interleukin (IL)-1pB, IL-6 and tumor necrosis factor (TNF) after injury are
‘titrated’ according to the severity of the neurologic deficit [53]. This aspect further justifies
the evaluation of inflammatory mediators as potential biomarkers of injury severity.

1 Blood-derived versus CSF-derived inflammatory biomarkers

Ideally, peripheral biomarkers are measured in an easy accessible biofluid such as blood
(serum and plasma). Blood is easily processed, provides relatively homogenous samples, and
there is a large amount of normative data available [54]. Analysis of blood samples can also
present difficulties such as deciphering the origin of proteins as blood comes in contact with
all tissues and organs. Moreover, issues regarding the sensitivity and dynamic range have
been reported for protein biomarkers in blood [55]. CSF samples might be more relevant for
SCI biomarker discovery, however, collecting CSF samples is much more invasive and not
always feasible from patients that suffered multiple trauma or that are unstable.

Especially when addressing cytokine levels as potential SCI biomarkers, one has to
carefully consider which biofluid to use. It was shown that the increased IL-1p levels within
the spinal cord were comparable to the levels within the CSF. However, the systemic (serum)
levels of this cytokine were much lower and did not correlate with those in the injured spinal
cord [56]. A similar phenomenon was observed analyzing TNF levels, with levels measured

in the CSF correlating closely with those in the spinal cord, but not with those in serum [57].
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Similarly, in SCI patients, serum concentrations of the inflammatory mediators were often

found to be substantially lower than CSF concentrations taken at the same time [22].

2 Inflammatory biomarkers in CSF

In CSF samples of SCI patients, a plethora of inflammatory mediators have been
investigated. Pro-inflammatory cytokines (e.g. IL-1B, IL-6, IL-8, IL-16, TNF), chemokines
(e.g. C-X-C motif chemokine (CXCL)-10, monocyte chemoattractant protein (MCP)-1 and
neutrophil attractant protein (NAP)-2), as well as growth factors (e.g. nerve growth factor
(NGF)) have been found to be increased in CSF of SCI patients compared to controls (Table
2) [58,22,59]. Despite the detection of a broad range of inflammatory mediators in CSF of
SCI patients, the majority of cytokines (including TNF and IL-1B) and growth factors were
not measurable when using a multiplex kit [22].

In addition, levels of enzymatic proteins (e.g. heme oxygenase (HO)-1 and matrix
metalloproteinase (MMP)-2 and MMP-9) and their inhibitors (e.g. tissue inhibitors of
metalloproteinase (TIMP) 1) that control the ongoing inflammatory response are elevated in
SCI patients [58,59]. The CSF levels of several of these inflammatory proteins (IL-6, IL-8 and
MCP-1) were even elevated in a severity-dependent fashion in a cohort of 27 acute SCI
patients [22] and cumulative concentrations of IL-1p, MMP-9 and CXCL-10 showed a
statistically significant correlation with injury severity [59].

Eicosanoids are important signaling molecules in controlling vascular permeability and
have a role in secondary processes mediating ischemia and edema in SCI. The eicosanoids
leukotriene C4 (LTC4), thromboxane B2 (TXB2), and 6-keto-prostaglandin Fla (6-keto-
PGF1la) were increased in CSF of SCI patients as compared to controls. The levels of LTC4
were specifically and significantly increased in the 6 patients with complete as compared to 5

patients with incomplete paralysis. Concentrations of the other investigated leukotrienes in
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this cohort also showed a trend to higher levels in complete SCI patients, but this increase was

not statistically significant [60].

3 Inflammatory biomarkers in blood-derivatives

SCI subjects exhibited serum concentrations of a considerable amount of pro-
inflammatory cytokines (colony-stimulation factor (CSF)-1, IL-2, IL-2R, IL-3, IL-6, IL-9, IL-
16, IL-18 and TNF) that were greater than in controls (Table 2) [61-67]. In contrast to several
other studies, Frost et al. (2005) did not observe elevated levels of IL-6 and TNF in 37 subject
with chronic SCI [61,67,65,66]. In addition to a pro-inflammatory cytokine profile, the levels
of the anti-inflammatory cytokine IL-10 and the IL-1 receptor antagonist (IL-1RA) are
increased in SCI patients [61,68]. When comparing 21 SCI patients to 21 trauma patients
without neurological damage, especially circulating levels of IL-10 were significantly
increased in SCI compared to non-SCI patients, whereas the levels of several pro-
inflammatory cytokines (IL-1B, sIL-2Ra, I1L-4, IL-5, IL-7, IL-13, IL-17, and interferon (IFN)-
y) and chemokines (macrophage inflammatory protein (MIP)-1o. and -1p and granulocyte
macrophage colony stimulation factor (GM-CSF)) were significantly reduced [68]. The
elevated levels of 1L-10, however, were not found in an earlier study in which 24 SCI patients
were compared to healthy controls [62]. Recently, IL-10 levels were found to be significantly
lower than the level at admission, unfortunately, control subjects were not included [63].

Additionally, increased serum level of chemokines (CCL4, MCP-1, macrophage
migration inhibitory factor (MIF), CXCL-1, CXCL-9, CXCL-10 and CXCL-12) were evident
in SCI patients [64,65,69,70]. The levels of CXCL-1, CXCL-9 and CXCL-10 reached a peak
on day 7 after SCI and then declined to control level. In contrast, the increased expression of
CXCL-12 was persistent up to 28 days after SCI [70]. Furthermore, increased levels of

growth factors (stem cell growth factor beta (SCGFp) and hepatocyte growth factor (HGF)),
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acute phase protein (C-reactive protein) and the adhesion molecule (intercellular adhesion
molecule (ICAM-1)) have been reported in serum of SCI patients [66,67,65,64].

