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Abstract

Characterization of binding kinetics and affinity between a potential new drug and its receptor are
key steps in the development of new drugs. Among the techniques available to determine binding
affinities, surface plasmon resonance has emerged as the gold standard because it can measure
binding and dissociation rates in real-time in a label-free fashion. Surface plasmon resonance is
now finding applications in the characterization of molecules for treatment of neurodegenerative
diseases, characterization of molecules associated with pathogenesis of neurodegenerative
diseases and detection of neurodegenerative disease biomarkers. In addition it has been used in the
characterization of a new class of natural autoantibodies that have therapeutic potential in a
number of neurologic diseases. In this review we will introduce surface plasmon resonance and
describe some applications of the technique that pertain to neurodegenerative disorders and their
treatment.
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Introduction

The term “neurodegenerative disorder” encompasses a wide range of medical conditions that
primarily affect neuronal cells of the human brain. Neurodegenerative diseases take a sharp
toll on millions of individuals and directly affect patients and indirectly their caregivers,
families and communities. Most neurodegenerative diseases share a common course:
uncontrolled neuronal death, which leads to a progressive decline of nervous system
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function (cognition or locomotor control). A few examples of neurodegenerative disorders
are Alzheimer’s disease (AD) and other dementias, Parkinson’s disease (PD) and PD-related
disorders, prion disease, motor neuron diseases (MND), Huntington’s disease (HD),
spinocerebellar ataxia (SCA), spinal muscular atrophy (SMA) and amyotrophic lateral
sclerosis (ALS). In addition diseases with an inflammatory component such as multiple
sclerosis (MS) or neuromyelitisoptica (NMO) also have a neurodegenerative component in
that neurons and axons ultimately die from the destructive immune response. Both AD and
PD are also characterized by intrinsic chronic inflammation mediated by microglial cells
which is disputed to be the cause of disease. Non-steroid inhibitors of inflammation
(NSAIDs) have since been clinically tested on AD and PD patients, although large-scale
double-blind placebo-controlled clinical trials have not supported the use of NSAIDS in
neither reducing the risk of AD [1]and PD [2] nor the treatment of AD.[3]

In neurodegenerative disorders, the stimuli for neuronal cell death are multi-factorial. These
may include genetic predisposition, environmental factors and cellular stress (oxidative
stress and free radical production). Cellular stress disrupts functioning of the endoplasmic
reticulum (ER) leading to induction of the unfolded protein response (UPR). ER stress may
contribute to neuronal loss in a range of neurodegenerative disorders such as AD, PD and
HD. Other stimuli for neuronal cell death are glutamate-induced excitotoxicity,
neuroinflammation, bioenergy failure, disruption of CaZ*-regulating systems, mitochondrial
dysfunction and misfolded protein accumulation. Neurons rely on autophagy to clear and
purge unwanted cytosolic proteins and damaged organelles. Neuronal autophagy may in
some cases be defective and results in aggregation of proteins. Accordingly, defective
neuronal autophagy was observed in several neurodegenerative conditions. In addition
animal models with deficient autophagic processes recapitulate many aspects of
neurodegenerative diseases. [5-8] Characterization of protein-protein aggregation strength
and their association and dissociation kinetics would help further understand the disease
pathogenesis. Moreover, determination of how potential drugs (a) modulate protein-protein
interactions and (b) bind to target molecules will help devise new therapeutic approaches.

One such technique for investigation of molecular interactions is surface plasmon resonance
(SPR). SPR is a well-established and widely used optical detection technique for measuring
the strength and rate of biomolecular interactions.[9] SPR is advantageous because it is
label-free and monitors molecular interactions in real time. Label-free detection eliminates
the need for fluorescent reporter molecules or radioisotope tags, saving a labeling step,
which can be time-consuming, expensive, and more importantly, could alter the molecular
interactions depending on the nature of the tag. Real-time measurements allow calculation of
the association and dissociation Kinetic rate constants, kg, and koss of the interaction, in
addition to the equilibrium dissociation constant, Kp. Another benefit of SPR experiments is
that they only need small amounts of reagents compared to equilibrium assays, especially
for low affinity binding interactions. [9]

The basic SPR experiment involves immobilizing the receptor on the sensing surface of a
flow-cell, and then flowing an analyte solution over the receptors and monitoring the sensor
signal change as the molecules bind (a typical setup can be seen in Fig. 1a). The flow-cells
are microfluidic devices, usually with channels less than 1 mm wide. The sensing surface is
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a thin metal film, usually gold or silver, and may be flat or have nanometer-scale structures
in it, such as arrays of holes or line gratings. [10-12] Light is directed onto the metal film,
and photons of light couple to free electrons in the metal, generating charge oscillations
(plasmons) at the surface of the metal, which resonate at certain wavelengths of light. The
plasmons are confined to the metal surface and are sensitive to changes in the interfacial
refractive index. As analyte binds to receptors at the surface, the refractive index changes,
and the plasmon resonance shifts to larger reflection angles. The magnitude of this shift is in
proportion to the amount of bound analyte.

Obtaining kinetic rate constants is advantageous over endpoint-only equilibrium
measurements such as ELISAs or radioisotope binding assays, in helping to choose which
drug leads to follow. Some diseases may need the drug to quickly dissociate from its target
receptor (high Kqf) to reduce toxicity. Other diseases may benefit from the drug staying
bound to its target for a longer time (low kqff) to prolong its biological effect and reduce
necessary dosages. Also, a long residence time of the drug in its target receptor and short
residence time in other receptors would indicate higher specificity and would likely translate
into fewer side-effects.[13,14]

