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ABSTRACT

Traumatic brain injury (TBI) affects an estimated 1.7 million people in the United
States each year and is a leading cause of death and disability for children and young
adults in industrialized countries. Unfortunately, the molecular and cellular mechanisms
of injury progression have yet to be fully elucidated. Consequently, this complexity
impacts the development of accurate diagnosis and treatment options. Biomarkers,
objective signatures of injury, can inform and facilitate development of sensitive and
specific theranostic devices. Discovery techniques that take advantage of mining the
temporal complexity of TBI are critical for the identification of high specificity
biomarkers.

Domain antibody fragment (dAb) phage display, a powerful screening technique
to uncover protein-protein interactions, has been applied to biomarker discovery in
various cancers and more recently, neurological conditions such as Alzheimer’s Disease
and stroke. The small size of dAbs (12-15 kDa) and ability to screen against brain
vasculature make them ideal for interacting with the neural milieu in vivo. Despite these
characteristics, implementation of dAb phage display to elucidate temporal mechanisms
of TBI has yet to reach its full potential.

My dissertation employs a unique target identification pipeline that entails in vivo
dAb phage display and next generation sequencing (NGS) analysis to screen for temporal
biomarkers of TBI. Using a mouse model of controlled cortical impact (CCI) injury,
targeting motifs were designed based on the heavy complementarity determining region
(HCDR3) structure of dAbs with preferential binding to acute (1 day) and subacute (7
days) post-injury timepoints. Bioreactivity for these two constructs was validated via



immunohistochemistry. Further, immunoprecipitation-mass spectrometry analysis
identified temporally distinct candidate biological targets in brain tissue lysate.

The pipeline of phage display followed by NGS analysis demonstrated a unique
approach to discover motifs that are sensitive to the heterogeneous and diverse pathology
caused by neural injury. This strategy successfully achieves 1) target motif identification

for TBI at distinct timepoints and 2) characterization of their spatiotemporal specificity.
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CHAPTER 1
INTRODUCTION
Current trends in biomarker discovery and analysis tools for traumatic brain injury
B.I. Martinez, S.E. Stabenfeldt

Traumatic brain injury (TBI) affects an estimated 1.7 million people in the
United States each year and is the leading cause of death in young adults and children in
industrialized countries [1-4]. Individuals with TBI are likely to develop cognitive and
sensorimotor impairments, such as decreased processing time, memory loss, and
difficulties using fine motor coordination [5-7]. Furthermore, individuals with TBI are
more likely to acquire neurodegenerative diseases such as Alzheimer’s Disease (AD) and
Parkinson’s Disease (PD) later in their lifetime [8—10]. In the United States alone, the
direct (hospital treatments) and indirect (loss of productivity, lost wages) costs of TBI in
2010 were estimated at $76.5 billion [11]. Thus, TBI is of major public and economic
concern.

TBI should be viewed as not a single pathophysiological event, but a cascade that
involves two separate injury phases (Figure 1.1). The initial insult triggers the primary
injury process, which results in tissue deformation, necrosis, and shearing of neurons,
axons, and glial cells [12]. The mechanical force disrupts the blood-brain barrier (BBB),
typically reaching maximum permeability within a few hours of the initial insult [13, 14].
Glutamate released from damaged nerves then trigger a secondary injury cascade, which
causes edema, increase of pro-inflammatory cytokines, and ischemia [12, 15]. This
secondary cascade persists for weeks to months after the initial insult, causing an
accumulation of cell damage and death [16, 17]. This heterogeneous environment varies
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on a case by case basis dependent upon anatomical site of the injury, injury phenotype (e
.0., closed head trauma vs. penetrating brain injury), severity, and age of patient at time
of injury [18-20].

Since the complexities of the injury microenvironment are still not fully
elucidated, this heterogeneous pathology is a primary barrier to developing sensitive
diagnostic tools. The Glasgow Coma Scale (GCS), a commonly used survey in
emergency room settings, diagnoses TBI with a battery of observations such as patient’s
eye and motor response to stimuli. Despite being a hallmark of TBI diagnosis, the GCS
has been found to be a poor predictor of patient outcome and is not appropriate for
patients with prior neurological conditions [18, 21, 22]. Similarly, traditional
computerized tomography (CT) and magnetic resonance imaging (MRI) scans are
reliable for visualizing fractures, hematomas, and edema, but may have difficulty
capturing more mild characteristics of brain trauma [18, 23]. Diagnostic inaccuracy is
detrimental to patient well-being, as patients who are incorrectly diagnosed may receive
sub-optimal treatments as their quality of life decreases.

Researchers are now turning to biomarkers, objective molecular signatures of
injury, as a platform for developing more sensitive and specific TBI treatment and
diagnosis tools. Identification and quantification of biomarker expression provides the
basis for producing these technologies. For example, a biosensor targeting TBI
biomarkers can potentially work to both diagnose TBI patients and monitor the severity
of their disease progression. Further, these tools may provide insight on treatment
efficiency by assessing changes in biomarker expression. Several biomarkers for TBI
have been identified, mostly located in serum or cerebral spinal fluid after injury,
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including indicators of inflammation, necrosis, apoptosis, and astrocytosis [18, 24]. There
have been several clinical trials analyzing the reliability of using biomarker expression as
an indicator of disease progression [25-27]. While various biomarkers of injury have
been identified, such as glial fibrillary acidic protein (GFAP), S100beta, and ubiquitin
carboxyl-terminal hydrolase isozyme L1 (UCH-L1), the utility as TBI diagnostic markers
in the clinic is debated due to lack of specificity and sensitivity to TBI [28, 29]. These
confounding results may be attributed to several factors of polytrauma, including time
post-injury, severity, and injury phenotype.

Due to the complex heterogeneity of TBI, biomarker discovery in preclinical
models must consider the limitations of each model when characterizing candidate
biomarkers. Although no one animal model can recapitulate the full complexity of TBI,
they have distinct characteristics that can aid researchers in discovery of biomarkers
associated with different aspects of TBI pathology. Focal injury models, such as the
controlled cortical impact (CCI) model, produce cavitation, contusion, vasogenic and
cytotoxic edema [12, 30]. While focal injury models are clinically relevant to edema in
TBI patients, diffuse models share characteristics with TBI experienced by athletes and
military personnel [12, 31]. Factors such as high intracranial pressure and progressive
gray matter degradation are investigated are often investigated using diffuse injury
models, such as the fluid percussion injury (FPI1) [12]. Blast-induced injury models in
particular are designed to reflect TBI in military conflicts by using compression shock
tubes to induce blast waves [12, 32]. This model produces an array of symptoms highly
relevant to human blast-induced TBI, such as axonal injury, diffuse edema, and
prolonged behavioral deficits [32, 33]. Another subset of models known for their human
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relevance are weight-drop models. These injuries are produced by a free-falling weight
onto an intact or non-intact skull and specifically mimics the biomechanics of human TBI
induced by falls or vehicle accidents [34]. This technique produces a mix of focal and
diffuse injury dependent on the model, and results in neural inflammation, contusion, and
hemorrhage [35]. Biomarkers investigated with these models can provide unprecedented
insight for injury mechanisms and have potential to translate for prognostic and
therapeutic use in the clinic.

Biomarker discovery is an ongoing subfield of TBI research due to the critical
need of biomarkers for development of clinical tools. Currently novel biomarker
discovery methods are emerging to detect markers that may be further characterized and
validated for their translational utility, with each approach having distinct advantages and
disadvantages (Table 1.1). This chapter will focus on current trends in biomarker
discovery tools for TBI, including innovations on established techniques and novel
approaches to elucidating the neural injury environment.

1.1 -OMICS-BASED APPROACHES
MicroRNA Transcriptomics

MicroRNAs (miRNAS) are single-stranded RNAs of 17-25 nucleotides in length
and are responsible for regulating gene expression at the post-transcriptional level [36].
These miRNAs can be collected from either tissue or serum, and are screened using
either deep sequencing or microarray methodologies. This technique is already emerging
as a means for elucidating mechanisms of other central nervous system (CNS) disorders,
such as AD, PD, and stroke [37-40], demonstrating its sensitivity with complex neural
environments and showing promise as a possible avenue for TBI biomarker discovery.

4



By analyzing miRNA expression in distinct neuropathologies, researchers are able to
identify significant changes in gene expression profiles that may contribute to distinct
mechanisms of injury, such as temporal injury progression and injury severity [41, 42].
Due to their early expression, miRNAs could be potentially used in point-of-care
applications to inform clinicians of the severity of a patient’s trauma [43]. Currently,
companies are exploring surface plasma resonance and nanoparticle-based approaches to
increase detection of miRNAs to develop sensitive point-of-care technology [43-46].

Biomarker discovery through miRNA expression also has immense clinical utility
due to the non-invasive nature of analyzing gene expression through plasma samples and
ease of analysis due to advances in microarray and high throughput sequencing
technology. Studies utilizing this approach have demonstrated the ability to discriminate
TBI patients from non-injured controls. A 2018 study conducted by Qin et al. exhibited
this capability by identifying miR-319 and miR-328-5p as miRNAs indicative of severe
TBI in comparison to mild or moderate TBI in patients [47]. Similarly, Yang et al. found
that specific miRNAs identified in previous microarray studies, miR-93, miR-191, and
miR-499 had significantly increased expression in patients with severe TBI and poor
prognosis [48-50].

Screening for modulated miRNAs in saliva samples is an approach that has
demonstrated powerful detection sensitivity while maintaining the non-invasiveness that
makes miRNA analysis so beneficial to research in patient populations. In a 2017 case
study, Hicks et al. found that 6 specific miRNAs in the saliva of children with TBI were
significantly modulated from control samples, with three of those miRNAs associated
with neuronal development [51]. Further, they identified miR-320 as a miRNA directly
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correlated with reports of attention dysfunction [51], showing utility in providing
critically needed age-appropriate biomarkers of injury [52, 53]. Samples taken from
concussed athletes also revealed five miRNAs that were significantly upregulated in
comparison to non-injured sample expression [54]. When screening for inflammatory
proteins in those same samples, analysis revealed no significant difference between
groups, suggesting that miRNA analysis may have more sensitivity to certain aspects of
the neural injury microenvironment. While promising, it is important to note that miRNA
analysis of saliva is relatively new to biomarker discovery literature, and more in-depth
research must be done to further test its sensitivity in the clinic.

miRNA expression methods have also shown the same promise in identifying
markers of severity as studies conducted in animal models. Balankathiresan at al. found
that a blast-induced injury model produced five serum miRNAs were significantly altered
in injury groups when compared to control animals at three distinct injury timepoints
[55]. Similarly, microarray analysis conducted by Lei et al. revealed hundreds of
significantly modulated miRNAs at 6, 24, 48, and 72 hours post injury in rat model of
diffuse injury [49]. Several miRNA array studies have revealed similar results, with
various injury timepoints yielding tens to hundreds of differentially expressed miRNAs in
comparison to sham controls using multiple different injury models [56-58]. Further,
microarray analyses have revealed miRNAs to reveal essential information about key
cellular pathologies in the injury process. For example, miRNA-21, identified by Redell
et al. [56] as an indicator of neural injury, has been characterized as a marker indicative
of injury progression in aged brains. Sandhir et al. found that miRNA-21 expression
increased significantly in injured adult (5-6 months) mice but decreased in aged (22-24
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months) mice [59]. However, this decreased expression lead to an upregulation in
miRNA-21 targets such as PTEN and RECK, consequently increasing the probability of
poor prognosis [59]. From these findings, we can expect for miRNA array analysis to be
tremendously beneficial to not only identifying biomarkers of injury, but biomarkers of
distinct temporal injury events that may go undetected otherwise. Similarly, biomarkers
of injury severity can also be characterized by analyzing miRNA expression. When using
a weight-drop model of mTBI with four varying severities, Sharma et al. found that
injured animals had a significant increase in miRNAs in comparison to sham controls,
while seeing a steady increase in the number of modulated miRNAs correlating to injury
severity [60]. These findings were corroborated by a 2017 study that used the same
model and severity scale, but also identified the modulated miRNA’s targets, such as
calcium signaling pathways [61].
Neuroproteomics

Neuroproteomics, the study of protein complements of the genome, seeks to
analyze protein expression within the CNS to answer questions about disease states and
progression [62]. Recently, neuroproteomics approaches have been applied to
neurotrauma to identify possible protein biomarkers of TBI, a logical step considering the
surge of success with the search for genomic biomarkers [62]. In contrast to genomics
analysis, neuroproteomics can elucidate signal transduction events associated with
biochemical processes of injury [63] First, the protein complex is fractionated either by
electrophoresis or chromatography. Then, the fractionated proteins are identified and
quantified by mass spectrometry. Advances in mass spectrometry have provided
researchers with the capability to collect an immense amount of data from proteomes,
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giving an in-depth look at the global protein environment [62, 64, 65]. Due to the
substantial volume of data gathered, neuroproteomics is often coupled with
bioinformatics and systems biology to identify proteins of interest and analyze their
interactions with other proteins to specific pathways associated with the target condition.
The specificity and sensitivity of neuroproteomics approaches have been
successfully demonstrated with animal models of TBI. Boutte et al. used this technique to
assess protein expression in CSF and brain tissue within the acute timepoints of a
penetrating ballistic-like brain injury (PBBI) rodent model of TBI. In addition to
observing significant expression changes of UCH-L1, this method was able to isolate
CUL-1, PP2C-alpha, and BM28, proteins associated with neurite outgrowth and cell
differentiation, as potential candidate biomarkers of injury, demonstrating the power of
utilizing bottom-up discovery techniques with advanced proteomic methodology [66]. A
similar study found CRMP-2, dehydrogenase, and synaptotagmin were significantly
expressed in cortical tissue samples of rats with focal injury when compared to naive
samples [67]. Using a similar injury model, a study by Thelin et al. found several proteins
differentially expressed in correlation with temporal stages of injury. For example,
aldolase C showed increased expression at earlier timepoints after injury while hypoxia
inducing factor (HIF)-1a and amyloid precursor protein showed increased expression 2-4
weeks post-injury [68]. Other studies assessing the temporal profile of injury have been
conducted, revealing several candidate markers that may be influenced by temporal
mechanisms of the microinjury environment [69, 70]. While not yet heavily researched,
neuroproteomics may also have utility in the clinic due to the relative ease of analyze
whole proteomes of biofluid samples. From the CSF and blood of injured patients,
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Halford et al. analysis revealed candidate astroglial markers of injury such as aldolase C
and astrocytic phosphoprotein [71]. Overall, neuroproteomics takes advantage of the
advances in data output and cost of proteome analysis to adequately discover novel
candidate biomarkers.

