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Abstract

Increasing the affinity between a targeted axonal import (TAxI) peptide and its target

receptor hLamR

Po-Chun Wang

Chair of the Supervisory Committee:
Drew L. Sellers
Department of Biochemistry

An efficient delivery approach for trafficking therapeutics into central nervous system
(CNY) is a critical unmet need. Previously, we identified a target axonal import (TAxI)
peptide that delivers protein cargo into the central nervous system (CNS), especially
the spinal cord and hindbrain, via retrograde axonal transport mechanism after
peripheral administration. Mass spectrometry analysis of a TAxI peptide pull-down
assay suggested that human laminin receptor (hLamR) is the potential binding target
for TAxI peptide. However, the evidence of interaction between TAxI and hLamR is
still lacking. Moreover, the binding affinity of TAXI peptide has yet to be optimized.
Here, we report that TAXI binds to cells that express hLamR on the cell membrane.
Moreover, a fluorescence activated cell sort (FACS) correlation study proved that TAXI
binds hLamR directly. Through sequence modification and multivalent polymerization,
the affinity of TAxI-based peptides and co-polymer formulations was optimized and
demonstrated increased hLamR binding-affinity. In particular, the binding between
Poly-TAxI and hLamR was significantly enhanced due to avidity effects in high hLamR
expressing cells. Chondroitin sulfate is shown to be an allosteric modulator for
facilitating association between TAxI and hLamR. Interestingly, TAxI showed robust
binding to multiple cancer cells with relative abundant membrane level of hLamR,
compared to the non-cancer cell. In addition, we also present the development and
optimization of a workflow to express and purify recombinant hLamR protein
expressed in eukaryotic cells. TAxI-based peptide and co-polymer formulations are able
to target high hLamR expressing cells, and thus demonstrates the protential potential to

target the delivery of promising therapeutics into the CNS.
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Literature Review

Common Neurodegenerative Diseases

Alzheimer's disease (AD) is a neurodegenerative disease caused by the formation of
plaques and neurofibrillary tangles composed of B-amyloid and tau proteins,
respectively (Taylor et al., 2002; Buckner et al., 2005). It’s one of the most frequent
observed form of dementia, and the risk is positively associated with age. No new drug
has been approved by FDA for AD since 2003, the only medications for AD on the
market are acetylcholinesterase inhibitors (AChEIs) such as donepezil, galantamine,
rivastigmine and the N-Methyl-D-aspartic (NMDA) acid antagonist, memantine (Atri,
2019). AChEIs aim to reduce the breakdown of acetylcholine amounts in the brain of
the patients with AD by suppressing the responsible enzyme acetylcholinesterase in the
synaptic cleft (Yiannopoulou and Papageorgiou, 2013). Hence, the central cholinergic
neurotransmission is enhanced by AChEIs and tended to mitigate decline in cognition
(Howard et al., 2015). On the other hand, memantine is a noncompetitive low-affinity
NMDA-receptor open-channel blocker and affects glutamatergic transmission
(Yiannopoulou and Papageorgiou, 2013). FDA approved the use of memantine for
moderate and severe AD either as monotherapy or in combination with an AChEI
(Scheltens et al., 2016).

Parkinson's disease (PD) is characterized by the privation of dopaminergic neurons in
the substantia nigra. The disease progress is associated with accumulation of
ubiquitinated a-synuclein in the dopaminergic neurons. Parkinsonism consists of
tremor, stiffness, bradykinesia, akinesia, cognitive decline, depression and anxiety
(Armstrong and Okun, 2020; Weintraub et al., 2008). As there is currently no exact cure
for PD, and there are no known agents to slow down PD progression; the current
treatments are used to ameliorate the symptoms of PD. There are a variety of treatments
available, such as dopamine precursor, levodopa, catechol-O-methyl transferase
(COMT) inhibitors, dopamine agonists, anti-cholinergics, amantadine and monoamine
oxidase (MAO) inhibitors (Weintraub et al., 2008).

Barriers to Central Nervous System (CNS) Delivery

Delivering drug into the brain is one of the most critical hurdles to CNS therapy. Reports
have estimated that almost 100% of small molecule drugs and biologics are excluded
from the CNS due to delivery barriers. Three major barriers for CNS delivery are the
blood-brain barrier (BBB), the blood cerebrospinal fluid (CSF) barrier, and dilution
effects due to the systemic distribution of drug.(Pardridge, 2005)



The BBB is originally described as the mechanical barrier that separates the circulatory
system from the CNS and has been attributed to the formation of tight junctions
between the endothelial cells of the brain microvasculature (Reese and Karnovsky,
1967). In these tight junctions, claudin and occludin proteins interact to each other and
form an impenetrable barrier between the blood circulation and the brain (Abbott et al.,
2006). Further studies demonstrated that the BBB is not only a mechanical barrier, but
it is also an active chemical and metabolic barrier. P-glycoprotein and multidrug
resistance-associated proteins actively exclude compounds from the brain. (Zlokovic et
al., 2008). Moreover, the cells of the BBB express high levels of metabolizing enzymes
such as cytochrome P450 family (Minn et al., 1991). These barriers all contribute to the
function of the BBB. From the properties described above, it has been postulated that
BBB penetration requires a drug to have none of the following: a molecular weight
greater than 500 Daltons, more than 10 hydrogen bond donors/acceptors, affinity for
the BBB enzyme system, affinity for the BBB efflux system, or high binding to plasma
proteins (Pardridge, 2002). BBB poses a direct barrier between the CNS and systemic
circulation, therefore, strategies to circumvent the BBB would be of greatest interest in

the development of CNS drug delivery systems.

The blood—CSF barrier is the barrier between the systemic circulation and the
cerebrospinal fluid. The blood—CSF barrier is similar to the BBB and can exclude
chemicals from the CNS. It serves as a selective filter allowing some molecules pass
through to form the cerebrospinal fluid. Tight junctions between the epithelial cells of
the choroid plexus create the mechanical barrier. A characteristic of choroid plexus is
that there are not tight junctions in the capillaries, but there are fenestrae between the
capillaries that supply the region. Drug and other molecules can freely diffuse from the
capillary through these fenestrae, but they are prevented from entering the CSF by the
epithelial tight junctions. Another property of the blood—CSF barrier is the surface area
relative to the BBB. The blood—CSF barrier has 1,000 times less surface area than the
BBB, thus the blood—CSF barrier is a less significant obstacle to delivery (Pardridge,
1992).

One common overlooked obstacle to CNS delivery is the dilution effects and
metabolism/degradation due to systemic distribution and clearance of drugs in
peripheral tissues. Previous works have employed the approach of increasing
lipophilicity of drug molecules for increasing CNS permeability, however, these
lipophilic compounds became more readily penetrate into all other tissues when
administered into the systemic blood circulation. With the increase in systemic

distribution, a larger dose must be given to achieve the required therapeutic levels in
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the CNS. This leads to non-specific systemic effects and increased systemic toxicity.
Previous studies have stated that drug delivery to the CNS is difficult when the drug
has high plasma protein binding affinity, as there is little free drug to diffuse into the
CNS. In general, this is frequently considered a minor barrier to CNS delivery though,
it is one area that could benefit tremendously by using novel drug delivery systems. For
instance, the overall pharmacokinetic profile could be altered by encapsulating the

therapeutic agent in a carrier (Warren et al., 2018).

37/67 KDa Laminin Receptor (LamR)

Cell membrane isolated LamR®’ binds native laminin purified from Engelbreth Holm
Swarm murine sarcoma with 2nM Kgy affinity (Malinoff & Wicha, 1983; Rao et al.,
1983). On the other hand, E. coli expressed and purified recombinant LamR3’ showed
a 700nM affinity of binding to laminin-1 (Jamieson et al., 2008; Zidane et al., 2013).
The other study compared the binding affinity between LamR and Laminin, it indicated
a similar Kq of 300~400nM for both 37 and 67 species, by using surface plasmon
resonance (Fatehullah et al., 2010). Although it’s still unclear for the binding
mechanism between LamR and laminin, four putative binding sites including peptide
G (residues 161-180), direct binding region (205-229), five separate X(D/E)W(S/T)
repeats in the c-terminal and a motif consisted of Phe-32, Glu-35, and Arg-155, on
LamR have been indicated to associate with laminin. Another Report also suggested
that the N-terminal (1-220) and C-terminal (225-295) of LamR can independently bind
laminin-1, implying these putative binding site work individually. Interesting, some of
the truncated LamR proteins are shown to be capable of binding laminin and heparan
sulfate (HS) simultaneously, while full length LamR37 and LamR67 are seemingly
incapable of binding or weakly bind to HS (Guo et al., 1992; Kazmin et al., 2000).
Through the binding with laminin, LamR also participate for certain modes of cellular
adhesion and migration (Chen et al., 2009; Poon et al., 2011; Venticinque et al., 2011).
In additional to serving as laminin binding receptor, LamR is also well known as a
structural component of the ribosome. Research has shown that LamR37 associates
with the 40S small subunit of ribosome (Anger et al., 2013; Ben-Shem et al., 2011,
Malyginetal., 2011; Scheiman et al., 20103, b). The N-terminal of LamR is responsible
for ribosome binding, as truncated LamR37 (1-220) can recover translation deficiency
caused by LamR knockdown (Scheiman et al., 2010a). Beside the direct ribosomal
function, LamR is critical for maturation of 21S pre-rRNA into 18S rRNA process
which represents not only a ribosomal biogenesis activity of LamR but also a nucleolar
function, as LamR is required for nucleolar exit of pre-40S subunit (O’Donohue et al.,
2010).