SPR is versatile and has been used to study molecular interactions between a wide variety of
molecules (from simple proteins, carbohydrates, lipids, nucleic acids, and small molecule
compounds, to larger protein complexes and even cells), across a wide range of affinities
from picomolar to millimolar. [9] In addition, membrane proteins, such as the important
therapeutic target G-protein coupled receptors (GPCRs), have been incorporated into SPR
experiments, both in detergent solubilized form [15]and in lipid membranes, such as
rhodopsin [16], nicotinic acetylcholine receptors [17], and aquaporin-4 [18]. Nevertheless,
membrane proteins such as GPCRs are still a challenging system to study outside of cells
due to their low level of expression, difficulty to get host systems to express them, and
declining stability and activity when removed from their native lipid environment. However
advances in protein engineering and SPR methodology are being been made which make the
proteins more able to be studied by SPR. The addition of peptide tags to the C-terminus
provide a way to uniformly capture the proteins from crude lysates of cells. SPR devices can
then be used to screen for the best detergents which will solubilize the protein and still
maintain structure and function {Navritolova 2005, 15797568}. This method was recently
utilized to find novel high-affinity antagonists to wild-type p2 adrenergic receptor using
fragment screening {Aristotelous}. Another protein engineering solution has been to create
point mutations in GPCRs to increase their conformational homogeneity and
thermostability. One disadvantage to this approach is that the modified proteins may not
bind to ligands the same way as wild-type proteins.[19] SPR can also be used for epitope
mapping, competition assays, analyte quantitation for applications such as biomarker
detection, monitoring production of antibodies and cytokines, ligand fishing, and ADME
(adsorption, distribution, metabolism, and excretion) characterization, and other
applications, as has been reviewed elsewhere.[9,20] {Rich 2011}

While most SPR devices do not have the throughput of other systems and consist of only a
few channels limiting the number of receptors that can be tested per chip, computer
automated robotic systems can sample numerous analytes of multiple concentrations from
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multiwell plates, allowing for higher throughput sampling of analytes and hands free
operation. For example, GE Healthcare’s latest system, Biacore 4000, is able to run
unattended for 60 hours measuring up to 2400 interactions in 24 hours. Variations of SPR
chip designs have been developed as well which allow detection from an array of spotted
proteins, enabling high-throughput measurements. [11,12]

There are some limitations and challenges to the SPR technique. It is more difficult to detect
the binding of small molecules, since small molecules induce smaller changes in the
interfacial refractive index. However, advances in commercial SPR instruments have
enabled small molecule detection down to 90 Da.[21] Also, there are challenges with it
being a surface based technique, requiring immaobilization of one of the binding partners,
which can create several artifacts. However, these artifacts can be avoided for most binding
pairs with careful experimental design. For example, too many receptors on the surface can
lead to steric hindrance of binding sites or shielding by large analytes, reducing the expected
binding site concentration, or can pull analytes out of solution too quickly reducing expected
analyte concentration. Simply reducing the number of receptors can solve this. Controls are
a very important aspect to rule out possible artifacts. Excellent advice on how to obtain high
quality SPR data can be found in many of Rich and Myszka’s publications.[20,22-24]

To confirm that the surface-based SPR technology is comparable to traditional solution-
based methods and can measure small molecules and immobilized enzymes accurately,
Myszka and colleagues have conducted several global benchmark studies. In one study, 22
users using different commercial SPR instrument models, tested four small molecule
inhibitors binding to an immobilized enzyme, carbonic anhydrase 11, at 6 different
temperatures. [25] The results demonstrated some challenges, but also the accuracy, of the
instrument. Only a limited number of data sets (8) had useable data for every compound and
temperature (about half had instrument artifacts). However, the useable data demonstrated
good reproducibility, with a low standard error of the rate constants (less than 11%) and
van’t (Is this correct spelling?) Hoff thermodynamic parameters (less than 13%), and Kp’s
that matched conventional solution-based isothermal titration calorimetry.

A simulation of a typical SPR experiment using four different analyte molecules (A-D, all at
100nM concentration) is shown in Fig. 1b to illustrate SPR curves and demonstrate the
usefulness of obtaining binding kinetics information. The plot shows percent bound
complexes, which corresponds to the SPR wavelength shift, as a function of time. The
experiment consists of two main phases: an analyte injection phase (the association phase in
which molecules bind and dissociate), and a washing buffer phase (the dissociation phase, in
which molecules only dissociate). All four simulated analytes have the same equilibrium
dissociation constant, Kp (10 nM), but have different kinetic rate constants, ko, (1x10° —
1x10%2 M~1s71) and kg (1x1073 — 1x1076 s71), illustrating very different binding profiles.
The Kqft value, is inversely proportional to ty/,, the half-life of the complex (Kofe= In(2)/t12).
In this simulation, the half-lives of analytes (from A-D) are ~12 min (Kof=1072s71), ~2 hr
(kot=107% s71), ~20 hr (kof=107° s71), and ~8 days (ko=1076 s71).

As a surface-sensitive technique, SPR requires receptors to be immobilized on the sensor
surface. Since the development of SPR methods in the 1980s, [26] many research groups
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and companies have advanced surface chemistry to probe a wide variety of molecular
interactions. Commonly employed surface chemistries rely upon the formation of self-
assembled monolayers (SAMSs) on gold surfaces [27]or layers of functionalized dextran.[28]
The most well-known SAMs are based upon covalent bonding between gold and thiols,
molecules with terminal —SH groups.[29] If a gold sensor chip is exposed to a solution
containing an alkanethiol, decanethiol for example, the terminal thiol groups will react with
the gold surface and the alkane portions of the molecule will point away from the surface.
Eventually self-assembly of the molecules will result in a tightly packed monolayer.

If some of the alkanethiol in the surface-functionalization solution is replaced with
bifunctional thiol terminated by a reactive group such as an amine or carboxylate, it is
straightforward to link molecules to the sensor surface. For example, if 11-
mercaptoundecanoic acid is included in the SAM-formation solution, a portion of the
resultant SAM will be reactive to primary amines via well-established carbodiimide (EDC)
or EDC/N-hydroxysuccinimide (NHS) chemistries.[30] Fig. 2 shows how these reactions
can immobilize molecules like peptides that have free amines on amino acid residues such
as asparagine, glutamine and lysine. Using other linkage chemistries receptor molecules
with amine, aldehyde, thiol, hydroxyl and carboxyl functionality can also be immobilized on
carboxy-terminated SAMSs, making this surface-preparation method very versatile. [31]
Commercially available sensor chips employ this immobilization scheme through a layer of
carboxymethylated dextran on the surface of the gold sensor chip.[28] Most commercially
available immobilization schemes rely upon surface-immaobilized functionalized dextran
matrices to immobilize receptors.

Capturing receptors to the sensor surface through indirect biotin/streptavidin or antibody
interactions is also possible.[32] In this method, a biotinylated SAM can be used to capture
streptavidin, or streptavidin can be covalently linked to the sensor surface using one of the
above methods. Then streptavidin is used to capture a biotinylated molecule, which can be
used as a receptor in further SPR analysis. Like carboxylated sensor chips, commercial
streptavidin chips are available.