Metabolomics and Lipidomics

An alternative to neuroproteomics is metabolomics, the study of global metabolic
profiles in specific conditions and diseases using mass spectrometry or nuclear magnetic
resonance spectrometry [72, 73]. This technique is beneficial for biomarker discovery
due to the disruption of homeostasis after injury that is reflected in the metabolome [74].
Similar to neuroproteomics, applying a metabolomics perspective when exploring the
injury microenvironment can give rise to novel biomarker candidates not well discussed
in the literature. For example, analyzing plasma metabolomics of rats with focal injury
revealed significant differentially expressed galactose, demonstrating its capability as an
early marker of acute TBI [75]. Several studies have used metabolomics in animal
models of TBI to report similar findings of novel candidate biomarkers, including ADP
and spermidine [76, 77].

Lipidomics, a subset of metabolomics, is emerging as a hew approach to
biomarker discovery in TBI. The rationale for using lipidomics over neuroproteomics is
that lipid expression in blood is reflective of expression in brain tissue and therefore has
more clinical utility [78, 79]. Further, CNS tissue has the highest lipid content of any
tissue type excluding adipose tissue, and also has a high diversity of different sub-types
of lipids [80, 81]. This relatively new approach to injury biomarker research is already
demonstrating diagnostic capability in rodent models of TBI. Analyses on the serum
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lipidome of rodents with a controlled cortical impact injury revealed that polyunsaturated
fatty acids and sphingolipids are significantly upregulated after injury and may serve
purpose as a quantifiable TBI biomarkers [79, 82]. In the other direction, analyzing the
plasma of injured mice revealed significant decrease of ether phosphatidylethanolamine
levels 3 months post-injury in comparison to controls [83]. Utilizing lipidomics
approaches to study perioxidative processes of lipids is also informative of possible
biomarkers associated with injury-induced oxidation. For example, Bayir et al.’s analysis
of rat cortical tissues after focal injury revealed cardiolipin, a mitochondria-specific
phospholipid, may be indicative of apoptosis and oxidative stress [84]. A similar study
conducted with the same rodent model of injury found increased levels of 8-epi-
prostaglandin F»,, a marker of oxidative damage, at 6 hours and 24 hours post-injury
[85]. Despite overwhelming evidence of the possible utility of applying lipidomics to
biomarker discovery research, very few studies with human patients exist in the literature
at this time. However, these studies have shown promise in positively identifying lipids
that may be associated with TBI and its neuropsychological outcomes, such as
posttraumatic stress disorder [86].
1.2 PHAGE-FACILITATED DISCOVERY

Phage display is a powerful screening/selection process that is often utilized in
drug discovery research [87, 88]. First described in 1985, phage display has the
capabilities of elucidating biological mechanisms by revealing protein-protein
interactions [89-91]. Briefly, George P. Smith’s 1985 work provides the foundation for
modern phage display technology, in which biological motifs (e.g. peptides, DNA, or
antibody fragments) are fused to the gene Il of filamentous bacteriophage, such as M13
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phage. This fusion results in the bacteriophage “displaying” the motif on its surface with
the specific sequence encoded in the gene’s DNA [89]. Large libraries (diversity of 10°-
10t different ligands) of biological motif-displaying bacteriophages can then be
generated to screen against a target antigen or tissue. The target receptors capture binding
bacteriophage while unbound phage are washed away. Collecting only target bound
bacteriophage followed by subsequent amplification in bacterial hosts creates a new
phage library that is biased toward the target antigen or tissue, thereby completing a
single screening cycle, also known as “biopanning”. Biopanning is repeated several times
to enrich for biological motifs that have strong affinity for the target antigen or tissue.
Upon completion of biopanning rounds, bacteriophage plasmids are sequenced and
analyzed for discovering biological motifs that may bind specifically to the target (Figure
1.2) [92]. This technology has been used in many pathologies to discover novel
biomarkers, for example ovarian cancer and atherosclerosis [93, 94].

Ghoshal et al. explored the feasibility of using phage display as a biomarker
discovery tool for TBI using the serum of a focal injury model as target for biopanning
[95]. Proteomic analysis (protein pull-down and mass spectrometry) of the converged
peptide sequence revealed GFAP as the target antigen. Similarly, phage biopanning can
be applied to in vivo screening applications. Filamentous phage display has successfully
screened against brain vasculature and have demonstrated targeted transmigration across
the BBB [96, 97], overcoming the primary bottleneck of drug development for
neurological conditions [96-99]. The mechanisms behind this transmigration are partially
due to the rod-like shape of filamentous phage, which increases their possibility of
membrane penetration in contrast to spherical nanomaterials [100, 101]. Therefore, using
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this method on an animal model of TBI in vivo may yield peptides or proteins with high
affinity to the neural injury milieu. An additional advantage of in vivo biopanning as
opposed to a traditional in vitro or ex vivo screening methods is that the former embraces
the heterogeneous injury pathology as it unfolds in the neural milieu, creating an
opportunity for increased biomarker discovery of TBI. Mann et al. capitalized on this
concept and performed in vivo screening in a rodent model of focal TBI [102]. Through
this methodology, a novel short peptide, Cys-Ala-GlIn-Lys (CAQK), was identified as a
unique targeting motif of acute brain injury. To validate specificity, a liver injury model
was analyzed and showed no accumulation of the CAQK peptide [102]. The authors
exploited this discovery for targeted therapeutics, which demonstrates this method’s
feasibility of identifying distinct candidate biomarkers of injury severity and progression.

Despite successful identification of unique ligands of disease and injury in AD
and stroke respectively, utilization of phage display for TBI biomarkers has not been
thoroughly conducted [103-105]. This slow adoption may be in part due to the difficulty
of identifying biomarker candidates from the biopanning process. Traditionally, phage
display screening from biopanning involved Sanger sequencing, which only captures
genomic analysis of a small fraction of the phage population. This sequence analysis
method is consequently prone to selection of false positives and parasitic non-specific
clones [106] The advancement of next generation sequencing (NGS) has improved this
process, increasing the sequencing space from 100 clones to 107 clones and
consequentially uncovering more positive biomarker candidates for further validation
[106, 107]. Additionally, NGS analysis specifically for phage libraries has evolved to
development of user-friendly programs [108-110].
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Another possible reason for the slow adoption of phage display to biomarker
discovery studies is bioreactivity validation. A common method for mass-producing the
selected phage-displayed proteins or peptides is amplification of the bacteriophage
displaying the selected sequence for downstream analysis. While this process is fairly
straightforward, this method is highly incompatible with in vivo screening due to the high
diversity of clones. Further, this limits the flexibility of analysis, limiting detection
options to anti-phage antibodies. Recombinant protein production is a more viable option
for adding custom tags to expand to several different bioreactivity studies, but this
method is often cited as the main bottleneck of several screening initiatives due to its
complexity and vast number of variables that affect results [111, 112]. Overall, the
combination of phage display and NGS for TBI biomarker discovery is promising yet
requires more validation to fully achieve its potential.

1.3 IMAGING

Due to its application in hospital settings, especially within the first 48 hours of
injury, researchers have made strides in discovering biosignatures that are detectable by
imaging modalities. These imaging-based diagnostic approaches inform clinicians on
trauma severity and can also aid in evaluating the progression of injury with routine
monitoring. Despite its common use and great capability of visualizing severe trauma,
such as skull fracture, hematoma, and edema, traditional imaging tests such as CT and
MRI may have difficulties detecting subtle aspects of brain injury [113, 114].
Experimental and clinical researchers are now improving sensitivity of these imaging

techniques and using them to detect biosignatures of neural injury that are not seen in
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control populations, leading them to characterize and validate candidate biomarkers of
TBI.

Recent efforts have explored the utility in employing diffusion tensor imaging
(DTI) as a tool for analyzing possible biomarkers of injury in patients. In contrast to
traditional MRI, DTI provides the ability to spatially map white matter and analyze its
diffusivity via fractional anisotropy. This feature shows promise in being more sensitive
to detection of axonal injury as opposed to traditional MR techniques alone [115], which
is significant due to traumatic axonal injury (TAI) being a key contributor to cognitive
dysfunction in TBI populations [115, 116]. Animal studies employing DTI as a discovery
and validation technique have shown success in analyzing biomarkers of injury. Mac
Donald et al. found promising results when using DTI in conjunction with histological
analysis compared to common MRI analysis when imaging rodent focal injury model
brains. Their analysis suggested that DTI was able to detect significant changes in axial
diffusivity and relative anisotropy, validated by amyloid beta precursor protein histology.
Meanwhile, DTI of the same region was not able to detect this axonal injury, only the
contusion [117]. Several other studies using both rodent and porcine models have
corroborated these results [118-120], further demonstrating both the utility of axonal
diffusion as a candidate biomarker and DT1 as a possible imaging tool for the validation
of this biomarker.

Clinical applications of DT are also being heavily researched with high levels of
optimism. Rangaprakash et al. applied DTI in an effort to differentiate chronic mild TBI
patients from non-injured controls, and found a significant loss of integrity of white
matter fibers in hippocampal-striatum pathway in injured patients that was not found in
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the control population [121]. While the decreased connectivity of the hippocampus after
chronic injury is unsurprising given findings of significant neuronal cell death within the
injured hippocampus [122, 123], the ability to visualize axonal integrity in the patient
population further validates the use of DTI as an applicable biomarker discovery tool.
Further, DTI can be used to analyze possible biomarkers of injury indicative of cognitive
outcome [124, 125]. For example, one study found significantly higher diffusivity in
children with TBI correlated with poor social cognitive skills [126]. This study
corroborates findings from a 2013 study demonstrating the link between axonal
diffusivity and memory in a rodent model of blast injury [127], suggesting a strong case
for analyzing white matter abnormalities as not only a marker of injury severity, but one
of cognitive dysfunction. A link between motor outcome in injured patients and white
matter diffusivity is also being heavily researched, with many studies finding that
significantly lower fractional anisotropy (FA) values in patients may be indicators of
motor control affect after injury [128, 129]. FA values taken from DTI scans have also
shown promise as a predictor of mortality in clinical studies for individuals with severe
TBI, demonstrating that DTI is not only useful for mild injury diagnosis [130].

Single photon emission computed tomography (SPECT) is another imaging
modality that has high potential for biomarker discovery applications [131]. Approved by
the FDA as a diagnosis tool in PD [132, 133], the capability of SPECT to provide true 3D
information is beneficial for detection and validation of biomarkers in the patient
population. A study conducted by Kinuya et al. in 2004 found that in comparison to CT
and MRI analysis, SPECT revealed frontal hypoperfusion and cerebellar hypoperfusion,
abnormalities associated with personality change and vertigo respectively [134]. SPECT
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identifying MRI/CT-negative abnormalities is also seen in both acute and chronic
imaging of mild TBI, further demonstrating its utility in the clinic [135]. Furthermore,
using *™Tc exametazime in conjunction with SPECT to measure cerebral blood flow
(CBF) revealed significantly lower CBF levels in the right temporal lobes of patients with
poorer physical health [136]. However promising, candidate biomarkers detected by
SPECT appear to lack a strong correlation with cognitive and neuropsychiatric
dysfunction, which may affect its clinical utility [136].
1.4 MACHINE LEARNING AND STATISTICAL MODELING

Machine learning involves using advanced algorithms to analyze large sets of data
to progressively recognize patterns without being programmed to do so. Machine
learning algorithms can be applied to many categories of datasets, from proteomics to
imaging data. This approach is well suited for identifying patterns of disease in
biomedical data, and as such, has been applied to biomarker research of many diseases
including cancers, psychosis, and Huntington’s disease [137-140]. For biomarker
discovery in TBI, machine learning procedures have focused on gathering large amounts
of imaging data from the injured patient population. Combining the advancing imaging
technology with powerful statistical modeling algorithms has the potential to reveal in
depth analysis on prospective biomarkers with direct utility for clinical use, specifically
for analyzing white matter connectivity. This approach is evidenced by Mitra et al.’s
application of a Network-Based Statistics (NBS) model to fractional anisotropy data
[141]. With NBS’s capability of analyzing low contrast-to-noise data, this study revealed
sensitivity of 80% when classifying TBI patients [141]. Dynamic functional network
connectivity (dFNC) for example is used to analyze global temporal connectivity, but
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with a linear support vector machine algorithm to classify the data, researchers have
found significant connectivity states between cerebellum and sensorimotor networks that
may serve as a possible biomarker for classification of mTBI [142]. Similarly, Hellyer et
al. applied pattern classification algorithms to DTI data acquired from TBI patients and
then applied the classifiers to patients without DTI scans, successfully predicting severity
of cognitive impairment induced by injury [143]. Graphical-model-based multivariate
analysis (GAMMA), a machine learning tool to analyze interactions between brain
regions [144], and Tract-based spatial statistics (TBSS) were also be applied to DTI data
to use fractional anisotropy values as classifiers to detect neuroimaging biomarkers of
mTBI [145]. Additionally, GAMMA has revealed significant differences in the cerebellar
white matter integrity between injured and non-injured patients that may have utility as a
diagnostic maker of acute stage TBI [146], demonstrating the model’s utility in TBI
applications. Predictive algorithms are also utilized with imaging techniques sparsely
used for TBI to improve their capability of detecting neurotrauma. In a recent study by
Shi et al., a machine learning algorithm was applied to terahertz (THz) continuous-wave
(CW) transmission imaging to develop an automatic classification system for diagnosis
of TBI [147]. The spatial and temporal power of THz CW imaging proved to be an
excellent data source for predictive modeling, with the analysis revealing up to 87.5%
classification accuracy [147]. These data demonstrate the capability of machine learning
to use or improve upon established imaging techniques to improve accuracy of candidate
biomarker discovery.

Machine learning algorithms are versatile in that they can be applied to non-
imaging datasets as well. For example, topological data analysis (TDA), a machine
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learning tool that clusters patient data based on outcome metrics, was used by Nielson et
al. to predict novel biomarkers associated with several variables indicative of unfavorable
outcome post-injury [148]. The TDA algorithm, which showed great promise in an
earlier study involving rodent models of TBI and spinal cord injury [149], analyzed TBI
patient data in a multidimensional space, with each patient having over 900 measurable
variables. From this model, Nielson et al. found that high levels of specific genetic
polymorphisms predicted unfavorable recovery after injury and high probability of
PTSD [148]. To analyze and predict protein expression in acute injury, Peacock et al.
applied a random forest (RF) predictive model to a panel of biomarkers, including
NRGN, NSE, and MT3 ,selected by American Congress of Rehabilitation Medicine
criteria [150]. By building a model from this panel, researchers were able to observe the
diagnostic accuracy of these biomarkers in predicting mTBI, regardless of neuroimaging
findings [150]. RF was also applied to injury data acquired by the American National
Football League using metrics including corpus callosum fiber strain and cumulative
strain damage of the whole brain to identify predictive concussion biomarkers and
evaluate their accuracy [151], Functional connectivity data detected through
magnetoencephalographic recordings can also be analyzed through machine learning
methods, revealing that the model was eventually able to discriminate injured patients
against controls with 100% accuracy [152]. Machine learning algorithms are also
incredibly useful for evaluating pediatric TBI cases. When analyzing metrics from
physical examination findings, Chong et al.’s application of a machine learning algorithm
yielded accuracy above 94% for both sensitivity and specificity [153]. This approach
demonstrates the utility of using predicative algorithms for pediatric TBI biomarker
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discovery and showcases its power in the probability of detecting which biomarkers are
indicative of a more aggressive disease progression later in life. Hemodynamics
influenced by injury have also been explored as possible biomarkers of TBI, with
predictive classification algorithms revealing significant temporal and spatial activity in
the prefrontal cortex as possible diagnostic markers of injury [154].