In most studies that assessed correlations between serum levels of inflammatory
mediators and clinical parameters (level of injury or AIS classification), no association could
be found [61,64]. Still, levels of IL-6 and IL-1RA did show a further increase in subjects with
pain, urinary tract infection and pressure ulcers compared to SCI subjects who were
asymptomatic for medical complications [61]. SCI patients with high plasma levels of CXCL-
10 had significant prolonged stay in the hospital and a worse respiratory function [68].
Moreover, by evaluating the levels of TNF in SCI patients with and without neuropathic pain,
the authors showed that TNF could be a potential sensitive diagnostic biomarker for chronic
neuropathic pain in SCI patients [71]. Recently, Moghaddam et al. (2015) analyzed the
complete temporal profile (from 4 hours to 12 weeks after SCI) of 7 different cytokines and
growth factors and compared serum levels between patients with neurological improvement to
those without improvement [63]. TNF, IL-1B, IL-6, IL-8 and IL-10 levels were all higher in
patients without neurological remission and in patients with an initial AIS A. While still many
discrepancies exist, several inflammatory mediators do show potential as a SCI biomarker

(Table 2).

4 Antibodies as a novel source of potential SCI biomarkers

Within the circulation, also antibodies are present. Besides the production of antibodies
against foreign molecules, the immune system generates antibodies to self-proteins in
response to many pathological processes. It is believed that these antibodies are generated
against overexpressed, mutated or misfolded proteins, against aberrantly degraded or
glycosylated proteins or against proteins released from damaged tissues. Since after traumatic
SCI, the blood-spinal cord barrier is compromised, spinal cord specific proteins can be

released into the periphery and trigger an immune response, including the development of
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antibodies. In an animal model, SCI induced a strong increase of circulating pathogenic
antibodies and antibodies against brain proteins have already been implicated in a variety of
neurological disorders such as stroke, multiple sclerosis, epilepsy and Alzheimer’s disease. In
SCI, Yokobori et al. (2013) found GFAP and its breakdown products in CSF of a SCI patient.
Interestingly, this patient had also developed an antibody response against GFAP and the
breakdown products starting from day 6 after injury [13]. These results highlight that antibody
reactivity against self-proteins can develop upon SCI in humans, once these proteins are
‘secreted’ from the CNS. Furthermore, antibodies against gangliosides, MBP, myelin
associated glycoprotein, myelin proteolipid protein and against nuclear antigens have been
found after SCI [61,62,72-75]. Elevated titers of antibodies against several myelin proteins
were found in sera of SCI patients until years after the initial injury, showing that antibodies
are prolonged present in the blood of SCI patients. Interestingly, correlations between the
presence of these antibodies and clinical parameters (e.g. SCI complications) were found by

several independent studies [75,61,62,73].

In conclusion, while serum-derived inflammatory mediators do not seem to correlate with
level of injury or AIS classification, inflammatory mediators in CSF do show association with
injury severity. Furthermore, data on serum-derived inflammatory candidate biomarkers is
inconsistent, probably due to the lower cytokine levels and multiple sources of cytokine
production, especially in polytraumatized patients. CSF thus seems to be the biofluid of
choice to evaluate injury severity based on inflammatory biomarkers. Still, inflammatory
markers in serum might be useful for the assessment of SCl-associated medical complications
such as pain, infections and pressure ulcers and to selectively adapt patient care to those at
high risk. Moreover, antibodies in serum represent interesting new candidates for biomarker

discovery in SCI pathology.
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3. Biochemical modelling of biomarkers

Even though elevated concentrations of potential biomarkers have been identified in
patients with SCI, the current candidate biomarkers do not yet provide a sensitive diagnostic
or prognostic tool. Main issues that none of the biomarkers can be efficiently used as an
individual marker for SCI involve the sensitivity of the candidate biomarkers, the lack of
correlation with certain outcome measures and the heterogeneity of the SCI population. It is
likely that for a complex condition such as SCI, a single biomarker will not reflect the full
spectrum of the response of the injury. A strategy to attain an improved sensitivity and
specificity for the characterization of the injury severity involves the biochemical modelling
of biomarkers, thereby combining different markers into a biomarker panel that is more
specific for certain outcome measures (Figure 1, lower panel) [13,76].

Kwon et al. (2010) used the CSF concentrations of a combination of both putative
structural and inflammatory biomarkers, namely S100B, GFAP and IL-8, to classify the injury
severity of SCI patients. This study was able to predict the AIS grade with an accuracy of
89% using these CSF biomarkers [22]. The panel of biomarkers could even predict motor
outcome at 6 months better than the standard clinical AIS classification. More studies that
model biomarkers into panels are highly required to fully characterize a specific SCI

fingerprint that can be of great use from a clinical point of view.