The identity of LamR37/67 and the relationship between the lower and higher
molecular weight species have been a research focus over the last four decades.
However, no demonstrative conclusion has been drawn. LamR37 has been found in the
nucleus (Scheiman et al., 2010a), in the cytosol, associated with the cytoskeleton,
associated with ribosomes and in the plasma membrane. LamR67 is presumed to be
somehow derived from LamR37, but the actual identity of this protein remains unclear.
The most popular hypothesis is that LamR67 is a heteromeric protein consisted by
LamR37 and some galectin family protein since previous studies have proved cross

reaction with LamR67 by anti-lectin antibody.

The past studies indicated that LamR67 is the major form located at the plasma
membrane (Fujimura et al., 2005) and the membrane abundances of both LamR37 and
LamR67 are significantly less than the overall cytoplasmic level. While antibody
against epitopes in N-terminal of LamR only detect the protein with cell
permeabilization, C-terminal-directed antibodies are capable of labelling LamR on the
cell surface without cell permeabilization (Castronovo et al., 1991). However, the
LamR37 (9-205) crystal structure shown no apparent transmembrane domain and the
membrane targeting signal peptide is neither unlikely, while a prediction of an atypical
and short transmembrane domain within residue 86-101 of LamR37 would result in
some 100 intracellular N-terminal residues (Rao et al., 1989). Although definitive
evidence is lacking, two hypotheses for LamR membrane association have been
supported by numerous reports. First, the association could occur through a
hydrophobic region of LamR37 or a modification, a mechanism of adhesion common
for exoplasmic peripheral membrane proteins. Second, LamR associates with other

protein and thus adherent to the cell membrane.



Introduction

The blood-brain barrier (BBB), blood-spinal cord barrier (BSCB) and dilution effects
due to the systemic distribution limits the development of promising therapeutics to
treat CNS diseases, such as amyotrophic lateral sclerosis (ALS), Alzheimer’s disease
(AD), Parkinson disease (PD), and spinal muscular atrophy (SMA) (Barchet and Amiji,
2009; Dong, 2018). Previous reportS have estimated that as many as 1.5 billion people
are suffered from some type of CNS disorder at any given time, worldwide (Federoff,
1999). In 2016, neurological disorders were the leading cause of disability and the
second leading cause of death (Feign et al., 2019). Moreover, the absolute number of
people affected by, dying, or remaining disabled from neurological diseases over the
past 30 years has been increasing globally and is expected to be continually increased
in the future, driven to a considerable extent by the aging of population (GBD 2016
Neurology Collaborators, 2016). For instance, about 1 out of 65 people are diagnosed
with AD in the U.S. every year and the percentage were expected to triple by the mid-
21 century (Vega et al., 2017). 1-2 out of 1000 people in the U.S. develop PD (Tysnes
and Storstein, 2017) and the number was estimated to double by 2040 (Rossi et al.,
2018). 5-7 out of 100,000 people in North American have Huntington's disease
(Pringsheim et al., 2012). Thus, a significant unmet need for promising CNS disease

treatments and drug delivery methods exists.

In the past, researchers have developed a variety of approaches for overcoming the
barriers to CNS delivery, such as invasive methods including intracranial delivery and
transient BBB disruption via chemical or focused ultrasound (Bloch et al., 2004;
Burgess et al., 2013; Ziinkeler et al., 1996). Other attempts were addressed to enhance
the bioavailability of molecules through non-invasive strategies. For example, some
nano-sized carriers including liposome, solid-lipid nanoparticles and polymeric
nanoparticle were designed to effectively package the therapeutics and enhance the
transport across BBB. (Huwyler et al., 1996; Lockman et al., 2003; Sun et al., 2004)
Also, biologics such as adeno-associated virus (AAV)-based, antibody-based and
peptide-based delivery have been developed and proved to mobilize chemicals, proteins,
genes or siRNAs into CNS (Ahlschwede et al., 2019; Federici and Boulis, 2006; Gray
et al., 2013; Spencer and Verma, 2007; Wu et al., 2019; Yu et al., 2011; Zhou et al.,
2011). To Successfully deliver target therapeutics to CNS while avoiding extensive
systemic distribution, the transporters and receptors that actively transport compounds
in and out of the CNS were investigated and acted as the delivery target. Through some
chemical modifications, the therapeutics and delivery agents could increase their

affinity to influx transporter/receptors for enhanced CNS delivery, or decrease its
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affinity to efflux transporter for better CNS retention. One instance successfully
adopted this approach in clinical is levodopa, a dopamine precursor, it’s penetration into
the CNS is enhanced by the 4F2hc/LAT1 complex (Kageyama et al., 2000). By using
known CNS delivery agent and modifying it to make it chemically resemble a naturally
transported molecule or increasing the valence of delivery agent, enhanced CNS

penetration occurs (Tsuji and Tamai, 1999).

Our lab previously developed a strategy to screen bacteriophage display libraries in
mice and identified a targeted axonal import (TAxI) peptide which enabled the
accumulation of recombinant M 13 bacteriophage into the spinal cord via somatic motor
neurons that projected to peripheral neuromuscular junctions. Through intramuscular
(IM) injection, synthesized TAXI peptide could traffic and deliver functional enzymes
into spinal cord motor neuron via motor axon which projected to periphery in mice.
TAxI delivery into motor neurons after peripheral administration was repressed in
animals underwent unilateral L1-L4 rhizotomy which caused transected peripheral
nerve roots, indicating that TAXI was delivered to CNS via a retrograde axonal transport
mechanism. For quantification, TAXI and a positive control peptide, transactivator of
transcription (TAT) peptide (Nagahara et al., 1998) were complexed with NeutrAvidin
horseradish peroxidase (NA-HRP) and administered by IM injection. TAxI was
mobilized to the spinal cord and the lumbar aspects of the cord over 4.5-fold and 18-
fold over the TAT peptide, respectively. Moreover, TAXI peptide was demonstrated to
label motor neuron in human spinal tissue. These results suggested that TAxI-mediated
delivery was an effective and non-invasive approach for the transportation of
macromolecular therapeutics to CNS through peripheral administration. (Sellers et al.,
2016).

Another following study from our lab has also demonstrated the potential to utilize
different targeted ANS-to-CNS uptake ligands, or TACL peptides to enhance delivery
to different regions to the CNS through IP injection. While TACL increased protein
delivery into the spinal cord and forebrain, however, TAXI strongly enhanced protein
distribution in spinal cord and hindbrain, suggested preferable or alternate selective
routes of delivery through ANS, for example, via sympathetic or parasympathetic
neurons routes, for different peptides. Through decafluorobiphenyl (DFBP)
modification, the serum stability, resistance to degradation and target binding affinity
were significantly improve against peptides stabilized by disulfides, amides, or triazoles
formed by click cyclization chemistry. To be specific, DFBP stapled TAxI peptide was

proved to enhance in delivery to hindbrain and labelling in ANS neurons. Animals
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injected with a micromolar drug dose by IP, show picomolar levels of drug activity in
the CNS. (Sellers et al., 2019)

To further improve the affinity and understand the delivery mechanism involved with
the mobilization of TAxI into CNS, we employed approaches such as peptide sequence
optimization and synthesizing multivalent binder via the N-(2-Hydroxypropyl)
methacrylamide (HPMA) polymer conjugation. For sequence optimization, we
incorporated the part of the sequence which was found to be responsible for CNS
penetration, on the loop A motif of capsid protein from adeno-associated virus 9
(Choudhury et al., 2016), on the N-terminal of the original TAXxI peptide. On the other
hand, many reports have demonstrated that affinity peptides can be conjugated on
polymer to yield multivalent binders with enhanced affinity to their target receptors
(Jeong et al., 2018). Furthermore, multivalent binding derived retention, endocytosis
and intracellular trafficking have been reported and proved to be beneficial for CNS
delivery (Ficther et al., 2008; Lin and Anseth, 2009; Radford et al., 2020). Among the
available polymer scaffolds, the characteristic and functionality of HPMA based co-
polymers have been well-studied. Besides, HPMA polymerization is advantageous over
other methods for peptide-polymer conjugation. For instance, the technique was
employed as a well-controlled facile method of synthesis with high yield of final
product (Johnson et al., 2011). The peptide HPMA-copolymers were generally found
to be stable in the extracellular matrix (ECM) and they can be engineered to be
biodegradable by using environmentally responsive elements (Shi et al., 2013). Most
importantly, by varying ligand density on HPMA copolymers, the increasing of target
binding affinity/avidity were observed through the effect of multivalency on targeting
capability (Chu et al., 2013; Ngambenjawong and Pun, 2017). Recently, a pull-down
assay and mass spectrometry result revealed that human laminin receptor (hLamR)
could be a potential binding target for TAxI peptide (Sellers et al., unpublished data).
However, solid evidence for the binding between TAxI and hLamR is still lacking and
the affinity is required to be measured and optimized.