Nearly half of the top 100-selling pharmaceuticals act on targets associated with cellular
membranes.[33] Thus, technology to evaluate interactions between potential therapeutics
and membranes or membrane-associated proteins is crucial. Commercially available options
are liposome capture chips and hydrophobic SAM layers that allow the formation of a lipid
monolayer on the sensor surface. Examples include the Biacore L1 and HPA chips, which
capture liposomes or facilitate lipid monolayer formation, respectively. The liposome
capture chips are effective and can be used with proteoliposomes, but there is some
disagreement in the literature about the morphology of immobilized liposomes. Some
groups report liposomes are captured intact, [34] while other groups report that the captured
liposomes eventually rupture to form a planar lipid layer.[35] Moreover, the surface charge
present on liposomes can alter the immobilization efficiency, which complicates
comparisons between different types of liposomes.[36] To reduce uncertainty about the
structure of the immobilized lipid membrane layer, a different approach can be taken for
membrane functionalization of SPR sensors. Instead of liposomes or lipid monolayers, the
sensors are covered with planar lipid bilayers. It is well established that SiO, surfaces induce
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rupture of liposomes to form a planar lipid bilayer.[37] Our sensors typically have thin (10 —
20 nm) layers of SiO, deposited on gold or silver films in order not to reduce the sensitivity.
Liposomes adhere strongly to SiO, and when a critical population of vesicles adsorb, they
rupture to form a continuous lipid bilayer, typically known as a supported lipid bilayer
(SLB).[38] Membrane-bound proteins can be incorporated into SLBs, but the conformation
of transmembrane proteins can be altered by the presence of the supporting substrate.[39] To
alleviate this effect a configuration of SPR with a SLB suspended over nanopores in a gold
film can be employed to allow incorporation of trans-membrane proteins.[40] Beyond SPR,
SLBs can be integrated into a number of different analytical techniques, including mass
spectrometry, fluorescence imaging and electrochemical methods.[41] Planar SLBs on SPR
chips are convenient mimics for cellular membranes, especially when the molecules under
investigation are lipid-binding IgMs that induce remyelination in animal models of human
MS (see below).

Multiple Sclerosis (MS)

Studies using imaging, serology, pathology and genetics, and patient response to anti-
inflammatory treatments suggest that MS is primarily an inflammatory demyelinating
disease of the central nervous system (CNS) with varied clinical presentations and
heterogeneous histo-pathologic features. The disease has a peak onset between ages 20 and
40 years, [42] however it may develop in children and has been reported in individuals over
60 years. MS affects women approximately twice as often as men. [43,44] To date, the
pathogenesis of MS still remains elusive and there is no definitive cause and no effective
cure. Disease pathophysiology is complex and involves genetic susceptibility, environmental
factors, and development of pathologic immune-mediated responses leading to focal myelin
destruction, axonal loss, and local inflammatory infiltrates. One of the most efficacious drug
in MS, but with most significant side effects is Natalizumab (Tysabri), [46,47] a humanized
monoclonal antibody that binds to the cell adhesion molecule a4-integrin, a molecule that
mediates adhesion and migration of immune cells to organs. Natalizumab reduces the ability
of inflammatory immune cells to attach and blocks their ability to cross blood vessel walls.
[48,49]

Remyelination in MS

Despite our increased understanding of the biology of glial cells and remyelination, no clear
explanation exists for this lack of regenerative potential in CNS demyelinating diseases.
Myelination is a key developmental stage in the human brain and continues for at least
another 10 to 12 years after birth (precedes adulthood). In contrast, MS patients with
detectable brain lesions are commonly, but not exclusively, adults. With respect to
remyelination, oligodendrocyte progenitor cells (OPCs) from neonates seem to be 3-5-times
more efficient than adult OPCs at colonizing OPC-depleted tissue. [50] This indicates the
importance of the recipient’s age as well as the OPC donor’s age for effective remyelination.
[51] Supporting evidence comes from lysolecithin-induced demyelination, where mice show
less pronounced spontaneous remyelination with increasing age. [52]. This may suggest that
age-related, increased deficits of MS patients are due to the decreased ability of OPCs to
repopulate demyelinated areas. In addition, the risk of injury accumulates over time with
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“naked” demyelinated axons, particularly in a hostile environment that caused
oligodendrocyte death. Axonal loss will terminate any chances of remyelination and
functional recovery. In addition, demyelinated axons may become dysfunctional with loss of
specific molecular signals to recruit oligodendrocytes and form protective, functional myelin
sheaths. [53] Signals sent from oligodendrocytes to axons may be either inappropriate or
inappropriately regulated. However, it is difficult to discern whether the specific villain in
the failure of remyelination is the axon or the oligodendrocyte progenitor cell; it is also
possible that both may contribute to the problem. In some situations, the axons are missing
or dysfunctional, whereas in others, the axons may be normal in number and function but
progenitor cells are missing. Both components (axons and progenitor cells) must be intact
and able to accept “remyelination signals” for the process to ensue. In addition to age,
remyelination failure may be due to a differentiation block of OPCs that are unable to
maturate into myelinating oligodendrocytes (reviewed in [54]). It is of note that sufficient
OPCs are present also during late stages of adulthood and within the demyelinated plaque.
With age, OPCs may become less responsive to either environmental triggers or may
express fewer cellular triggers to respond adequately to OPC maturation-stimulating factors.

SPR Characterization of Lipid-Binding Remyelinating IgMs

More than two decades ago, we observed that immunization with CNS homogenates or
transfer of anti-serum to CNS homogenates promoted repair of demyelinated CNS lesions in
a mouse model of MS. [55] Based on this finding, it was hypothesized that it might be
possible to promote CNS repair through the regulation of immune system. As a proof-of-
concept, myelin-binding antibodies in the sera of immunized mice preserved
oligodendrocytes [56] and promoted remyelination in vivo. [57] Following the success of
preliminary studies, to tempt the shift in therapeutics, Rodriguez and coworkers employed a
novel strategy to identify human monoclonal antibodies that promote CNS protection and
repair. These repair-promoting natural human antibodies are of IgM subtype and have
characteristics of classic natural autoreactive antibodies. The antibodies were isolated from
the sera of patients with monoclonal gammopathies, using selection criteria of monoclonal
immunoglobulin concentration of 3 g/dL or greater and a lack of neurologic or antibody-
associated pathologies. The screening strategy involved binding to live CNS tissue
(cerebellar slices). [58] Two IgM antibodies were identified in the serum (sHIgM22 and
sHIgM46) that promoted significant remyelination in vivo. Subsequently, a recombinant
version of sHIgM22, rHIgM?22, was engineered by cloning the antibody variable region
DNA sequence into an expression vector [59,60] providing the heavy and light chain
framework. GMP-grade rHIgM22 antibody was purified in gram quantities for formal
toxicology studies and the IND has recently been approved by the FDA for a Phase I, multi-
center, double-blind, randomized, placebo-controlled, dose-escalation study designed to
evaluate safety, tolerability, pharmacokinetics, and immunogenicity of single intravenous
(V) administrations of rHIgM22 in patients with all clinical presentations of MS
(ClinicalTrials.gov Identifier NCT01803867). The Phase I clinical trial involving 60 patients
has been in place since March, 2013.

