University of Alberta

Single Chain Fraction Variable Binding Molecules as Bone-Targeting Therapeutics and
Diagnostics

by

Michael Ching Wai Lam

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Master of Science
in
Pharmaceutical Sciences

Pharmacy and Pharmaceutical Sciences

©Miichael Ching Wai Lam

Fall 2011
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis and to lend or sell
such copies for private, scholarly or scientific research purposes only. Where the thesis is converted to, or otherwise made
available in digital form, the University of Alberta will advise potential users of the thesis of these terms.

The author reserves all other publication and other rights in association with the copyright in the thesis and, except as herein
before provided, neither the thesis nor any substantial portion thereof may be printed or otherwise reproduced in any material
form whatsoever without the author's prior written permission.



Abstract

Osteoporosis is a disease characterized by lowering of bone mass and
subsequent bone fracture. Although successful antiresorptive treatment options
are commercially available, they have disadvantages such as poor bioavailability
and significant side effects. Using phage display, an in vitro high throughput
screening method, we sought to generate single chain fraction variable (scFv)
against osteoclast surface receptors and bone turnover markers, for the evaluation
of their potential as drug-targeted delivery platforms for improved bioavailability
of current therapeutics and as immunodiagnostic assay reagents in 0steoporosis.
With our current in vitro result, it can be concluded that scFv, although having
weaker binding affinity than IgG antibody, still possesses good selective binding
against antigens. With this method of generating scFv being more cost-effective
and less labour intensive, scFv reagents can become a viable option in site-
directed drug delivery and immunodiagnostic for osteoporosis and possibly for

cross application to other bone-modifying disease such as osteoarthritis.
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1. Literature Review

1.1. Osteoporosis: Overview

Osteoporosis is a disease characterized by low bone mass and
deterioration of bone tissue, which subsequently leads to bone fragility and
fractures in weight bearing area such as hip, spine and wrist (1). Although
individuals of any age can be diagnosed with osteoporosis, the probability
significantly increases as age increases. In Canada, almost 2 million Canadians
are living with osteoporosis. However, in individuals over the age of 50, 1 in 8
men and 1 in 4 women are diagnosed with osteoporosis (1). In Canada alone,
30000 hip fractures occur annually, with osteoporosis accounting for 70-90%.
Moreover, in the population aged 60 and over, osteoporosis is the cause of over
80% of bone fractures (1). On a cost basis, the Canadian healthcare system spends
approximately $1.9 billion per year on the treatment of osteoporosis and related
complications such as fractures (1).

For the diagnosis of osteoporosis, bone mineral density (BMD) has been
used as the gold standard (2). To simplify the assessment further, BMD is
classified into categories, or thresholds, based on the values obtained from dual
X-ray absorptiometry (3). Since the distribution of bone mineral density is close
to a Gaussian distribution regardless of the technique used, a threshold score, or
T-score, is assigned based on the standard deviation of an individual’s
measurement compred to the population reference mean (3). For example, women
with hip BMD greater than 1 standard deviation below the young adult female

reference mean are assigned a T-score of >-1 (3). According to the World Health



Organization and International Osteoporosis Foundation, a T-score of >-1 is
considered normal, a T-score of <-2.5 is considered osteoporotic and a T-score
within the 2 limits is considered osteopenic, or having a low bone mass (2, 3).
Bone mineral content and density can be measured by a number of
methods — Single and dual X-ray absorptiometry (DXA), which show an accuracy
of 90% for hip scans, provide a 2-D picture instead of a 3-D volumetric
measurement; Computed tomography, which is an improvement over DXA and
used mostly for spine and other appendicular skeleton, provides excellent 3-D
representation of the bone mineral content at selected regions, but comes with
disadvantages of high cost and high exposure to radiation; Quantitative
ultrasound, which is generally used for providing structural organization and bone
mass information at heel by measuring either ultrasound attenuation or velocity, is
a non-ionizing technique that cannot be used to diagnose osteoporosis, but rather
used to assess the fracture risk in elderly women (3). Historically, T-score is often
used for diagnosing osteoporosis as well as being a predictor of bone fracture risk
since numerous studies have successfully correlated low bone mineral density (T-
score < -2.5) to increased chance of bone fracture (2). However, there has been a
paradigm shift recently advocating for a more comprehensive assessment of
fracture risk that is not based entirely on T-score (2). As such, many clinical
situations have now started to use algorithms that look at T-score, history of
fracture, personal and family history of fracture, living habits such as alcohol and
cigarette consumption, glucocorticoid use and low bodyweight. Combining all of

these mentioned factors allows the prediction of a 10-year probability of hip and



other fractures (2). In addition, several serum and urine biochemical bone
turnover markers have been identified and methods for their quantification have
recently been developed. These biomarkers, which will be discussed in detail in
section 1.4, provide a non-invasive and inexpensive method to evaluate bone
resorption and formation (2). Although these markers have yet to be recognized in
clinical settings and have yet to find their value in the diagnosis of osteoporosis,
there are already studies which report the correlation between increased level of
bone resorption markers and increased risk of fracture in elderly women (2).
Therefore, bone turnover markers have the potential, in combination with BMD
T-score and additional risk factors, for predicting fracture risk independent of
bone mineral density, and for evaluating and monitoring therapy and studying the
pathogenesis of osteoporosis (2).

To understand the pathogenesis of osteoporosis, it is necessary to first
understand the bone remodeling process at a cellular level. The human skeleton
consists of many specialized cells, mineralized and unmineralized connective
tissue matrix, and spaces that include the bone marrow cavity and vascular canals
(4). It is a highly specialized organ that undergoes constant regeneration (4).
During growth and development, the skeleton is sculpted by a process called
modeling (4). Once the skeletal system reaches maturity, it undergoes periodic
replacement of old bone with new at the same location (4). This process is called
bone remodeling and it is estimated that a human regenerates a complete new
skeleton every 10 years by this process (4). The bone remodeling process is a

continuous cycle of bone removal, or bone resorption, by osteoclasts and bone



formation by osteoblasts. These two processes, although having opposite function,
do not function independently of each other and are tightly regulated by one other.
All osteoblasts and osteoclasts belong to a temporary bone multicellular unit, or
BMU (4-6). A BMU consists of the aforementioned osteoclasts and osteoblasts, a
central vascular capillary, a nerve supply, and associated connective tissue (4).
BMUs can be found on either surface of trabecular bone as irregular Howship’s
lacunae or in cortical bone as relatively uniform cylindrical Haversian systems
(6). In a healthy human, approximately 3-4 million BMUs are initiated each year
and approximately 1 million are operating at any given time. Each BMU has a
lifespan of 6-9 months, although the lifespan of osteoclasts and osteoblasts is 2
weeks and 3 months respectively, therefore a BMU is constantly being supplied
with newly functional osteoclasts and osteoblasts from their respective progenitor
cells in bone marrow (4). A BMU functions by initiating at a certain location on
the bone and move towards sites for repair or replacement. Despite moving as a
unit, BMU constantly maintain an organized spatial and temporal relationship
between all components (4).

The bone remodeling process consists of 4 phases: initiation/activation,
resorption, reversal and formation (5, 6). During initiation, osteoclast-precursor
cells interact with retracting lining cells that are derived from osteoblasts and
usually cover all bone surfaces (5-7). Once these precursor cells settle on the
exposed bone surface, they will respond to signals from various cytokines to fuse
and form multinucleated osteoclasts (5). The cytokines involved in

osteoclastogenesis will be discussed in the section below. Once the osteoclasts are



activated, the 2" phase of bone remodeling begins where bone removal, or bone
resorption, occurs at a predetermined location over a period of 1-2 weeks (5, 7).
After bone resorption has ended, osteoclasts will disappear from the bone surface
and be replaced by mononucleated cells that are responsible for summoning
osteoblast-precursor cells. This is known as the reversal phase. In this phase,
osteoblast-precursor cells attach to the resorbed bone surface, differentiate into
mature osteoblasts and participate in bone formation, the last phase of bone
remodeling (5-7). The bone formation phase is significantly longer than the
previous 3 phases and it involves osteoblasts producing new organic matrix at the
resorbed surface. This matrix, or osteoid, will be mineralized after 25-35 days (5).
Once osteoblasts have completed bone formation on the entire surface, they will
either become lining cells and be embedded into bone as osteocytes, or undergo

apoptosis (6).