The 37/67 kDa Laminin Receptor (LamR), or the ribosomal protein SA (RSPA) is a
multifunction protein which localizes in nucleus, cytoplasm, ribosome, plasma
membrane and ECM to exert different functions such as laminin binding, protein
translation, cytoskeletal organization, nuclear function and cell signaling (DiGiacomo
and Meruelo, 2016). LamR has been shown to have remarkably diverse physiological
roles and little is conclusive about the regular physiological area and the various higher
molecular weight species of LamR in cells. However, the function of laminin binding
is the most studied and fundamental aspect of LamR. To date, a definitive crystal
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structure of LamR or the four putative binding sites on LamR has not been published
to detail how LamR associates with laminin. Thus, researchers do not have a definitive
model to detail how LamR binds laminin. However, binding studies have demonstrated
that LamR participates and facilitates cellular adhesion and migration. Moreover,
LamR has been shown to promote cancer invasion and metastasis (Chen et al., 2009;
Poon et al., 2011; Venticinque et al., 2011). Moreover, several clinical and nonclinical
reports have been demonstrated that LamR-overexpression in multiple types of cancer
correlates with disease progression (Berno et al., 2005; Givant-Horwitz et al., 2004;
Kumazoe et al., 2013). Previous studies have also investigated the possibility of using
LamR as a onco-target for cancer therapeutics or delivery (Pesapane et al., 2015;
Umbaugh et al., 2017). Nonetheless, LamR has the potential to serve as a ligand
receptor on cell membrane for target therapeutics and cargo delivery.

Interestingly, TAxI was found to enrich in the environment with abundant of
proteoglycans (PGs) in the ECM of CNS. PG is a huge heterogeneous group of
extensively glycosylated proteins which comprise a core protein and one or more
covalently bonded glycosaminoglycans (GAGSs). Based on the nature of GAGs on the
core protein, PGs are classified into several distinct group, for instance, they generally
have a single type of GAG chain such as chondroitin sulfate (CS), heparan sulfate (HS),
or dermatan sulfate (DS) on serine residue of the core protein and are categorized as
CSPGs, HSPGs or DSPGs accordingly. Previous studies have been demonstrated PGs
located in the ECM or on the outer surface of cell could function as a receptor, co-
receptor, or co-factor for several ligands or ligand/receptor association (Dyck and
Karimi-Abdolrezaee, 2015). For example, CSPGs have been reported as co-factor for
the interaction between AMPA and kainate receptor (Maroto et al., 2013). Moreover,
95% of cancer modified their glycocalyx, in particular, they significantly overexpressed
PGs to strength cell adhesion, interact with receptor on the cell membrane and change
their activities (Kanyo et al., 2020). Therefore, PGs potentially participate by certain
ways in TAxI-based target delivery.

Here, we report TAXI binds to cells that express hLamR on the surface and demonstrate
correlation binding between TAxI and hLamR. Through peptide sequence change, a
TAxI-based peptide monomer slightly increases affinity to hLamR. A multivalent
TAxI-HPMA co-polymer further enhanced LamR-binding, especially in cells with high
LamR expression. TAxI shows a robust association to cancer cells and weak binding to
non-cancer cells. Moreover, we conclude that CS is an allosteric modulator which
promotes the interaction between TAXI and hLamR. In addition, the development and

optimization of a process for eukaryotic recombinant hLamR protein expression and
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purification is presented. In summary, TAXI peptide was engineered for enhanced target
binding to potentially increase therapeutics delivery to CNS or certain types of cancer

through the target receptor hLamR.
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Materials and Methods

Flow Cytometry

Binding Assay

cells were lifted by versene solution (Gibco™, 1504006), collected, spin-downed at
500xg for 3-5mins and resuspended in ImL HBSS (Gibco™, 24020117). Take cells
sufficient for 2.5x10° cells per 96-well and wash the cells in at least SmL HBSS to
remove FBS from media, then spin-down at 500xg for 3-5mins. Aspirate supernatant
and add 1:500 Zombie Violet (Biolegend, 423113) in HBSS (volume depends on cell
numbers, need 100uL per 1x10° cells, e.g. add 500uL HBSS and 1uL Zombie Violet for
5 x10° cells) to resuspend and stain for 15 mins at room temperature, protected from
light. Spin down the cells at 500xg for 5 min at room temperature, aspirate supernatant,
and resuspend cells in staining solution (HBSS with 1% BSA, freshly-make) at
1.25x10%mL. Aliquot 200uL (2.5x10° cells) per well of a 96-well round-bottom plate.
Spin down plate at 500xg for 3min at room temperature, flick off supernatant, and
resuspend cells in 100uL staining solution with appropriate amount of peptide. Make
serial 1:2 dilutions of binding solution for eleven to twelve different concentrations of
peptide, which spans two to three logs of concentration. Include an unstained group as
a control streptavidin only group, and gating group. Incubate for 30-60mins at 4°C
protected from light. Spin the plate at 500xg for 3 min at 4°C, flick off supernatant, and
resuspend wells with 200ul TBS with 1% BSA, and repeat this step once. Spin down
plate at 500xg for 3 min at 4°C and flick off supernatant, for biotinylated peptides,
resuspend cells in 100uL stain solution (1:1000 fluorescent streptavidin). Alexa Fluor®
647 Streptavidin (Biolegend, 405237) was used, incubated 15-30 mins at 4°C protected
from light. Spin the plate at 500xg for 3 min at 4°C, flick off supernatant, and wash
wells with 200 uL TBST with 1% BSA, and repeat this step once. Spin the plate at
500xg for 3 min at 4°C, flick off the supernatant, and resuspend cells in 200 pL PBS.
Run FACS on the samples using the Attune NxT flow cytometry (ThermoFisher).
Voltage settings are listed below, FSC: 60, SSC: 320, RL1: 250, VL1: 200. Acquire the
mean fluorescent intensity (MFI) of each data point by FlowJo analysis software.
Subtract the MFI of streptavidin only group to each data point. Plot the percent MFI for
each concentration to create the binding curve and analyze affinity (Kd) by performing

a non-linear curvefit (one site, specific binding with Hill slope) with GraphPad Prism.

Correlation Analysis
The initial procedures are the same as the method described above for binding assay,
extra non-Zombie Violet (ZV) stained ells are needed. After aliquoting cells to 96-well

round-bottom plate, spinning down and flicking off, resuspend cells in 100 pL staining
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solution with groups listed below in both non-ZV cells: unstained control, TAXI peptide
staining only and hLamR Antibody (Abcam, ab133645) staining only; also resuspend
cells in 100 pL staining solution with groups listed below in ZV-prestaining cells: ZV
stained only, TAXI peptide staining, Scrm peptide staining, TAxI and hLamR co-
staining and Scrm and hLamR co-staining. Incubate for 30-60 mins at 4°C protected
from light. Spin down plate at 500xg for 3 min at 4°C, flick off supernatant, and
resuspend wells with 200uL TBS with 2% BSA and 1:100 yeast tRNA (Invitrogen,
AMT7119), and repeat this step once. Spin down plate at 500xg for 3min at 4°C and flick
off supernatant, resuspend cells in 100uL stain solution with appropriate fluorescent
streptavidin, secondary antibody or both, including 1:1000 Alexa Fluor® 647
Streptavidin (Biolegend, 405237), 1:800 Alexa Fluor® 488 AffiniPure Donkey Anti-
Rabbit IgG (JacksonlmmunoResearch Labortories, 711-545-152), incubated 15-
30mins at 4°C protected from light. Spin down plate at 500xg for 3min at 4°C, flick off
supernatant, and wash wells with 200uL. TBST with 1% BSA, and repeat this step once.
Spin down plate at 500xg for 3min at 4°C, flick off supernatant, and resuspend cells in
200uL PBS. Run the samples on Attune NxT flow cytometry (ThermoFisher). Voltage
settings are listed below, FSC: 60, SSC: 320, RL1: 250, BL1:300, VL1: 200. The single-
stained cells are used for compensation in FlowJo, the rest are plot by quadrant dot plots

for analysis.