Characterization of the binding properties of rHIgM22 is very attractive; however
determination of the antigen(s) for rHIgM22 has been elusive. Therefore mouse IgMs with
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known receptors that also promote remyelination were investigated using SPR. The
antibodies, O1 and O4, are natural autoantibodies [61] that are well-known markers of
oligodendrocyte (OL) lineage [62]and have been shown to promote remyelination in mouse
models of MS.[63] O4 can initiate Ca2* signaling in astrocytes and OLs [64] and induce OL
differentiation.[65] The primary antigen for O4 is sulfatide (Sulf), a sulfated
galactocerebroside that is present from the time OL progenitor cells commit to the OL
lineage through terminal differentiation and formation of the myelin membrane. O1, on the
other hand, binds to galactocerebroside (GalC), which is inserted in the OL membrane at
later stages of development. While O1 and O4 strongly interact with GalC and Sulf
respectively, they are polyreactive as is typical of natural autoantibodies. In addition to Sulf,
04 is known to bind to seminolipid and cholesterol, while O1 binds monogalactosyl-
diglyceride and psychosine.[66]

Whereas the identity of O1 and O4 antigens is known, little is known about the binding
kinetics or the affinities the antibodies have for their antigens. To characterize the O1 and
04 binding properties a variant of SPR that uses nanoholes in a gold film was employed.
[67] The SPR sensor was home-built and used a multichannel microfluidic chip for delivery
of reagents and analytes to the sensor. Surface functionalization is a key component of a
successful SPR sensor. The surface environment must be crafted in a way that resists non-
specific adsorption while maintaining selective binding of analytes of interest. In that regard,
Sulf and GalC were incorporated into SLBs formed on the surface of the SPR sensor chip. A
SLB was formed by first making phosphatidylcholine (PC) vesicles doped with small
amounts (2 mole %) of Sulf or GalC. The vesicles were then injected on to the SPR chip, at
which point they settled to the surface and spontaneously ruptured due to the presence of a
thin (~15 nm) layer of SiO, on the chip surface. The vesicle rupture process results in a
planar SLB covering the sensor surface. It should be noted that there is no commercially
available SPR chip that has a SiO, surface coating.

After formation of the SLB, O1 or O4 were injected into the microfluidic chip. When the
SLB contained Sulf, O4 bound to the SLB in a concentration-dependent manner. (Fig. 3a)
Likewise, O1 bound to GalC. (Fig. 3b) In the absence of Sulf or GalC, neither O1 nor O4
bound to PC SLBs, (Fig. 3c) proving that the sensor response was due to specific
interactions between the antibodies and their antigens. When the antibody injection was
completed, PBS was injected into the chip and the antibodies dissociated from their surface-
bound state. The kinetics of association and dissociation were analyzed via nonlinear
regression (i.e. fits to a biphasic exponential model due to multivalent binding {Kuziemko
1996; Cooper 1999}) to provide association and dissociation rate constants. The ratio of
dissociation to association rate constants gives the apparent dissociation constant (Kp). The
Kp for O1 and O4 is strikingly different that for other IgM natural autoantibodies in that it is
roughly two orders of magnitude smaller. Most autoantibodies have Kp values in the 1077 to
10™* M range, [68—-70] but O1 bound GalC and 04 bound Sulf with Kp, values of
approximately 1072 M. Analysis of the binding rate constants showed that the difference in
Kp compared to other natural autoantibodies was primarily due to the faster association rates
observed with O1 and O4. This disparity shows that O1 and O4 have much stronger
interactions with their primary binding partners than do other similar antibodies. We also
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tested O4 binding to a SLB with Sulf and GalC concentrations similar to those found in
myelin.[71] With this membrane on the SPR sensor we were able to detect 04
concentrations in the 100 pM range. (Fig. 3d) Possibly these stronger interactions with their
corresponding antigens may be one of the reasons that these antibodies are therapeutic to
promote remyelination in the CNS.

Lingo-1 Antagonists

Novel reagents under development for remyelination include high-affinity antibodies and
fragments against LINGO-1, which is a component of the Nogo-66 receptor/p75-signaling
complex. [72] LINGO-1 antagonists promote OPC differentiation and myelination in vitro
and accelerate remyelination in vivo after lysolecithin- or cuprizone-induced demyelination
[73] and modulate a rat EAE model. [74] The likely mechanism is the inhibition a natural
factor (LINGO-1 or Nogo) that prevents remyelination. To further investigate the structural
biology associated with LINGO-1 binding to the Nogo receptor (NgR), Mosyak and
coworkers developed a soluble recombinant form of LINGO-1 with a 6-His tag on its C-
terminus (LINGO-1-His) and investigated its interactions with NgR using SPR. [75] For
NgR, residues 27-451 were fused with a 1D4 epitope tag (NgR 1D4), expressed in CHO
cells, purified then immobilized on a carboxymethylated dextran SPR chip using EDC/NHS
coupling chemistry. The SPR experiments showed that LINGO-1-His and NgR 1D4
interacted with an equilibrium dissociation constant of 1 uM. The sequence of LINGO-1-His
represented the ectodomain of the LINGO-1. Therefore SPR experiments showed that the
structural determinants for NgR binding to LINGO-1 are contained within the ectodomain.
Characterization of the natural LINGO-1/NgR interaction is crucial in the design of new
remyelination therapies and the molecular-level details provided by this work could
accelerate the discovery of new LINGO-1 antagonists. Antibodies against LINGO-1 are in
clinical trials in MS in an effort to promote CNS remyelination.