4. Towards an unbiased approach

While combining biomarkers into a panel is a reliable and powerful strategy, up till now,
there is only a limited number of candidate biomarkers available. Most studies described
above use a hypothesis-driven approach, in which biofluids are screened for biomarkers that
are known to be associated with SCI pathology, that have a high expression in the spinal cord

or that have been linked to a similar pathology such as TBI. As a consequence, SCI biomarker
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research has largely been biased towards the investigation of structural and inflammatory
biomarkers. This approach yielded only limited success in identifying markers that can be
used clinically and there is a strong need for the identification of additional candidate
biomarkers. The heterogeneous nature of the SCI population further underscores the
importance of a unbiased, high-throughput approach to identify the full spectrum of potential
SCI biomarkers. With the innovation of high-throughput detection methods, such as multiplex
analysis, metabolomics, proteomics and genomics, the field of biomarker research has
progressed rapidly in many disease entities. Unfortunately, in SCI research, studies using the

‘omics’ approach are limited.
1 Proteomics approach to identify putative biomarkers for SCI

Proteomics is used to comprehend the relationship between different proteins and how
they change by disease to understand human pathophysiology, and ultimately to provide new
therapeutic options and clinical tools. There are several limitations to the use of proteomic
techniques such as the low sensitivity of 2D gel electrophoresis towards integral membrane
proteins and the possible display of artifacts and protein degeneration due to sample collection
and storage [55,77,78]. Still, high-throughput proteomics has emerged as an invaluable tool in
the quest to unravel the biochemical changes and is a powerful approach to identify novel
biomarkers for SCI. Several studies have applied a proteomic approach on spinal cord tissue
of animals at time points ranging from 8 hours to 5 days after injury [79-81,39,82-84].
Combined, these studies identified approximately 170 unique proteins that were differentially
changed in abundance or that were subjected to distinct post-translational modifications after
SCI. Whether the proteins identified in these studies are truly useful as SCI biomarkers awaits
further investigation.

By performing a proteomic analysis of CSF from rats 24 hours after SCI, Lubieniecka et

al. (2011) identified 42 putative biomarkers for traumatic SCI that showed at least a 2-fold
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difference in abundance compared to CSF from an uninjured spinal cord [85]. Additionally, as
both a moderate and severe injury model was included in the study, they could determine 10
proteins that were differentially changed depending on the injury severity and that might
represent potential biomarkers of SCI severity. The identified proteins are involved in various
processes such as the acute phase response (inter-alpha-inhibitor H4 heavy chain (ITIH4),
alpha-1l-acid glycoprotein (ORML1)), inflammation (protein S100-A8 (S100A8),
peroxiredoxin-2 (PRDX2), RGD1564861), metabolic processes (glutathione peroxidase 3
(GPX3), carbonic anhydrase 1 (CAR1), CAR2), oxygen transport (zero beta-1 globin
(MGC72973)) and pregnancy (pregnancy zone protein (PZP)). Further bioinformatics
analysis of the proteins modulated after SCI (1,5-fold change) identified an abundant number
of molecular and cellular processes that were significantly affected in both injury severities.
Still, proteins involved in cell morphology, cell signaling, antigen presentation, molecular
transport and vitamin and mineral metabolism were associated with moderate injury, whereas,
processes such as cellular movement, development, macromolecular assembly, cellular
organization, cell death, small molecule biochemistry and amino acid and lipid metabolism
were more apparent in severe SCI [85]. A second study employed multiplex analysis of
inflammatory mediators in CSF and demonstrated significant increases in MMP-8 protein
after traumatic injury to the spinal cord. The authors concluded that MMP-8 might represent a
novel subacute-phase CSF biomarker for SCI [86].

To our knowledge, only 1 study investigated CSF biomarkers in SCI patients using
proteomics. Sengupta et al. (2014) compared CSF of SCI patients with either complete injury
(AIS A) or incomplete injury (AIS B or C) at an early time point (1-8 days post-injury). The
set of identified proteins did not differ between the two severity groups, however, the
abundance of 8 proteins was clearly affected by injury severity [87]. These proteins include

haptoglobin (Hp), zinc-alpha-2-glycoprotein (AZGP1), transferrin (TF), apolipoprotein
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(APO) H, general transcription factor 3C polypeptide 5 (GTF3C5), serum albumin precursor
(ALBU), Ig gamma-2 chain C region (IGHG) 2 and IGHG4. The abundance of these severity-
dependent proteins in CSF was also analyzed at a later time point after injury (15 to 60 days).
Some proteins such as Hp and AZGP1 which were initially enriched in incomplete injury,
showed a reversal in their abundance profile. On the other hand, APOH and GTF3C5
exhibited an opposite regulation, being present more pronounced in complete injury at the
early time point but not at the later time point. The remaining proteins were all increased in
complete injury compared to incomplete injury at both time points investigated [87].
Interestingly, several proteins, such as PRDX2, alpha-1-microglobulin/bikunin precursor
(AMBP), APOA1, APOH, serpin peptidase inhibitore, clade C, member 1 (SERPINC1), that
were identified in rat CSF were also found increased in CSF of SCI patients. Moreover,
overlap is seen in the set of proteins identified in spinal cord tissue and CSF of rats and
humans. Accordingly, data from spinal cord tissue proteomic studies are valuable for SCI
biomarker discovery, provided that the findings are further checked and validated in biofluids
of SCI patients. Still, studies that begin their proteomic screens in biofluids of SCI subjects

are more likely to be successful in the identification of novel SCI biomarkers.
2 Phage display and serological antigen selection

An innovative and unbiased strategy for the detection of biomarkers is the application of
the phage display technique. This highly promising approach is based on the potential of a
filamentous phage particle to incorporate foreign DNA into its genome coupled to a gene
encoding a phage coat protein and the subsequent display of the corresponding DNA product
on the phage surface. The strength of this technique lies within the physical link between
genotype and phenotype, which enables the succession of affinity selection and amplification
of the selected phage particles resulting in powerful enrichment of selected phage. This

technique, furthermore, circumvents issues related to the gel-based high-throughput
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techniques. One of the most disease-relevant systems is created by the incorporation of the
entire cDNA sequence of the target tissue in the phage genome, so that the phage cDNA
display library is fully representative for the heterogeneity present within the in vivo target
tissue. Applying this approach furthermore allows the identification of unknown or
uncharacterized sequences expressed within the cDNA library. Phage display is widely used
to investigate protein-protein interactions, receptor- and antibody-binding sites, and for
selecting antibodies against a range of antigens [88]. This powerful technique has been
successfully applied to identify serum biomarkers in multiple sclerosis and non-CNS

disorders [89-94].