Lining cells
- 9 > - ) 9 - 9 - - - > ’

LOsteocytes “ é ??temlaSt 7( - Osteobla‘st_s ‘ /_

Figure 6.1 Phases in Bone Remodeling. Process proceeds from left to right. i. Activation —
Lining cells retract, leaving bone expose for pre-osteoclast binding ii. Resorption — Mature
osteoclasts undergo bone resorption at defined site iii. Reversal — osteoclasts disappear and
pre-osteoblasts are recruited lv. Formation — Mature osteoblasts replenish resorbed surface
with new material. Image taken from Raisz 2005 (6)

Since bone resorption and bone formation are tightly coupled processes

that are kept under homeostasis under normal condition, a disruption to this



equilibrium will result in an imbalance. In the case of osteoporosis, this imbalance
is a significant increase in bone resorption with no change or even a slight
decrease in bone formation. This imbalance can be caused by a combination of
age-related factors such as secondary hyperparathyroidism, reduced mechanical
loading and estrogen deficiency in the case of postmenopausal women (2).
Estrogen is found to play a significant role in the normal bone remodeling
process, such that its deficiency after menopause results in a dramatic increase in
osteoclastogenesis and subsequent progressive loss of trabecular bone (2).
Although it is widely accepted that osteoclast activity and osteoclastogenesis are
regulated by the triad of receptor activator of nuclear factor k B (RANK), its
natural ligand (RANKL) and decoy receptor osteoprotegerin (OPG), estrogen is
found to play an indirect role of regulating the release of these cytokines (2, 8).
Before the signaling cascade between RANK, RANKL and OPG takes place,
osteoclast progenitors are positively regulated by proinflammatory cytokines such
as tumour necrosis factor and interleukin 1 (2). Furthermore, osteoclast apoptosis
is also thought to be accelerated by the cytokine transforming growth factor f (2).
Through studies of ovariectomized animals, an established osteoporosis model, it
is found that estrogen negatively regulates tumour necrosis factor and interleukin
1 while increasing the production of transforming growth factor B (2). As a result,
estrogen deficiency disrupts the bone remodeling imbalance indirectly by
significantly increasing osteoclastogenesis. Such findings are further supported by
evidence that estrogen supplementation to elderly women dramatically reduces

bone loss, and the concentration required for sustaining relatively normal bone



remodeling is lower than level required for stimulating known targets such as
breasts and uterus (6). Numerous studies have shown that estrogen level is
inversely proportional to risk of bone fracture. Interestingly, the sensitivity of
skeleton to estrogen seems to increase as age increases. In a study with
ovariectomized mice, it was found that the uterus has a greater sensitivity to
estrogen than bone in 3-month-old mice, this phenomenon, however, was reversed
in 6-month-old mice (9). In addition, recent studies also suggest that estrogen may
play a direct role in osteoclastogenesis. According to a study done by Kameda et
al, estrogen is found to directly inhibit bone resorbing activity of osteoclast
through the estrogen receptor a found on the surface of osteoclasts (10). This
inhibitory effect was able to be suppressed after neutralization with antiestrogen

(10).

1.2. RANK/RANKL/OPG in Osteoclastogenesis and Their

Potential as Antiresorptive Therapy Target

Osteoclasts are multinucleated cells resulting from fusion of their
mononuclear progenitors from macrophage/monocyte lineage (11). They are
thought to be the major contributors to bone resorption. As osteoporosis is a
consequence of unbalanced bone resorption and bone formation, osteoclasts are
targeted by many pharmaceutical agents in trying to slow or halt their bone
resorption activity. However, osteoclasts and their differentiation mechanism
were not clearly understood until recently with the discovery of macrophage

colony-stimulating factor (M-CSF), and most importantly receptor for activation



of nuclear factor k B (RANK), its natural ligand (RANKL) and osteoprotegerin
(OPG).

Before the discovery of these cytokines, it was known that
osteoclastogenesis is not an independent process and, in fact, required the
presence of osteoblasts or their precursors at close proximity (11-13). While
numerous cytokines have been suggested to regulate osteoclast function, general
understanding was not revealed until the identification of M-CSF and RANKL
(12, 14). While both M-CSF and RANKL are important for the generation of
functional osteoclasts, M-CSF, which is secreted by osteoblasts, was found to
play an important role in early proliferation and differentiation of osteoclasts. In a
6-day culture of osteoclast progenitors, it was found that with M-CSF and
RANKL, the progenitors undergo proliferation in the first 4 days and
differentiation in the last 2. However, when M-CSF was removed from culture
either during the proliferation or differentiation phase, osteoclasts failed to form
(12). Interestingly, there is evidence that estrogen inhibits the expression of M-
CSF, which may contribute partially to be initiation of bone loss for
postmenopausal women (11).

RANKL, also termed OPG ligand, osteoclast differentiation factor and
TNF-related activation-induced cytokine (TRANCE), was first identified as
OPG’s natural ligand and can be found in three different forms — primary secreted
protein, 317-amino acid cell-bound protein, and an enzymatically cleaved
truncated form of the cell-bound protein (14, 15). RANKL can be expressed by

many cell types including osteoblasts, osteoclasts, chondrocytes and endothelial



cells. Before truly realizing the mechanism, RANKL was shown to be necessary
and, in the presence of M-CSF, sufficient to differentiate osteoclast precursors cell
into mature osteoclast by inducing gene expression of important receptors and
enzymes such as tartrate-resistant acid phosphatase (TRAP), calcitonin receptor
and cathepsin K (16, 17). It was found that in the absence of RANKL, M-CSF is
only capable of generating mononuclear cells with no bone resorbing activity.
Added to the fact that RANKL alone cannot induce osteoclast maturation, it has
long been suggested that M-CSF may induce a receptor for RANK on osteoclast,
which in turn provides a site for RANKL to exert its function.

OPG is a 401-amino acid protein, which exists only in a soluble secreted
form, and helps with the discovery of RANKL. It was discovered independently
in 1997 by two groups — Amgen in the US and Snow Brand Milk Group in Japan
(16). Although OPG mRNA was found to be expressed in many other tissues such
as heart, lung, kidney, liver, spine and bone, most of OPG’s activity was reported
in bone while its action in other tissues is yet to be determined. Although the
mechanism was initially not known, OPG was believed to inhibit osteoclast
differentiation. In OPG-overexpressing transgenic mice, the BMD increased
significantly and only a low number of osteoclasts were found (18). On the other
hand, in OPG-deficient mice, the bone porosity was found to be even greater than
those with osteoporosis (18, 19). Upon the discovery of RANKL, it was
determined from numerous studies that OPG is able to accomplish this inhibitory
effect by acting as a decoy receptor for RANKL in the extracellular matrix, thus

preventing RANKL from exerting its biological action (15, 18, 20-22).



The identification of OPG and RANKL provided a good direction that
leads to the last piece of the puzzle. Since OPG is able to neutralize RANKL and
prevent its binding to osteoclasts, it was logical that osteoclasts and their
precursor cells must express a receptor for RANKL. This receptor, later identified
as RANK, was soon discovered. In bone marrow-derived osteoclast progenitors
and mature osteoclasts, a high level of RANK mRNA expression was found. A
study with RANK knock-out mice provided concrete evidence that RANK is the
only receptor for RANKL as these mice suffered from osteopetrosis due to lack of
osteoclasts (16). In a recent cell-based study using murine macrophage cells,
osteoclast formation and bone resorption was successfully inhibited by using
SiRNA knock-down of RANK (23). Both of these results further confirm the
importance of RANK in initiating and regulating osteoclast activity.

Following the discovery of the triad of RANK, RANKL and OPG, the
regulation of osteoclastogenesis has become clearer. It became evident that
osteoclastogenesis is closely regulated by osteoblasts since the promoter region of
both RANKL and OPG contain binding sites for osteoblastic transcription factor
cbfa-1, which is essential for osteoblastic differentiation and function of bone
(14). In cbfa-1-deficient mice, both osteoblasts and osteoclasts are absent. This
suggests that osteoblasts closely regulate osteoclasts within the BMU to specific
site for bone resorption. Interestingly, in osteoblastic precursor cells, it was found
that RANKL is expressed at high levels while OPG is secreted at low levels. This

high RANKL-to-OPG ratio favors osteoclastic generation and activity. On the
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other hand, as osteoblasts mature, this ratio reverses and osteoclast activity is in
turn reduced or lost (14).

RANKI

RANK
TRAF6 c-Fos Calcium signaling
NF-xB  JNK AP-1 Calcineurin

Autoamplification
of NFATc!

ﬁ#ATC 1

PU1 Jun

Induction of osteoclast-specific genes

TRAP
Cake Ronin receptor
Cathapain K

Figure 1.7 Signaling Cascade Initiated by RANKL. The true regulator of osteoclastogenesis
is thought to be NFATc1, which can be induced by various RANKL-initiated pathway.

Image taken from Takayanagi 2005 (13).

In summary, osteoclastogenesis requires first the binding of M-CSF,
which is secreted by pre-osteoblast or stromal cells. This provides the survival
signal for osteoclast precursors and upregulates their expression of RANK and
increases the number of RANK molecules presented at the cell surface (12, 16).
Subsequently, RANKL, which can be found either in soluble form or in cell-
bound form on pre-osteoblasts, binds to RANK or soluble OPG decoy receptor
(12, 17, 24). The number of osteoclast precursor cells being differentiated into
osteoclasts is inversely proportional to the amount of OPG present. The cell-
bound form of RANKL on pre-osteoblast is consistent with the previous findings

that these cells need to be in close contact with osteoclast precursors in order to
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permit osteoclastogenesis. Once RANKL has successfully bound to RANK, a
series of signaling cascades commence for cell differentiation, and the
mononuclear osteoclast precursors start to fuse and form the multinuclear
osteoclasts (17). While their functions are not entirely known, the activation of
RANK from RANKL induces multiple cytokines such as TNF receptor associated
factor (TRAF6), which in turn activates multiple pathways such as mitogen-
activated protein kinase, Akt and NF-kB, and c-Fos, which activates activator
protein 1 (AP1), a transcription factor complex consisting of multiple units
activated by TRAF6 (13, 25). However, later research reveals that although these
cytokines are essential, they are not sufficient and not directly responsible for
initiating osteoclast differentiation.