While promising, machine learning algorithms applied to neurotrauma research
still have drawbacks. Even though using multivariate analysis is extremely beneficial for
analyzing the heterogeneous injury microenvironment, it is critical to consider that larger
sample sizes are needed to validate the specificity and sensitivity of the biomarkers
selected from these models prior to full utility in clinical applications.

1.5 CONCLUSION

Several biomarkers of TBI have been identified but they carry the disadvantage of
either not being sensitive or specific to TBI, which diminishes their clinical utility.
Biomarkers have the potential for improving diagnostic accuracy, predicting the severity
of injury progression, and conveying information to clinicians about injury progression
for individual patients. Advancements in biomarker discovery range from improving
upon already established techniques to applying novel methods to elucidate mechanisms
of the neural injury environment. Many emerging tools and techniques have shown
promise in inching the field towards a better comprehension of TBI and have given rise
to multiple novel candidate biomarkers to further characterize. While preclinical
discovery has not yet lead directly to clinical translation, the technological strides

discussed here are immensely promising. Ultimately, future efforts in biomarker
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discovery should continue to rigorously test potential biomarkers and critically inspect
their potential clinical utility.
1.6 GOALS OF THIS DISSERTATION

The complexity of TBI lends to the need for characterized temporal biomarkers,
which can then be implemented in various biomarker-based theranostic applications. The
overarching goal of this dissertation is identification of temporally distinct TBI
biomarkers using antibody fragment phage display-facilitated discovery. Specifically,
domain antibody (dAb) fragment phage display was applied to a controlled cortical
impact (CCI) rodent injury model at 1, 7, and 21 days post-injury. This method will
contribute to elucidation of temporal mechanisms of injury pathology while
simultaneously informing the development of an unambiguous targeting motif for the
discovered antigens.

Development and refinement of a novel candidate biomarker discovery pipeline
incorporating antibody fragment phage display, next generation sequencing (NGS)
analysis, synthetic antibody development, and proteomic analysis was foundational to the
execution of this dissertation. Chapter 2 describes this streamlined methodology in-depth,
emphasizing its benefits in the context of interacting with the neural environment in vivo.
Chapter 3 reports the application of this discovery method to CCI injury model in vivo.
This study not only validates bioreactivity of the phage-selected antibody constructs to
injured tissue using a series of immunohistochemical experiments, but also reveals the
identity of the targeted proteins through immunoprecipitation-mass spectrometry
analysis. Chapter 4 concludes with careful considerations of the described work and
perspective on future directions.
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1.7 FIGURES

Pathophysiology of Brain Injury

l Primary Injury l

Tissue deformation, axonal shearing,
contusion, necrosis, blood-brain barrier disruption

I Secondary Injury l

Cerebral edema, increase in inflammatory cytokines,
mitochondrial damage, excitotoxicity, ischemia

Figure 1.1: TBI pathophysiology. The primary injury, caused by the initial insult,
contributes to a secondary injury progression.
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Figure 1.2: Phage display biopanning process. Phage libraries are grown and incubated
with target antigens. Bound phage are rescued and amplified to generate a new library,
which is used in subsequent biopanning rounds. Generally, phage selected through this
process are validated for specificity with sequencing and ELISAs.
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Table 1.1: Advantages and disadvantages of biomarker discovery approaches

[05T] uonoipaid ayeinaoe
10J palinbai e1ep Jo awnjoA ybiH

[ee1] ABojoydiow
OAIA Ul Bunoalap A1101419ads ssa7

[221] enmisod asjey aonpoid Aew
UOI1YM ‘1934J3 awNn|OA [ellied 01 auo.id

[90T] aAnisod asjey Jo uo1198|8s JUBAaId
01 Burouanbas 1ndybnoayl ybiy sasinbay

[72] erep ul uonereA pajuemun
Buionpoud Ajgissod ‘swojogelaw
$109JJB JUOWUOIIAUD S 393[qng

[21] a1emyos sonew.oguiolq
pajeansiydos alinbal syeserep abie]

[ev] si1sAeue ul Ailjigeriea buionpoaul
‘Bunse} Se yons suonIpuod a11ads
01 anp Asen Aew uolissaidxa WNHIW

[TST ‘6€T] sdiysuonejas xsjdwod
[opow 0] Sa|qelieA aA1d1pald JO S108)a
J1apJo Jaybiy pue Jeauljuou SI8A0UN

[€€T 'TTT] sanifewoude moj4 poolq
[e4ga1a2 Bunoalap Jo ajqeded ‘suoiIss)
Bunosiap 10} 1D ueyl AIAIISUSS BION

[eTT]
24N30NIS0JOIW Ja)ew auym pue Ainfui
[eUOXE 8SNYIP JO UOII8IBP 01 BAISUSS

[zoT] wswuosAua Ainfur snosusboislay
J0 abejuenpe axel Aj10al1p ued Bulusalos

[62'c2] a1qe10019p AjISEd
wiay} axew Jodsuedy pidi| Jo ases pue

urelq pue 4SO 03 Ayurxord | S9JOqeIdN

[e9] Aunlui

10 $955990.d [221WBYI0IG YIIM Pa]eIdoSSe

SJUBA3 UoNINpsueR) eubis ayepion|3

[s17] siexewolq Se 8]qISSsadoe alow
wayl Bunjew ‘suisjoud ueyl spinjoiq
uewIny Ul Juepunge aiow ale S\YNYIW

Buiules| aulyoey
Aydeibowoy paindwod

uolssiwa uojoyd-ajbuis

BuiBew Josus) uoisnyiq

Ae|dsip abeyd

solwop1di]/soIWojogeIs A

salwoajoidoinaN

so1woydIosuRs WYNHOJIIN

sabejuenpesig

sabeluenpy

yoeoaddy A1anodsig

23



CHAPTER 2
IN VIVO PHAGE DISPLAY AS A BIOMARKER DISCOVERY TOOL FOR THE
COMPLEX NEURAL MICROENVIRONMENT
2.1 BACKGROUND
Biomarkers, biological signatures of injury or disease, are critical for the

advancement of modern medicine for neurological conditions [155]. Molecular based
biomarkers inform clinicians on disease diagnosis, progression, and treatment efficiency.
Additionally, biomarkers can be integrated in efficacy assessment for emerging
therapeutic approaches, such as pharmacological interventions. The discovery of markers
specific to neurological conditions comes with the challenge of identifying molecules in
an incredibly heterogeneous and dynamic biological system. To this end, several
approaches are being taken to address the problem of identifying sensitive and specific
markers for brain conditions and diseases. Recent advancements in neuroproteomics lend
to “shot-gun” analyses of a whole tissue brain samples that has undergone a distinct
condition of interest to compare against healthy controls [70, 156-158]. This method
entails a large volume of non-specific data, often leading to the selection of false-
positives as candidate biomarkers [24]. In contrast, detection of hallmark disease/injury
biomarkers has been enabled by novel biosensor development, such as gold nanoparticles
and nanotubes, to detect specific changes in the brain such as the expression of nitric
oxide or glucose [159, 160]. While the potential of these materials is still being explored,
major limitations include low sensitivity and non-specific protein adsorption [161].
Overall, high specificity is a substantial challenge in discovery and validation phases of
biomarker development. Combining the high-throughput screening power of
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neuroproteomics with the elegance of novel biomaterial-based biosensors is ideal for
interacting with complex molecular environments.

Phage display is a directed molecular evolution screening technique to uncover
protein-ligand interactions and is commonly used in drug discovery and pharmacological
research [89-91]. Biological motifs (e.g. peptides or antibody fragments) are fused to
filamentous M13 bacteriophage, resulting in the display of the motif on the bacteriophage
surface [89]. Large libraries of these phage-displayed motifs (108-10'! different ligands)
are screened against a target antigen. Bound phage are then collected and amplified in
bacterial hosts to form an enriched library biased toward the target antigen. The
“biopanning” cycle is repeated to further enrich the population of motifs that have a
strong affinity to the target antigen. Bacteriophage plasmids are then sequenced and
analyzed for specific peptides or antibodies that are strong candidates for targeting the
desired antigen. Thus, this technology is ideal for providing high specificity and affinity
of discovered antigen-binding motifs.

Consequently, phage display has the capacity to act as a “first step” to biomarker
discovery and can simultaneously set the foundation for screening and
validation/characterization. Phage displayed peptides have been applied as a biomarker
discovery/validation tool for TBI by screening against serum of a rodent focal injury
model, revealing increased expression of glial fibrillary acidic protein (GFAP) [95]. In
vivo phage display also has the capacity to take advantage of the heterogeneous injury
environment by interacting with injury pathology as it develops. For example, Mann et al.
utilized in vivo peptide phage display biopanning to identify a unique targeting motif,
Cys-Ala-GIn-Lys (CAQK), with affinity to versican core protein and hyaluronan and
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proteoglycan link protein 4 in an acute penetrating brain injury model [102]. Discoveries
such as these demonstrate the ability of phage display to identify unique proteins
implicated in injury and disease.

Domain antibody (dAb) phage display is unique from other display methods
because of their combined small size (12-15 kDa) and strong affinity. Consisting of only
the variable heavy (V+) domain of a full length antibody, these fragments contain three
heavy complementarity determining regions (HCDRs: 1, 2, and 3) to facilitate stability
and antigen binding capabilities (Figure 2.1a) [162, 163]. Of the three HCDRSs, the
HCDR3 is the most diverse in composition and is responsible for antigen binding [164,
165]. dAbs are also highly resistant to aggregation and their small size is thought to
improve potential for tissue penetration in comparison to other antibody fragment types
[162, 166, 167]. Prior studies have conducted successful phage screens against brain
vasculature [168]. Furthermore, researchers have used such dAb phage libraries
specifically for screening against diverse targets such as amyloid B fibrils and
cerebromicrovascular endothelial cells [98, 169], demonstrating their potential for direct
interaction with the neural milieu to identify candidate targeting motifs for biomarkers of
several conditions.

In vivo dAb phage display screening for neural targets is advantageous for
interacting with the native neural microenvironment in situ, but the herculean task of
selectively identifying target-specific motifs is a significant obstacle to overcome.
Parasitic sequences (i.e. sequences that are non-preferentially enriched through
biopanning) are abundant in eluted phage libraries [170]. Sanger sequencing
methodology, traditionally employed for phage library analysis, is time intensive and
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unable to uncover the diversity and depth of these massive libraries and could potentially
lead to selection of parasitic or generally non-specific motifs [171, 172]. Advancement of
next generation sequencing (NGS) analysis has been transformative for phage display, as
this method is capable of analyzing millions of reads and provides coverage of the full
population of phage libraries [107, 171]. The lllumina MiSeq modules are particularly
helpful in this regard. At a length of 105-120 amino acid residues, the dAb sequence can
be fully analyzed by the MiSeq 2x300 bp module [107]. Sophisticated bioinformatic
analysis is then required to identify potential targets of candidate biomarkers. While
existing programs are available for analysis of phage libraries, support for antibody
fragments often requires both the variable heavy and variable light gene for processing,
effectively excluding dAb libraries. In lieu of these pipelines, open source programs such
as Bioconductor for R [173] can be customized to direct analysis efforts solely to the
HCDRS3, which can significantly decrease computational workload. While this will
remove HCDR1 and HCDR?2 from all subsequent analyses, it has been shown that the
HCDR3 alone is sufficient for determining antigen binding [165, 174].

Here, we describe a pipeline for using dAb phage display in vivo to uncover
biomarkers in the neural milieu. This methods article provides a detailed protocol for
phage biopanning and NGS analysis for biomarker discovery (Figure 2.1b). While this
protocol is based on a culmination of prior published protocols and manufacturer’s
instructions [92, 167], the methods have been optimized for screening in vivo for mouse

models of neurological conditions.
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2.2 MATERIALS

In vivo biopanning

Human domain antibody (dAb) library, E. coli TG1 TR strain (Source BioScience
LifeSciences, Nottingham, UK).

Hyperphage stock (Progen Biotechnik, Heidelberg, Germany)

2xYT growth medium

20% glucose solution

50% glycerol

Ampicillin stock (1000X): 100 mg/mL ampicillin (Sigma Aldrich, St. Louis, MO)
in deionized water. Sterile filter and store in 1 mL aliquots at -20 °C.

TYE ampicillin glucose agar (TAG) plates. Dissolve 8 g NaCl, 10g bacto-
tryptone, and 5 g yeast extract in 600 mL deionized water. Add 15 g of agar and
bring final volume to 800 mL with deionized water. Autoclave, then cool to 50°C.
Add 1 mL ampicillin solution and 200 mL 20% glucose solution. Pour
approximately 20 mL of solution into 100 mm x 15 mm petri dishes. Place lid on
dishes, cool for 1 hour, then store at 4°C for up to 4 weeks.

Kanamycin stock: 50 mg/mL kanamycin (Sigma) dissolved in deionized water.
Sterile filter, and store in 1 mL aliquots at -20°C.

1X Phosphate Buffered Saline (PBS; pH 7.4).