Antibody staining

The cells were lifted by versine solution (Gibco™, 1504006) or PBS, depends on cell
types, collected, spin-downed at 500xg for 3-5mins and resuspended in 1mL PBS. Take
cells sufficient for 2.5x10° cells per 96-well and wash the cells in at least SmL PBS to
remove FBS from media, then spin-down at 500xg for 3-5mins. Spin down cells
at 500xg for 5min at room temperature, aspirate supernatant, and resuspend cells in
PBS with 1% BSA at 1.25x10%mL. Aliquot 200uL (2.5x10° cells) per well of a 96-well
round-bottom plate. Spin down plate at 500xg (Can go as high as 750xg spins if your
cells are difficult to pellet) for 3min at room temperature and flick off supernatant. For
intracellular detection, resuspend the cells by 100uL Fixation/Permeabilization solution
(BD, 554714), incubate at 4°C for 20mins, then spin down plate at 500xg (750xg is
recommended for cells fixed and permed hereafter) for 3mins at 4°C and flick off
supernatant (skip this step for surface detection). Resuspend cells with 200uL. TBS with
1% BSA, spin down and flick off, then repeat this step once. Resuspend cells in 100uL.
hLamR antibody solution (1:100 in PBS with 1% BSA for surface detection or in BD’s
Perm/Wash™ Buffer for intracellular detection, use respective buffers for all the wash
and staining hereafter). Incubate for 30-60mins at 4°C protected from light. Spin down
plate at 500xg for 3min at 4°C, flick off supernatant, and resuspend wells with 200uL
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respective buffers, and repeat this step once. Spin down plate at 500xg for 3min at 4°C
and flick off supernatant, resuspend cells in 100uL secondary antibody solution (1:800
of Alexa Fluor® 488 AffiniPure Donkey Anti-Rabbit IgG in the respective bufters,
incubated 15-30mins at 4°C protected from light. Spin down plate at 500xg for 3min at
4°C, flick off supernatant, and wash wells with 200uL. TBST with 1% BSA or BD’s
Perm/Wash™ Buffer, and repeat this step once. Spin down plate at 500xg for 3min at
4°C, flick off supernatant, and resuspend cells in 200uL PBS with 0.1% PFA. Run the
samples on Attune NxT flow cytometry (ThermoFisher). Voltage settings are listed
below, FSC: 60, SSC: 320, RL1: 250, BL1:300, VL1: 200.

Cell Culture

HeLa and HepG?2 cells were cultured in RPMI 1640 medium supplemented with 10%
fetal bovine albumin and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin).
GBMS cells were cultured in DMEM/F-12 medium supplemented with B27 (1X),
heparin (5 mg/ml), GlutaMAX (1X), N2, Epidermal growth factor (20 ng/ml) and
Fibroblast growth factor (2 ng/ml). HEK293T cells were cultured in DMEM medium
supplemented with 10% fetal bovine albumin and antibiotics (100 U/ml penicillin and
100 pg/ml streptomycin). These cells were incubated in a humidified incubator in 5%
CO2 at 37°C.

Chondroitinase Treatment

Cells were first lifted by versene solution (Gibco™, 1504006) and spun down at 500xg
for 3 mins to collect cells, then cells were washed with HBSS once. Spin down at 500xg
for 3 mins and aspirate the supernatant, then resuspend cells in 0.5U/mL Chondroitinase
ABC (Sigma-Aldrich, C2905) solution in 20mM HEPES, 0.02% BSA HBSS and
incubate for lhr at 37°C. Spin down at 500xg for 3mis and aspirate the supernatant,
then wash cells with HBSS twice. Resuspend cells in 1% BSA HBSS at appropriate
amount. ChABC treated cells were stained with anti-aggrecan (CS-56) antibody, anti-
NQG2 antibody, or incubated with TAXI peptide in different concentration of CS solution.

Cell Viability Assay

1x10* HEK293-T cells were seeded in 96-well plate per well. After 16 hours, DMEM
medium were changed to DMEM medium containing 0, 0.3125, 0.625, 1.25,2.5, 5, 10
and 20 pg/mL of puromycin. Continuing culture for 48 hours before adding 1/10
volume of AlamarBlue cell viability reagent (DAL1025, Invitrogen) directly into
culture well. Incubate for 1 hour at 37°C in the cell culture incubator, protected from

light. Read fluorescence by excitation wavelength of 560nm and an emission of 590nm.
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Transfection

HEK293T cells were seeded in 6 well plate. Transfection was initiated when cells
reached to about 80% confluency. Two transfection reagents have been used. By using
Lipofectamine 2000 (), first dilute appropriate amount of lipofectamine reagent and
DNA in Opti-MEM () medium, respectively. Combine diluted lipofectamine reagent
and diluted DNA by a ratio of 1:1. Incubate for 5 minutes at room temperature. Gently
add DNA-lipid complex to the cells and incubate overnight. By Using BioT, dilute DNA
and BioT reagent in DPBS. Pipeting up and down the mixture a few times and leave at
room temperature for 5 minutes. Gently add entire mixture to cells and incubate

overnight.

Transduction

Aliquot 4x10° HEK293-T cells in 500uL completed growth medium. Add polybrene
and lentivirus at desired MOI to 100uL completed growth medium and incubate 5
minutes at room temperature. Gently mix cells and lentivirus preparation. Seed the cell
and virus mixture to 6-well plate. Allow the cell to grow for 24 to 48 hours before

selection.

Virus Tittering
HEK293-T cells were transduced with 1:10 serial diluted lentivirus, from 1:10,000,
1:100,000 to 1:1,000,000, respectively, in 6-well plate. 2.5ug/mL puromycin was added

to each well.

Protein Extraction

For western blotting, add RIPA buffer (Thermo Scientific™, 89900) with ImM PMSF
(added before use) and EDTA-free protease inhibitor cocktail (Roche, 11873580001)
to harvested cell pellet. Vortex and incubate on ice for 20 to 30 minutes. Centrifuge at

18,000 x g at 4°C for 20 minutes. Take supernatant to new microcentrifuge tube.

SDS-PAGE

The cell extracts were mixed with Laemmli Sample Buffer (Bio-Rad, 1610737) and
heated at 95°C for 6mins. Then the protein samples were loaded into 4 to 20% Tris-
Glycone Mini Protein Gel (Invitrogen™, XP04200BOX) in electrophoresis tank filled
with 1x Running Buffer (25mM Tris-base, 190mM glycine, 0.1% SDS). Run the gel at
100V for 20mins, then gradually increase to 220V until the loading dye migrate off the
gel.

Coomassie Blue Staining
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After SDS-PAGE, rinse the gel three times on the shaker with nano-pure H2O for Smins
each at room temperature. Flick off H20 and stain the gel with Coomassie Blue staining
solution for 1hr at room temperature on the shaker. Flick off staining solution and wash

at least 3 times (or until the proper background is gained and protein bands are visible).

Western Blotting

After SDS-PAGE, proteins were transferred from the gel to PVDF membrane. PVDF
membrane was first pre-active by soaking in methanol for at least 15 seconds. The
transfer cassette sandwich was prepared as below. Place the cassette, with the black side
down, in the blotting tray. Fill the bottom of both segments of the tray with 1x Transfer
Buffer (25mM Tris-base, 190mM glycine, 20% methanol, 0.1% SDS). Prewet a fiber
pad in the first segment of the tray and place on the black side of the cassette. Prewet a
filter paper and place on the fiber pad. Place the equilibrated gel on the filter paper with
the cut off corner in the top right. You can grab the gel from the bottom using your
fingers to do this. Use a roller to remove any bubbles and to spread out gel. Place the
equilibrated membrane on the gel such that the cut off corners align (use tweezers). Use
a roller to remove any bubbles. Prewet the last filter paper and complete the sandwich
by placing it on membrane. Use a roller to help complete the sandwich. Prewet the last
fiber pad and add to the filter paper. Close the cassette firmly but carefully, locking it
closed with the white latch. Place the cassette in the module with the white latch facing
up and with the black side facing the black part of the module. Then transferring in the
tank filled with 1x Transfer Buffer at 50V for 3hrs. Rinse the membrane with TBST,
and block the membrane with TBST 3% BSA on the rocker/shaker at room temperature
for 1hr. Flick off blocking solution and rinse the membrane twice with TBST for 5 mins
each on the rocker/shaker at room temperature. Flick off TBST and incubate the
membrane with primary antibody in TBST 1% BSA on the rocker/shaker for overnight
at 4°C. On the Second day, flick off solution and wash three times with TBST twice on
the shaker for 5mins each at room temperature. Flick off TBST and incubate with
appropriate secondary antibody on the shaker for 1hr at room temperature. Flick off
solution and wash three times with TBST twice on the shaker for Smins each at room
temperature. Flick off TBST and incubate with ECL HRP substrate (Thermo
Scientific™, 34580) for 3-5 mins at room temperature. Imaging on Xenogen IVIS 200.
Primary antibody used: 1:1000 anti-hLamR (Abcam, ab137388); 1:1000 anti-6-His-
Epitope Tag (Biolegend, 906101); 1:1000 anti-GAPDH (Cell Signaling, D4C6R)
Secondary antibody used: 1:5000 goat anti-rabbit IgG (Sigma, A6154), 1:10000 goat
anti-mouse IgG (Jacksonlmmuno Research Labortories, 115-035-174), NeutrAvidin™-
HRP (Thermo Scientific™, 31030)
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Protein Purification

Equilibrate column(s) to 4°C. Prepare sample by mixing the protein extract with an
equal volume of Equilibration Buffer. Use the Equilibration Buffer to adjust the total
volume to be > 2 resin-bed volumes. Remove the bottom tab from the HisPur Ni-NTA
3mL Spin Column and place column into a 50mL centrifuge tube. Centrifuge column
at 700 x g for 2 minutes at 4°C to remove storage buffer. Equilibrate column with two
resin-bed volumes of Equilibration Buffer. Allow buffer to enter the resin bed.
Centrifuge column at 700 x g for 2 minutes at 4°C to remove buffer. Place the bottom
plug in the column and add the prepared protein extract. Mix on an orbital shaker or
end-over-end mixer for 1hr at 4°C, perform multiple applications and centrifugations
until the entire sample has been processed if the sample volume is greater than the
column. Remove the bottom plug. Centrifuge the column at 700 x g for 2 minutes at
4°C and collect the flow through in a centrifuge tube. Wash resin with two resin-bed
volumes of Wash Buffer with 1% tween on an orbital shaker or end-over-end mixer for
15 mins at 4°C, then centrifuge at 700 x g for 2 minutes at 4°C and collect fraction in a
centrifuge tube. Repeat this step twice, first with Wash Buffer with 1% tween then
without tween. Elute His-tagged proteins from the resin by adding one resin-bed
volume of Elution Buffer. Centrifuge at 700 x g for 2 minutes at 4°C. Repeat this step
two more times, collecting each fraction in a separate tube. Concentration the elution
fraction by Amicon® Ultra-15 Centrifugal Filter Unit-10KDa cutoff (Millipore,
UFC9010). Analyze all the fractions by SDS-PAGE and Coomassie Blue Staining.