To further investigate the specific cytokine responsible for RANKL-
induced osteoclast differentiation, Takayanagi et al performed a genome-wide
screening to identify specific genes induced by RANKL (13). Such effort resulted
in the discovery of transcription factor NFATc1, a transcription factor gene that is
most strongly induced after RANKL stimulation (13). Mutant NFATc1 stem cells
were found to be incapable of undergo osteoclastogenesis. Further research
showed that induction of NFATcl1 by RANKL is via c-Fos and TRAF6, which are
also activated during RANKL induction (13). During the terminal differentiation
stage, NFATc1 is found to form a complex with c-Fos and AP-1 and binds to the
promoter of osteoclast-specific gene such as TRAP and calcitonin receptor (13).
Therefore, NFATcL is considered as the master regulator in osteoclastogenesis

and it is often used as a gene expression marker for osteoclastic activity.
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Further studies have been done on the exact nature of the binding of
RANK and RANKL. Similar to other receptor in the TNF family, although the
molar ratio of binding between RANK and RANKL is 1-to-1, a bhinding of
RANK-trimer and RANKL-trimer is necessary in order to successfully generate
signaling cascade and form fully functional osteoclast (26). However, there has
been continuous debate on the order of this trimerization. While the general
consensus is that RANKL first trimerizes, binds to RANK, which in turn brings 2
units of RANK within close proximity to initiate trimerization, there have been
other research suggesting that RANK is capable of trimerizing without the aid of
RANKL (24, 26). Despite the fact that the ongoing debate on the order of
RANK/RANKL trimerization, it is certain that the activation of RANK/RANKL
is not an “all-or-none” threshold effect. That is, dimerization of RANK and
RANKL is also capable of inducing a signaling cascade, but the resulting effect is
much less significant in that the resorption activity and expression of osteoclast
markers normally induce by RANKL are greatly reduced (27).

With the mechanism of osteoclastogenesis now generally understood, it
has opened up new targets for the pharmaceutical industry to develop
antiresorptive agents. Denosumab, developed by Amgen, is a human monoclonal
antibody that acts similarly to OPG. It is an anti-RANKL antibody that
successfully inhibits bone resorption by neutralizing RANKL and preventing it
from binding to RANK for osteoclastogenesis. Since a RANK trimer is required
for complete osteoclastogenesis, disrupting the trimerization process may also

prove to be potential therapeutic strategy. Combining the number of cytokines
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involves in osteoclastogenesis and the power of biotechnology today in generating
antibody therapeutics, the discovery of osteoporosis therapeutics that are both safe

and potent is more than likely.

1.3. Current Treatment in Osteoporosis

Since osteoporosis is characterized by the imbalance of bone remodeling,
in particular increased bone resorption and decreased bone formation, treatments
for osteoporosis can be classified into 2 categories based on their respective

approaches — anabolic and antiresorptive.

1.3.1 Anabolic Agents

Anabolic reagents aim to promote bone formation to re-balance the bone
remodeling. In the past, sodium fluoride was used as it was found to stimulate
bone formation and increases bone density in osteoporotic women (28). However,
this treatment comes with many disadvantages — Firstly, co-administration of
calcium is necessary in order to minimize mineralization defects and increases in
bone resorption that is caused by other action of fluorides. Moreover, a significant
population of patients being administered with sodium fluoride experienced
gastric irritation and other gastric side effects. Most importantly, although sodium
fluoride increases mineral bone density, bone with excess fluoride content has an
abnormal structure and increased risk of fracture, which defeats the purpose of

preventing fractures in osteoporosis patients (28).
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Osteoblasts generate a number of cytokines to promote their own
proliferation. Factors such as insulin-like growth factors | and 11 and transforming
growth factor B are all capable of promoting osteoblast proliferation, are available
in recombinant and purified form, and can be used as anabolic agents to stimulate
osteoblast formation and in turn increase bone formation. However, such growth
factors are involved in many cellular signaling pathway and exhibit potent
extraskeletal effects, which may generate unwanted side effects if used as an
anabolic agent (28).

The first clear and relatively safe anabolic therapy that stimulates bone
formation is parathyroid hormone, or PTH (2). Clinical trials have been done
using full intact 84 amino acid-PTH and the truncated 34 amino acid-peptide,
known as teriparatide. In a phase Il clinical trial with teriparatide at 20ug dose
with over 1600 postmenopausal women, results showed that there was a 65%
reduction of chance of new vertebral fracture and 53% reduction for non-vertebral
fracture (2). However, there is evidence suggesting that the outcome of PTH
treatment can be affected by prior antiresorptive treatments. In patients who were
previously treated with alendronate, a bisphosphonate antiresorptive drug, bone
mineral density was unchanged after PTH treatment. On the other hand, patients
treated with raloxifene previously did not have any effect compared to the
treatment-naive patients when they were administered PTH (29).

Strontium ranelate could be another promising anti-osteoporotic agent that
resembles an anabolic agent (2). Although it is suggested to promote bone

formation and reduce bone resorption, its exact mechanism of action is still
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unclear (2). In various large-scale phase Il clinical trials, strontium ranelate has
found to reduce vertebral and non-vertebral fracture risk significantly. Moreover,
strontium ranelate is found to be well-tolerated with only a small population of the
patients having gastrointestinal side effects and an unexplained increased risk of

venous thrombosis (2).

1.3.2 Antiresorptive Agents

As the term suggests, antiresorptive agents are therapeutics that try to
reduce osteoclast activity in bone resorption and they account for most of the
market share in treatment against osteoporosis today. These agents include
estrogen, selective estrogen receptor modulator (SERM), calcium and vitamin D,
calcitonin, bisphosphonates and recently developed monoclonal antibody
therapeutics.

Estrogen replacement therapy has long been considered as a first line
prevention and therapy for postmenopausal osteoporosis because its deficiency in
women after menopause is one of the major causes of osteoporosis. Since it is
widely believed that the majority of bone loss occur during the first 3-6 years after
menopause, estrogen therapy is most effective when it is initiated soon after
menopause (8, 28). In early postmenopausal women, estrogen therapy has been
found to increase spinal BMD by 3 to 4% and hip BMD to a similar extent was
induced by bisphosphonate therapy (8). It was also found that early estrogen
therapy decreased subsequent osteoporosis-related fractures by as much as 50%
(28). While women who have undergone hysterectomy can be treated with

estrogen alone, others are usually co-administered with progestin because
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estrogen therapy is found to be associated with several risks (30). Without the co-
administration of progestin, women with estrogen therapy alone are found to have
an elevated risk of uterine cancer. Moreover, there is also evidence that estrogen
therapy may increase the risk of breast tumours from 20 — 50% (8).

As mentioned above, estrogen can directly act on inhibiting osteoclastic
activity by interacting with the estrogen receptor o found on osteoclasts. As such,
the discovery and development of a set of compounds that is able to exert full or
partial agonistic effect of estrogen lead to a new class of antiresorptive therapeutic
agent known as selective estrogen receptor modulator, or SERM (8). Each SERM
is required to have strong binding affinity to estrogen receptor, but they are
unique in that their molecular structures dictate their individual tissue-selective
pharmacology (8). There are also speculations that different combinations of
SERM-receptor complexes are able to recruit different cytokines depending on
the tissue types, thus the ability of SERM to exhibit both antagonist and agonist
effect at different tissue (8). For example, while raloxifene and tamoxifen act as
antagonist in breast and serve as treatments for breast cancer, they both exert
various degrees of agonistic activity in bone (30). Although the exact mechanism
of action is still unclear, SERMs are thought to act similarly to estrogen in that
upon binding to the surface estrogen receptor, SERM blocks the production of
cytokines required for osteoclast differentiation (8). The 2 most well-known
SERMs are tamoxifen and raloxifene. In the case of tamoxifen, it is only found to
be a partial agonist in bone. With the additional side effect of elevated risk of

uterine cancer, it is discouraged as a treatment option for postmenopausal
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osteoporosis (8, 30). On the other hand, administration of raloxifene to early
postmenopausal women has been found to prevent bone loss at all skeletal sites.
In a clinical trial with postmenopausal women, even though raloxifene increases
only 3 to 4% in bone density, it was able to reduce the risk of vertebral fractures
by 40% (8). Although raloxifene therapy does come with a slight elevated risk of
venous thrombosis similar to estrogen therapy, its potent antiresorptive effect as
well as its potential to prevent breast cancer may encourage the use of this SERM
in the future (2). Other than the demonstrated potency of some SERMs on
osteoporosis, the idea of using receptor agonist also created a new therapeutic
strategy for osteoporosis, as seen in the case of the development of the
monoclonal antibody antiresorptive agent.

Calcium and vitamin D are both important nutrients in maintaining healthy
bone. Even though it is known insufficient that calcium level leads to bone loss,
calcium supplementation alone has demonstrated minimal effects on BMD in both
early and late postmenopausal women (30). On the other hand, vitamin D
deficiency has been associated with reduced BMD, increased bone turnover, and
increased risk of hip fracture (2). Numerous clinical trials have revealed results
that the combination therapy is more significant in reducing fractures in elderly
women with vitamin D deficiency, but no significant improvement in
postmenopausal women without a vitamin D deficiency (30). In addition, in a
report of the Women’s Health Initiative, a 15-year megatrial carried out by the
National Institutes of Health, its finding in calcium/vitamin combination treatment

in over 36000 postmenopausal women, the results reached a similar conclusion

18



(2). With many of these discouraging results, calcium and vitamin D are now
mostly used as supplement in combination with other antiresorptive treatment
such as bisphosphonates (2).

Calcitonin is a peptide hormone that is produced by thyroid C cells and is
found to possess antiresorptive activity by inhibiting osteoclastic activity directly
(8, 30, 31). This antiresorptive peptide is found to be less effective in preventing
cortical bone loss than cancellous bone loss in postmenopausal women (30).
Although pig, eel, human and salmon calcitonin are all used therapeutically,
salmon calcitonin is found to be the most potent and has minimal immunogenicity
and side effects when given at low dosage intranasally (8, 28, 30, 31). Although
there are minimal immediate side effects from the salmon calcitonin
administration, the use of peptide hormone as therapeutics has historically raised
some concerns — First, long-term administration of hormone may result in
calcitonin-induced loss of calcitonin receptor, otherwise known as hormone-
induced resistance. In addition, continuous administration of non-human peptide
may also generate endogenous anti-salmon calcitonin antibody production that
may neutralize and decrease the effect of salmon calcitonin (28, 30).