Antibody Inhibitors for Neuromyelitis Optica Treatment

NMO is an inflammatory autoimmune disorder of the CNS, almost exclusively relapsing,
that causes variable degrees of attack-related disability. Based on recent epidemiologic
reports, there are an estimated 4,000 cases in the United States and a half million worldwide.
As with many autoimmune conditions, females are more susceptible to the disease than
males, at an approximate ratio of 4:1. NMO can affect both children and adults. At this time
there is no FDA-approved NMO-specific therapy although immunosuppression with steroids
and azathioprine has shown efficacy in clinical practice.[76] Acute attacks respond to
plasmapheresis. [77] NMO-IgG directed against aquaporin-4 (AQP4) is believed to play a
role in causing NMO disease or relapse. [78,79] AQP4 is the major water-transporting
channel in the CNS.[79-81] AQP4 is found primarily on astrocytes and in addition to water
transport it facilitates other key cellular functions.[82] The NMO-IgGs bind extracellular
domains of AQP4 and induce astrocyte degeneration through complement-dependent
cytotoxicity. Interestingly NMO-IgG binding to AQP4 does not alter the water permeability
of the channel.[83] It was further demonstrated that AQP4-reactive antibodies appear in the
pathologic lesions, [84]and that levels of AQP4 antibody and disease activity appear
correlated.[85] NMO is associated with other autoimmune disorders. [86] In addition, auto-
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antibodies against other common autoimmune diseases, such as Sjogren’s syndrome and
systemic lupus erythematosis, appear in the serum of NMO patients [87] but not in the
serum of MS patients.[88]

Recently it has been suggested that inhibiting NMO-IgG/AQP4 binding could serve as a
therapy for NMO. With this in mind, Verkman and coworkers have developed both small
molecules [89] and antibodies to block these interactions. For the antibody-based approach,
1gGs (anti-AQP4) were engineered to have high affinity for AQP4. Because the anti-AQP4
antibodies are much larger than AQP4, their binding sterically hinders interactions of
pathogenic NMO-1gGs with AQP4. [18](Fig. 4a) SPR was used to characterize binding of
the engineered anti-AQP4 antibodies to AQP4. Proteoliposomes containing purified
recombinant M1 AQP4 were immobilized on a liposome capture SPR sensor chips.
Concentrations of one of the anti-AQP4 antibodies (rAb-53) ranging from 130 nM to 2.2 uM
were analyzed with SPR and an equilibrium dissociation constant (Kp) of 27 nM was
determined. (Fig. 4b) SPR analyses of other engineered anti-AQP4 antibodies were carried
out and showed that these antibodies had lower affinities than rAb-53, though one other
antibody (rAb-93) appears to have relatively high affinity as well. (Fig. 4c) Fluorescence
studies of rAb-53 binding to U87MG cells were also done to assess affinity and show that
there is very little washout of antibody over the course of 3 hours unlike other antibodies.
rAb-53 is pathogenic in its native state and incubation of cells with rAb-53 resulted in cell
death. To eliminate pathogenicity, point mutations were made to the Fc region of rAb-53 to
eliminate either complement-dependent cytotoxicity (CDC) (K322A), antibody-dependent
cell-mediated cytotoxicity (ADCC) (K326W/E333S) or both types of cytotoxicity (L234A/
L235A). Subsequent SPR experiments showed the L234A/L235A mutation of rAb-53 did
not significantly alter binding affinity of rAb-53 for AQP4 in proteoliposomes. [18] SPR
curves for mutated rAb-53 (L234A/L235A) binding to AQP4 proteoliposomes are shown in
Fig. 4d. Most importantly, the mutated forms of rAb-53 greatly reduced cytotoxicity,
blocked NMO-1gG binding, prevented cell death due to NMO-IgG, and reduced NMO
lesions in a mouse model of NMO.

Characterization of p-Amyloid Peptides and Treatments for Alzheimer’s

disease

AD is the most prevalent form of dementia, affecting an estimated 5.2 million people in the
United States of America in 2013, according to the Alzheimer’s Association. The initial
symptom is short-term memory loss, followed by long-term memory loss and reduction of
other important cognitive capabilities, eventually leaving patients bedridden and in need of
custodial care, ultimately leading to death on average within 9 years of diagnosis. There is
currently no treatment that can reverse the pathology of AD, only temporarily improve
symptoms (acetylcholinesterase inhibitors), and detection only occurs after permanent
damage has occurred. The two histological markers of AD are proteinaceous deposits of
extracellular amyloid plaques, and intraneuronal tau neurofibrillary tangles (NFTSs). The
amyloid plaques are insoluble fibrils of beta-amyloid peptides (AB). Ap peptides originate
from the neuronal transmembrane amyloid precursor protein (APP) upon cleavage by
secretase enzymes. Two of the peptide lengths associated with AD are 40 and 42 peptides
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long, AB(1-40) and AB(1-42), with Ap(1-42) being the more toxic form. Under certain
conditions these peptides lose their native conformation and begin clumping first as soluble
aggregates and then into insoluble beta sheets. A cascade of events follow, including an
immune response, an increase in free radicals, oxidative stress, and insoluble clumping of
hyperphosphorylated tau protein (NFTs). Eventually synapses and neurotransmitters
malfunction, leading to neuronal death. [90,91]

One of the leading hypotheses of the causative agents of AD has been the “Amyloid
Cascade” hypothesis, which postulates that the primary cause of AD is accumulation of Af
peptide. [92] One therapeutic strategy has been to target the insoluble fibrils for removal.
For this reason, understanding the aggregation mechanism, such as the rate of fibril
formation and environmental conditions affecting this rate, has been investigated, and SPR
has been a useful tool for this purpose. Other methods had been used to study Ap
polymerization, however these techniques gave information on the hour to week timescale,
whereas SPR allows measurement of the polymerization rate on the seconds to minutes
timescale. In addition, SPR is well suited towards these experiments as the solution above
the chip is continuously replenished. For these experiments, the receptor and ligand pair are
monomers and polymers of the same subunit. Following initial studies by Myszka et al.
[93]and Hasegawa et al. [94], Cannon et al. [95]immobilized monomers or fibrils of A
(1-40) by EDC/NHS-coupling to CMS5 chips, and then exposed these to soluble Ap (1-40)
monomers. They found soluble monomers only bound to the fibrils, and did so in a 3 step
“dock-and-lock” growth mechanism — a reversible first step (dock), followed by 2 slower
steps (lock). Stravalaci et al.[96]extended this technique to monitor the polymerization rates
of AB (1-42), a more difficult molecule to immobilize on the surface, due to its clumping
behavior. They used a novel chemical alteration that had been demonstrated to resist
clumping. Other groups have studied the effect of variations in environmental conditions,
such as metal ions in solution, on the rate of fibril growth. Hu et al.[97] found the rate of
polymerization of AB (1-40) to increase with metal ions, Ca2*, Fe2*, Fe3*, and Zn2*, and
detected de-polymerization when flowing in a solution with the metal ion chelator, EDTA.
Ryu et al. [98] conducted similar experiments with Ap (1-42) and found nearly 6 times
increase in polymerization in the presence of Fe3*.