Plasmid Preparation

For mini-prep, E. coli were cultured at 250rpm in SmL LB with appropriate antibiotic
(100pg/mL Ampicillin) in plastic culture tube for overnight at 37c. Resuspend pelleted
bacterial cells in 250 ul Buffer P1 and transfer to a microcentrifuge tube. Add 250 pl
Buffer P2 and mix thoroughly by inverting the tube 4-6 times. Add 350 pul Buffer N3.
Mix immediately and thoroughly by inverting the tube 4—6 times. Centrifuge for 10 min
at 17,900 x g. Apply 800 pl of the supernatant to the QIAprep 2.0 Spin Column. Wash
QIAprep 2.0 Spin Column by adding 0.75 ml Buffer PE and centrifuging for 3060 s.
Discard the flow through, and centrifuge at full speed for an additional 1 min to remove
residual wash buffer. Place the QIAprep 2.0 Spin Column in a clean 1.5 ml
microcentrifuge tube. To elute DNA, add 50 pl Buffer EB (10 mM Tris-Cl, pH 8.5) to
the center of each QIAprep 2.0 Spin Column, let stand for 1 min, and centrifuge for 1

min. For Max-prep,

Plasmid Construction
1. pLV-EFla-hLamR-IRES-Puro
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pLV-EF1a-IRES-Puro vector (bp) and synthesized 6xhis tagged hLamR fragment
(bp) were co-digested by BamHI and EcoRI for 1 hour at 37°C, respectively. Both
the cutted pLV-EF 1a-IRES-Puro vector and cutted 6xhis tagged hLamR sequence
were collected by gel extraction (). Ligate pLV-EF1a-IRES-Puro vector (30 ng) and
cutted 6xhis tagged hLamR sequence with 1:3 molar ratio with 1uL T4 DNA ligase,
1uL 10x ligase buffer, and H20 up volume to 10uL, incubate overnight at 4°C.

2. pRSETb-hLamR
pRSETD vector (bp) and PCR amplified hLamR fragment (bp) were co-digested by
BamHI and EcoRI for 1 hour at 37°C, respectively. Both the cutted pRSETb vector
and cutted hLamR sequence were collected by gel extraction (). Ligate pRSETb
vector (30 ng) and cutted hLamR sequence with 1:3 molar ratio with 1puL T4 DNA
ligase, 1uL 10x ligase buffer, and H20 up volume to 10 pL, incubate overnight at
4°C.
Forward primer: 5’>-AACACCAGGATCCGGAGGAAGCGGAGCTCTGG-3’
Reverse primer: 5’-AATTATAGAATTCTCAGCTCCAGTCTGTGGTAG-3’

Transformation

Thaw Stbl2 competent cells (Invitrogen™, 10268019) on ice. Gently mix the cells, then
aliquot appropriate amounts of competent cells into chilled tubes containing DNA
ligation solution. Moving the pipette through the cells while dispensing. Incubate the
cells on ice for 20 minutes. Heat-shock the cells 45 seconds in a 42°C water bath. Place
on the cells ice for 3 minutes for recovery. Add 1 mL of LB and incubate at 37°C for 1
hour. Centrifuge at 8,000 rpm for 1.5 min. Pour the supernatant and use the excess of
supernatant to resuspend the pellet. Spread the cell solution on LB ampicillin plate and
incubate 14-16 hours at 37°C.

Polymerase Chain Reaction (PCR)

5 ng or 10 ng of DNA template was added for 10pL or 50uL reaction, respectively, in
addition to 1uM of forward and reverse primers, appropriate amount of master mix (),
and H20O up volume to 10pL or 50uL. For the thermocycler, set a program as 95°C for
3mins; 35 cycles of 95°C for 30 seconds, specific annealing temperature for 30 seconds
and 72°C for 1 min; 72°C for 8 mins; 12°C hold.

Agarose Gel Electrophoresis

Prepare 1% agarose in 1XTAE buffer and add/mix 1:10000 ethidium bromide (). After
solidification in the gel making cassette, put the gel in the running box filled with
0.5xTAE buffer. Run the gel with 130V for 20-30mins until loading dye is closed to the
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bottom of the gel or migrate off. Put the gel on the UV light box and observe the result.

Solid Phase Peptide Synthesis (SPPS)

Weight proper amounts of amino acids and rink amide resin, then dissolve and vortex
amino acids in the proper volumes of dimethylformamide (DMF) per the calculations
by the software. Rinse the resin down by 50% DMF/50% Dichloromethane (DCM).
Load newly made amino acid solutions, IM N,N'-Diisopropylcarbodiimide (DIC),
ethyl cyanohydroxyiminoacetate (oxyma), 20% piperidine onto the designated
positions on Liberty Blue H12, and resin onto Liberty Blue H12, then run the
synthesizer. After synthesis is completed, place and press tight a round filter on the
bottom of 15mL Resprep column, then place the column on the aspirator in chemical
hood, rinse the resins containing peptide products down into the column by DCM to
swell and activate the resins (if not going to react immediately, rinse down by methanol
and dry down). For methacrylamide (MA)-conjugated peptides, exchange the solution
from DCM to DCM/3 equals NHSMA/3  equals 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)/8 equals Triethylamine (TEA). Incubate on
the end-to-end mixer for overnight at room temperature. Rinse with DCM 3 times, and
cleave the peptides off the resins by 5% 1,4-Dimethoxybenzene (DMB), 2.5%
Triisopropylsilane (TIPS), 2.5% 1,2-Ethanedithiol (EDT), 0.5% H2O and 89.5%
Trifluoroacetic acid (TFA). Cleave for 3-4 hrs with S5SmL cleavage solution for full-
cleavage and 1 hr with 100uL for micro-cleavage. Slowly drop cleaved peptide solution
into 9 times volume of pre-cooled diethylether for precipitating the peptides. Mix and
spin down at 4500xg for 5 mins at 4°C. Decant the either, open the lid and cover with
Kimwipes paper, then dry in vacuum for overnight at room temperature. On the next
day, crush the precipitated powders as fine as it can and add about SmL methanol,
dissolve the powders by vortex and sonication, or heat up to 80°C (if necessary). Once
the powders dissolved, precipitate with diethylether and dry out in vacuum overnight
again. The peptide will be ready for HPLC on the next day.

TAXI peptide sequence: SACQSQSQMRCGGG

Scrm peptide sequence: SACSQMGRQSCGQG

A98 peptide sequence: NHQSDGTLAVPCQSQSQMRCGGK

A98-TAxI peptide sequence: NHQSDGTLAVPCQSQSQMRCGGK

MALDI-TOF
Mix 1pL matrix and 1pL untested sample on the metal plate, leave to dry or by heat
gun. Load the metal plate to the plate compartment and wait the vacuum reach less than

1x10°%. Set up method, calibrate with standard and run the sample.
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Results

TAXI and Poly-TAxI bind to HeLa cells via hLamR

In order to investigate the affinity between TAXxI-based peptides and hLamR, we
synthesized biotinylated TAxI-based peptides and their scramble (SCRM) forms by
SPSS and confirmed the molecular weight of peptide via MALDI-TOF to make sure
the proper compositions (Fig. SIA&B). These peptides were then used in individual
platforms of binding assay including flow cytometry (FACS). In the cell-based flow
cytometry assay, titrations of peptide solution supplemented with CS were incubated
with cell lines which have been confirmed to have surface expression of hLamR, such
as HelLa, HepG2 and GBMS8 cells (Fig. 1B, 3B & 4C). In HeLa cells, TAxI showed an
affinity of 7.64 £ 1.51uM to the cells, under the condition of having 500uM soluble CS
in the buffer, while the SCRM peptide exhibited minimum binding (Fig. 1C&D).
Moreover, to verify the hypothesis that increased valency, driven by HPMA-based
multivalent binder, can lead to improved binding affinity between delivering agent and
the target, we also tested the binding of HPMA-TAXI co-polymer (Poly-TAxI), which
has approximately 3 to 4 TAXI peptides conjugated per polymer, to HelLa cells, and a
slightly improved affinity of 4.34 £ 0.42uM by Poly-TAxI’s labelling was measured
(Fig. 1IE&F). These results suggested that TAxI-based peptides bind to the cell which
possess hLamR on the cell membrane under the existence of additional CS in the buffer.
However, the direct evidence of interaction between TAxI and hLamR was not yet
proved. Therefore, to examine whether the binding of TAXxI to the cell was mediated by
hLamR, we performed a correlation study by flow cytometry. Since HelLa cells have
the most homogenized surface expression profile out of the three cell lines that we used
(Fig. 2D), they were chosen as the platform for analyzing correlation between TAXI
and hLamR. In a quadrant dot plot analysis, TAxI and anti-hLamR antibody were able
to label 56.8% of AF-647 positive events (Fig. 2B) and 57.1% AF-488 positive events
(Fig. 2E), respectively. While the co-staining of TAxI and anti-hLamR antibody caused
a signal shift to 51.2% AF-488/AF-647 double positive event in Q2 and a strong
correlation between TAxI and hLamR was observed (Fig. 2C&G), whereas co-staining
of SCRM and anti-hLamR antibody was not observed with signal shift (Fig. 2F&H).
Therefore, the result indicate that TAxI was able to target cells through the binding with
hLamR.