Bisphosphonates are by far the most successful and effective class of
antiresorptive agents used in treatment of metabolic diseases such as osteoporosis
(8). They are compounds structurally similar to inorganic pyrophosphate (PPi),
which is an endogenous molecule that acts as a critical physiological inhibitor of
bone mineralization (28, 32). Unlike the endogenous PPi where the two phosphate

atoms are linked by an oxygen atom to form an unstable P-O-P bond,
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bisphosphonates are much more stable where the phosphates are linked by a
carbon atom, forming a P-C-P bond (8, 28, 30, 32). Various bisphosphonates were
synthesized by substituting one or both hydrogen atoms on the carbon atom. Since
they are structurally analogous to PPi, bisphosphonates are also capable of
binding divalent ions such as Ca?*, Mg®*, and Fe** by coordinating one oxygen
atom from each phosphate group. The binding to Ca** ions is further improved by
substituting one of the hydrogen atoms in the central carbon with either a
hydroxyl- or amino- side chain, which allows an additional electronegative atom
to bind to the metal ions (32). Due to their high affinity for Ca®* ions,
bisphosphonates have very high affinity to hydroxyapatite bone mineral surfaces,
which is the basis of their clinical significance (30, 32). In various radiolabeled
studies, bisphosphonates are found throughout the bone surface, but are
particularly concentrated in areas where there is osteoclastic activity (32), which
is a good indicator that bisphosphonates exert effects on osteoclasts directly.
Bisphosphonates can be further classified into two classes based on the
chemical composition of the side chain — The first generation are non-nitrogen-
containing molecules, while the second generation are more potent, nitrogen-
containing molecules. While both classes of bisphosphonates act directly on
osteoclast and have the ability to perturb intracellular metabolism and induce
osteoclast apoptosis, the routes of achieving such effects are different between the
two generations. First generation bisphosphonates such as clodronate, etidronate
and tiludronate closely resemble PPi structurally and, in turn, inhibit osteoclastic

activity by incorporating metabolically into non-hydrolyzable analogues of ATP
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due to the more stable P-C-P bond (32). These non-hydrolyzable analogues will
then accumulate within osteoclasts, preventing their normal function and causing
cellular apoptosis. Second generation bisphosphonates such as alendronate,
risedronate, zoledronate and ibandronate still contain a stable P-C-P bond, but
they do not inhibit osteoclast activity by metabolizing into non-hydrolyzable ATP
analogues. This class of molecules is thought to act as transition state analogues
of isoprenoid diphosphates and inhibit the mevalonate pathway (32, 33). The
mevalonate pathway is a synthetic pathway for endogenous isoprenoid
compounds, which are critical for post-translational modifications for GTPases.
Therefore, inhibition of the mevalonate pathway will most likely resulting in
partially or non-functional GTPases and play a negative effect on the signaling
pathway for osteoclastic activity (32, 33). In clinical studies, first generation
bisphosphonates generated encouraging results with successful but small
increases in bone mineral content and also decreases in fracture risk (34, 35). On
the other hand, clinical studies with second generation such as alendronate
generated encouraging result, where it was the first bone resorption inhibitor to
show significant reduction of fracture risk by roughly 50% in both spine and hip
in a large randomized trial (8). Although bisphosphonates have substantial side
effects such as upper gastrointestinal distress, new more potent drugs are being
developed to try to reduce the effective dose required and reduce side effects. One
of the disadvantages of bisphosphonates are theirs low bioavailability (~5%),
however its superb binding affinity to bone is able to offset this disadvantage in

that bisphosphonate can be found on bone surface even after several years (28,
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30). Given the substantial effectiveness of bisphosphonates over other available
treatments, bisphosphonate is by far the most popular treatment and it is used for

treating the majority of osteoporotic patients (8).
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Figure 1.8 Chemical Structure of Endogenous Pyrophosphate and Bisphosphonates. While
the two phosphorus atoms are linked by an oxygen atom, they are linked together by a more
stable carbon atom in bisphosphonate. Etidronate is considered as the first generation, non-
nitrogen-containing bisphosphonate. Alendronate is regarded as the second generation,
nitrogen-containing bisphosphonate.

Monoclonal antibodies are a new strategy of antiresorptive therapy that
was made possible by recent advances in antibody biologics generation. The most
notable and successful agent of this class is Denosumab developed by Amgen,
which was approved by the FDA in 2010. It is a human monoclonal antibody with
binding affinity against RANKL (36-39). Since RANKL is essential in the
RANK, RANKL and OPG pathway for osteoclastogenesis, Denosumab is able to
achieve its antiresorptive effect by mimicking the molecular action of OPG and
blocking the binding of RANKL to RANK, in turn inhibiting osteoclastogenesis,
decreasing bone resorption and increasing BMD (38, 39). Various clinical studies
have shown that Denosumab is able to significantly increase BMD and decrease

fracture risk in vertebral, nonvertebral and hip (36, 39). However, unlike
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bisphosphonate treatment where patients” BMD remain unchanged after treatment
is withdrawn, BMD immediately decreases after the termination of Denosumab
treatment (37). This observation is reversible in that BMD significantly increases
again after retreatment with Denosumab. With low incidence of side effects
comparing to substantial gastrointestinal distress experienced by some in
bisphosphonate treatment, Denosumab has demonstrated the potential for a brand
new class of antiresorptive agent, in which monoclonal antibodies against a
specific cytokine can be used to disrupt the signaling cascade of any pathways
involving bone resorption by osteoclast.

Other classes of molecule that are being explored as antiresorptive agents
include cathepsin K inhibitor, which inhibits lysosomal cysteine proteinases that
are highly expressed in osteoclasts and are thought to degrade type I collagen (8,
40). Alfacalcidol and calcitriol, which are vitamin D analogues, are also used in
some countries for treating osteoporosis even though they have been shown to
lead to minimal increases in spinal BMD (30). Overall, it is evident that there are
many more available antiresorptive therapeutics in the current market than
anabolic agents. This may be due to the tendency of anabolic agents to be
endogenous hormones or their analogues. As such, there are often reported side
effects such as unwanted androgenic actions, change in plasma lipoproteins and,

when given orally, hepatic dysfunction (28).
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1.4. Bone-turnover Markers

During bone remodeling, both bone formation and resorption processes
are active to various degrees. As a result, key enzymes and by-products of these
processes are constantly being produced or released into the circulation (41-49).
These biochemical molecules, termed bone turnover markers, are often used to
determine the rate of bone formation or bone resorption by measuring enzymatic
activity of osteoblasts or osteoclasts, or measuring the level of the by-products
being released into the circulation (46-50). Logically, bone turnover markers are
classified into bone resorption markers and bone formation markers (41, 43-45,
47, 49). Although numerous studies have shown that the levels of bone turnover
markers are strongly correlated to actual rate of bone turnover, it should be noted
that these markers do not generate information on the actual rate of bone turnover.
Each bone turnover marker can only provide information on one aspect of bone
resorption or bone formation and their level can be affected by the uneven

contribution of cortical and trabecular bone remodeling (42, 43, 45, 46, 49).

1.4.1. Bone Resorption Markers

With the exception of tartrate-resistant acid phosphatase, most bone
resorption biochemical markers are degradation product of bone collagen (41, 43-
45, 47, 49, 51). Hydroxyproline is a modified form of the amino acid proline and
it constitutes 12-14% of the total amino acid content of mature collagen (42, 44,
45, 51). Its main function is to stabilize the triple helix structure of collagen and

only approximately 10% of the hydroxyproline is excreted through urinary

24



excretion in either free or peptide-bound form (44, 45, 47, 49). Interestingly,
although hydroxyproline is used exclusively as a bone resorption marker, it is
excreted through degradation of extracellular as well as newly synthesized
collagen (41-43, 47, 48, 51).

Other common bone resorption markers used are Collagen type 1
crosslinked N-telopeptide, or NTX, and Collagen type 1 crosslinked C-
telopeptide, or CTX (41-45, 47, 49). Both of these markers are breakdown
products of type I collagen resulting from bone resorption by osteoclasts (42, 43,
47). They are among the most widely-used bone resorption markers and there are
numerous immunoassay kits in the market for testing either serum or urine
samples (42, 43, 47). Since both of these markers are the direct result of bone
resorption, their level decreases significantly after antiresorptive therapies (42).
Urine measurement of NTX and CTX has the advantage of overcoming variability
due to dietary intake (42). In recent years, studies have shown that the ratio of
aCTX to BCTX further accurately reflects the true bone turnover rate (42). The
reason is that the C-terminal telopeptide of the a chain of collagen is found to
undergo constant [-isomerization or racemization, which is an age-dependent
process (42, 43). As such, the aCTX/BCTX ratio will be increased in people with
very rapid bone turnover of newly synthesized bone.