1 Construction of a human spinal cord cDNA display library

In order to identify novel candidate biomarkers for SCI patients, we constructed a cDNA
display library from normal spinal cord tissue of 18 Caucasians. An outline of the
construction of the library is shown in Figure 2. Commercially derived poly A+ RNA of
human spinal cord (size range of 0.2-10 kb, Clontech, Saint-Germain-en-Laye, France) was
converted to double-stranded cDNA using oligo-dT primers. The resulting cDNA inserts were
directionally ligated into one of the pVI display vectors, pSPVIC, and subsequently subcloned
into the pSPVIA and pSPVIB display vectors. Each of these display vectors encodes a
different reading frame, ensuring that in-frame expression of the inserts occurs in one of the
vectors. The generated human spinal cord (hSC)-pSPVIA, hSC-pSPVIB and hSC-pSPVIC
libraries had a primary diversity of 7.42 x 108 1.44 x 10° and 2.44 x 10° respectively;
showing a high diversity in the 3 libraries. By cloning the cDNA products into the phage
genome as a C-terminal fusion of gene VI; corresponding protein products are displayed at
the surface of the filamentous phage, fused to minor coat protein pVI (Figure 2). The cDNA
insert lengths were determined using PCR amplification of randomly selected clones from the

3 human SC cDNA libraries. These results showed that all 3 libraries had a high variety of
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lengths ranging from 350 to 2000 basepairs (bp) and that the frequency of PCR products with
a similar length was comparable in the 3 SC cDNA libraries (data not shown). To further
asses the quality and diversity of the human SC cDNA libraries, sequencing of randomly
selected phage clones was performed (Table 3). The nucleotide sequences were compared to
GenBank databases with the basic local alignment search tool (BLAST) software of NCBI

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Most of the cDNA sequences (93%) identified genes

encoding known and characterized proteins. While the majority of the genes encoded for
intracellular proteins, also a large proportion of membrane-bound gene products (31%) was
found (Figure 3a). Of the intracellular proteins, 29% (47% of total) were specifically located
to the cytoplasm, such as phosphoprotein enriched in astrocytes (PEA) 15, dysbindin
(dystrobrevin binding protein 1) domain containing (DBNDD) 2 and kelch-like family
member (KLHL) 42, and 25% (41% of total) were nuclear proteins, such as transcription
factor binding to IGHM enhancer (TFE) 3, nucleoporin 43kDa (NUP43) and PR domain
containing (PRDM) 5. Several of the identified gene products are found both intracellularly
and at the membrane (6%). Approximately 10% of the sequenced genes encoded extracellular
proteins, that are secreted including coagulation factor V (F5), meteorin, glial cell
differentiation regulator (METRN) and selenoprotein P plasma (SEPP) 1. Moreover, genes
encoding proteins specific to the endoplasmatic reticulum (7%), mitochondrion (3%), golgi
(3%) and endosome (1%) were identified, which shows that gene products of a wide variety
of cellular components are represented in the libraries (Figure 3a). The identified genes were
involved in a variety of general biological processes such as transcription and translation
(30%) (e.g. ribosomal protein S4, X-linked RPS4X); cell cycle (17%) (e.g. cyclin Y
(CCNY)); signal transduction (14%); metabolic and biosynthetic processes (11%); transport
(13%) and cellular processes and constituents (9%) (Figure 3b). A large proportion of the

sequences encoded genes with a nervous system specific expression pattern (21%), such as
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MBP, S100B, GFAP and erb-b2 avian erythroblastic leukemia viral oncogene homolog
(ERBB) 3, indicating that the constructed libraries are a valuable source for the identification
of nervous system specific biomarkers. Despite the use of normal spinal cord tissue for the
construction of the cDNA libraries, genes encoding proteins involved in the immune response
and response to stress (24%) (e.g. interferon gamma receptor (IFNGR) 1) and apoptosis
(10%) (e.g. Fas apoptotic inhibitory molecule (FAIM) 2) were also present in the libraries.
The constructed cDNA libraries thus allow the identification of antigenic targets of the SCI-
induced secondary processes. Besides the identification of genes encoding known proteins,
7% of the sequences encoded proteins with an as yet unidentified function, which underscores

the benefits of using an unbiased approach.

2 Serological antigen selection

The actual power of this new human spinal cord cDNA library prevails in its use to
screen antibody responses in plasma of SCI patients. As CSF is difficult to obtain and it is not
always feasible to obtain CSF samples from unstable SCI patients, we aim to search for
biomarkers in easy accessible blood-derivatives. While inflammatory markers are hard to
detect in serum and plasma, and the analysis of CSF is more relevant for SCI pathology,
antibodies have several highly interesting properties which make them excellent indicators of
disease. Antibodies are secreted and are therefore highly accessible and easily purified from
serum and plasma (Figure 1, lower panel). Unlike most other proteins found in serum,
antibodies are stable as they are not degraded by proteolysis and have a long half-live in
blood. Due to their inherent amplification within the immune system, antibodies are relatively
abundant and easily measured. Upon admittance to the emergency room, patients often
receive fluids and blood products that might introduce a sensitivity issue as the blood of the
patient and thus the concentration of the protein biomarker, is being diluted. This problem can