TAXI-peptides bind to human brain cancer stem cells, and demonstrate increased
affinity to Poly-TAxI

Next, we employed GBMS8 cells, a human brain cancer stem cell line, for further
evaluating the binding affinity of TAxI-based peptides to assess TAXxI-based peptides
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on human CNS derived cells. Interestingly, hLamR staining indicated two population
of cells in terms of hLamR’s expression in GBMS cells (Fig. 3B). First, the population
with fluorescent intensity located around 102 to 10° are defined as “the low hLamR
expressors” (Green in Fig. 3B), whereas the population accounted as only 15%, with
relative stronger fluorescent intensity, has a peak located between 10° to 10%, which
also represented the existence of high dimensional hLamR complex on their cell surface,
are defined as “the high hLamR expressors” (Blue in Fig. 3B). TAxI-based peptides
with 500uM of CS were incubated with GBMS cells and the overall affinity (all cells)
and affinities in both low and high hLamR expressors were measured. First, TAXI
exhibited an overall affinity of 9.09 £ 0.73uM (Fig 3D, black line), a similar Kd of
8.426uM in the high hLamR expressors (Fig 3D, blue line), and minimal binding in the
low hLamR expressors in the contrary (Fig 3D, green line). Next, A98-TAxI followed
the same trend in TAXI’s binding to GBMS cells, except a higher affinity compared to
TAXI, it showed an overall Kd of 6.4+0.36Mm to all cells (Fig. 3F, black line), Kd of
6.86uM in the high hLamR expressors (Fig. 3F, blue line), and minimal binding to the
low hLamR expressors (Fig. 3F, green line). Lastly, the Poly-TAxI’s affinitics were
also measured in GBM8 cells. The overall affinity for Poly-TAxI was 3.03 £ 0.35uM
in all cells (Fig. 3H, black line). Interestingly, Poly-TAxI demonstrated about a two-
fold increase of affinity, as 1.67uM, in the high hLamR expressors, who estimated to
have high dimensional hLamR complexes on the cell surface (Fig. 3H, blue line).
Likewise, a minimum binding was observed in the low hLamR expressors (Fig. 3H,
green line). These results suggested either peptide sequence modification or
polymerization for increasing the valence could enhance the TAxI-based peptides
affinity to their target, hLamR. To be specific, advantage brought by polymerization
was significant than A98 modification, as Poly-TAxI showed three-fold of overall
binding to GBM8 cells and a further enhancement of binding in the high hLamR
expressors, which often related to hLamR overexpression in cancer cells. We then
hypothesize that if cancer cells often overexpressed hLamR, the affinity between TAXI
and cancer cells would be higher than with normal cells. To investigate the idea, we
used a human liver cancer cell line, HepG2 due to their high expression of hLamR in
the cell membrane (Fig. 4C) and a human kidney cell line, HEK293-T, which only has
marginal surface hLamR expression (Fig. 4D), to compare TAxI’s binding in tumor
and non-tumor cells. As the result, TAXI’s affinities to HepG2 and HEK293-T are 8.65
+ 0.55uM (Fig. 4G, orange line) and 30.7 + 4.16uM (Fig. 4G, Purple line), respectively,
whereas the SCRM peptide showed low binding to both cell lines. These results
indicated that TAxI-base peptides have a robust and relative stronger affinity to the
cells which expressed high hLamR on the surface.
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Chondroitin Sulfate is an allosteric modulator that increases the binding affinity
of TAxl on hLamR

TAXI peptide was found to enrich in tissue surrounding by abundant CSPGs in ECM.
PGs such as CSPGs, HSPGs and heparin are known as direct receptors or can mediate
the binding of antibodies, peptides and other molecules (Park et al., 2017). In the very
begin of this study, we found TAxI’s affinity to cells could be increased by adding
soluble CS, in the concentration-dependent fashion. In HeLa, TAxI showed affinity of
20.29 £ 2.89uM, 16.1 + 1.43uM and 7.64 + 1.51uyM with 0, 50uM and 500uM
additional CS, respectively (Fig. 5A). Similar trend was found in HepG2 cells, with the
presence of 0, 50uM and 500uM additional CS, TAxI’s affinities were 23.25+3.87,
17.35£2.24 and 8.65+0.55uM (Fig. S2). Next, to address whether TAXI’s binding was
specifically dependent on CS rather than other types of proteoglycans, we compared
the binding of TAxI in GBMB8 cells under the presence of additional added CS or HS.
When 500uM of soluble CS was presented in the binding buffer, TAXI peptide showed
a Kd of 9.09+0.73uM to the cells (Fig 5B, orange line). In contrast, it exhibited a Kd of
27.23uM under the presence of 5uM HS (Fig 5B, black line). The result implied that
CS was potentially the specific co-factor for the binding between hLamR and TAXI
peptide. To further validate the role of CSPG as a co-factor facilitating the interaction
between TAxI and hLamR, we pre-treated the cells with 0.5U/mL Chondronitinase
ABC (ChABC), then measure TAxI’s binding to the cell under no CS or multiple
concentrations of CS. First, the removal of GAGs chains in CSPG through ChABC
treatment was confirmed by staining of anti-Aggrecan (CS-56) antibody, which has
been reported to be specific for GAG portion of native CSPG. FACS result indicated
that more than 90% and ~85% of GAGs of CSPG were digested in HeLa and GBMS,
respectively (Fig. 5C&D). After ChABC treatment, TAxI showed Kd of approximately
31uM to both HeLa and GBMS cells, when without CS in the binding buffer. However,
a recovery of affinity was observed when the CS concentration gradually increased. In
HeLa, TAXI’s affinity to ChABC treated cells were 21.11, 16.42, 9.85, 8.49, 8.84 and
6.7uM when added 78uM, 156uM, 313uM, 625uM, 1.25mM and 2.5mM CS in the
buffer, respectively (Fig. SE). Similarly, with 78uM, 156uM, 313uM, 625uM, 1.25mM
and 2.5mM CS, TAxI’s affinities were measured as 14.57, 11.42, 9.4, 8.36, 6.98 and
6uM to ChABC treated GBMS cells (Fig. SF). In addition, all the data were fitted by
allosteric modulation shift model and the o values were measure as 1.746 and 1.755 in
HelLa and GBMB8 cells, respectively, suggests CSPG has a positive cooperativity for
binding between TAxI and hLamR. Thus, TAXI’s affinity to hLamR was reduced due
to the removal of GAGs in CSPG on the plasma membrane. Moreover, the additional
soluble CS can recover the affinity lost causing by ChABC treatment. The results
demonstrated that CSPG as a co-factor to facilitate the binding between TAXxI and
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hLamR.

Expression and purification of recombinant hLamR protein from HEK293-T cells
Previous reports have demonstrated the affinity tested between a pair of ligand and
receptor could be different in orders and magnitudes via different assays (ref.).
Moreover, since the cell surface and the surrounding ECM is a complicated
environment, the non-cell based in vitro assay could further validate the predominant
role of hLamR in TAXI peptide’s binding and delivery. The rationales above suggested
a benefit for measuring the kinetics via using purified hLamR protein and synthesized
peptides in a noncell-based assay. In order to have sufficient amount of purified hLamR
protein, lentivirus was used for making stable cell line. Lentiviral transfer plasmid was
constructed by inserting a fragment featured by Kozak sequence, and sequentially
followed by a 6xhis-tag, TEV sequence, and the full-length hLamR coding sequence,
on the downstream of EFla core promoter (Fig. 6A). The plasmid construct was
verified by restriction enzyme digestion (Fig. 6B) and Sanger sequencing, then the
plasmid was co-transfected with packaging plasmids and envelope plasmid into
HEK293-T to produce virus particles. In order to understand the titer of lentivirus and
acquire appropriate multiplicity of infection (MOI) for transduction, HEK293-T cells
was transduced with 1:10 serial diluted lentivirus, then treated with 2.5ug of selection
agent, puromycin, on the third day, the cells were continually incubated with puromycin
containing medium for 6 days. As a result, 1:10™* virus dilution showed a lawn which
was not countable, whereas 1:10” and 1:10° have 402 and 55 colonies. We used 1.5
mL of puromycin containing DMEM to cover the well, thus the titer of virus could be
counted as, 402/1.5%10° = 2.68x107 and 55/1.5%10°= 3.67x10’. Therefore, the average
transduction unit (TU)/mL was 3.175x10” for the hLamR gene-carrying lentivirus (Fig.
6C). Since HEK293-T is a quick growing and virus transducible mammalian expression
system with proper post-translational modification, we selected it as the recombinant
protein expression platform. In the purpose of selecting a stable cell line which can
consistently express the recombinant hLamR protein, we first tested the appropriate
concentration of the selection agent used, puromycin, in HEK293-T for stable line
selection. The kill curve indicated 48 hours incubation with puromycin over 1.25pg/mL
could induce over 90% growth inhibition, in these concentrations, 2.5ug/mL was the
lowest concentration which induced over 95% of death in untransduced HEK293-T
cells. Therefore, we selected 2.5ug/mL of puromycin as the proper concentration for
the other stable cell line making procedures (Fig. 6D). For making the recombinant His-
tagged hLamR protein expressing stable HEK293-T cell line, we transduced HEK293T
at MOI of 0.5, 1, 5 and 10, then selected the cells with 2.5ug/mL puromycin for 9-14