Pyridinoline (PYD) and deoxypyridinoline (DYD) are also two bone
resorption markers formed from the activity of osteoclasts (41, 42, 45, 47)(47).
These two markers can be found in either free or peptide-bound form, and are

nonreducible crosslinks found in mature collagen, with PYD mostly found in
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cartilage, bone, ligaments and vessels and DYD found in bone only (41, 42, 45,
47). There are in general two ways of detecting these crosslinks — 1. HPLC, which
was developed early and continues to serve its purpose of performing accurate
detection with continuous improvement in the instrumentation. 2. Immunoassay,
which was developed recently and is often preferred since it is thought to provide
an even more accurate result than HPLC (41, 42, 45, 47). One of the most
significant advantages of PYD and DYD, as markers, is that their levels are
independent of newly synthesized collagen as well as dietary collagen, which
greatly increases the sensitivity and decreases the variability of detection (41-43,
45).

Of all the commonly studied bone resorption markers, Tartrate-resistant
acid phosphatase, or TRAP, is the only commonly-used enzymatic marker. It is a
lysosomal enzyme and is the only marker that directly reflects osteoclastic activity
(42). While there are many TRAP isoforms, TRAP5b is most specifically
expressed on osteoclast (42). TRAP level typically increases with increased bone
turnover and it can be measured either by an enzymatic activity assay or recently
developed immunoassay (42, 47). However, TRAP activity assay contains some
major disadvantages: Specificity of TRAP enzymatic assay of serum samples is
low because TRAP is expressed in other cells; TRAP activity can be inhibited by
various substances within serum; TRAP activity can also drop by freeze-thaw
cycles (42, 45, 47). Due to these reasons, TRAP5b-specific immunoassay is much

preferred over enzymatic activity assay (42, 45, 47).
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Other than the above mentioned bone resorption markers that are widely
accepted and utilized for conducting studies in bone turnover, there are other bone
resorption markers reported, such as carboxyterminal telopeptide of type 1
collagen (ICTP), bone sialoprotein (BSP), fasting urinary calcium, cathepsin K
and hydroxylysine glycosides (41, 43, 46, 47). However, they are not commonly

used due to their poor sensitivity or large variability.

1.4.2. Bone Formation Markers

Comparing to bone resorption markers, there are considerably fewer bone
formation markers reported. They are either direct or indirect products resulting
from osteoblastic activity (45). It should be noted that all bone formation markers’
level are measured in serum or plasma (45).

Alkaline phosphatase (AP) is an enzyme with 50% of the activity in serum
derived from liver and the remaining half from bone (45). AP that originates from
bone resides in the plasma membrane of osteoblasts and sheds into the circulation
(41). Although the exact function is not completely clear, AP is known to be
crucial for osteoid formation and mineralization (42, 45). AP is similar to the
TRAP5b mentioned above because not only can they both be detected by
enzymatic activity assay and isoform-specific immunoassay, but they also share
the same disadvantages in the enzymatic activity assay detection methods — Since
50% of serum AP activity originates from liver, results generated from AP
activity assay are often questioned and not accepted (41, 42, 45, 47).

Osteocalcin, also known as bone-gla-protein, is a hydroxyapatite-binding

protein produced specifically by osteoblasts. Although its function is not
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completely understood, it is one of the most widely used bone formation marker
(41-43, 45, 47). With its high bone affinity, most osteocalcin synthesized is
integrated into bone, with only minor amounts being leaked into the circulation
(42). Since it is not an enzyme, osteocalcin can be detected only by immunoassay.
Despite osteocalcin’s specificity to osteoblast and bone formation, there is one
drawback in using this marker to gauge rate of bone formation — Osteocalcin
undergoes rapid degradation in serum and with the antibodies of commercial
immunoassay kits only detecting certain fragment of the markers, the co-existence
of intact and fragmented osteocalcin greatly increases the variability of the assay
(41-43, 45, 47, 51). However, due to the lack of promising bone formation marker
available, osteocalcin remains one of the most commonly used bone formation
markers.

Another set of bone formation markers are derived from procollagen type
1 propeptides, which are secreted by osteoblast into the extracellular space (41).
The amino- and carboxy-terminal propeptides of type 1 collagen (PLNP and P1CP
respectively) are generated in an equimolar ratio from post-translational cleavage
of type 1 procollagen molecules by propeptidases before assembly into fibrils (42,
43, 45, 47). The fragments of these molecules that are released into the circulation
can then be detected as markers by various forms of immunoassay (45). Although
both P1CP and P1NP have the same origin, P1CP is not preferred because it is
cleared by the mannose receptor, which can be affected by various hormonal

regulation pathways, thus complicating result (45).
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1.4.3. Benefits and Limitations of Bone Turnover Markers in Diagnosis of
Osteoporosis and other Bone-Modifying Diseases

With numerous markers available to generate information on different
aspects of bone turnover rate, these bone-turnover markers are valuable in the
investigation of bone-modifying diseases such as osteoporosis, as well as the
evaluation of the effectiveness of therapeutics. In particular, bone turnover
markers are especially useful in post-menopausal osteoporosis and Paget’s
disease, where both of these diseases have significant increase in bone turnover
(46). In turn, any therapeutics that have an impact on these diseases should, in
turn, cause a significant change in bone turnover marker levels (52). In many
clinical situations, bone turnover markers are used to monitor patients’ conditions
as well as the effectiveness of their treatment (44, 46, 52-56). In some clinical
trials, bone turnover markers are even used as surrogates for a clinical end point
that is otherwise hard to measure (55). In laboratory settings, bone turnover
markers are constantly used as an indicator of drug effectiveness in animal and
cell-based studies (57, 58). Although the uses of bone turnover markers are
diverse, there are still no strong correlations between bone turnover marker levels
and bone mineral density, prediction or fractures and selection of treatments,

especially in the case of post-menopausal osteoporosis (53).

1.5. Antibody Biologics and their Value as Therapeutics

Antibodies are nature’s way for the human immune system to fight foreign

threats such as bacterial and viral infections and toxins. Antibodies are highly
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specific to their intended target and these antigen-specific antibodies are selected
from a large repertoire (10'°-10") of possible variants (59). These highly-specific
antibodies are amplified within the human body when the threat is present and can
trigger responses such as neutralizing biological activity, promoting target
degradation and triggering signaling cascades for cell-mediated cytotoxicity as
defense mechanism (59).

The human antibody (immunoglobulin) is a Y-shaped molecule
(~150kDa) that is made from two identical heavy and light chains, where each
chain is subdivided into constant and variable regions (59). These two chains are
linked strongly together by multiple disulfide bonds. Each of these regions serves
its own purposes — The variable region, in particular the 3 solvent-exposed
hypervariable loops at the tip of the molecule known as the complementary
determining regions (CDRs), is responsible for enabling specific binding affinity
to a target antigen, whereas the constant region is responsible for signaling
defense mechanisms such as cell-mediated cytotoxicity (59, 60).

There are five different known classes of human immunoglobulins, 1gA,
IgD, IgE, IgG and IgM, with each of them participating in a different role (61).
IgG, however, is often referred to as “therapeutics antibody”. IgG, depending on
the subclass, has the longest plasma half-life from 7 — 23 days of all 5
immunoglobulin classes (59). In addition, although the 4 IgG isotypes possess
very similar sequence, they are able to trigger very different signaling cascades

for cell-mediated responses (59-61). This characteristic allows the selection of

30



subclass prior to antibody development based on the preference of which
mechanism is required to achieve therapeutic effect (60).

Even though the therapeutic value of antibodies was long known, it was
not made possible until the development of hybridoma technology by Kohler and
Milstein (59, 62, 63), who deservingly won the Nobel Prize because of this
discovery, in 1984. This technology enables the fusion of pre-immunized mouse
B-cells and myeloma cells to generate an immortal cell line (hybridoma) that can
be grown in tissue culture and provide a continual source of antigen-specific
antibody (62, 63). This technique led to the development of the first monoclonal
antibody, Orthoclone OKT3 by Johnson & Johnson Therapeutics in 1986 for
organ transplant rejection (59, 62). Since then, the field of antibody therapeutics
has taken flight and evolved to be an important segment of the pharmaceutical
industry. As of 2005, there are 20 FDA-approved monoclonal antibodies
therapeutics on the market and accounted for an annual sale of $14 billion US
dollars (62). A survey was conducted by Business Communications Company in
2005 and it was shown that of the 200 biopharmaceutical companies being
surveyed, there were approximately 500 antibody-based development programs
(62). Due to an antibody’s specificity to a particular antigen, antibody therapeutics
are now developed for a wide range of indications, such as rheumatoid arthritis
(64, 65), various forms of cancer (38, 66-68), osteoporosis (30, 36-39), asthma
(62) and macular degeneration (62). It should be noted that many of these
antibodies carry out their function via many different pathways — while some may

simply neutralize secreted toxins from infectious agents, others can scavenge and
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bind to important cytokines and prevent unwanted cellular pathways such as
cancerous tumour proliferation (59). Other than therapeutics, antibodies are also
utilized in diagnostic such as immunoassays where an antibody is generated for
the purpose of detecting a specific antigen. In recent years with the advancement
of imaging technology, there has also been an increasing interest in employing
antibodies as molecular probes for cell-based and even in vivo imaging platform,
with a particular interest in various types of cancer (69).