SPR has also been useful to measure the binding affinities of small molecules and antibodies
to amyloid peptides and fibrils. One drug strategy is to disrupt amyloid plaques by binding a
molecule more strongly to an amyloid fibril than its constituent subunits, disrupting its
structure and further growth. Cairo et al. used SPR to measure the affinity of several such
small molecules which bound to plaques and reduced toxicity in cell toxicity assays. [99]
They found that the small molecules with the highest affinities (~40 nM) correlated with the
greatest reduction in toxicity. Other potential drugs that have been explored and studied with
SPR have been retro-inverso-peptide which inhibits Ap oligomer formation [100],
liposomes with curcumin [101], and sulidac sulfide, a modulator of gamma-secretase one of
the enzymes that cleaves APP to make AP peptide.[102]

Evidence has increasingly pointed towards soluble Ap oligomers as the causative agents of
the amyloid cascade. Therefore many groups have looked specifically for oligomer-targeting
molecules, to avoid affecting monomers and dimers which may have natural functions. One
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drug approach is to target these oligomers with passive immunization for subsequent
clearance by the immune system. Lindhagen-Persson et al.[103] hypothesized that a
monoclonal IgM, with 10 identical binding sites targeting a subunit of the oligomers, would
bind more strongly to an oligomer, due to avidity, than to monomers and dimers. They
generated a monoclonal anti-Ap IgM, OMAB, and immobilized it on a CM5 chip, and then
flowed monomers and oligomers of AB(1-40) and AP(1-42) over them (Figure 5). They
found a much slower dissociation rate of oligomers over monomers and dimers, with a ty,
of days versus minutes, indicating oligomer specificity.

In another study, Ramakrishnan et al. used many of the capabilities of SPR to evaluate many
different anti-Ap peptide antibodies that had been developed for staining and clinical
purposes. They performed epitope mapping, a common usage of SPR, to determine which
regions of the AP peptide 19G4.1 bound to. By immobilizing the antibodies and injecting
fragments of the AP peptide, they determined the binding region to be the N-teminal region
from peptides 2 to 10. They also immobilized Ap(1-40) monomers or fibrils and injected
various antibodies (6E10, 11A50, 1gG4.1, F(ab")»4.1, plgG4.1, and pF(ab”),4.1) over them,
finding all to have affinities in the nanomolar range.[104]

SPR Detection of Alzheimer’s Disease Biomarkers

SPR devices can be used to detect biomarkers in bodily fluids. Other techniques have been
in use to detect AD biomarkers, such as polyacrylamide gel electrophoresis (PAGE),
immunoprecipitation, mass spectrometry, fluorescent staining, and enzyme-linked
immunosorbent assays (ELISA), with ELISA being the best in terms of sensitivity,
selectivity, and versatility. However ELISAS require expensive enzyme kits, the use of a
carcinogenic substrate molecule for detection, and 1-2 days of processing time. SPR devices
do not have any of these constraints and have additional benefits such as low sample
consumption and reusable chips.[105]

No chemical diagnosis for AD is currently available. However, the discovery that small
soluble Ap oligomers known as amyloid-derived diffusible ligands (ADDLS) cause memory
deficits, [106,107] are associated with synaptic dysfunction, and are found in cerebrospinal
fluid (CSF) suggests that if a sensitive assay for ADDLs was developed it could lead to a
diagnostic laboratory test of AD. Haes and coworkers used a sandwich assay based on SPR
to detect ADDLs from human brain and CSF with a limit of detection less than 100 fM.
[108] To carry out the assay anti-ADDL antibodies were first linked to gold nanostructures
[109] using EDC coupling chemistry. Then the antibody-functionalized sensors were
incubated with ADDL ranging in concentration from 10 nM to 1 fM. After ADDL bound to
the immobilized antibody, the second anti-ADDL antibody was introduced to further
enhance the signal. (Fig. 6a) Samples with 100 fM and greater concentrations of ADDL had
a SPR signal that was easily distinguishable from baseline noise. In extract from postmortem
AD positive brains, ADDL was found to average at 1 pM concentration, whereas ADDL
was not detected in samples from control brain extracts. In experiments with CSF they found
an obvious difference in SPR signal when CSF from an aging control patient was exposed to
the sensor vs. a patient showing clinical signs of AD. Although the samples were only from
single patients, the magnitude of the difference between the SPR signals (a nearly 5-fold
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difference, Fig. 6b, c) suggests that the SPR sandwich assay is promising as a laboratory
diagnostic, though reports have found that ADDL-like molecules are absent from the CSF of
some AD patients.[110] This type of ADDL assays are currently being commercialized by
Acumen Pharmaceuticals, Inc.

In another approach, Stravalaci et al {Stravalaci 2012} used SPR to elucidate an antibody
which could selectively bind toxic Ap oligomers, to use as an AD biomarker detector. They
investigated monoclonal antibody 4G8, which binds to Ap peptide residues 17-21. Similar
to IgM studied by Lindhagen-Persson et al, antibody 4G8 bound to both monomers and
oligomers of AP peptide, but the monomers dissociated quickly whereas oligomers
dissociated very slowly (with an approximate Kp of <1 nM for oligomers and 75 nM for
monomers). In their SPR experiments they immobilized 4G8 on the surface of a Bio-Rad
GLC sensor chip and injected solutions of depsi-Ap(1-42) which had been allowed to
aggregate for different periods of time. The strongest binding aggregates had been incubated
for 5 hr, and had a heterogeneous population of monomers, globular proteins, and short
protofibrils, with hydrodynamic radii of 10-30 nm and likely masses of 90-400 kDa. For
comparison, they demonstrated that anti-Af antibody 6E10 bound to AB(1-42) monomers
and oligomers but could not differentiate the two since both had low dissociation rates. In
addition, they demonstrated SPR could monitor the effect of compounds on oligomer
formation. They incubated epigallocatechin gallate (EGCG), a compound shown to reduce
fibrillogenesis, with AB(1-42) peptide for 5 hr, and upon injecting over 4G8, did not detect
any of the slow-dissociating species, indicating EGCG had prevented oligomers from
forming.