1X Tris Phosphate Buffer (TBS; pH 7.4)

1X Phosphate Buffer (PB; pH 7.4)

Lysis buffer: 1X PBS, 1% Triton X-100, and protease inhibitor cocktail tablet

(Thermo Fisher Scientific, Cat. No. A32955).
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o NOTE: do not add protease inhibitor tablet until ready to use
Trypsin stock: 10 mg/mL trypsin (Sigma) at 10 mg/mL in TBS. Sterile filter and
store in 100 pL aliquots at -20°C.
PBS/EDTA/BSA solution: 4 mg of bovine serum albumin in 40 mL of 1X PBS
supplemented with 74.45 mg EDTA. Sterile filter and store at 4°C.
PEG/NaCl solution: Dissolve 125 g of PEG-6000 and 73 g of NaCl in 500 mL of
deionized water. Autoclave, then stir continuously while cooling to room
temperature.
Dounce homogenizer or other means of mechanical tissue disruption
Protease inhibitor cocktail tablet (Thermo Fisher Scientific, Cat. No. A32955)
Insulin needle syringes (27.5 gauge or smaller)

Surgical tools for tissue dissection

Illumina sequencing and sequencing analysis

QIlAprep Miniprep Kit (Qiagen, MD, USA, Cat No. 27104)

Amplicon PCR forward and reverse Primer (Custom, see Table 2.1))

2X KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Cat. No. KK2602)
10 mM Tris (pH 8.5)

Agencourt AMPure XP beads (Beckman Coulter, Cat. No. A63881)

80% ethanol

[llumina compatible barcodes for MiSeq 2 x 300 bp (Illumina, Cat. No. MS-102-
3001)

Magnetic stand (Life Technologies, Cat. No. AM10027)

96 well 0.2 mL PCR plate
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Recommended tools for sequence analysis
e FASTAptamer Toolkit [109]. Requires Perl or Perl interpreter
e Bioconductor for R [173]

e Galaxy [175]

2.3. PROCEDURE
Phage display biopanning

dAb phage production and purification

1. Grow an overnight culture of 135 mL 2xTY, 13.5 mL 20% glucose (filtered), 300
pL phage stock, and 150 puL ampicillin in one 1 L flask. Let grow in incubator at
37°C, 250 rpm overnight.

2. Use 5 mL of overnight culture to add to 450 mL 2xTY, 45 mL filtered 20%
glucose, and 500 pL ampicillin. Place in shaker at 250 rpm and 37°C.

o Note: Reaching an ODgoo of 0.5 will take 1.5-2.5 hours.

3. Once appropriate OD is reached, infect the bacteria with hyperphage at a
multiplicity of infection of 2. Incubate the culture at 37°C for 15-20 minutes in
water bath. Shake for 45 minutes at 250 rpm and 37°C

4. Pellet the bacteria for 10 minutes at 2000 x g at 4°C.

5. Resuspend the pelleted bacteria in 500 mL of 2xTY with 500 puL ampicillin and
500 pL kanamycin.

6. Shake overnight with 250 rpm at 37°C for antibody-phage production

7. The next day, pellet the bacteria with 3200 x g for 20 minutes at 4°C and recover

the supernatant.
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10.

11.

12.

13.

14.

15.

16.

Precipitate the produced phage particles with 1/5 volume of PEG/NaCl for 5
hours in either ice or 4°C storage.
Pellet the antibody phage by centrifugation with 10,000xg at 4°C for 1 hour.
Discard the supernatant.
Resuspend the white phage pellet in PBS/EDTA/BSA (~ 1mL per bottle). Aliquot
into 15 mL tube.
Remove bacterial debris by two times centrifugation with 10,000 x g for 5
minutes at 4°C.
Streak out TG1 bacteria on TYE plates and culture at 37°C overnight. Transfer
plates to 4°C storage.

o NOTE: use within 1 month.
Prepare an overnight, starved TG1 culture by inoculating 5 mL of 2xTY with a
single TG1 colony pulled from the TG1 plate. Incubate in shaker overnight at 250
rom and 37°C.
The next day, prepare 100-fold dilution of overnight-starved bacteria with 10 mL
of fresh 2xTY media. Incubate at 250 rpm and 37°C until ODeoo of 0.5 is reached
(about 1.5-2.5 hours). Culture may be stored at 4°C for up to 8 hours until ready
to complete the assay.
Prepare serial dilution from purified phage sample to achieve the following
dilutions: 10%, 107, 10°, 10, 10in 1X PBS.
Transfer 90 pl of the starved TG1 culture to each tube. Transfer 10 ul of the
phage serial dilutions to each tube to achieve an end dilution set of 106, 108, 10°
1010712, 10, Include a PBS + TG1 cells control.
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17.

18.

19.

20.

21.

Incubate inoculated phage TG1 solution in a water bath set at 37°C for 30-45
minutes.

During this incubation, place 2-3 TAG plates in the bacterial incubator for 15-30
min (37°C). This step serves to dry any condensation that may have formed on the
TAG plate.

On the back of the TAG plate, draw two lines to divide the plate into quarters
with 3 small circles in each lane.

Pipette 10 pL of each dilution onto the TAG plate. Once the solution has absorbed
into the TAG plates, seal the plate with a thin layer of parafilm.

Place the plate on a stationary shelf in incubator or oven set to 37°C for 9-16
hours. Determine colony forming unit (CFU) concentration for phage sample with

the following equation: CFU/mL = (average colony count)/(dilution*0.01 mL).

Injection of Phage/Dissection of tissues

1.

The day before procedure, prepare an overnight culture of TG1 (5 mL 2xTY, one
colony of TG1).

The next day, make a 100-fold TG1 solution with 297 mL 2xTY and 3 mL
overnight TG1 culture.

Lightly anesthetize mouse and prepare for intravenous injection (i.e. tail vein or
retro-orbital injection [176]) of 100 uL phage solution.

Allow phage to circulate for 5-10 minutes before humanely euthanizing mouse
via pentobarbital solution overdose (150 mg/kg intraperitoneal injection)
Perform perfusion with chilled 1X PB using peristaltic pump.

Dissect the brain and collect control tissues
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Weigh tissue samples and homogenize tissue thoroughly with Dounce
homogenizer or other means of mechanical disruption and lysis buffer
Add 2 mL of trypsin solution to homogenate to elute the phage. Incubate at 30°C
for 15 minutes at 50 rpm.
Transfer trypsin phage elution to a clean 15 mL centrifuge tube and spin down at
1110 x g for 5 minutes.
Transfer supernatant (discard pellet) to 30 mL culture of overnight starved TG1
cells in a 50 mL tube and incubate for 30 minutes at 37°C and 50 rpm.

a. Dryout 20 TAG plates at this time (4 for each sample)
Spin down bacterial culture at 3400 x g for 15 minutes.
Discard supernatant, resuspend the TG1 pellet in 1 mL of 2xTY.
Evenly distribute 1 mL cell suspension over 4 different plates per sample (~250 pl
per plate)
Wait until cell solution absorbs into TAG gel. Wrap dish in parafilm
Incubate at 37°C overnight.
The following day, transfer 3 mL to each TAG plate and use sterile bacterial cell
scraper to gently dislodge bacteria. Collect bacteria dense media and transfer into
50 mL polypropylene centrifuge tube
Add 15% glycerol by volume to bacteria dense media and place into 1 mL
aliquots to 80C freezer. These aliquots will act as stock for production of phage
for next round of biopanning.

Repeat biopanning steps 1-2 additional times.
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Next Generation Sequencing
Amplicon PCR
1. Thaw eluted phage from -80°C (previous step) on ice.
2. Transfer 500 ul into 1.5 mL microcentrifugation tubes.
3. Perform DNA isolation of eluted phage libraries with QIAGEN Spin miniprep Kit
or similar procedure.
4. Set up the following reaction of DNA, 2x KAPA HiFi HotStart ReadyMix, and
primers:
e Microbial DNA (5 ng/ul) — 2.5 uL
e Forward Primer —5 pL
e Reverse Primer —5 pL
o 2x KAPA Hifi HotStart Ready Mix — 12.5 pL
5. Seal plate and perform PCR in a thermal cycler using the following program:
e 95°C for 3 minutes
e 25 cycles of:
I. 95°C for 30 seconds
ii.  55° for 30 seconds
lii. 72 °C for 30 seconds
e 72°C for 5 minutes
e Holdat4°C.
6. Bring the AMPure XP beads to room temperature.
7. Centrifuge the PCR plate at 1000 x g at 20 °C for 1 minute to collect

condensation and carefully remove seal.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Vortex the AMPure beads for 30 seconds or until beads are evenly dispersed.
Add 20 pL of AMPure XP beads to each well of the PCR plate. Change tips
between columns.

Gently pipette entire volume up and down 10 times, then let incubate at room
temperature without shaking for 5 minutes.

Place the plate on a magnetic stand for 2 minutes or until supernatant has cleared.
With the PCR plate on the magnetic stand, remove and discard the supernatant.
Change tips between samples.

With the PCR plate on the magnetic stand, wash the beads with freshly prepared
80% ethanol by adding 200 pl of freshly prepared 80% ethanol to each sample
well. Incubate the plate on the magnetic stand for 30 seconds, then carefully
remove and discard the supernatant.

With the PCR plate on the magnetic stand, allow the beads to air dry for 10
minutes.

Remove the PCR plate from the magnetic stand. Add 52.5 pL of 10 mM Tris pH
8.5 to each well of the PCR plate

Gently pipette mix up and down 10 times. Assure that beads are fully
resuspended.

Incubate at room temperature for 2 minutes. Then, place PCR plate on magnetic
stand for 2 minutes

Transfer 50 pL of the supernatant from the PCR plate to a new plate. Change tips

between samples to avoid cross-contamination.
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Index PCR
1. Transfer 5 pL from each well to a new 96-well plate.
2. Set up the following reaction of DNA, Index 1 and Index 2 primers, 2X KAPA HiFi
HotStart ReadyMix, and PCR grade water.

e DNA- 5yl

e Nextera XT Index Primer 1 (N7xx) — 5 pl

e Nextera XT Index Primer 2 (S5xx) — 5 pL

o 2X KAPA HiFi HotStart Ready Mix — 25 pL

e PCR Grade water — 10 pL
3. Gently pipette up and down to mix. Cover plate with microseal and centrifuge the

plate at 1000 x g at 20°C for 1 minute.

4. Perform PCR on a thermal cycler using the following program:

e 95°C for 3 minutes

e 8cycles of:

i. 95°C for 30 seconds
ii. 55° for 30 seconds
iii. 72 °C for 30 seconds

e 72°C for 5 minutes

e Hold at 4°C.
5. Centrifuge PCR plate at 280 x g at 20 °C for 1 minute to collect condensation.
6. Vortex the AMPure XP beads for 30 seconds to resuspend.

7. Add 56 pL of AMPure XP beads to each well of the Index PCR plate.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Gently pipette mix up and down 10 times if using a 96-well PCR plate and incubate at
room temperature without shaking for 5 minutes.

Place the plate on a magnetic stand for at least 2 minutes to clear supernatant.

With the plate still on the magnetic stand, remove and discard the supernatant.

With the plate still on the magnetic stand, wash the beads with freshly prepared 80%
ethanol by adding 200 pL of freshly prepared 80% ethanol to each sample well.
Incubate the plate on a magnetic stand for 30 seconds and carefully remove and
discard the supernatant. Repeat this step one more time.

With the PCR plate still on the magnetic stand, allow the beads to air-dry for 10
minutes.

Remove the Index PCR plate from the magnetic stand. Add 27.5 pL of 10 mM tris
pH 8.5 to each well of the PCR plate.

If using a 96-well PCR plate, gently pipette to resuspend beads. Incubate plate at
room temperature for 2 minutes.

Place the plate on the magnetic stand for 2 minutes or until the supernatant has
cleared.

Transfer 25 pL of the supernatant from the Index PCR plate to a new PCR plate.
Normalize samples by measuring protein A280 (ng/mL) and normalizing to the
smallest protein concentration.

Samples are then loaded and processed according to lllumina MiSeq procedures

Sequence analysis

When analyzing HCDR3s of recovered libraries from in vivo screening

experiments, taking a multifaceted approach is paramount. The frequency of these
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HCDR3 sequences and their respective enrichment through biopanning rounds are both
critical aspects of reflective of their specificity to the target antigen. In this protocol,
enrichment is defined as the fold value change in frequency between the first and final
biopanning round. However, parsing through hundreds of thousands of sequences is and
overwhelming task to select a handful of candidates for further experimentation. We
recommend analysis of the z-score of each sequence’s expression in the experimental
conditions. This reveals sequences that have high preference for the target condition as
opposed to control. Calculating a z-score threshold by averaging the scores obtained for
each sequence further narrows down candidates. This stringent selection criteria allows
for a streamlined identification process for which sequences are 1) enriched through the

biopanning process and 2) specific to the desired condition.

=

Upload FASTQ files to Galaxy, and use FLASH (Fast Length Adjustment of Short
Reads) [177] to stitch forward and reverse reads together.
2. Convert FASTQ to FASTA file type

e NOTE: save both types of sequencing file
3. Translate nucleotide sequences to amino acid residues

e R example code:

seqdata<-translate(seqdata, GENETIC_CODE, if.fuzzy.codon="X")

4. Extract HCDR3s. HCDRS3s are variable in residue length and therefore cannot be
identified by calling numerical positions. Identifying the HCDR3s can be achieved by
using the subsetting command in R to subset between dAb frameworks 3 and 4

e R example code:
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seqdata_cdr3<- AAStringSet(sub(".*YYC *(.*?) *WGQ.*", "\\1", seqdata))
5. Obtain enrichment data. By using FASTAptamer, use fastaptamer_count to identify
the number of total and unique sequences in an HCDR3 file, and then use
fastaptamer_enrich to obtain .tsv file of sequences that have been enriched between
rounds.
e NOTE: when comparing enrichment of sequences from different libraries,
normalizing by a factor of Reads Per Million (RPMs) is highly recommended.
6. Use Bioconductor for R or similar to generate z-score table of values from sequences.
Calculate Z-score threshold value
7. Apply stringent criteria to sequences that meet the Z-score threshold to identify
candidate motifs that are positively enriched through biopanning rounds and specific
to the desired condition being screened against.
8. After identification of HCDRS3, retrieves remaining frameworks and HCDRs of the
structure from the translated FASTA file.

2.4 DISCUSSION/ CONCLUSION

This methodology is optimized for interaction with the neural microenvironment in
vivo, providing an unbiased screening perspective for biomarker discovery. The
combination of dAb phage display with NGS analysis substantially decreases the
possibility of selecting non-specific motifs by providing sequence coverage of the entire
library population and applying stringent selection criteria. Additionally, focusing on the
HCDR3 allows for a streamlined and less computationally intensive analysis.