Although antibodies possess much potential in the field of therapeutics
and diagnostics, there were many issues that needed to be overcome. The most
problematic concern in the early days was the immunogenic responses to mouse
antibodies generated from hybridomas when these are administered to human
(62). In an attempt to prevent such unwanted response and to make the therapeutic
antibodies more suitable for human administration, several sequential approaches
were made. The first approach was to fuse the human constant region with the
mouse antigen-specific variable region to generate a “chimeric” antibody, in
which approximately 70% of the antibody’s sequence was homologous to human
IgG sequence. The next approach aimed to further increase the percentage of
homology by moving the CDRs isolated from the antigen-specific mouse
antibody and inserting these regions into a human IgG antibody (62), thus creating
the “humanized” antibody. Despite this approach achieving a homology of up to
95%, immunogenicity still occurred at a low level and there was still a need to
create a fully human antibody (62). Therefore as a third approach, several

platforms were developed to generate fully human antibodies, these included the
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“Xenomouse” technology, where mice were genetically engineered to have their
immune system removed and replaced by the human immunoglobulin repertoire;
the human “morphodoma”, where in vitro immunized human B-cells were used to
yield fully human antibodies from human hybridomas; and phage technology,
where the immunoglobulin genes from B-cells were used to construct a human
phage library (62). One of many successful therapeutics antibodies generated by
the xenomouse technology is Denosumab by Amgen, which is an antiresorptive
agent for treating osteoporosis and other metabolic bone diseases (36).

While the first two platforms yield 1gG monoclonal antibodies, the last
mentioned platform, the phage technology, has opened up a brand new field of
creating antibody therapeutics, which will be discussed below. Although the
problem of immunogenicity of antibody has been overcome, there are still other
issues preventing antibody therapeutics from widespread application — The
current antibody therapeutics in late-stage development target cell surface
receptors and soluble factors such as growth factors or toxins, but in order to
maintain antibody’s role in biopharmaceutics, there is a need for developing
antibodies that can target other biomolecular species such as multi-transmembrane
receptors, channel proteins and even intracellular targets (62). In addition, the
timeline from discovering and developing attractive antibody candidates into
clinical trials to developing large-scale production for commercialization is still
longer than desired. This provides hurdles to many companies as it not only
increases the development cost, but also decreases companies’ financial benefits

from the patent as generic biopharmaceutics will soon become competitors if
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companies require majority of the patent protection period for developing the

antibody therapeutic (62).

1.5.1 Engineered Antibody Fragments

While the manufacturing and production process of monoclonal 1gG
antibody continue to morph and improve, there is another branch of antibody
therapeutics on the horizon — With the advances in biotechnology and genetic
engineering, there has been an increasing popularity of using antibody fragments
instead as therapeutic and diagnostic agents. These engineered fragments include
Fabs, single chain variable fragments (scFv) and domain antibodies (dAbs) (59).

Since an antibody can be divided into various domains, scientists have
taken advantage of this finding and have expressed the antigen-binding variable
region independent of the constant region. Since the constant region of 1gG is
responsible of mediating cell cytotoxicity mechanism, despite having fully
functional antigen-binding site, fragments with the removal of the constant region
can only serve the purpose of neutralization, imaging or site-directed drug
delivery (59). Fabs are the biggest of the fragments (~50kDa) consisting of the
variable regions and part of the constant region with only the constant regions at
the stem of the Y-shaped IgG molecule being removed (59). The fragment is
connected by a disulfide bond and the remaining constant domain is believed to
help with protein folding and stability (59). On the other end of the spectrum,
dAbs are the smallest of the fragments (~15kDa) consisting of either the variable
region from the heavy chain or from the light chain (59). As a result, dAbs contain

only 3 CDRs as compared to 6 found on an IgG.
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Single chain variable fragment (scFv), the fragment used for this project,
is a heterodimer of the variable regions from heavy and light chain and has a
molecular weight of approximately 30kDa (59, 61). The 2 variable regions are
linked together by a polypeptide linker composed of glycine and serine in a 4:1
ratio (59, 61). While the linker is usually 12-15 amino acid long, a shorter linker
will prevent the heavy and light chain to interact in forming a monomer and in
turn facilitate the association with a second scFv monomer, forming a bivalent
dimer known as dibody (59). Since scFv is only held together by a polypeptide
linker, varying amounts of dimers and higher degree of oligomers will be present
in equilibrium (59). As mentioned above, applications of scFv include
neutralization, imaging and site-directed drug delivery. There have been
successful cases where scFv’s are successfully deployed for targeting arthritic
cartilage (70). Moreover, scFv has a valuable role in cancer therapy and imaging.
While both scFv and 1gG can be radiolabeled for tumour imaging and therapy and
are used to evaluate pharmacokinetics of the antibody therapeutics, 1gG is not
ideal for delivering radionuclides because of its large molecular weight (61). Such
characteristics make IgG very slow to penetrate tumours while the majority of the
non-penetrated labeled antibodies are present in the plasma, this result in poor
contrast and exposure of normal tissue to radiation (61). Scfv, particularly its
dimer, provides the best balance between penetration and retention half-life (61).

All of these fragments can now be screened and expressed in vitro using
library-screening technology such as phage display, which will be discussed

below (59). This allows a cost-effective and non-labour intensive method to
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rapidly produce monoclonal antibody with specific antigen binding affinity.
Although these antibody fragments allow a more convenient way to screen and
express fully human antibody, their short in vivo half-life is the major
disadvantage of these fragments (59). In the case of Fabs and dAbs, plasma half-
life can be prolonged by simple conjugation such as PEGylation (59). However,
in the case of scFv’s, almost all amino acids of the fragment are critical to the
folding of protein and binding to antigen, PEGylation usually will result in a
significant drop in binding efficiency (71). While there are still successful cases of
PEGylation of scFv’s (61), such method should be used cautiously (71). On the
contrary, due to the small molecular weight, modifications for peptide drug such
as peptidomimetics may become more suitable for enhancing the stability of these

fragments (71, 72).

1.6. Phage Display

Phage display is an in vitro high throughput screening technique first
described in 1985 by G.P. Smith (73). It is especially useful to generate valuable
information on protein-ligand interaction, therapeutics peptide screening, and
antibody screening (74-83).

The main component of this in vitro technique, the M13 filamentous
phage, has the same property as all other bacteriophages in that these phages are
viruses capable of infecting various Gram-negative bacteria which use pili as
receptors (74, 76, 84, 85). It contains 11 genes and is 63A in diameter and 9300A

in length (84). In addition to this basic property, the M13 filamentous phage has
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the unique characteristic of being able to trigger the infected E.coli into a state of
producing and secreting phage particles without undergoing cell lysis (74, 84).
The M13 filamentous phage contains a single-stranded DNA as its genetic
material, encapsulated by several different coat proteins. Each M13 phage is
coated with 2700 proteins encoded by gene VIII, or pVIII as the major capsid coat
and capped with 2 minor coat proteins on each end - plll and pVI on one end,
pVIl and pIX on the other (74, 76, 84, 85).

The M13 filamentous phage initiates its life cycle by first infecting E.coli
(e.g. E.coli TG1 used in this study) by attaching the plII to the bacterium’s pilus
(74, 85). Once the attachment is successful, the single stranded DNA from the
phage is inserted into the bacterium and starts to accumulate (84). At this point,
the DNA replication machinery is “hijacked” to convert the single-stranded phage
DNA into double-stranded replicative form (74, 84, 85). The replicative form then
either continues to hijack the host DNA replication machinery to produce single-
stranded DNA by rolling circle replication or acts as a template for expressing
phage coat proteins (74, 84, 85). Daughter phages are then made by packaging the
single-stranded template DNA into the necessary coat proteins and secreted out of
the bacterial host into the medium (74, 84, 85).

The M13 filamentous phage used in phage display has almost identical
replication mechanism as its wild-type counterpart, except for the fact that it
cannot be replicated on its own. For the M13 filamentous phage in phage display,
the single-stranded DNA within the virus does not contain the entire phage

genome, but only single-stranded hybrid genetic material, called a phagemid,
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containing only a target fragment and a coating protein (73, 74, 84, 85). The
phagemid is a cloning vector that contains the replication origins of both M13
phage and E.coli, an antibiotic resistant gene, and a multiple cloning site for sub-
cloning the desired insert (73, 74, 83-85). These phagemid-containing clones can
only replicate the single-stranded DNA as typical plasmid, but cannot package
into a functional phage without the presence of a “helper phage” (73, 74, 84-86).
Helper phages are genetically engineered phage particle with a slightly defective
replication origin and a truncated plll gene, but containing all necessary genetic
materials for phage replication and production (73, 74, 84-86).

Upon successful infection of the helper phage to a phagemid-containing
E.coli, the helper phage supplies all required proteins for phage packaging, thus
allowing “phage rescue” (73, 74). During the phage packaging process, two
possible phages can be generated — Phage containing the truncated plll derived
from the helper phage; or phage containing fusion coating protein provided by the
phagemid (73, 74, 86). Depending on numerous factors such as type of phagemid,
growth conditions, nature of polypeptide fused to the coating protein and
susceptibility of the fusion protein to proteolytic cleavage, the ratio of fusion
protein to wild-type can be from 1:9 to 1:1000 (74). However, since phages
containing the truncated plll cannot infect E.coli and propagate themselves, only
the fusion protein-containing phage will be carried over for amplification and
subsequent selection (84, 85). Other than the use of truncated plll, another

approach is to incorporate a trypsin digestion site on the helper phage encoded
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plll so that the non-peptide containing phage can be screened by trypsin digestion
(84).