again be circumvented when considering antibodies as biomarkers. The concentration of the
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stable and continuously produced antibodies will be elevated again when a sample is taken at
a later time point. Antibodies might thus represent better biomarkers as their antigen
counterparts. Moreover, since reagents bind to the constant regions of immunoglobulins,
antibodies of the same class which recognize different antigens can be detected
simultaneously, enabling high-throughput, faster biomarker identification and simplifying
assay development. Based on these properties, antibodies are of particular interest to be
studied as biomarkers and could rapidly advance the diagnosis and treatment of disease.
Pathology-specific antibodies can be selected from biofluids in an unbiased way via a
procedure called serological antigen selection (SAS), a molecular approach based on cDNA
phage display. In the past, SAS was performed using phage display methods that have been
based on the insertion of synthetically produced peptide libraries within the phage genome.
This approach has been rather unsuccessful as these libraries only allow the detection of linear
epitopes, identify many target-unrelated peptides and have the drawback of identifying
mimotypes, e.a. peptides forming epitopes that mimick the actual in vivo antigens. A labour-
intensive characterization is required for the identification of the actual in vivo target antigen
of the detected antibody. Therefore, we constructed a cDNA library from human spinal cord
tissue. In this way, key problems of previous methods are circumvented and our library allows
rapid isolation of novel antibody targets and identifies generic antibody targets by selection on
plasma samples from patients. Moreover, this new display library allows the identification of
cell surface and secreted molecules as well as intracellular targets and both conformational
and linear epitopes can be found. As the cDNA product display is monovalent (one cDNA
product per phage particle), high-affinity interactions with antibodies are selected. An added
advantage is that, using this unbiased method, multiple potential markers are studied at the
same time allowing multiplexing. Using SAS on human target tissue-based cDNA display

libraries, we have successfully identified novel antibody targets in many diseases such as
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colorectal cancer [92], atherosclerotic plaques [95], clinically isolated syndrome [90],
multiple sclerosis (MS) [89,96] and rheumatoid arthritis [91,97]. The identification of novel
antigenic targets in MS resulted in the discovery of Sperm Associated Antigen 16 (SPAG16)
isoform 2. Initial characterization of SPAG16 as a candidate biomarker for MS revealed that
anti-SPAG16 antibodies cannot only be found in CSF, but also in serum of MS patients. The
serum levels of the anti-SPAG16 antibodies correlated with clinical characteristics of MS
patients [98]. These results further emphasize the relevance of directly investigating candidate
antibody biomarkers in serum of SCI patients. Moreover, we have not only demonstrated the
diagnostic and prognostic value of these serum antibody biomarkers [89,96,91] but also the
pathogenic in vivo relevance of these novel antibodies [99].

Altogether, by constructing a cDNA library from human spinal cord tissue, SAS is an
even more powerful and unbiased high-throughput method and accordingly a highly
promising approach to identify novel SCI pathologically relevant antibodies and their targets.
These novel antibodies might not only serve as potential SCI biomarkers, but additionally hint

to new antibody-based therapeutic options for SCI pathology.

5. Limitations

To date, the true relevance of prognostic and severity-dependent biomarkers in SCI
pathology remains inconclusive. Most evidence for SCl-associated biomarkers is derived
from animal models and while they provide an exciting source of potential SCI biomarkers,
these candidate markers need extensive validation. In contrast to the large number of reports
on biomarkers in structural brain damage, only few studies investigated the role of biomarkers
in patients with SCI. Many of the human studies performed so far have several limitations.
Studies that first speculated on the biomarker potential for SCI prognosis and injury severity,
typically included only few patients with one study even including only 6 patients. The small

number of subjects limits the chance of finding significant correlations with certain traits or
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risks linked to SCI pathology. More recent studies that analyzed samples of over 40 patients
did find significant correlations between immune mediators and neurological recovery over
time [63]. Secondly, the timing of the analysis has been a substantial limitation in the current
studies. Often samples collected at distinct time points after the initial trauma are pooled.
Moreover, often only 1 time point is investigated which might not be the correct timing for
the studied biomarker. This issue is circumvented by the set-up of longitudinal studies that
will provide critical information on disease progression and the timing of pathology-
associated processes in SCI in humans, which have already proven to be different from the
progression of SCI-induced processes in animals. In addition to including multiple time points
in SCI biomarker research, a more extensive number of markers should be investigated
simultaneously to allow modelling of different markers into a panel to increase sensitivity and
specificity for SCI prognosis and injury severity. This indicates that there is a vast need for
the application of unbiased multiplex profiling techniques. Another issue that restricts
biomarker discovery in SCI patients is the enormous heterogeneity which is characteristic for
the pathology. While some biomarkers in SCI show promising results, the high diversity in
patient characteristics such as polytrauma and variability in lesion type, severity and recovery
might limit finding significant results. Although this issue is intrinsic to the population and
might seem impossible to circumvent, several considerations can be made. For example, not
only the AIS scores but also MRI findings and patient characteristics such as age and the
location of the lesion should be included to stratify the patients in the different groups and to
find more subtle improvements in function. Additionally, as patients with a complete injury
(AIS A) have a limited recovery potential, these patients should not be included when
evaluating functional improvement over time. On the other hand, when searching for
diagnostic biomarkers that can indicate whether a patient has a complete injury, patients with

an AIS A are the prime target population that needs to be included. Well-defined patients
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which are grouped logically according to their characteristics and in compliance with the
research question will reduce the number of patients needed to detect clinically useful
markers.