days before harvesting the cell lysates, a western blotting was conducted to determine
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expression level of recombinant his-tagged hLamR protein in cells infected at different
MOIs. The result suggested his-tagged hLamR are all overexpressed in the transduced
cells. Predictably, the higher the MOI, the stronger the expression level. Within these
groups, cells transduced at MOI 10 showed 5.67-fold of expression when comparing to
the untransduced cells. The blotting of anti-his antibody revealed his-tag was properly
expressed and again cells transduced at MOI 10 showed highest expression, as 1.66-
fold compared to cells transduced at MOI 0.5, among the MOIs. His-tag was not
detected in the untransduced cells (Fig. 6E). Since the cell transduced at MOI 10 has
the best recombinant protein yield, it was stained with anti-hLamR antibody and ran on
flow cytometer to confirming recombinant hLamR cellular location, the result indicated
a slight increase of hLamR expression on the cell surface compared to naive HEK-293T
cell (Fig. 6F&4F). As the result, we successfully established a stable HEK293-T cell

line expressing his-tagged hLamR for downstream assay and protein purification.

Process development for recombinant his-tagged hLamR purification

Ni-NTA resin (88226, Thermo Scientific) was used for purifying the recombinant his-
tagged hLamR protein, a few rounds of buffer composition, incubation time and
washing optimization were conducted initially. Among these, imidazole concentration
in the buffers and pH level are the two main factors affecting the final product purity
and yield. Because of the structure similarity, imidazole serves as the competitor to his-
tagged protein for binding onto nickel resin, thus optimization on imidazole
concentration in each step can greatly influence the successfulness of purification. Also,
the working pH range of nickel resin is between pH 7 to 8. In theory, the higher pH
condition comes with better product yield but also with higher non-specificity. The
purpose of buffer and wash optimization is to find the balance between satisfactory
yield of target recombinant protein and acceptable amounts of unspecific protein in the
final product. In the beginning, multiple pH levels were tested, including pH 7.1, pH
7.6 (Fig. 8A) and pH 8.0 (data was not shown). As the result, no significant difference
was observed in each step, thus all the buffers are pH 7.6 thereafter. Next, 10mM
imidazole equilibration buffer and 50mM or 100mM imidazole wash buffers were used
in the binding step and the washing step, respectively. Fig. 8B showed that a moderate
yield of the 67KDa hLamR heterodimer (red square) and 37KDa hLamR monomer (red
asterisk) were successfully eluted out of the Ni-NTA columns washed by 50mM
imidazole wash buffer, while an unsatisfactory yield of hLamR protein was observed
in the Ni-NTA column washed by 100mM imidazole, suggesting 50mM imidazole is
better condition for washing. However, significant amounts of unspecific proteins were
also eluted out in 50mM imidazole washed Ni-NTA column, especially apparent after
concentration, this pointed out different washing method and stringent binding
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environment for eliminating undesired proteins binding in the very beginning are
needed. Thus, the comparison study between using 10mM and 30mM imidazole in the
binding step was conducted subsequently. Also, in the previous rounds of purification,
the Ni-NTA column were washed three times by merely adding wash buffer, flow-
through and spun down to remove buffer. To address incomplete washing observed in
previous rounds of purification, tween-20 was added into the wash buffer except the
last round of wash and the wash buffer was mixed and incubated with the Ni-NTA
column by end-over-end mixer for 15 minutes at 4°C, for each round of wash.
Coomassie blue staining indicated successful elution of 67/37KDa hLamR proteins
with some unspecific proteins in 10mM imidazole binding condition and successful
elution of 67/37KDa hLamR proteins with very little of unspecific proteins in 30mM
imidazole binding condition (Fig. 8C). Moreover, wash time optimization study was
conducted, the result dictated 4 times of wash after binding are the most appropriate for
generating subtle balance between satisfactory yield and product specificity (Fig. 8D).
Therefore, through the process optimization, we concluded that 30mM, 50mM and
300mM imidazole are the best condition for binding, washing and elution steps,
respectively, in the Ni-NTA-based recombinant his-tagged hLamR purification.
However, no matter how many parameters and condition that we tried, we still found
difficulty to get rid of “the most common”, around 100 kDa of unspecific protein out
of Ni-NTA purification. Therefore, we applied the Ni-NTA purified protein to size
exclusion chromatography (SEC) and harvested molecules within a particular range
size in multiple fractions (Fig. 8E and F). Then each of the fraction was stained with
anti-hLamR antibody and anti-his-tag antibody to detect the right fraction for
recombinant his-tagged hLamR protein. In Fig. 8G, fractions 9 and 10 are the only two
fractions could be detected by anti-hLamR antibody and anti-his-tag antibody, therefore,
we combined these fractions as the final hLamR protein product.

Optimizing recombinant hLamR expression and extraction

Although the optimal condition for purification procedure was found, the product yield
was measured below mg scale, which was only sufficient for a few times of downstream
applications. In order to improve protein product yield and reduce batch-batch
inconsistency, the optimization of protein expression and extraction were needed.
HEK?293-T has been known as the cell can be easily transfected, about 80% transfection
efficiency has been reported (ref.) and it can have stronger transient expression over
stable line expression sometimes (ref.). Furthermore, the effect by containing the
selection marker, puromycin, in the medium on recombinant hLamR expression level
has not yet been researched. Thus, the expression levels of recombinant hLamR were
compared in HEK293T-Lenti transduced stable line (MOI 10) with and without
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puromycin, HEK293-T transfected with 2pug and 4ug pLV-EFla-6xHis-hLamR-IRES-
Puro plasmid, and naive HEK293-T. 24 hours after transfection, we changed the
medium to puromycin-containing one for transfected cells and all the cells were
harvested at 48 hours post-transfection. The western blotting revealed a 1.65-fold and
a 2.02-fold hLamR expression in HEK293-T lenti-transduced stable line, without and
with puromycin, respectively, compared to nawe cell. Interestingly, HEK293-T
transfected with 2ug and 4pg plasmids exhibited 2-fold and 2.25-fold expression over
naive cells, respectively (Fig. 7A). Thus, we were able to know that containing
puromycin in the medium have a benefit on recombinant hLamR yield. Although, the
expression level between stable line and transient expression seems similar, a room for
optimization, such as on plasmid amount transfected and harvest timepoint, was also
observed in this initial screening. Most of transient expressions have highest target
protein expression level at 48hr post-transfection or after (ref.). However, the pLV-
EFla-6xHIS-hLamR-IRES-Puro plasmid used in transfection contains a puromycin-
resistance gene, so it might be worthwhile to screen multiple timepoints for best protein
expression level by puromycin selection. Subsequently, the hLamR protein expression
level in naive cells, cells transfected with Sug and 10pg of plasmids were compared.
Cells were harvest at 24, 48, 72 and 96hr post-transfection. As the result, transfection
with 10pg has superior hLamR expression than transfection with Sug in each timepoint,
48hr was the highest as 3.66-fold higher than nave control among all the groups (Fig.
7B). In fact, we also transfected pLV-EFla-6xHIS-hLamR-IRES-Puro plasmid to
Lenti-transduced HEK293-T cells to see if combined transient and stable expression
induces higher recombinant hLamR expression level (Data was not shown). However,
the expression of hLamR seemed to saturate and no significant differences on hLamR
yield were found between transfection to HEK293-T lenti-transduced stable line and
naive cells. In additional to improve protein yield from expression aspect, we had
performed an extraction buffer optimization study to solubilize more hLamR protein
from the cells. In the first round of extraction buffer optimization, HEK 293T-lenti
transduced cells were lysed by extraction buffer with different detergents or
combinations including NP-40, TWEEN-20, digitonin, NP40/ TWEEN-20, NP-
40/digitonin and TWEEN-20/digitonin. After lysis, the supernatant and pellet fraction
of each group above were examined in western blotting to understand the best buffer
for hLamR solubilization. In Fig. 7C, 2.28-fold, 2.59-fold, 2.72-fold and 2.6-fold of
hLamR were detected in the supernatant fraction of TWEEN-20, digitonin, NP-
40/digitonin and TWEEN-20/digitonin group, compared to the non-detergent control.
In contrast, the pellet fraction of TWEEN-20, digitonin, NP-40/digitonin and TWEEN-
20/digitonin group have lower hLamR protein level as 0.67-fold, 0.4-fold, 0.75-fold
and 0.39-fold, respectively. The increases of hLamR protein level in supernatant and
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decreases in the pellet, which suggests that the hLamR protein solubility was increased
by the adding of detergents, especially TWEEN-20 and digitonin. Since these two
detergents worked well alone or in accompanied with others, also, TWEEN-20 was
already used for the washing steps in the purification process, 0.05% TWEEN-20 and
1% digitonin went into next round for comparing to 1% CHAPS. The same experiment
was conducted again with different detergent groups including digitonin, CHAPS,
digitonin/CHAPS, only this time his-tag was detected as well. The hLamR protein
levels in supernatant fraction were 1.63-fold, 2.45-fold and 2.34-fold with the adding
of digitonin, CHAPS and digitonin/CHAPS, respectively, by anti-hLamR blotting. A
similar trend was found via his-tag blotting, the his-tagged protein levels were 1.27-
fold, 1.97-fold and 2.05-fold in above groups, respectively. However, hLamR protein
levels detected by anti-hLamR antibody were not significantly decreased in the pellet
fraction and were even increased in his-tag blotting (Fig. 7D). Nonetheless, we were
able to prove the benefit of having 1% CHAPS with 0.05% TWEEN-20 as the most