Since there are 5 different coating proteins on a filamentous phage (pVII,
plX, pVIII, pVI and plll), there are logically 5 different kinds of phage library,
each creating fusion to a particular coating protein (75, 84, 87). The phagemid is
constructed such that the scFv DNA and the phage coating protein DNA are in
tandem but separated by an amber stop codon TAG. When phage is being
packaged in non-amber suppressor strain such as TG1, the E.coli will translate the
amber stop codon into a glutamine residue, in turn synthesizing a scFv-fusion
protein. During expression phase, phagemid will be infected into an amber-
suppressing strain HB2151, where the translation will halt at the amber codon and
generate phage-free scFv. The most common peptide libraries utilize fusion of
sequences to amino-terminus of plll or pVIII, with pll1l more common for proteins
(75, 84, 85, 88). Other reported minor libraries include peptide or protein fusion to
the amino-terminus of pVII and pIX and carboxy terminus of pVI, an artificial
pVIlI and plll (73, 75, 83-85, 89). Different phage display systems have their own
advantages and disadvantages. Generally, the pVIII phage display system is not
favored because it is the major coating protein of the filamentous phage. As the
protein-pVIII fusion is expressed and packaged, approximately 2700 copies of the
protein will be displayed on the surface of the phage (75, 84, 90). This
significantly lowers the size limit of the protein that can be displayed without
interfering with the phage packaging process (84). Moreover, the high abundance

of protein displaying on the phage surface also present a problem of “avidity”,
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where distinguishing low- and high-affinity binders is becoming very difficult
(84). Due to the two constrictions, the pVIII system is mostly reserved for
displaying small peptides and screening for low affinity binders (75, 84). On the
other hand, most phage display libraries, including the Tomlinson I and J libraries
used in this study, utilize the plll fusion system (83). Compared to pVIIl, only 3
to 5 copies of plll are expressed at the tip of a M13 phage. The drastic drop in
copy number not only allows fusion of a larger protein, but also eliminates the
“avidity” effect in which a high- and low-affinity binders can be distinguished
(73, 84). Such library is also backed by research that shows that the amino-
terminal fusion of plll with peptides or proteins does not affect phage packaging

and the function of either plll or the protein of interest (84).
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Figure 1.9 M13 Filamentous Phage and scFv-displaying Phage. M13 filamentous phage is
made up of various coating proteins. Fusing scFv DNA with coating protein such as plll
allow native scFv to be displayed on the surface for screening.

Another important aspect in phage display is the quality and the size of the
phage library itself. The term library refers to the collection of E.coli with unique
phagemid containing the DNA of interest, and encoding either peptides or
proteins. It is possible for a library to contain up to 10*° unique clones. As the size
of the library increases, the probability of isolating an antigen-binding clone and
the number of unique antigen-binding clones isolated will also increase. Although

more emphasis will be given to the construction of an antibody phage display
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library in this review, peptide-, protein- and antibody-library are all fundamentally
generated the same way by ligating of site-directed mutagenesis polymerase chain
reaction, or PCR, fragments into phagemid vectors followed by E.coli
transformation (73, 76, 81, 83-85, 87, 90-93). In the case of antibody phage
display library, the generation of libraries is accomplished by amplifying the
antibody V genes of B lymphocytes from immunized animals using PCR (85).
The exact fragment being cloned into the vector system depends entirely on the
type of library, such as scFv, dAb, or Fab, wished to be constructed. For the
generation of a scFv library, the variable heavy chain and variable light chain
gene are amplified and cloned separately into a phagemid vector by ligation(74,
78, 92, 94-96). These libraries can be constructed with or without prior
immunization to a particular antigen. If the animal of which the B lymphocytes
are purified from is previously immunized with the desired antigen, subsequent
panning may yield antibodies that contain even higher binding affinity than from
hybridomas (85, 97). Generation of a library from a non-immunized subject is
known as a “naive” library, where heavy and light chains are amplified, randomly
combined and cloned into the phagemid construct (85). In some cases, heavy and
light chain segments are artificially assembled in vitro. Such library is termed a
“synthetic library” (85). The size of a phage library depends on the quality and
quantity of source DNA, as well as transformation efficiency (74, 84, 85). A
typical antibody library has a size of ~10® clones with rare libraries containing up

to ~10*° clones using modified library construction strategies (74).
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The principle of a phage display involves repeated screening of peptide-,
protein- or antibody-displaying phages and subsequent phage rescue and
propagation. The process first starts by incubating the phage library with the
antigen, either immobilized, in solution, or on cell surface (74). Subsequently,
unbound phages are washed away and antigen-bound phages are retained. The
bound phages are then eluted by either trypsin or pH change. These enriched
phages are then used to infect E.coli, where they will be amplified and propagated
(74, 84). This process is termed “panning” (Figure 1.1). Despite the fact that
theoretically one round of panning is sufficient to isolate desired phage clone,
multiple rounds (between 2-4) are needed in reality to assure high antigen binders
are isolated (74). After several rounds of panning, the enriched positive phages
are used to infect a different strain of E.coli, where the phage-free soluble form of
peptides, proteins or antibodies is expressed. In the case of phage display using an
antibody phage library, the process of panning for an antigen-binding antibody
mimics the biological process of antibody maturation (74, 84, 85, 93, 98). While
generating antibody through immunizing an animal and subsequent hybridoma
screening is a costly and labour intensive process, phage display provides a rapid,
yet cost effective mean of generating specific antigen-binding antibody (84, 98).
Due to this reason, phage display has become increasingly popular for antibody

screening (84).
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Figure 1.10 Overall Concept of Phage Display. Antigen is first coated into wells, which are
then incubated with scFv-phage for binding. Unbound phages are washed while the bound
phages are subsequently eluted and amplified in E.coli. It is common to screen the amplified
phage a couple times more to ensure positive clones are identified.

With the versatility of creating different types of library for phage display,
the applications of phage display can be classified into two main categories: in
vitro diagnostics and in vivo therapeutics (74, 84, 96). In a synthetic
oligonucleotide library generating random peptides, its highly randomized nature
allows the identification of peptides with binding affinity to a variety of antigens
such as antibodies, protein receptors or even endogenous proteins (74). In many
cases, phage display of peptides is useful for identifying sequence motifs
necessary for binding between two proteins, such as ligand-receptor binding (74,
82, 99). There is even literature reporting that such libraries were used for
mapping antibody epitopes (74). These “affinity reagents” not only can serve as
therapeutics where site-directed drug delivery is made possible, but they can also

become potent inhibitors as these screened peptides may block an enzymatic
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active site, or prevent an endogenous ligand binding to its receptor (75, 77, 84,
89). Such applications are especially useful in cancer therapy as cancerous cells
often express a characteristic surface receptors, where phage display of an
antibody library can generate cancer cell-binding antibodies to be used as a drug-
delivering vehicle or potent inhibitors (80, 82, 93, 100). There is literature citing
positive result with displaying enzymes on phage (74). Enzymes such as alkaline
phosphatase, f-lactamase and trypsin have all been successfully displayed on
phage to try to improve their stability and enzymatic activity (74). In addition to
the above mentioned general applications of phage display around protein-protein
interactions, phage display also has its application in studying peptide sequences
to improve protein stability, designing vaccines, analyzing mutant affinities,
creating artificial transcription factors and even identifying protease substrates
(79, 84, 96). Despite being a technique that is close to 30 years old, phage display
is a technique that is still expanding (84, 101). Combining the advances in
biotechnology with the creativity of scientists, it is certain that phage display has
yet to reach its full potential and undoubtedly there will be many more

applications discovered.
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2. Overview and Hypothesis

Osteoporosis is a serious disease, especially in elderly women, that is
creating an increasing financial burden on the healthcare system. Although there
are multiple successful antiresorptive treatment options in the market today, many
of these treatments have disadvantages such as poor bioavailability and significant
side effects.

With the emergence of antibody therapeutics and the success of
Denosumab in osteoporosis treatment, antibody-based treatment has proven to
have the potential of becoming a new class of antiresorptive therapeutics.
Moreover, with the increasing knowledge of bone turnover markers, antibodies
can also be utilized as diagnostic tools for monitoring disease progression,
effectiveness of treatment and even patient compliance with therapies for
osteoporotic patients.

While most monoclonal antibodies are generated using animal
immunization, a cost-effective, time efficient and non labour intensive in vitro
antibody screening technique has emerged recently. This technique, known as
phage display, is a high throughput in vitro library-based screening platform that
allows isolation of antigen-specific scFv within 4-6 weeks. Using this technique,
we sought to generate osteoclast-targeting human scFv that could be evaluated as
candidates in part of the larger universal bone-targeting platform program in Dr.
Doschak’s research group. Unlike Denosumab, the purpose of the scFv is simply
to generate a drug-carrying vehicle that can deliver low bioavailability drugs such

as calcitonin and cathepsin K inhibitor to the site of action on bone tissue for
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increased potency. Moreover, with the lack of progress in the diagnostic aspect of
osteoporosis, we would like to generate various bone-turnover marker-binding
scFv’s in order to develop an immunoassay, which is the first step in our end goal
of creating a point-of-care patient test kit for evaluating treatment effectiveness
and patient compliance.

Recently, there have been reports in the literatures that various
osteoporosis  therapeutics, particularly calcitonin and 2"  generation
bisphosphonate, are also effective in treating bone modifying diseases such as
osteoarthritis (102-104). These therapeutic options are found to play a significant
role in inhibiting subchondral bone remodeling during early phases of
osteoarthritis. As such, targeting osteoclasts and regulating subchondral bone
remodeling could play a critical role in the pathogenesis of early osteoarthritis
(105-107)

Therefore, our objective is: To generate, without the immunization of
mice, osteoclast surface receptor and bone turnover marker-binding
molecules for bone targeted drug delivery and for use in diagnostic assays
against osteoporosis and potential cross application in disease such as
osteoarthritis. In order to complete our objective, we have outlined two general

hypotheses and three specific aims.
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Hypothesis: Osteoclast surface receptor and bone turnover marker-specific scFv’s
can be generated using in vitro phage display and employed as drug delivery
vehicles and can be used as alternatives to conventional antibodies in the

development of immunodiagnostic assays.