In total, successful biomarker discovery is greatly dependent on the composition of the
patient cohort as well as on sampling time and characteristics, including standardized sample
collection, a well-defined patient population and accurate assays and reproducibility of the
methods. Furthermore, although several candidates seem promising, independent replication
studies are needed to confirm the validity and reproducibility of these markers. Therefore,
collaborative efforts are needed to standardize a panel of biomarkers with high dynamic range

and conduct sufficiently powered, multi-site studies.

6. Future perspectives — towards a new generation of

biomarker research

By considering antibodies as biomarkers, issues regarding sensitivity and stability, which
are the main limitations of the currently studied candidate biomarkers, can be circumvented.
Therefore, we propose SAS as an innovative strategy to identify novel antibody biomarkers in
SCI patients and to investigate the contribution of antibodies and their targets in SCI
pathology. This unbiased approach for antibody biomarker discovery combines the multiple
benefits of stable and highly abundant antibodies and those of an unbiased approach.
Moreover, multiple antibodies can be studies simultaneously, thereby allowing biochemical
modelling of the candidate antibody biomarkers into a panel to identify patients at risk with a
higher level of precision than a single marker. The application of such an innovative, high-
throughput and unbiased strategy will complement the more traditional approaches and will

significantly advance the discovery of novel SCl-associated biomarkers.
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7. Abbreviations

APO
AlS
ASIA
AZGP1
CAR
CNS
CSF
CXCL
GFAP
GTF3C5
Hp
hSC

IGHG

LTC4
MBP
MCP-1
MMP
MRI
NF-L
NSE
pNF-H
PRDX2

S100B

Apolipoprotein

ASIA impairment scale

American spinal injury association
Zinc-alpha-2-glycoprotein
Carbonic anhydrase

Central nervous system
Cerebrospinal fluid

C-X-C motif chemokine ligand

Glial fibrilar acidic protein

General transcription factor 3C polypeptide 5

Haptoglobin

Human spinal cord

Ig gamma chain C region
Interleukin

Leukotriene C4

Myelin basic protein
Monocyte chemoattractant protein
Matrix metalloproteinase
Magnetic resonance imaging
Neurofilament light

Neuron specific enolase
Phosphoneurofilament heavy
Peroxiredoxin-2

S100 protein B
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SAS

SBDP

SC

SCI

SDF-1

TBI

TNF

UCH-L1

Serological antigen selection
a-11 spectrin breakdown product
Spinal cord

Spinal cord injury

Stomal derived factor-1
Traumatic brain injury

Tumor necrosis factor

Ubiquitin carboxy-terminal hydrolase L1

28



8. Tables

Table 1: Structural and functional biomarkers in human SCI

Marker Function Cellular source Biofluid Evidence References
Neuron Glycolytic Neurons CSF * CSF levels of NSE are increased in SCI patients ~ [19,20,18]
specific neuronal Serum * CSF levels correlated with baseline neurological
enolase enzyme impairment
(NSE) * Serum levels are increased during the first 48 h
after injury
* Serum NSE levels in patients with vertebral
spine fractures were not different from controls
Tau Microtubule  Neurons (axons) CSF * CSF Tau levels were increased in a severity- [22,23]
associated dependent manner
protein * CSF Tau levels correlated with severity of injury
(measured at 24h)
* CSF Tau levels were not increased in patients
with post-operative spinal cord ischemia and
paraperesis
Neuro- Components  Neurons Plasma  * Plasma phospho-NF-H levels are elevated [25,18,26,2
filaments of Serum * Phospho-NF-H is elevated to a greater extend in 7]
(NFs) cytoskeleton CSF motor complete compared to motor incomplete
(light, SCI patients
medium and * NF-H concentration in the CSF is also increased
heavy NFs) in motor complete vs motor incomplete patients
* Serum and CSF NF-L levels are increased in
SCI patients
* Serum NF-L increased over time and correlated
with AIS scores at baseline and months after
injury
$100B Calcium- Astrocytes and Serum * Serum and CSF levels are elevated in SCI [100,31,22,
binding Schwann cells CSF patients 18,29,30,2
protein with * CSF S100B levels are higher in motor complete  8,20]
neurotrophic vs motor incomplete SCI patients
activity * Serum levels are higher in patients with
vertebral fractures with neurological deficits
compared to those without deficits
* In patients with epidural empyema or spinal
metastasis increased serum levels of S100B had
unfavorable motor outcome
* Elevated serum levels of S100B are seen in
patients with spondylotic cervical myelopathy
with complicated course of post-operative
deterioration
Glial Intermediate  Astrocytes CSF * Elevated levels in CSF and serum of SCI [27,22,19,1
fibrillary filament of Serum patients 3]
acidic cytoskeleton * CSF levels measured at 24 h correlated with
protein injury severity
(GFAP) * In ischemic SCI, elevated levels of CSF GFAP
correlated with injury severity and prognosis
* GFAP breakdown products were found in serum
of SCI patients
Myelin basic ~ Constituent Oligodendrocytes ~ CSF * Retrospective study identified higher CSF [33]
protein of the myelin concentrations in patients with tropical spastic
(MBP) sheath paraparesis
a-11 spectrin Neurons Serum * Found in spinal cord after injury [13,46,47]
breakdown * Elevated in a rat SCI model
products * Elevated in serum of a SCI patient 2 days after
(SBDPs) injury
Ubiquitin Neurons Serum * Elevated in a rat SCI model [13,39]
carboxy- * Elevated in serum of a SCI patient 2 days after
terminal injury
hydrolase L1
(UCH-L1)
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Table 2: Inflammation-related biomarkers in human SCI