After selection, dAbs may be produced for validation studies. Traditionally,

recombinant protein production techniques have been standard for producing antibody
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biomotifs discovered through phage display. However, producing and purifying dAbs
involves several obstacles including protein stability and degradation of affinity tags
[178]. To address these challenges, “synthetic antibodies” may be produced based on the
HCDR3 portion of the dAb sequence [179-181]. These constructs have been shown to
mimic the same antigen-binding capabilities as full-length antibodies [181]. With a
produced dAb or HCDR3 construct based on the selected targeting motif, conducting
experiments such as immunohistochemistry, ELISAs, immunoprecipitation-mass
spectrometry will identify and characterize the candidate biomarker. Unfortunately,
predicting the suitability of a phage-selected dAb for a target antigen is difficult even
with stringent sequence selection criteria, due to losing a percentage of antigen-specific
dAbs during screening due to misfolding in E. coli [107, 182]. Nonetheless, the presented
analysis pipeline is optimized to assist in the section of specific biomotifs to identify

novel biomarkers.
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2.5 FIGURES
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Figure 2.1: dAb phage display-next generation sequencing pipeline. a) Representation
of dAb phage structure. The dAb is comprised of the variable heavy (Vn) fragment of a
full-length antibody. dAbs are fused to filamentous M13 bacteriophage, resulting in the
“display” of the dAb on its surface. b) Purified dAb phage are first intravenously injected
into the mouse post-injury. After circulation, the mouse is perfused and phage are eluted.
Phage eluted from the injured region are then amplified and used in the subsequent
screen. After biopanning, next generation sequencing (NGS) is used to uncover the full

population of dAb libraries. The libraries are then analyzed for enriched, highly specific
HCDR3:s.
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Table 2.1: dAb sequencing primers for MiSeq 2 x 300 module. Underlined fraction
indicates Illumina overhang adapter sequence.
Primer Name  Sequence

dAb For 5’
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGC
TGTTGGAGTCTGGGG 3’

dAb rev 5’

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAGA
CGGTGACCAGGGTTC 3
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CHAPTER 3
PHAGE DISPLAY FACILITATED DEVELOPMENT OF HCDR3 CONSTRUCTS
WITH TEMPORAL SPECIFICITY TO ACUTE AND SUBACUTE TRAUMATIC
BRAIN INJURY

3.1 INTRODUCTION

Traumatic brain injury (TBI) affects an estimated 1.7 million people in the United
States each year and is a leading cause of death and disability for children and young
adults in industrialized countries [1, 3, 4]. Individuals who experience TBI are more
likely to develop cognitive and behavioral deficits, as well as physical conditions such as
inhibited motor coordination and balance [5]. These individuals are also more susceptible
to acquiring neurodegenerative diseases than the non-injured population [8, 10].
Treatment costs of TBI are estimated at $76.5 billion annually in the United States alone
[11], making TBI a great economic burden and public concern.

TBI is characterized not by a singular event, but a cascade of two separate injury
phases. The initial insult disrupts the blood-brain barrier (BBB) and causes necrosis,
tissue deformation, and cell shearing [12]. This primary injury then catalyzes the
secondary injury cascade, leading to an increase of inflammatory cytokines,
mitochondrial damage, ischemia, and cell death [12, 15]. This pathology may persist for
hours to months after the initial insult, introducing temporal complexity to the injured
neural milieu [16]. Unfortunately, the molecular and cellular mechanisms of injury
progression are poorly understood and have yet to be fully elucidated. Consequently, this

complexity impacts the development of accurate diagnosis and treatment options.
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Biomarkers, objective signatures of injury, can inform and facilitate development of
sensitive and specific theranostic devices. For example, a quantifiable biomarker can
provide insight on the severity of a patient’s injury or be utilized to assess treatment
efficiency. Biomarkers can also inform the design of targeted therapeutic agents.
However, the temporal progression of injury is a bottleneck to the development of
sensitive theranostic devices. A marker identified acutely after injury may not carry the
same diagnostic or therapeutic value at more chronic timepoints and vice versa.
Accordingly, identification and characterization of temporal TBI biomarkers is critical
for improving patient care. Molecular-based biomarker discoveries are often facilitated
with “top-down” approaches, where known involvement in the condition is paramount to
classification as a candidate biomarker. Advances in neuroproteomics have been applied
to TBI biomarker discovery to support “bottom-up” approaches [17, 70]. This method
takes advantage of the heterogeneous injury environment by fractionating lysate and
analyzing global protein expression via mass spectrometry to identify proteins with
differential expression after injury. Several studies have successfully analyzed the
proteome of rodent brain tissue after experimental TBI to uncover hundreds of
differentially expressed proteins that have the potential to be candidate biomarkers of
neural injury [70, 183, 184]. However, neuroproteomics approaches often yield a large
volume of data, leading to time intensive analysis and difficulties selecting candidates
[17,70].

Phage display, a powerful screening technigque to uncover protein-protein
interactions, has been applied to biomarker discovery in various cancers and more
recently, neurological conditions such as Alzheimer’s Disease and stroke [87, 93-95,
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185]. This technique utilizes libraries of biological motif-displaying bacteriophages that
are then screened against target antigens. Bound bacteriophage are then collected and
amplified to use in a subsequent biopanning round. This process is repeated to enrich the
population of motifs that have strong affinity to the target antigen. Several display
systems can be applied to biomarker discovery, but the domain antibody fragment (dAb)
-based display systems in particular hold distinct advantages. Their small size (12-15
kDa) and ability to isolate proteins specific to brain vasculature make them ideal for
interacting with the neural milieu in vivo [98, 186]. Despite these characteristics,
implementation of dAb phage display to elucidate temporal mechanisms of TBI has yet
to reach its full potential.

The difficulty of utilizing dAb displayed systems lies in producing individual
candidate dAbs for bioreactivity validation. Recombinant protein production techniques
for antibody fragments are time consuming and resource intensive. Purifying dAbs with
protein A resin can decrease stability due to the acids required for elution. Similarly,
protein A is able to bind to a variety of immunoglobulins and is therefore inconvenient
for detection in immunoassays [187]. Designing affinity tags for recombinantly produced
dAbs is also an arduous process as these tags tend to deteriorate or completely degrade
[178]. To address this, “synthetic antibody”-type constructs are developed using the
heavy complementarity determining region 3 (HCDR3) structure of the dAb which
facilitates antigen binding [165, 181, 188]. These constructs have been shown to mimic
the binding capacities of full-length antibodies at a fraction of the size and can be easily

customized via biotinylation for detection in downstream analysis.
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Here, we use in vivo phage display biopanning to take advantage of the
heterogeneous injury milieu and identify domain antibody fragments (dAbs) that
specifically target injured neural tissue at 1 and 7 days post-injury in a mouse model of
controlled cortical impact (CCI). HCDR3 constructs were developed based on NGS and
bioinformatic analysis dAb phage populations and spatiotemporal specificity was
validated via immunohistochemical analysis. Through immunoprecipitation-mass
spectrometry (IP-MS) with the HCDR3 constructs, we identified several potential targets
associated with metabolic dysfunction and neurodegenerative processes expressed at the
acute and subacute timepoint, respectively.

3.2 MATERIALS AND METHODS

Controlled cortical impact

All experiments were approved by the Arizona State University Institutional
Animal Care and Use Committee (IACUC).

Eight-weeks-old male and female C57BI1/6 mice (Charles River) were assigned to
four experimental groups; acute (sacrificed 1 day post-injury (dpi)), subacute (7 days),
chronic (21 days) and sham (craniotomy with no injury, sacrificed 1 day post-procedure).
Mice were further divided for each experimental assay: biopanning,
immunohistochemistry (IHC), or IP-MS whereby each experimental condition and
analysis technique had a range of n = 6-10. Briefly, mice were anesthetized with
isoflurane (3% induction, 1.5% maintenance and secured on a stereotaxic frame (Leica
Microsystems, Wetzlar, Germany). A 3 mm craniotomy (-1 AP mm bregma, 1.5 lateral to
midline) was performed to accommodate a 2 mm diameter, 1 mm deep impact to the

frontoparietal cortex at 6 m/s velocity and 100 ms duration. Surgical area was sutured,
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then analgesics (0.05mg/kg buprenorphine) and saline were subcutaneously administered.
Mice were placed in single housed cages and monitored during recovery.
In Vivo Biopanning

A human dAb library (Source Bioscience, Nottingham, UK) was prepared with
hyperphage (Progen, Heidelberg, Germany) as described in the manufacturers protocols
[167, 189]. At the 1,7, or 21 dpi), the parent phage library (10*2- 10 CFU in 100 pL)
was administered via retro-orbital injection. Phage circulated for 10 minutes before
animals were euthanized via pentobarbital solution overdose (150 mg/kg intraperitoneal
injection). Non-specific phage were cleared by transcardial perfusion with 0.1M
phosphate buffer, pH 7.4. The ipsilateral (injured) and contralateral hemisphere of the
brain were extracted and dissected, in addition to the heart and spleen. Immediately,
tissues were weighed, diced, pooled (n=3/biopanning round), and mechanically
homogenized in chilled phosphate buffer with protease inhibitors. Trypsin was added to
the homogenate to elute binding phage from tissue. Phage concentration determined by
colony forming units (CFU) of tissue elutions were quantified by bacteria titers (TG1 E.
coli). Titers were completed after each round to confirm distribution across tissues.
Eluted phage were amplified with TG1 E. coli and stored under -80°C conditions.
Between biopanning rounds, phage DNA were isolated (QlAprep Spin Miniprep; Qiagen,
Valencia, CA) and analyzed for sequence convergence by the DNASU Sequencing Core
(Tempe, AZ).

For the second biopanning cycle, the eluted phage from the ipsilateral brain
hemisphere were amplified and purified to serve as the phage population for the second

biopanning round. Injection, tissue preparation, phage elution, amplification, and storage
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were completed as stated previously. A stock library from the manufacturer was
amplified without a screening target to serve as a propagation library control to prevent
selection of non-specific, parasitic sequences.

Next Generation Sequencing and Analysis

Preparation of phage dAb libraries for deep sequencing was completed following
the Illumina Nextera XT amplicon sequencing protocol (Illumina, San Diego, CA).
Briefly, amplicons were created with a single PCR step and Illumina-compatible indexes
were added to each sample with a second PCR cycle. Phage libraries were sequenced
with primers including lllumina-specific barcodes (Table 3.1) via lllumina MiSeq 2 x 300
bp module by the DNASU Next Generation Sequencing Core at ASU Biodesign Institute
(Tempe, AZ).

Paired end sequences were stitched with Fast Length Adjustment of Short reads
(FLASH) [177], using a minimum and maximum overlap of 10 and 200bp respectively.
The heavy complementarity determining region 3 (HCDR3) sequence of each dAb was
extracted in Bioconductor for R [173] by subsetting between dAb frameworks 3 and 4.
Mutated HCDR3 sequences were excluded from analysis by filtering for sequence length.
Raw reads and normalized reads per million (RPMs) were retrieved with the
FASTAptamer Toolkit [109]. HCDR3 sequences in injury groups that were enriched
through biopanning (i.e. increase of reads from round 1 to round 2) were selected from
each library. Enriched sequences were then compared with peripheral tissue (spleen and
heart) and propagation control libraries to ensure final selection of HCDR3s that were
specific to injured neural tissue libraries. Further, selected sequences were compared
against other injury timepoints (i.e., sequences selected from acute injury were compared
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with sequences from the subacute injury group) using z-scores to enhance temporal
specificity for each sequence selection. Top HCDR3s were selected for antibody-mimetic
production and further validation based on the following criteria: 1. frequency, 2. fold
enrichment values, and 3. specificity to neural injury at the distinct biopanning
timepoints.
dAb production and purification

dAbs were ligated into pET-22b (+) expression plasmid with a C-terminus 6x
histidine affinity tag (Genscript, USA) and sequenced to confirm correct dAb sequence.
Production was optimized through a Design of Experiments (DoE) 2-level fractional
factorial design assessing interactions between IPTG induction concentration,
temperature, media, and time post-induction (Appendix B). dAb-Al was produced in LB
media and with growth induced with 0.5 mM IPTG once culture reached ODsoo 0f 0.5.
Cultures were shaken at 250 RPM for 1 hour at 25°C. dAb-A2 was produced in Terrific
Broth with growth induced with 0.1 mM IPTG once culture reached ODego of 0.5.
Cultures were shaken at 250 RPM for 3 hours at 25°C. Soluble fractions were purified by
fast protein liquid chromatography (FPLC) using Protein A/G resin. Flowthrough and
elutions were collected to verify protein size via Western Blot.

Biotinylated HCDR3 constructs
HCDR3 peptides for injury and control groups were synthesized with N-terminus

acetylation and C-terminus amidation for increased stability (WatsonBio, Houston, TX).
Peptides were then cyclized using bromoacetamide scaffolding and biotinylated. Each

reaction was analyzed by matrix assisted laser desorption/ionization to confirm presence
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of peptide-scaffold conjugate. Constructs were purified via high performance liquid
chromatography (HPLC) collection at 214 nm for downstream analyses.

Immunohistochemistry
Mice were subject to CCI or sham (n=3 per group/sex) as described previously

and perfused with 0.1 M phosphate buffer and 4% paraformaldehyde at designated
timepoints. Brains were fixed overnight in 4% paraformaldehyde at 4°C followed by
immersion in 15% sucrose and then 30% sucrose. Brains were flash frozen on dry ice in
optimal cutting temperature medium and stored at -80°C. Samples were sectioned
coronally at 20 um thickness. After incubation with excess streptavidin and biotin to
block endogenous biotin (Endogenous Biotin Blocking Kit; Thermo Fisher Scientific,
Waltham, MA), 5 uM of biotinylated HCDR3-construct or 5 pg/mL of dAb was
incubated on tissue overnight at 4°C. Simultaneously, control sections were incubated
with control HCDR3-construct or 1X PBS. Tissue sections were washed in 1X PBS, then
HCDR3-construct samples were incubated with Alexa Fluor 555 streptavidin and dAb
samples were incubated with 1:2000 dilution of biotinylated anti-6xhis antibody (Abcam;
ab27025) at room temperature for 2 hours, followed by 1X PBS washes. dAb-incubated
tissues were incubated with Alexa Fluor 555 streptavidin as a tertiary antibody. All tissue
sections were subject to DAPI incubation for 5 minutes. Sections were visualized using
fluorescence microscopy, and 20x magnification tile scans were prepared for processing
using ImageJ software. Threshold values of control slices were used to quantify fraction

of CDR3 construct positive staining. Analyzed area was approximately 1500 um x 1500

pm.

Immunoprecipitation-mass spectrometry
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CCl and sham surgeries were completed as described previously. Mice were
sacrificed at 1 or 7 dpi (n=3/group) via transcardial perfusion with phosphate buffer, pH
7.4. The ipsilateral hemisphere of the brain was immediately dissected and homogenized
in chilled lysis buffer (1X PBS, 1% Triton, protease inhibitor cocktail). Protein
concentration was quantified with the Pierce BCA Protein Assay Kit (Thermo Fisher).