SPR Detection of Multiple Sclerosis Biomarkers (Should this section go

after the section on remyelination antibodies?)

Earlier in this review, SPR characterization of remyelinating antibodies was discussed. In
addition, SPR is also being applied to the sensitive and selective detection of biomarkers for
MS. For example, Real-Fernandez and coworkers used SPR to detect glycopeptide binding
autoantibodies in serum of MS patients.[111] This work focused on detection of serum
antibodies that bound to CSF114(Glc), a synthetic glycopeptide that was developed by
screening peptide libraries for their ability to recognize serum antibodies present in MS
patients.[112] The structure of CSF114(Glc) may mimic a type of N-glucosylation that is
commonly recognized by autoantibodies present in MS.[113] Previously, CSF114(Glc) had
been used in ELISA assays to detect serum antibodies as biomarkers for MS.[112] For the
SPR assay, the CSF114(Glc) peptide was linked to the gold surface of a commercially
available SPR chip via EDC/NHS coupling chemistry. Serum from MS and healthy control
patients was injected onto the SPR chip which was mounted in a Biacore T100 SPR
instrument. When diluted serum was analyzed, the SPR sensor gave statistically
significantly larger responses for MS patient serum compared to the serum of healthy
control patients. This indicates a significantly higher concentration of CSF114(GlIc)-binding
antibodies in MS patient serum. For MS patients the SPR response averaged 94.6 response
units (RU), whereas the healthy controls resulted in an average of 48.9 RU. Using ROC
analysis with a 105 RU cutoff, the SPR assay had a sensitivity of 36%, a specificity of 95%
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and an area under the curve of 0.82, making the SPR assay more sensitive than comparable
ELISA assays with CSF114(Glc).[112] Compared to the analogous ELISA experiments, the
SPR assay for CSF114(Glc)-binding antibodies offers significant advantages. For example,
the sensor coating procedure for SPR requires only 2 hours and only 1 pg of CSF114(Glc) is
required to run 100 assays. On the other hand, for the ELISA assay the substrate is incubated
overnight to coat with CSF114(Glc) and 1 pg of CSF114(Glc) is required for each assay.
After surface coating the SPR assay only requires 10 minutes to run vs. one day for the
ELISA assay. Therefore, SPR will be a powerful tool to develop sensitive biomarkers to
detect demyelination and possibly to monitor remyelination promoting therapies.

Expert Commentary and Five Year View

Over the past three decades SPR has proven to be a very useful technique when
characterizing interactions between potential drugs and their receptors. Over this time SPR
evolved through new engineering approaches to increase device sensitivity, throughput and
applicability to new problems. As biomedical science becomes increasingly
interdisciplinary, collaborations between biological and physical scientists will open up new
avenues of biological sensing based on SPR. In particular, there are many opportunities at
the intersection of nanoscience and neuroscience. For SPR sensing, there can be certain
advantages to using metallic nanostructures. For example, a recent paper by Stevens and
coworkers has shown that using the optical properties of metallic nanoparticles and enzyme-
mediated metal deposition, it is possible to detect biomolecules in an “inverse” sensing
mode where lower concentrations of analytes result in larger changes in signals.[114] This
work focused on detection of prostate cancer biomarkers, but it could be applicable to
detection of any number of biomarkers for neurodegenerative diseases, or detection of drugs
or drug metabolites in biological fluids. Also, with new surface preparation schemes and
sensor configurations it possible to better mimic cellular membranes on SPR sensors. This
will be crucial moving forward as a number of potential treatments for neurodegenerative
disorders target molecules on the surface of CNS cells. Some potential therapeutics target
molecules found in lipid rafts, [115] such as the recombinant human antibody rHIgM12
which has shown the ability to promote neurite extension [116] and improve locomotor
activity in a mouse model of MS.[117] Other similar human antibodies, such as rHIgM22,
are already being tested in MS patients for its ability to promote CNS remyelination
(ClinicalTrials.gov Identifier NCT01803867) You do not need to repeat this twice — if put it
here then delete the other. Therefore functionalization of SPR sensors with biomembranes
that mimic lipid raft compositions will be highly beneficial to determining the affinity and
mechanism of action of these antibodies. Beyond cellular membrane mimics,
functionalization of SPR sensors with actual cellular membranes will provide a means to
characterize binding interactions in the cases where the identity of the specific receptor(s)
for drug molecules is elusive. In the neurodegenerative arena there is a great need to develop
biomarkers with precise specificity and sensitivity to diagnose and differentiate forms of
dementia. SPR maybe a tool to discover these biomarkers since the proteins accumulating in
neurons in these disorders are already known. The biomarkers may themselves provide clues
to developing novel therapies. In the next five years there should be a major advance in this
area similar to the advance that occurred in the last five years in human demyelinating
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diseases where NMO and MS were distinguished based on antibody reactivity to AQP4.
This was not only an academic exercise since the treatments for these two disorders are
markedly different such that making the wrong diagnosis and starting the wrong therapy
results in deleterious consequences.
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Key Issues

Surface plasmon resonance (SPR) is a label-free optical sensing technique to
characterize binding between a soluble ligand and a surface-immobilized
receptor.

Commercial SPR instruments employ a gold film illuminated at an angle to
generate surface plasmons (SP). The resonance condition for SP excitation and
subsequent angle of light reflection is very sensitive to the refractive index at the
gold-water interface.

Molecular binding at the gold interface causes in an increase in refractive index,
which results in a shift in resonance angle and a change in the SPR signal.
Monitoring this change as a function of time allows the calculation of
association and dissociation rate constants, which in turn can be used to
determine affinity for the binding interaction.

IgM antibodies that bind oligodendrocytes can promote remyelination. Two of
these antibodies, mouse IgM O1 and 04, bind lipids that have been incorporated
into nanohole array-based SPR sensors. SPR experiments determined that O1
and O4 have much greater affinity for their antigens than do other similar IgMs.
Similar human antibodies made in a recombinant form are already in clinical
trials for promoting CNS remyelination.