Marker Function Biofluid Evidence Reference
Interleukin 6 Pleiotropic pro- CSF * Early post-injury elevation in CSF [66,22,68]
(IL-6) inflammatory Serum * At 24 h post-injury CSF IL-6 levels correlated with injury
cytokine severity
* Serum IL-6 was found elevated in serum, although this
could not be confirmed by others
* Serum IL-6 was increased in SCI patients with AIS A
compared to other the AlS subgroups
Interleukin 8 Pleiotropic pro- CSF * Early post-injury elevation in CSF [22,68]
(I1L-8) inflammatory Serum * At 24 h post-injury 1L-8 CSF levels correlated with injury
cytokine severity
* Serum IL-8 was increased in SCI patients with AIS A
compared to other the AIS subgroups
Monocyte Chemokine; CSF * MCP-1 levels were increased in CSF in patients with [58,22]
chemoattractan ~ Also known as Serum complete and incomplete SCI (peak at 24 to 36 h post injury)
t protein-1 CCL2 * Early post-injury elevation in CSF
(MCP-1) * At 24 h post-injury MCP-1 CSF levels correlated with
injury severity.
Interleukin 1 Pleiotropic pro- CSF * In an animal model, IL-1pB was elevated in spinal cord and [56,59,22,
beta (IL-1B) inflammatory Serum CSF and a correlation was found between spinal cord and 58,68]
cytokine CSF (but not with serum)
* Elevated in CSF of SCI patients
* In SCI patients, cumulative CSF concentrations correlated
with injury severity and negatively correlated with
neurological recovery months after injury
* Not detectable in CSF by another study
* Serum IL-1B was increased in SCI patients with AIS A
compared to the other AlS subgroups
Matrix Enzyme, protease Serum * In SCI patients, cumulative CSF concentrations correlated [59]
metallo- with injury severity
proteinase-9
(MMP-9)
C-X-C motif Chemokine CSF * Early post-injury elevation in CSF [58,68,12]
chemokine Serum * Cumulative CSF concentrations correlated negatively with
(CXCL)-10 neurological recovery at 12 months
Eicosanoids Signaling CSF * Increased in CSF of SCI patients [60]
(LTC4) molecules * LTC4 significantly increased in CSF in complete vs
incomplete injury
IL-10 Anti-inflammatory ~ Serum * Serum IL-10 was increased in SCI patients with AIS A [59,68]
cytokine compared to the other AlS subgroups
Tumor Pleiotropic pro- CSF * In an animal model, TNF was elevated in spinal cord and [57,22,71,
necrosis factor  inflammatory Serum CSF and a correlation was found between spinal cord and 68]

(TNF)

cytokine

CSF (but not with serum)

* Not detectable in CSF by another study

* Serum TNF was found elevated in serum, although this
could not be confirmed by others

* Elevated in serum of SCI patients with neuropathic pain
compared to patients without pain

* Serum TNF was increased in SCI patients with AIS A
compared to the other AlS subgroups

Table 3: cDNA sequences identified in new human spinal cord libraries

Clone NCBI code cDNA identity

SCI-1 NM_005829 adaptor-related protein complex 3, sigma 2 subunit (AP3S2)

SCI-2 NM_003133 signal recognition particle 9kDa (SRP9)

SCI-3 NM_007110 telomerase-associated protein 1 (TEP1)

SCl-4 NM_002055 glial fibrillary acidic protein (GFAP)

SCI-5 NM_003248 thrombospondin 4 (THBS4)

SCI-6 NM_001048222  dysbindin (dystrobrevin binding protein 1) domain containing 2 (DBNDD2)
SCI-7 NM_018955 ubiquitin B (UBB)

SCI-8 NM_020782 kelch-like family member 42 (KLHL42)

SCI-9 NM_030935 TSC22 domain family, member 4 (TSC22D4)

SCI-10 NM_005028 phosphatidylinositol-5-phosphate 4-kinase, type Il, alpha (PIP4K2A)
SCI-11 NM_198887 nucleoporin 43kDa (NUP43)

SCI-12 NM_001397 endothelin converting enzyme 1 (ECE1)

SCI-13 NM_031942 cell division cycle associated 7 (CDCA7)
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SCI-14
SCI-15
SCI-16
SCI-17
SCI-18
SCI-19
SCI-20
SCI-21
SCI-22
SCI-23
SCI-24
SCI-25
SCI-26
SCI-27
SCI-28
SCI-29
SCI-30
SCI-31
SCI-32
SCI-33
SCI-34
SCI-35
SCI-36
SCI-37
SCI-38
SCI-39
SCI-40
SCI-41
SCI-42
SCI-43
SCI-44
SCI-45
SCI-46
SCI-47
SCI-48
SCI-49
SCI-50
SCI-51
SCI-52
SCI-53
SCI-54
SCI-55

SCI-56

SCI-57
SCI-58
SCI-59
SCI-60
SCI-61
SCI-62
SCI-63
SCI-64
SCI-65
SCI-66
SCI-67
SCI-68
SCI-69
SCI-70
SCI-71

NM_003118
NM_018699
NM_014478
NM_001012279
NM_024042
NM_001278322
NM_001292016
NM_001025101
NM_020466
NM_003295
NM_003768
NM_005557
NM_001010
NM_201429
NM_006521
NM_173060
NM_053277
NM_001982
NM_002025
NM_000130
NM_014952
NM_005348
NM_001455
NM_014240
NM_004755
NM_020337
NM_032333
NM_002046
NM_000416
NM_000231
NM_001431
NM_000533
NM_016006
NM_006272
NM_001129
NM_145019
NM_181698
NM_012306
NM_002954
NM_004746
NM_030926
NM_000077