Streptavidin-coupled Dynabeads (Thermo Fisher) were washed with 0.1% Tween
in 1X PBS and incubated with 1 mg/mL tissue lysate for 1 hour at room temperature. Pre-
cleared lysate was collected after separation from magnetic beads and incubated with
designated HCDR3-constructs rotating overnight at 4°C to form the immune complex.
The immune complex was then incubated with streptavidin-coupled Dynabeads for 1
hour at room temperature before antigen was eluted from beads with 0.2% Rapigest.
Eluate was processed by the ASU Biodesign Mass Spectrometry Facility for liquid
chromatography-mass spectrometry (LC-MS) analysis using the Thermo Orbitrap Fusion
Lumos (Thermo Fisher). Simultaneously, the same immunoprecipitation procedure was
completed and antigen was eluted by heating sample at 95°C with SDS PAGE running
buffer. Samples were run on a stain-free 12% SDS-PAGE gel and protein bands
visualized with the Chemidoc following the manufacturer’s protocol (Biorad, Hercules,
CA) to confirm distinct proteins between injury and control groups.

UniProt IDs of identified proteins were uploaded to the PANTHER (Protein
Analysis Through Evolutionary Relationships) classification system [190] and searched
against the Mus musculus reference database. Ontological assessments to characterize

cellular localization, molecular function, biological processes, and pathways were
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conducted with PANTHER Overrepresentation test with the GO Ontology database
(released 2019-10-08).
Statistics

For NGS analysis, raw counts were first normalized to reads per million (RPM) to
account for library differences. A normalized z-score was then used as a threshold to
identify dAbs that were highly represented and specific to their distinct injury timepoint.
Selected dAbs were then screened for enrichment factor and individual frequency.
Fluorescence percentage per area was conducted with ordinary one way ANOVA
followed by Dunnett’s test for multiple comparisons. Statistical significance was
determined as p < 0.05. Identified proteins that met the false discovery rate (FDR)
threshold of < 0.01 were used in all ontological assessments to categorize biological
processes and candidate pathways.
3.3 Results
dAb phage bind to injured brain tissue in vivo

A dAb phage library was intravenously injected into CClI injured mice at 1, 7, and
21 dpi (Figure 3.1). Phage accumulation was analyzed through titer analysis to confirm
that the phage library was given sufficient time to bind to target tissues. Titers determined
that phage accumulated in all extracted tissues, with the spleen having the highest total
CFU/g of 1.05 x 107 (Table 3.2). Up to 1.21 x 10® CFU/g were recovered from neural
tissue of each cohort through trypsinization, including sham controls. An increase in
ipsilateral hemisphere-binding phage was observed in the final biopanning round for both

the acute and subacute timepoints (increases of 28 and 37% respectively), indicating
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successful enrichment of affinity binders to target tissue (Figure 3.2b,c). CFU bound to
chronic injured and sham tissue were similar between biopanning rounds (Figure 3.2a,d).
NGS analysis reveals HCDR3 sequences specific to distinct injury timepoints

Phage libraries were sequenced and the HCDR3 of each dAb was examined for
all subsequent analyses. This region is the only HCDR within the dAb structure that
differs in canonical composition and residue length, indicating that these characteristics
promote unique antigen binding specificity [164, 165]. Injury libraries yielded thousands
of HCDR3s for each biopanning round, with between 200,000 to 600,000 sequences in
the final biopanning round (Figure 3.3a). This analysis yielded a small fraction of
sequences similar between timepoints, suggesting that dAb phage interacted uniquely
with the neural microenvironment dependent on the temporal condition. After the final
biopanning round, less than 20% of sequences from each injury library were identical
with the sham library, suggesting that injury libraries were specific to neural injury
pathology (Figure 3.3b).
Biopanning increases frequency of neural injury-specific HCDR3s

Across conditions, libraries recovered from the ipsilateral hemisphere yielded
substantially more sequences with higher expression (>200 reads) in the 2" biopanning
round than the first (Figure 3.4). This shift in frequency is representative of the
biopanning process enriching the population of sequences that have preferential binding
to injured neural tissue. Sequences that had an increased frequency in the final
biopanning round than the first were categorized as “enriched” (Figure 3.5). Only 6.7%

and 3.0% of sequences met this criterion for the acute and subacute libraries respectively,
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which provided an opportunity to target HCDR3s that were highly expressed due to
affinity selection (Table 3.3).
Phage display derived HCDR3s are temporally specific to distinct injury timepoints
Heatmaps of normalized sequence RPMS were constructed to visualize temporal
relationships of the enriched HCDR3s for each timepoint. A majority of sequences with
the highest RPMS in their respective groups were also observed in other timepoints post-
injury (Figure 3.6a). In fact, several HCDR3s in the acute timepoint were most highly
represented in the subacute and chronic timepoints, indicating temporally dependent
expression. Nonetheless, creating a z-score matrix of the sequences provided an
opportunity to develop stringent criteria for selecting timepoint-specific sequences for
dAb or HCDR3-construct design. Z-scores were averaged for each timepoint and used as
a threshold to identify HCDR3s with strong preference for their distinct timepoint. Of the
enriched sequences, less than 2% met z-score criteria (Fig 3.6b,c; Table 3.3). This
bioinformatic analysis narrowed the pool of candidate biological motifs to an exclusive
and focused group. For final selection, HCDR3s were required to 1) be unique to a
distinct temporal phase post-injury, as determined by z-score normalization and
comparison against other injury libraries, 2) be enriched after biopanning, and 3) not be
present in control libraries. In order to explore enriched sequences that relatively low
frequency, we selected two HCDR3s for each injury group; one sequence with the

highest frequency and another with the highest fold enrichment value (Table 3.4).
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dAb production/purification

Two dAbs with the selected HCDR3 sequences for the acute timepoint were
produced via recombinant protein techniques. A rigorous DoE analysis was applied to
determine optimal conditions for time, media, IPTG concentration, and incubation time
(Appendix, Table 1). Western blot analysis indicated that production and purification was
successful (See Appendix B, Figure 1a,b).
Validation of spatiotemporal affinity

Immunohistochemistry (IHC) was used to evaluate the recognition of top dAb or
HCDR3-constructs to CCI injury sections. dAbs designed from selected acute-targeting
HCDR3s achieved bioreactivity on injured tissue (Appendix B, Figure 1). Acute-1
construct (Al) expressed the highest frequency after biopanning as determined by NGS
analysis, yet the IHC analysis yielded no detectable signal on injured tissue. Acute-2
construct (A2) showed significant bioreactivity determined by the fluorescence on 1 dpi
tissue in comparison to sham (p= 0.0120) and 7 dpi tissue (p = 0.0221). No significant
differences were observed between 1 dpi and 21 dpi tissue (p = 0.0658). Positive stain
with subacute-1 construct (SA1) was also observed in the peri-injury region of the 7 days
post-injury tissue, while this localization was not observed in sham brain sections (p =
0.0079) (Figure 3.7). No significant differences were observed between SAL bioreactivity
on 7 dpi and 1 dpi tissue (p = 0.0993) or 21 dpi tissue (p = 0.0780).Control constructs
(derived from spleen, heart, and propagation phage library, Table 3.5) showed no
detectable signal on injured tissue at 1 or 7 days post-injury, demonstrating that the
positive signal we observed from the A2 and SA1 were not due to non-specific artifact
derived from construct structure (Figure 3.8).
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Targets identified by immunoprecipitation-mass spectrometry

IP-MS analysis identified 18 and 20 proteins specific to injury when using A2 and
SAL as capture antibodies respectively (FDR <0.01) (Table 3.6, 3.7). Ontological
analysis of candidate proteins revealed several biological processes that were similarly
represented across groups, such as metabolic process and cellular processes (Figure 3.9).
SALl isolated proteins involved in behavioral and developmental processes (5.6%), which
were not represented in the A2 condition (Figure 3.9). Pathway analysis of A2-specific
proteins identified the TCA cycle and pyruvate metabolism pathway as highly
represented processes (20% and 13% respectively) (Figure 3.10). Comparatively, proteins
implicated in Parkinson’s disease and apoptosis signaling pathways were highly
represented for SAl-specific proteins (both 11%) (Figure3.10).

Interestingly, specific proteins identified as components of these pathways also had
the highest number of identified peptides from their respective HCDR3-construct groups
(Table 3.8). Citrate synthase (CS), and succinyl CoA synthetase subunit § were identified
as prominent components of the TCA cycle, while CS was also represented in the
pyruvate metabolism pathway. Heat shock cognate 71 kDa and endoplasmic reticulum
chaperone binding immunoglobulin protein (ER chaperone BiP) were identified as
components of both the Parkinson’s disease and apoptosis signaling pathways. The high
volume of peptides recovered by MS and their involvement in highly represented

pathways suggest that they are the most probable targets of the A2 and SAL.
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3.4 DISCUSSSION

A confounding factor in the diagnosis and treatment of TBI is temporal
complexity of pathological progression. Analysis of temporal biomolecular mechanisms
provide insight on injury progression that may better inform the development of
theranostic tools. In this study, we leveraged the power of unbiased phage display to
identify and develop novel biomolecular motifs that specifically recognize elements of
acute and subacute TBI pathology. In vivo phage biopanning was conducted in a CCI
rodent model at three distinct time points following injury (1, 7, and 21 dpi) to perform a
robust bioinformatics driven assessment of enriched phage populations for each
timepoint. The spatiotemporal specificity of HDCR3-constructs based on the NGS data
were validated first with IHC analysis, demonstrating the strength of this high throughput
screening and sequencing methodology. Using IP-MS, we positively identified several
candidate proteins involved in metabolic and neurodegenerative processes as potential
targets for A2 and SAL, respectively. The elegance of phage-based approach in contrast
to traditional neuroproteomics (i.e., whole brain tissue analysis to identify differentially
expressed proteins via mass spectrometry [70]), is that phage biopanning leverages
molecular evolution to narrow the molecular pool for biomarker candidate selection.

dAb libraries are advantageous to screening against neural tissue in vivo due to
their small size (12-15 kDa), high affinity, and ability to effectively bind to brain
vasculature [98, 162]. Interestingly, dAb phage accumulation in naive and chronic injury
neural tissue was comparable across biopanning rounds while accumulation within acute

and subacute injury groups drastically increased. BBB disruption permits intravenously
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injected phage with accessibility to extravascular targets, which corroborates the study’s
findings of relatively lower percentage of phage accumulation in sham and chronic injury
cohorts (Figure 3.2) [185, 191].

Recent sequencing advancements in NGS capabilities are instrumental to the
identification of candidate biological motifs in phage display libraries. High-throughput
sequence analysis provides an opportunity to uncover the entire population of phage
display libraries at a sequencing space of 10°-107 in comparison to 20-100 for traditional
Sanger sequencing methods [106]. High-throughput sequence analysis also minimizes the
probability of selecting false positive clones that may be overrepresented in the library
due to propagation advantages, thereby overcoming a large drawback of utilizing phage
display technology [172, 192]. Both of these advantages are critical for the analysis of a
library derived from in vivo biopanning of the neural injury microenvironment.

Although dAb production and purification were successful for two 1dpi dAbs as
measured by positive histine-tag Western blots, they failed to show bioreactivity to
injured tissue via immunohistochemistry. These results were prime examples of the
complications with traditional recombinant protein production for in vivo phage since the
antigen(s) are also unknown and present a tremendous barrier to validation and
characterization of the selected motifs [178, 187]. We directly addressed this challenge
by designing novel peptide-based HCDR3 constructs that mimic the constrained HCDR
loop structure, motivated by prior studies [181], thereby enabling high-throughput
production via direct peptide synthesis and facile biochemical modifications to fabricate
the constrained cyclic HCDR3 loop structure. The HCDR3 has been identified as the
main contributor to binding specificity of antibodies and truncated antibody fragments.
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Prior studies have highlighted the utility of generating HCDR3 peptide variants as a
“synthetic antibody” with comparable binding efficiency to full length antibodies [181,
193]. Our data further supports this reductionist approach and future studies will focus on
potential mechanisms and molecular tuning to optimize the HCDR loop structure.

Our validation results readily demonstrated the critical need for thorough testing
of each phage identified candidate motif. Most prominent, A1 was identified based on
our selection criteria for the acute timepoint, namely high frequency in biopanning round
2, yet IHC assessment did not show detectable bioreactivity with fixed mouse brain tissue
at 1 dpi. In contrast, A2, selected namely for the high fold enrichment value from
biopanning round 1 to round 2, showed high sensitivity and affinity to the peri-injury
region at 1dpi compared to sham, subacute, and chronic tissue sections (Figure 3.7). For
the subacute constructs, the opposite effect was observed with constructs targeting
subacute injury, with SA1 positively binding to injured neural tissue. Al had the highest
observed frequency for its timepoint, yet it only exhibited a fold-enrichment value of
2.47; much lower than A2’s value of 22. Furthermore, SA2’s enrichment value of 17.57
dwarfed in comparison to SA1’s value of 49 (Table 3.4). These results may suggest that
enrichment facilitated by biopanning plays a critical role in the ability of the HCDR3 to
bind successfully to its target. However, more testing is required to fully understand the
factors that influence bioreactivity of a phage-selected motif. SA1 also exhibited
bioreactivity on 1 dpi tissue sections in the injury region, even though bioinformatic
analysis suggested this construct was specific to subacute injury alone. This may indicate
targeting of antigens that are expressed at a minimal level acutely after injury but increase
in expression over time.
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Further validation of our HCDR3 constructs was performed by IP-MS analysis.
We identified potential acute TBI pathology targets of A2 as critical metabolic processes
mediators. Pyruvate metabolism and TCA cycle, two pathways revealed by subsequent
A2 target pathway analysis, work in tandem to regulate cerebral metabolism [194]. After
TBI, these pathways are inhibited due to oxidative stress damage caused by
mitochondrial dysfunction [195]. Ontological analysis revealed two individual
components targeted by A2 that are implicated in these pathways and highly represented
in the mass spectrometry data; succinate CoA ligase B and citrate synthase (CS) (Table
3.8). Deficiencies in succinate-CoA ligase  cause mitochondrial dysfunction and
negatively impacts the central nervous system with disorders such as encephalomyopathy
[196, 197]. This subunit is increased in the rat brain proteome three hours after
hemorrhagic stroke in comparison to naive controls, providing evidence for time-
dependent upregulation after neural injury [184]. Succinate-CoA B was also identified in
a similar study analyzing differential expression of proteins following induction of
experimental epilepsy [198]. Interestingly, CS is significantly downregulated in
comparison to controls acutely after diffuse axonal injury and CCI [63, 199]. However,
CS expression may be dependent on both severity and time, with significantly decreased
expression of CS in severe weight drop models at 6, 24, 48, and 120 hours post-injury in
comparison to mild TBI conditions [200].