appropriate detergents in the extraction buffer for recombinant hLamR’s solubilization.
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Discussions

Choosing peptide as a delivery agent for CNS therapeutics could bring a couples of
benefits. Frist, the ease to be developed, engineered and manufactured. Peptides have a
relatively small molecular weights, the whole sequences are generally within 30 amino
acids and they can be synthesized by SPSS, whereas, for example, monoclonal
antibodes have molecular weights of 150KDa, the development process is laborious
and them needed to be produced by cell lines or animals. Second, the chemical diversity
allows peptide to be conjugated with most of therapeutic molecules without causing

steric hindrance.

Among the transporter/receptor mediated delivery, peptide-based methods usually have
relatively low affinity. The dissociation constant of peptides is generally between
nanomole to micromole level, whereas proteins and antibodies are between picomole
to nanomole (ref). This property of peptide delivery comes with both advantage and
disadvantage. The disadvantage is obvious, lower affinity leads to poorer bioavailability,
when lesser amount of therapeutic distribute to the target site, the higher the dose is
required, which caused certain degree of off-target and side effects. However, the lower
affinity can bring advantage too. When the peptide-drug conjugates bind to the specific
target receptor on the cell surface, the cell intake the whole ligand and receptor complex
by the endocytosis, the peptide binder’s low affinity increase the possibility for peptide-
drug conjugate to dissociate from the receptor during cellular trafficking process and

can be delivered to the final cellular therapeutic locations.

In this report, we suggested TAxI peptide is not only CNS targeting peptide, but only
has potential to target delivery therapeutics to cancer cells. Although the affinity to
HEK293-T, noncancer cell is weak, the binding was existing. Through further sequence
modification and to identify specific environment for delivery, future study to
decreasing the binding in non-cancer cell is warranted. Previous reports haven proved
that hLamR could serve as a target for therapeutic approaches to treating cancer and
Alzheimer’s disease (Jovanoic et al., 2015). The flexibility of TAxI peptide for possible

targeting two areas of disease is highly indulging.

TAXI peptide binds the cells through the interaction with hLamR on the cell surface. In
other words, hLamR is the target receptor for TAxI delivery. Through sequence
modification and multivalent polymerization, the affinity of TAxI peptide was
demonstrated to be increased. Chondroitin Sulfate (CS) acted as a positive allosteric

modulator for facilitating the association between TAxI and hLamR. Due to the high
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expression of hLamR and CS in many types of cancer cell, TAxI-based delivery has

potential to mobilize promising therapeutics to CNS and tumors.
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Figure 1. TAxI and Poly-TAxI Binding in HeLa Cells. (A) Pseudocolor plot view of
HeLa cells collected by flow cytometry. (B) Histogram of hLamR staining in HeLa cells.
Cells were labelled with anti-hLamR antibody and anti-mouse AF-488, or the latter only.
(C) Histogram of TAXI peptide staining in HeLa cells. Cells were labelled with 30ug of
biotinylated-TAXI and streptavidin (SA)-AF488, or the latter only. (D) TAxI and SCRM
binding curves in HeLa cells. Cells were labelled with serial diluted of either
biotinylated-TAXI or biotinylated-SCRM peptides with 500uM of chondroitin sulfate
(CS) then stained with SA-AF488. (E) Histogram of TAXI peptide staining in HeLa cells.
Cells were labelled with 15ng of biotinylated-Poly-TAxI and SA-AF488, or the latter
only. (F) Poly-TAxI and Poly-SCRM binding curves in HeLa cells. Cells were labelled
with serial diluted of either biotinylated-Poly-TAXI or biotinylated-Poly-SCRM peptides
with 500uM of CS then stained with SA-AF488.
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Figure 3. TAxI, A98-TAxI and Poly-TAxI Binding in GBMS8 Cells. (A) Pseudocolor plot
view of GBMS cells collected by flow cytometry. (B) Histogram of hLamR staining in
GBMS cells. Cells were labelled with anti-hLamR antibody and anti-mouse AF-488, or the
latter only. The low and high hLamR expressing cells were shown as green and blue peaks,
respectively. (C) Histogram of TAXI peptide staining in GBMS8 cells. Cells were labelled
with 30pg of biotinylated-TAxI and streptavidin (SA)-AF488, or the latter only. (D) TAxI
and SCRM binding curves in HeLa cells. Cells were labelled with serial diluted of either
biotinylated-TAxI or biotinylated-SCRM peptides with 500uM CS then stained with SA-
AF488. Blue lines are the binding curves for high expressors, whereas green lines are for
low expressors. (E) Histogram of A98-TAxI peptide staining in GBMS8 cells. Cells were
labelled with 15ug of biotinylated-A98-TAXI and SA-AF488, or the latter only. (F) A98-
TAxI and A98-SCRM binding curves in GBMS cells. Cells were labelled with serial diluted
of either biotinylated-A98-TAXI or biotinylated-A98-SCRM peptides with 500uM of CS
then stained with SA-AF488. Blue lines are the binding curves for high expressors, whereas
green lines are for low expressors. (G) Histogram of Poly-TAxI peptide staining in GBMS8
cells. Cells were labelled with 7.5ug of biotinylated-Poly-TAXI and SA-AF488, or the latter
only. (H) Poly-TAxI and Poly-SCRM binding curves in GBMS8 cells. Cells were labelled
with serial diluted of either biotinylated-Poly-TAXI or biotinylated-Poly-SCRM peptides
with 500puM of CS then stained with SA-AF488. Blue lines are the binding curves for high
expressors, whereas green lines are for low expressors.
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(A)(B) Pseudocolor plot view of HepG2 and HEK293-T cells collected by flow cytometry,
respectively. (C)(D) Histogram of hLamR staining in HepG2 and HEK293-T cells,
respectively. Cells were labelled with anti-hLamR antibody and anti-mouse AF-488, or the
latter only. (E)(F) Histogram of TAXI peptide staining in HepG2 and HEK293-T cells,
respectively. Cells were labelled with 30ug of biotinylated-TAxI and streptavidin (SA)-AF488,
or the latter only. (G) TAXI and SCRM binding curves in HepG2 and HEK293-T cells,
respectively. Cells were labelled with serial diluted of either biotinylated-TAxI or biotinylated-
SCRM peptides with 500uM CS then stained with SA-AF488. Orange lines are the binding
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Figure 5. Chondroitin Sulfate (CS) facilitates the interaction between TAxI and hLamR.
(A) CS helps TAxI’s saturation to HeLa cells. HeLa cells were incubated with serial diluted
biotinylated-TAXI peptides with 0, 50 and 500uM of CS, then stained with SA-AF647. (B) CS,
but not heparan sulfate (HS), increases TAXI’s affinity to cells. HeLa cells were incubated
with serial diluted biotinylated-TAXI peptides with 500uM of CS or HS, then stained with SA-
AF647. (C) Histogram of aggrecan (CS-56) staining of untreated and chondroitinase ABC
(ChABC)-treated HeLa and HepG2 cells. Cells were either treated with 0.5U/mL ChABC or
HBSS, then labelled with anti-aggrecan (CS-56) antibody and anti-mouse AF-647. (D)
Surface CS level in untreated and ChABC-treated cells. (E)(F) CS rescues the affinity loss of
TAXI in ChABC-treated HeLa and GBMS cells. Different amount of soluble CS were co-
supplemented with TAXI peptide to the ChABC-treated cells.
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and anti-his-tag antibody, respectively. All the Relative expression levels were shown in the figures.
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recombinant his-tagged hLamR. The membranes were incubated with anti-hLamR antibody and anti-his-
tag antibody, respectively.
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Supplementary Information
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