Pathological 1gGs against aquaporin-4 cause cytotoxicity associated with NMO.
Small molecule and antibody inhibitors are being engineering to prevent
pathological 1gG binding. Characterization of antibody inhibitors by SPR and
complimentary methods has identified an antibody with high-affinity for
aquaporin-4 that blocks binding of pathological 1gGs.

Amyloid-B fibrilization associated with AD can be characterized by SPR.

SPR can be used for sensitive, specific detection of biomarkers for
neurodegenerative diseases like MS and AD.

SPR has the potential to differentiate dementias with specific protein
accumulation in neurons (i.e. amyloid-g, tau, alpha—synuclein, TDP-43,
FTDP-17 etc).
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(a) Schematic of typical SPR device. Light is directed onto a gold film and the reflection is
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monitored with a detector. At a certain angle, the light does not reflect but generates surface

plasmon resonance (SPR). In a flow cell above the film, receptors are linked to the film and
analyte solution is flowed past the receptors. If the analyte binds to the receptors, the angle
at which SPR is generated shifts, and this angle is tracked over time as the reaction
progresses. (b) Simulated SPR binding curves of four different molecules (A,B,C,D) with

identical Kp values (10 nM), but different rate constants, Ko, and kg Analyte concentration

was 100 nM for all molecules. Units for ko, are M~1s71 and for kys, s71. This plot
demonstrates the significance of knowing the kinetic constants. Molecule A would bind
quickly and dissociate quickly, whereas molecule D would bind slowly but dissociate very
slowly. The half-lives (t1/2 = In 2/kq¢) of the bound complexes are roughly (from A-D): 12
min, 2 hr, 20 hr, and 8 days. (a) is adapted from Cooper [9] and used with permission of
Macmillan Publishers Ltd.
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Figure 2.

Immobilization of a receptor (R) with a primary amine on a self assembled monolayer
(SAM) via EDC/NHS coupling. The carboxyl-terminated thiol is converted to a succinimide
ester by reaction with carbodiimide (EDC) and N-hydroxylsuccinimide (NHS), making it
reactive toward molecules with available primary amines, as shown by the circle marked
“R”. The final product is a receptor (R) covalently linked to the surface with an amide bond.
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Figure 3.

SPR characterization of remyelinating IgMs binding to supported lipid bilayers (SLB). (a)
SPR kinetics curves of antibody 04 (5 — 50 nM) binding to a SLB containing 2 mole %
sulfatide (Sulf). (b) SPR kinetics curves of antibody O1 (5 — 50 nM) binding to a SLB
containing 2 mole % galactocerebroside (GalC). (c) Negative controls showing that neither
01 nor O4 bind to SLBs composed solely of egg phosphatidylcholine (egg PC) (solid lines).
01 and O4 did not bind to the sensor protected only by BSA blocking in the absence of a
SLB (dashed lines). (d) SPR kinetics curves for 1.25 nM and 310 pM O4 binding to a SLB
that mimics the Sulf and GalC content of myelin: 6 mole % Sulf, 16 mole % GalC. In all
panels the solid black lines are exponential fits to the data used to extract association and
dissociation rate constants. From Wittenberg et al., [67] and used with permission of the
American Chemical Society.
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Figure 4.
High-affinity monoclonal, recombinant anti—aquaporin-4 (AQP4) antibody (rAb) for

antibody blocking therapy. (a) Crystal structure of AQP4 tetramer is shown on the same
scale with that of an 1gG antibody. (b) SPR measurements of recombinant antibody rAb-53
binding to AQP4-reconstituted proteoliposomes. Antibody rAb-53 ranged in concentration
from 0.13 to 2.2 pM. (c) SPR measurements of additional recombinant antibodies binding to
AQP4 in proteoliposomes. (d) SPR measurements of rAb-53 with the L243A/L235A
mutations binding to AQP4 proteoliposomes. These mutations eliminated complement-
dependent cytotoxicity and antibody-dependent cell-mediated cytotoxicity, but did not
significantly alter the binding properties. Adapted from Tradtrantip et al., [18] and used with
permission of John Wiley and Sons.
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Figure 5.

SPR characterization of binding of a monoclonal IgM, OMAB, to Ap peptide monomers and
oligomers. OMAB was immobilized on the chip followed by injections of (A) Ap(1-40)
monomers or (B) oligomers, or (C) Ap(1-42) monomers or (D) oligomers. The dissociation
curves show that monomers do not stay bound to the IgM very long (t1/2 = ~1 min), whereas
the oligomers stay bound to the IgM for much longer (t1/, = days, or longer), indicating
preference for the toxic oligomers. Thus, these IgMs may help capture oligomers for
immune system processing, or be used as a capture molecule in a detection scheme. Figure

is from Lindhagen-Persson et al. [103]

Expert Rev Neurother. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wittenberg et al.

Page 28

vY)
e
-
o

o =
- =
N »
1 1

Extinction

(=
-
1

0.08

0.06

T T T 1
650 700 750 800 850 900
Wavelength (nm)

1,780.6 2,809.1
0.14 I_ 3,824.5

0.12

Extinction

0.1

0.06 T r* 1 T o0
650 700 750 800 850 900 950
Wavelength (nm)

Figure 6.
Detection of Alzheimer’s disease biomarker ADDL in human CSF samples using a

sandwich assay and SPR. The SPR signal is monitored as peaks in the extinction (i.e.
absorption) spectrum of the SPR sensor and molecular binding is indicated by a red-shift in
the spectrum. (A) lllustration showing (1) anti-ADDL immobilization on the SPR sensor, (2)
capture of ADDL, and (3) addition of second anti-ADDL to amplify changes is SPR signal.
(B) Sensor response to CSF of an aging control patient: After functionalization with (B-1)
100 nM anti-ADDL (Amax = 759.7 nm), (B-2) CSF (Amax= 762.6 nm), and (B-3) 100 nM
anti-ADDL (Amax = 766.9 nm). (C) Sensor response to CSF from an AD patient: After
functionalization with (C-1) 100 nM anti-ADDL (Aax = 780.6 nm), (C-2) CSF (Amax =
809.1 nm), and (C-3) 100 nM anti-ADDL (Amax = 824.5 nm). Figure adapted from Haes et
al.[108] and used with permission of the American Chemical Society.
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