SALl isolated proteins strongly associated with neurodegenerative processes such
as Huntington’s, Alzheimer’s, and Parkinson’s disease. (Fig 7). Heat shock cognate 71
kDa and ER chaperone BiP, members of the heat shock protein 70 family, were both

identified as components of Parkinson’s disease and the apoptosis signaling pathway. ER
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chaperone BiP, a monitor of endoplasmic reticulum stress is induced in Alzheimer’s
disease in response to protein misfolding and cell death [201, 202]. Additionally, a
reduction in ER chaperone BiP expression leads to the acceleration of prion disease
pathology [203]. Comparatively, an increase in ER chaperone BIP expression is
suggested to be neuroprotective in models of brain ischemia [204, 205]. Recent studies
suggest that heat shock cognate 71 kDa, a cytosolic facilitator of protein folding and
degradation, may have a strong interaction with Tau protein, a hallmark of Alzheimer’s
disease [206]. This protein has been suggested as a possible therapeutic target for stroke
and TBI as well, as its overexpression may reduce apoptosis and inflammation [207]. TBI
is a risk factor for neurodegenerative diseases, and many factors in the secondary injury
cascade run parallel to degenerative pathology such as neuronal cell death [208, 209].
However, this connection is not fully elucidated and potential therapeutic targets are still
in the early stages of characterization. The unbiased identification of the heat shock
proteins subacutely in TBI through phage display therefore provides insightful
perspective on the link between brain injury and acquisition of neurodegenerative
diseases

The current study not only identified proteins specific to temporal brain injury
phases, but simultaneously developed targeting constructs for these candidates. The
design of HCDR3 constructs that specifically bind to acute and subacute injury provides
a foundation for the development of theranostic tools. This discovery will allow for future
characterization of the candidate targets through several conditions within the neural
injury microenvironment, in addition to the refinement of HCDR3-constructs as a
targeting modality to detect and treat TBI
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Figure 3.1: Schematic of phage display biopanning. A dAb phage parent library is
produced and purified, then intravenously injected into a mouse that has either had a
controlled cortical impact (CCI) at a distinct timepoint (1, 7, or 21 dpi) or a sham injury
(sacrificed 1 day post procedure). Tissue are extracted, lysed, and trypsinized to cleave
phage from tissue. The phage library from the ipsilateral hemisphere is then amplified
with TG1 E. coli and applied in the final round of biopanning. Recovered phage are then

analyzed using NGS.
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Figure 3.2: Hemisphere distribution of phage (CFU%b). Recovery is quantified by %

CFU for a) sham, b) acute (1dpi), ¢) subacute (7dpi), and d) chronic timepoints (21 dpi).

Phage accumulation to the ipsilateral hemisphere increased after biopanning for both the
acute and subacute timepoints. Phage distribution between hemispheres for the sham and
chronic cohorts remained similar across biopanning rounds.
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Figure 3.3: Sequence population diversity. (a) Comparison of recovered HCDR3s
across injury timepoints represented by a Venn diagram. A majority of the recovered
sequences were unique to their distinct timepoint, while a small fraction was found in
multiple injury libraries simultaneously. (b) Comparison of recovered injury library
HCDR3s against control propagation library. For the acute injury library, the percentage
of sequences found in the control propagation library drastically decreased after
biopanning. Both the subacute and chronic injury libraries yielded less than 20%
similarity with controls across biopanning rounds.

64



3 Acute

300000+

200000
» 100000
@
] 1
c
S -
g 2004
"
2 1504
2
E 1004
=
50
u—
o S
2 P P P PP S
LS QQ @Q @Q QQ g &
GV k) '\QQ ,09
Frequency
b Subacute
300000
& 150000
] 1
g
g 1507
g
w
5 400
2
E
=
= 50

ST - P o .,\\"’g ..;5“%

&

N : 0
P O ®

®
Ky N

Frequency

mm Round1l
= Round 2

Figure 3.4: Frequency distribution of recovered HCDR3s within injury libraries.
Round 2 yielded more sequences in higher ranges (>200 reads) than after round 1 of
biopanning. This shift in frequency is representative of the biopanning process enriching

the population of ipsilateral-specific sequences.
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Figure 3.5: Reads per million (RPM) of sequences increased after biopanning.
Relationship between individual sequence RPMs after the biopanning rounds are
visualized with scatterplots for a) acute and b) subacute injury libraries. Data points
above the diagonal red line represent sequences that were enriched through biopanning.
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Figure 3.6: Analysis of HCDR3 temporal specificity a) representative heatmap of the
top 20 highest frequency HCDR3s identified in each injury timepoint and their
expression in adjacent timepoints. Z-scores are calculated by column (individual
sequences). Scatter plots were generated to visualize the relationship between enrichment
value (defined as Round 2 reads/Round 1 reads) and z-score for b) acute and c) subacute
injuryHCDR3s. Red data points represent sequences that met z-score threshold criteria.
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Figure 3.7: HCDR3 constructs show selectivity to injured tissue. a) Qualitative
representation of injury-specific HCDR3 (green) and cell nuclei (blue) in 1 dpi tissue.
ROI represented in white box. b) 20x magnification of A2 construct staining on 1 dpi
tissue. ¢) 20x magnification of SAL construct staining on 7 dpi tissue. d) qualitative
representation of sham control. e and f) Quantification of % area fluorescence in 1500
pm x 1500 um ROI (n=5-6). Data expressed in mean + SEM. * p < 0.05. Scale bar = 100

um.
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Figure 3.8: Control constructs show no detectable bioreactivity on injured neural
tissue. Constructs were designed based on sequences highly expressed in control
libraries. a) Spleen, b) dAb propagation and c) heart HCDR3 constructs showed no
detectable bioreactivity with injured neural tissue. Scale bar = 100 pm.
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Figure 3.9: Biological process categorization of identified proteins isolated by A2
and SA1. Categories hierarchically clustered by percent of proteins identified in
biological processes. A2 and SA1 had similar distribution of proteins involved in cellular
and metabolic processes. Comparatively, more proteins isolated by SA1 were involved in
localization, response to stimulus, and localization that proteins identified in the A2

condition.
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Figure 3.10: Pathway categorization of identified proteins isolated by A2 and SA1.
Categories hierarchically clustered by percentage of proteins identified in pathway
analysis. Proteins identified in the A2 condition were highly expressed in the TCA cycle
and pyruvate metabolism in comparison to other pathway analysis categories. Proteins
identified in the SA1 condition were highly expressed in Parkinson’s disease and

apoptotic signaling pathways by comparison.
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Table 3.1: dAb sequencing primers for MiSeq 2 x 300 bp module. Underlined portion
indicates Illumina overhang adapter sequence.

Primer Name  Sequence

dAb For 5’
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGC
TGTTGGAGTCTGGGG 3°

dAb rev 5

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAGA
CGGTGACCAGGGTTC 3
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Table 3.2: Phage accumulation in ipsilateral and contralateral hemispheres

determined by CFU/g
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Table 3.3: Percentage of HCDR3s meeting selection criteria. Enrichment is defined as
an HCDR3 with increased frequency after biopanning. The z-score thresholds were 0.955
and 0.566 for acute and subacute libraries respectively, determined by the average for
each injury group.

Selection Criteria

Recovered Enriched Z-score
Acute 663413 44680 (6.73%) 500 (0.08%)
Subacute 259687 7945 (3.06%) 3996 (1.54%)

Table 3.4: Selected HCDR3s

Enrichment Frequency Z-score Sequence
Value
Acute-1 (Al) 247 111 1.154 TAERDARTFQY
Acute-2 (A2) 22 22 1.155 SLYGSSRHTAPISF
Subacute-1 (SA1) 49 638 1.155 TDLAVAHPVRY
Subacute-2 (SA2) 17.57 246 1.148 AAPSWNNHVSY

Table 3.5: HCDR3 control constructs. HE-CDR3 = heart, SP-CDR3 = spleen, dAb-
CDR3 = dAb propagation.

HCDR3-Construct Sequence
HE-CDR3 TGHEGENEMAS
SP-CDR3 GPLDGKEEELRF
dAb-CDR3 GPLDGKEEELRF
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Table 3.6: A2 isolated proteins determined by mass spectrometry (FDR<0.01)

Accession Description
P18872 Guanine nucleotide-binding protein G(O) subunit alpha
P51863 V-type proton ATPase subunit d
Q62277 Synaptophysin
Q8BG05 Heterogeneous nuclear ribonucleoprotein A3
aminoacyl tRNA synthase complex-interacting multifunctional protein
Q8R010 5
P15105 Glutamine synthetase
P35486 Pyruvate dehydrogenase E1 component subunit alpha, somatic form,
mitochondrial
P42669 Transcriptional activator protein Pur-alpha
P61164 Alpha-centractin
Q6ZQ38 cullin-associated nedd8-dissociated protein 1
Q8BG05 Heterogeneous nuclear ribonucleoprotein A3
Q8VHF2-1 Cadherin-related family member 5
Q9W1V02- RNA-binding motif protein, X chromosome
Q9z219 Succinate--CoA ligase [ADP-forming] subunit beta, mitochondrial
QIWUMS Succinate--CoA ligase [ADP/GDP-forming] subunit alpha,
mitochondrial
Q9CzU6 citrate synthase, mitochondrial
P16330 2',3'-cyclic-nucleotide 3'-phosphodiesterase
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Table 3.7: SA1 isolated proteins determined by mass spectrometry (FDR<0.01)

Accession Description
Q8CON1 Kinesin-like protein KIF2B
Q3U6U5 Putative GTP-binding protein 6
P62918 60S ribosomal protein L8
P63017 Heat shock cognate 71 kDa protein
P20029 78 kDa glucose-regulated protein
P19246 Neurofilament heavy polypeptide
P15105 Glutamine synthetase
Q6P5F9 Exportin-1
P62754 40S Ribosomal Protein S6
P04370-4 Isoform 4 of Myelin basic protein
008553 Dihydropyrimidinase-related protein 2
QICXW4 60S ribosomal protein L11
P68254-1 14-3-3 protein theta
Q8BZ36 RADS50-interacting protein 1
Q7TQH7 Low-density lipoprotein receptor-related protein 10
Q99246 Voltage-dependent L-type calcium channel subunit alpha-1D
Q9DBB1 Dual specificity protein phosphatase 6
Q8CHC4 Synaptojanin-1
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Table 3.8: Candidate proteins isolated by HCDR3 constructs

Targeting construct Description Accession # Peptides
Succinate--CoA Q9z219 4
ligase [ADP-
forming] subunit
A2 beta, mitochondrial
citrate synthase, Q9CzU6 3
mitochondrial
Heat shock cognate P63017 6
71 kDa protein
SAL Endoplasmic P20029 6
reticulum chaperone
BiP
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CHAPTER 4
CONCLUSION
4.1 SUMMARY OF FINDINGS

Traumatic brain injury (TBI) biomarkers have been identified previously through
various avenues of discovery research, ranging from microRNA analysis to neuroimaging
[210]. Current methods of biomarker discovery rely heavily on prior knowledge of injury
pathology to determine candidate molecular biomarkers appropriate for further
development. However, the heterogeneous pathophysiology of TBI has yet to be fully
elucidated, leaving these narrowly focused techniques to possibly neglect unique features
that are specific to TBI pathology. The work described in this dissertation addressed these
limitations by applying domain antibody fragment (dAb) phage display to an in vivo
screening pipeline for TBI biomarkers at 1, 7, and 21 days post-injury (dpi) in a
controlled cortical impact (CCI) model of injury. To our knowledge, these are the first
studies to apply in vivo dAb phage screening to an in vivo model of TBI.

First, we verified that dAb phage had the capacity to bind to injured neural tissue
following intravenous injection. For both 1 and 7 dpi time points, phage titer
quantification showed an increase in phage accumulation within the injured ipsilateral
hemisphere of the brain following population enrichment from biopanning round one to
round two. In contrast, minimal phage enrichment/accumulation was observed in both the
sham and chronic timepoint (21 dpi) comparing phage titers from round one to two of
biopanning. Nonetheless, this analysis confirmed that intravenously injected dAb phage
were suitable for targeting brain tissue at various timepoints post-injury in the mouse CCI
model. NGS analysis of the eluted libraries revealed that sequences were largely unique
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to each injury cohort, with limited overlap among injury timepoint conditions or control
libraries. The sequence exclusivity in the recovered libraries reflected the complexity of
each stage of brain injury progression, demonstrating with bioinformatic evidence that
this method is capable of capturing temporal complexity in vivo.

NGS data collection enabled bioinformatic analysis of dAb population across
temporal and control biopanning screens to select appropriate candidates for targeting
distinct temporal phases of TBI. We first focused on the heavy complementarity
determining region 3 (HCDR3) due to its critical role in the antigen binding process [164,
165]. Although this approach effectively eliminated the remainder of the dAb sequence,
recent studies have postulated that the primary role of HCDR1 and HCDR2 is to facilitate
stable presentation of the HCDR3 domain in a loop conformation, while the HCDR3 is
the primary antigen-binding region [179, 211]. Focusing on HCDR3 allowed for less
computationally demanding processing and streamlined the examination of the recovered
dAb libraries. The analysis was optimized to assess the following characteristics: 1)
frequency after biopanning (i.e. frequency in eluted round 2 phage population), 2) fold
enrichment change after biopanning (i.e. fold change from round 1 to round 2), and 3)
specificity to timepoint post-injury (i.e. exclusivity of sequence for specific time point).
From these methods and strict selection criteria, two potential candidates were identified
for each timepoint; one based on fold-enrichment and the other based on frequency. The
decision to select two candidates per timepoint was to include sequences that were
substantially enriched, but had low frequency relative to other sequences that met criteria.
The remainder of the dAb framework and HCDRs were then recovered from the source
file by creating a query for the selected HCDR3.
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We first attempted to produce the selected candidates via recombinant protein
production methods (Appendix B). Selected dAbs were ligated into pET-22b(+) vectors
with a C-terminus 6xhis tag. dAb production was subject to rigorous design of
experiments (DoE) testing to assure optimized production standards. Although
production and purification were successful determined by Western Blot and fast protein
liquid chromatography (FPLC) analysis, these dAbs failed to show bioreactivity to
injured tissue at their respective timepoints via immunohistochemistry (IHC).
Recombinant protein production is understood to be a bottleneck of validation studies,
and is often a time consuming, herculean effort. While dAb production and purification
may be successful, affinity tags unfortunately tend to degrade completely and purification
methods can also negatively affect stability due to high acidic elution buffers [178]. Due
to the high volume of bioreactivity testing that needed to be completed, we decided to
instead pursue an approach to evaluate HCDR3 constructs directly to test bioreactivity.