NM_080591

NM_002887
NM_153828
NM_001007
NM_002810
XP_005268518
NM_138336
NM_001272061
NM_001489
NM_001807
NM_000068
NM_020318
NM_001207
NM_001677
NM_203464
NM_005410

secreted protein, acidic, cysteine-rich (osteonectin) (SPARC)
PR domain containing 5 (PRDM5)

calcitonin gene-related peptide-receptor component (CRCP)
SOGA family member 3 (SOGA3)

meteorin, glial cell differentiation regulator (METRN)
myelin-associated oligodendrocyte basic protein (MOBP)
TNFAIP3 interacting protein 2 (TNIP2)

myelin basic protein (MBP)

LYR motif containing 2 (LYRM2)

tumor protein, translationally-controlled 1 (TPT1)
phosphoprotein enriched in astrocytes 15 (PEAL5)

keratin 16, type | (KRT16)

ribosomal protein S6 (RPS6)

reticulon 3 (RTN3)

transcription factor binding to IGHM enhancer 3 (TFE3)
calpastatin (CAST)

chloride intracellular chandel 6 (CLIC6)

v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 3 (ERBB3)
AF4/FMR2 family, member 2 (AFF2)

coagulation factor V (proaccelerin, labile factor) (F5)

bromo adjacent homology domain containing 1 (BAHDL1)

heat shock protein 93kDa alpha (cytosolic), class A member 1 (HSP90AAL)
forkhead box O3 (FOXO3)

LIM domain containing 1 (LIMD1)

ribosomal protein S6 kinase, 90 kDa, polypeptide 5 (RPS6KAS)
ankyrin repeat domain 50 (ANKRD50)

family with sequence similarity 213, member A (FAM213A)
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
interferon gamma receptor 1 (IFNGR1)

sarcoglycan, gamma (35kDa dystrophin-associated glycoprotein) (SGCG)
erythrocyte membrane protein band 4,1 like 2 (EPB41L2)
proteolipid protein 1 (PLP1)

abhydrolase domain containing 5 (ABHD5)

S100 calcium binding protein B (S100B)

AE binding protein 1 (AEBP1)

family with sequence similarity 124A (FAM124A)

cyclin Y (CCNY)

Fas apoptotic inhibitory molecule 2 (FAIM2)

ribosomal protein S27a (RPS27A)

discs, large (Drosophila) homolog-associated protein 1 (DLGAP1)
integral membrane protein 2C (ITM2C)

cyclin-dependent kinase inhibitor 2A (CDKN2A)

prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase and cyclooxygenase)

(PTGS1)

arginyl-tRNA synthetase (RARS)

reticulon 4 (RTN4)

ribosomal protein S4, X-linked (RPS4X)

proteasome (prosome, macropain) 26S subunit, non-ATPase, 4 (PSMD4)
CXXC finger protein 5 (CXXC5)

myeloma overexpressed gene 2 (MYEOV2)

melanoma antigen family D, 4, 4B (MAGEDA4)

nuclear receptor subfamily 6, group A, member 1 (NR6AL)

carboxyl ester lipase (CEL)

calcium channel, voltage dependent P/Q type alpha 1A subunit (CACNA1A)
integrin alpha FG-GAP repeat containing 3 (ITFG3)

basic transcription factor 3 (BTF3)

ATPase, Na+/K+ transporting, beta 1 polypeptide (ATP1B1)

adenylate kinase 4 (AK4)

selenoprotein P, plasma, 1 (SEPP1)
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9. Figure legends

Figure 1 Overview of biomarker discovery approaches for SCI

Upon injury to the spinal cord (a), CNS specific proteins are released into the CSF and bloodstream (b). The
injury triggers the activation of the immune response with the release of cytokines and chemokines (c). These
inflammatory mediators activate and recruit inflammatory cells to the lesion site thereby further amplifying the
inflammatory response (d) which may contribute to an increased lesion in the spinal cord (e). Released CNS
proteins and inflammatory mediators in the CSF and bloodstream are ideal targets for biomarker discovery
(lower panel). Starting from these processes, biomarker research in SCI has focused on analyzing structural and
inflammatory proteins. More recently, proteomics and biochemical modelling of candidate biomarkers have been
applied to advance biomarker discovery and applicability. As antibodies might represent better biomarkers than
their antigen counterparts, a novel and powerful approach based on phage display and serological antigen
selection can complement the more traditional approaches in the discovery of novel SCI biomarkers. The

strengths and weaknesses of the different approaches for SCI biomarker discovery are listed as well.

Figure 2 Construction of the human spinal cord cDNA phage display library

Poly(A+) RNA was isolated from healthy human SC tissues (commercially obtained) and converted to double-
stranded cDNA fragments which were cloned into phagemid vector pSPVIC (primary SC library). After
controlling the quality of the primary SC library, cDNA inserts were isolated and subcloned into pSPVIA and
pSPVIB. Cloning of the cDNA library occurred by fusion of cDNA fragments to the C-terminus of gene VI
(encoding minor coat protein pVI), which resulted in 3 cDNA display libraries (SC pSPVIA/B/C) allowing
expression of the cDNA fragments in three readings frames. ds, double-stranded; sc, spinal cord; GS linker,

glycine/serine-linker; MCS, multiple cloning site.

Figure 3 Gene ontology of the identified gene sequences
Bar charts depict the distribution of the identified genes within the library in terms of cellular localization (A)
and biological process (B). Due to the multiple cellular localizations and biological processes of some of the

genes, the total percentage in each chart is greater than 100.
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