The HCDR3 constructs, cyclic peptides based solely on the HCDR3 region of the
dAb, were biotinylated and used as primary antibodies in IHC experiments. Analysis
revealed that the A2 (acute, 1dpi) and SAL (subacute, 7 dpi) HCDR3 constructs showed
significant specificity to their respective timepoints in comparison to sham controls (See
Chapter 3 Figure 5). Notably, SA1 showed reactivity to 1 dpi and 21 dpi tissue sections.
Additionally, control HCDR3s designed based on sequences heavily expressed in
peripheral tissue did not show bioreactivity, demonstrating that the spatiotemporal
specificity observed previous was not due to inherent characteristics of the constructs
themselves. Unfortunately, neither candidate selected from the chronic injury (21 dpi)
libraries showed measurable bioreactivity to injured tissue using IHC. There are a

80



number of reasons why a selected HCDR3 sequence could have been unsuitable even
after stringent sequence selection criteria, such as a library losing a percentage of antigen-
specific dAbs during screening due to misfolding in E. coli [182, 212]. Nonetheless, this
streamlined analysis pipeline (phage display to NGS to HCDR3 bioinformatic selection)
was established and refined to assist in selection of candidate biomotifs from large,
diverse populations and this bioreactivity is evidence of its success.

Through a rigorously designed immunoprecipitation-mass spectrometry protocol,
we identified candidate proteins for both HCDR3 construct-antigen pairs. Most
importantly, these discovered candidate antigens/proteins are possible temporal
biomarkers of focal brain injury. For A2, the proteins identified were highly implicated in
metabolic dysfunction, but overall citrate synthase and succinate-CoA ligase  were
determined to be most prevalent due to their involvement in the processes identified from
pathway analysis and number of peptides recovered via mass spectrometry. Both proteins
are highly involved in the pyruvate metabolism and TCA cycle, and consistent with
previous reports in the literature, their expression is altered in response to mitochondrial
and metabolic dysfunction after TBI [194, 195]. SA1 isolated heat shock cognate 71 kDa
and endoplasmic reticulum chaperone binding immunoglobulin protein (ER BiP). The
role these proteins hold in TBI pathology have not been fully explored, but have strong
connections to neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s
disease [201, 206].

This work achieved two goals: 1) further elucidation of temporal mechanisms of
TBI and 2) the design of a motif capable of targeting candidate biomarkers of said
temporal mechanisms. The identification of distinct proteins from 1 and 7 dpi is reflective
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of the elegance of in vivo dAb phage display and next generation sequencing. This
approach demonstrated that dAb phage could interact with the heterogeneous injured
neural microenvironment. More importantly, these findings captured complex TBI
pathology as it unfolded, emphasizing the important role time plays in the advancement
of injury. Identifying proteins that are critical in metabolic dysfunction and
neurodegeneration at acute and subacute timepoints respectively provides a foundation
for exploration of these processes to further elucidate how they contribute to injury. The
candidate proteins identified may also serve as therapeutic targets, with the design of our
HCDR3 constructs already providing the foundation to modify motifs that can modulate
the expression of these proteins. Overall, the simultaneous task of discovery and design
undertaken with this dissertation has the potential to be foundational for application of
phage display to uncover the intricacies of neurotrauma.
4.2 FUTURE WORK
Validation of candidate dAb construct protein targets

The work described in this dissertation identified and designed HCDR3 constructs
that target distinct temporal phases of injury and applies mass spectrometry analysis to
identify accompanying ligands/potential biomarkers of injury. To further elucidate the
mechanisms of injury progress and the utility of these constructs, validation of the
candidate biomarkers is critical. Each of the identified proteins can be assessed using
commercial antibodies and Western Blot analysis to compare expression with the
HCDR3 constructs. Similarly, immunohistochemical experiments with these antibodies
can be used to visualize localization of the constructs to the candidate biomarker,
providing spatiotemporal characterization of how A2 and SA1 selectively bind to these
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proteins. For A2, citrate synthase, for example, is ideal for this type of validation as it’s
been explored in animal models of TBI previously (downregulated acutely post-CCl and
upregulated after acceleration injury) and commercial antibodies/reagents are readily
available [200, 213, 214]. Similarly assessing the homing of SA1 to Heat shock cognate
71 kDa is feasible as this protein is currently investigated as therapeutic target for
ischemic brain injury [207, 215].

Following protein target verification, the discovered dAb constructs may be used
to further develop companion therapeutic intervention. For example, BIP protein inducer
X (BIX) is a drug that increases expression of ER BiP and has been shown to promote
neuroprotection in models of brain ischemia [204, 205]. A future study evaluating BIX
treatment in CCl mouse model in combination with SA1 construct to monitor ER BiP
levels demonstrate the potential to not only track injury progression, but also treatment
efficacy.

Transgenic mouse models may also be used to further validate protein targets. For
example, a transgenic knock down of specific succinate CoA ligase B subunits is readily
available, mainly for to study mitochondrial encephalomyopathy [216]. Currently, there
is little research conducted to address comparisons between mitochondrial
encephalomyopathy and TBI. Thus, utilizing this transgenic knockout model with CCI
model would introduce a rare perspective on the role succinate CoA ligase plays in these
two conditions as well as further validation for the targeting dAb construct.

In Vivo Targeting

The specificity of the HCDR3 constructs for acute and subacute injury was

measured by immunohistochemistry (IHC) and immunoprecipitation as bioreactivity
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metrics. While optimization of the constructs as “antibodies” is vital for utility in
immunoassays, their full potential for in vivo targeting motifs has yet to be explored. To
our knowledge, HCDR3 constructs have not yet been applied to in vivo targeting.
Rigorous dose testing is required to understand the feasibility of intravenous injection of
the HCDR3 constructs for in vivo distribution studies. Our initial dose studies indicate no
detectable toxicity up to 2000 pg/kg for up to 24 hours after intravenous injection.
However, additional critical experiments to be conducted include a maximal tolerable
dose studies followed by biodistribution and circulation time studies. Our phage
biopanning circulation time was informed by previous literature, however, we cannot
assume that HCDR3 constructs will have the same clearance and binding mechanisms as
a phage-displayed dAb. Therefore, determining optimal amount of circulation and dose
will be a necessary, although arduous, first step towards efficient analysis in vivo.
Testing the distribution of these constructs in vivo has tremendous potential for
the advancement of pre-clinical biomarker research. For example, comparing the
accumulation of A2 to the injured brain at several timepoints post-injury could provide a
time course analysis of target ligand expression and also informs the design of imaging
probes, sensors, or nanoparticle-based treatments that could utilize this technology. To
achieve this, taking advantage of novel multiplex tracking technology, such as barcoded
DNA tags, would provide a great opportunity for high-throughput analyses [217, 218].
Using these techniques, individual HCDR3 constructs can be conjugated with a unique
barcode that can be detected via RT-qPCR primers. This approach will allow multiple

constructs to be injected and quantified simultaneously. This multiplexed approach would
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be paramount in determining the accumulation of the HCDR3s to various tissues at
distinct timepoints using less animals.

An addition to these in vivo distribution studies is the incorporation of non-neural
injuries during validation. Lack of specificity for neural injury is one of the problems
plaguing biomarker-based therapeutics in TBI [28, 29]. Non-neural injuries such as skin
or liver injuries should be included as controls for the in vivo distribution studies to assess
both sensitivity and specificity. Overall, these experiments could provide a more
comprehensive perspective on the complexities of the heterogeneous injury environment
that would otherwise remain unknown.

Expansion to other injury models

It is important to note that the studies described in this dissertation solely focus on
focal TBI, the CCI rodent model of TBI. One of the main contributors to TBI pathology
is the phenotype of injury (e.g., closed head injury vs. penetrating brain injury), which
can be caused by a myriad of events resulting in variable pathophysiological effects due
to the difference in physical force and injury location [12, 219, 220]. For example, the
candidate temporal biomarkers identified using the CCI model may not correlate as
closely with progression mechanisms in the fluid percussion injury (FPI) or blast injury
models. Expansion of this biomarker discovery pipeline to various injury models can
illuminate the molecular differences between these injury models using a time course-
focused perspective. Similarly, this work can be expanded to include various factors of
injury beyond time and phenotype, such as severity, age, and comorbidity with other

diseases such as anxiety and depression.
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Implementation of the phage-HCDR3 construct pipeline described in this
dissertation is instrumental in identifying a panel of biomarkers associated with very
distinct injury characteristics that advances the field towards a more personalized
approach to therapeutics. This panel would address factors such as phenotype, age, sex,
and pre-existing conditions, and how these factors affect the neural injury
microenvironment. Evaluating TBI pathology from multiple perspectives will also
provide an array of HCDR3 constructs based on candidate biomarkers identified in these
conditions, setting the foundation for designs that could modulate the expression of these
potential therapeutic targets. Thus, the simultaneous act of biomarker discovery and
HCDR3 construct design has the potential of significantly influencing the integration of

biomarker-based therapeutics for neurotrauma.
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State University is reviewed by the University Institutional Animal Care & Use
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Appendix B Figure 1: Produced dAbs have no detectable reactivity to injured tissue.
Visualization of purified a) dAb-Al and b) dAb-A2 recombinant proteins via Western
Blot after DoE optimization (rabbit anti-His-Biotin, abcam #ab27025). c) Representative
image of ¢) dAb-Al and d) dAb-A2 binding to 1dpi tissue with no detectable signal.

(rabbit anti-His-Biotin, abcam #ab27025; streptavidin Alexa Fluor 555, ThermoFisher
#S521381).
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Appendix B Table 1: Design of experiments (DoE) factors and levels. Media levels were
determined by concentration of tryptone and yeast extract.

Factor Inferior level (-1) Central level (0) Superior level (+)
IPTG (mM) 0.1 0.2 1.0
Temperature (°C) 25 30 37
Media LB 2XTY Terrific Broth
Time post- 3h 6h 16 hours
induction

Appendix Table 2: dAb-Al DoE ANOVA. Optimal production conditions are LB
media, 0.5 mM IPTG, 1 hour incubation and 25°C.

Source Adj SS Adj MS F-Value P-Value
IPTG 0.0015 0.0015 1.25 0.345
Temp 0.0386 0.0386 31.98 0.011
Media 0.3570 0.3570 295.46 0.000
Time 0.0001 0.0001 0.12 0.756
2-Way Interactions 0.0680 0.0226 18.77 0.019
IPTG*Temp 0.0033 0.0033 2.78 0.194
IPTG*Media 0.0006 0.0006 0.51 0.528
IPTG*Time 0.0640 0.0640 53.03 0.005
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Appendix B Table 3: dAb-A2 DoE ANOVA Analysis of Variance. Optimal
production conditions are Terrific Broth, 0.1 mM IPTG, 3 hour incubation, and 25°C.

Source Adj SS Adj MS F-Value P-Value
IPTG 0.0109 0.0109 11.76 0.042
Temp 0.0154 0.0154 16.62 0.027
Media 0.0792 0.0792 85.01 0.003
Time 0.0994 0.0994 106.75 0.002
2-way 0.1145 0.3819 40.99 0.006

Interactions

IPTG*Temp 0.0512 0.0512 54.96 0.005
IPTG*Media 0.0165 0.0165 17.78 0.024
IPTG*Time 0.0468 0.0468 50.25 0.006
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Appendix C Figure 1: Chronic injury targeting HCDR3 constructs. a) CH1 showed
negligible bioreactivity to 21 dpi tissue sections. b) CH2 showed non-specific staining
consistent with secondary-only control background. Both images representative of 5 uM
construct concentration with Triton-X permeabilization.

Appendix C Table 1: Selected HCDR3s. Selection of sequences and HCDR3-constructs
design was as described in Chapter 3.
Sequence
CH1 RLVRESSQEHTLSS
CH2 TDCQETPYELKS
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INDIRECT IMMUNOPRECIPITATION
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Protocol

This protocol describes an immunoprecipitation procedure for immobilizing
biotinylated HCDR3- constructs to streptavidin-coated magnetic beads and incubating
with tissue lysate. The resulting elution can then be analyzed by SDS-PAGE or submitted

for liquid chromatography-mass spectrometry analysis (LC-MS).

Materials:
e Streptavidin Dynabeads Myone C1 (Thermo Fisher Scientific #65-001).
e Biotinylated HCDR3 constructs
e 1XPBST
e 1XPBS
e Lysis Buffer
e Tissue lysates (1 mg/mL)
e Magnetic stand (recommend DynaMag-2, Thermo Fisher Scientific # 12321D)

e 1.5 mL microcentrifuge tubes

Pre-clearing lysates
1. Resuspend beads by vortexing in container
2. Add 25 pl of beads to each sample tube
3. Wash once with 1 mL 1x PBST. Place tube on stand for 1 minute to separate
beads from solution.
4. Discard supernatant, and wash beads with bead volume 1x PBST twice for 1

minute each.

115



5. Add tissue lysate to tubes, incubate at room temperature for 1 hour rotating

6. Place tubes on magnetic rack to separate beads from lysate solution

Forming immune complex
7. Mix pre-cleared lysate (supernatant from previous step) with 150 ul HCDR3
construct solution (75 pmol).

a. Note: Binding capacity for the streptavidin-coupled beads is 600 pmol and
it is intuitive to maximize the concentration of the biotinylated peptide-
solution to match the capacity. However, excess biotinylated peptide binds
more easily to the streptavidin coupled beads than biotinylated constructs
that are bound to an antigen from the tissue lysate. It is recommended to
start with a low concentration of solution (75 pmol) and adjust as needed ,
determined by SDS-PAGE results.

8. Incubate samples at 4°C overnight, rotating.

Immobilization of HCDR3 construct-antigen complex
9. Add 50 pl beads to clean 1.5 mL tubes, wash as described previously
10. Retrieve overnight samples from 4°C, add lysates to washed beads

11. Incubate at room temperature rotating for 1 hour

Wash and Elution
12. Place samples on stand for 1 minute, remove supernatant
13. Wash three times with 100 ul lysis buffer
14. Elution for mass spectrometry analysis:

a. Elute with 0.2% RapiGest
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15. Elution for SDS-PAGE analysis:
a. Add 25-30 pL 2X SDS-PAGE sample buffer to sample, vortex briefly to
mix
b. Heat samples for 5 minutes at 95°C
c. Place tubes on magnetic rack to separate elution from beads. Collect
supernatant and place into clean tube.

i. Note: It is best to conduct SDS-PAGE experiment on the same day

as the elution step.
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Appendix D Figure 1: Immunoprecipitation eluate separated by SDS-PAGE.
a) A2 incubation with 1 dpi tissue lysates and b) SA1 incubation with 7 dpi tissue lysates.
Both constructs isolated proteins unique to the injury condition, indicated above with red
arrows. Streptavidin subunits (~13 kDa) are preset in each condition, indicating that the

streptavidin from the magnetic beads was stripped during the harsh elution process.
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