Specific Aim #1: To generate anti-RANK scFv for bone targeted drug
delivery.

While scFv against various antigens have been isolated by phage
display, there has been no literature reported on the isolation of any bone-
targeting scFv. We will be using a commercial library, the Tomlinson | +J
Human Single Fold Phage Library from Dr. Greg Winter’s Lab, purchased
from Source Bioscience UK, to carry out the selection procedure. Once
isolated and purified, the scFv will be characterized and tested using

techniques such as DNA sequencing, ELISA, and western blot.

Specific Aim #2: To generate bone turnover marker-specific scFv’s, anti-
osteocalcin and anti-CTX, for used as potential osteoporosis diagnostic reagents.

We will be using the same library and technique to isolate anti-

osteocalcin and anti-CTX scFv. While many commercial biomarker

immunoassay kits are available in the market, many of these utilize 1gG

monoclonal antibody generated from animal immunization. We wish to

evaluate a cost-effective way to generate an antibody that is comparable to

these Kits.
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Specific Aim #3: To develop a bone-turnover marker immunoassay using
generated anti-osteocalcin and anti-CTX scFv’s.

The generated bone turnover-binding scFv will be used to develop an

immunoassay with OVX rat serum samples. The assay result will be

compared with one generated from using a commercial Kit.
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3. Materials and Methods
3.1. Phage Display

The phage display library used in this entire thesis was the Tomlinson | +J
Human Single Fold scFv Library purchased from Source BioScience, UK. In our
study, only the Tomlinson I library was amplified because we initially predicted
that more than 3 different scFv’s would be identified for each antigen, which
would a sufficient number since a large number of scFv’s would require
additional selection in order to select the best candidates for further study.

The libraries were constructed in the pIT2 construct, which contained both
myc and 6xHis tag. These semi-synthetic libraries incorporated randomized
codons at 18 sites within the scFv DNA, of which 11 were at the heavy chain and
7 were at the light chain. The Tomlinson | library was estimated to contain

1.47x10° unique scFv’s.

3.1.1. Helper Phage Production

Before the phage display screening process can commence, it is necessary
to produce the KM13 helper phage that is required for initial production and for
phage propagation after every round of antigen screening. To produce KM13
helper phage, a single colony of E.coli TG1 (provided along with the purchase of
the Tomlinson | + J library) was inoculated into 2mL of 2xYT medium, which
composed of 16g Tryptone (BD, NJ USA), 10g Yeast Extract (BD, NJ USA), 59
NaCl (Fisher Chemical, Canada) and pH 7.0 in 1 litre of water, and grew shaking

at 37°C and 250RPM until ODggonm reached 0.4, at which time 200uL of this
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culture was infected with 10pL of the 100-fold serial diluted of the KM13 helper
phage (provided along with the purchase of the Tomlinson I + J library) at 37°C
for 30 minutes. After infection, the culture was added at 3mL of molten top agar
(50°C), which was made with 0.7% Bacto-agar w/v in 2xYT medium, poured
onto 37°C pre-warmed YT plate, which was made from 15g Bacto-Agar (BD, NJ
USA), 8g NaCl (Fisher Chemical, Canada), 10g Tryptone (BD, NJ USA), 5g
Yeast Extract (BD, NJ USA) and 1% Glucose (Sigma Chemical, MO USA), and
incubated at 37°C overnight.

In the next morning, a single colony of TG1 was inoculated into 5mL of
2xYT and grew shaking at 37°C and 250 rotations per minute (RPM) until
ODegoonm reached 0.4, at which time a small translucent plaque was added to the
culture and continued to grow for about 2 hours at 37°C. The culture was then
added to 200mL of 2xYT and grew shaking at 37°C and 250RPM for 1 hour, at
which time kanamycin was added to a final concentration of 50ug/mL and grew
shaking overnight at 30°C and 250RPM.

Subsequent morning, the overnight culture was pelleted by centrifugation
at 3000rcf for 1 hour. The pellet was discarded and 50mL of PEG/NaCl, which
consisted of 20% w/v PEG 8000 (Fisher BioReagent, Canada) and 2.5M NacCl
(Fisher Chemical, Canada), was added to the supernatant. The mixture was then
left on ice for 1.5 hour for phage precipitation. After incubation, the precipitate
was pelleted by centrifugation at 3000rcf for 1 hour at 4°C, where the supernatant
was discarded and the pellet was resuspended in 40mL of PBS, which composed

of 5.84g NaCl (Fisher Chemical, Canada), 4.72g Na,HPQO, (Sigma Chemical, MO
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USA), 2.64g NaH,PO42H,0 (Sigma Chemical, MO USA) and pH 7.2 in 1 litre of
water, and mixed with 10mL of PEG/NaCl. The resulting mixture was incubated
in ice again for 1 hour, and was pelleted subsequently by centrifugation under the
same setting. The supernatant was then discarded and the pellet was resuspended
in 20mL of PBS and stored at 4°C

For tittering the helper phage stock, 45uL of the phage solution was mixed
with 5uL of trypsin stock solution, which consisted of 10mg/mL trypsin (Sigma
Chemical, MO USA) in 50mM Tris-HCI (Sigma Chemical, MO USA) pH 7.4
buffer containing 1mM CaCl;, (Sigma Chemical, MO USA), and incubated at
37°C for 30 minutes. The trypsin treated phage was then diluted in 1mL of PBS
and further serial diluted to 10™ range. 100pL of the 10 to 10™ diluted phage
was added to ImL of 2xYT containing TG1 with an ODggonm Of 0.4. The resulting
mixture was added to 3mL of molten Top agar, poured onto YT plate and
incubated at 37°C overnight. Phage titre was then determined by counting the
number of translucent plaque on the dilution plate possessing 100 — 300 visible

plaques.

3.1.2. Amplification of Phage Library

The Tomlinson | Human Single Fold scFv library (Source BioScience,
UK) aliquot was added to 200mL of 37°C pre-warmed 2XxYT containing
100pg/mL ampicillin (Sigma Chemical, MO USA) and 1% glucose. The culture
was left to shake at 250RPM at 37°C until ODgoonm reached 0.4, at which time
150mL of the culture was taken out and grew shaking at 37°C and 250RPM for 2

hours, while the remaining 50mL was used for phage production described in

51



section 3.1.3. The culture was then pelleted by centrifugation at 3000rcf for 1
hour, where the supernatant was discarded and the pellet was suspended with 6mL
of 2xYT. The resuspended culture was mixed with 3mL of 50% glycerol (Fisher
Chemical, Canada) and secondary stock was made by distributing into 20x450uL

aliquots and stored at -80°C.

3.1.3. Phage Production from Original Library

To produce phage to commence first round of scFv-phage selection, 50mL
of the above-mentioned culture was infected with approximately 102 KM13
helper phage at 37°C for 30 minutes. The infected culture was then pelleted by
centrifugation at 3000rcf for 30 minutes, where the supernatant was discarded and
the pellet was resuspended in 100mL of 2xYT containing 100pug/mL ampicillin,
50pug/mL kanamycin (Sigma Chemical, MO USA) and 0.1% glucose. The
resuspended culture was then incubated shaking at 30°C 250RPM overnight.

The next morning, the overnight culture was pelleted by centrifugation at
3000rcf for 1 hour, where the pellet was discarded and the supernatant was mixed
with 25mL of PEG/NaCl. The resulting mixture was incubated on ice for 1.5 hour
for phage precipitation. The precipitated phage was then pelleted by
centrifugation at 3000rcf for 1 hour at 4°C, at which time the supernatant was
discarded and the pellet was 4mL of PBS. The phage solution was spun further at
10800rcf for 10 minutes to remove residual cell debris at stored at -80°C.

For tittering the library phage stock, 1uL of phage solution was serial
diluted in 100pL PBS until 10™ range. Serial diluted phage solutions from range

10® to 10™ was added individually to 900pL of 2xYT containing TG1 at an
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ODgoonm 0Of 0.4 and incubated at 37°C for 30 minutes for infection. 100uL of each
infected solution was plated individually on YT plate containing 100pug/mL
ampicillin and incubated overnight at 37°C. Phage titre was then determined by
counting the visible colonies on a dilution plate that possessing 100 — 300 visible

colonies.

3.1.4. scFv Phage Selection

For scFv-phage selection against a desired antigen, 5 wells of a Nunc
Polysorp assay strip was coated with 100puL of 100ug/mL antigen — SRANK
(Peprotech, NJ USA), Osteocalcin fragment 1-49 (Sigma Chemical, MO USA),
CTX (custom synthesized at IBD, University of Alberta, Canada) overnight at
4°C.

Wells were washed the next day with 200uL of PBS 3 times, and
subsequently blocked with PBS containing 2% w/v Carnation skim milk (MPBS)
at room temperature for 2 hours with agitation. Blocking solution was then
discarded and washed again 3 times with 200uL PBS. For scFv phage incubation,
250uL phage stock was first diluted 2x with 2% MPBS, then 100uL of the diluted
phage solution was added to each well and incubated at room temperature for 2
hours with agitation.

After incubation, the phage solution was discarded and washed multiple
times (10 times for 1% round, 15 times for 2" round, and 20 times for 3" round)
with 200uL of PBS containing 0.1% Tween-20 (PBST). After washing, the

antigen-bound scFv phage was eluted by adding 100uL of trypsin solution, which
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was diluted 10 times with PBS from the trypsin stock solution, and incubated at
room temperature with agitation for 10 minutes.

After phage elution, 250uL of the eluted phage was added to 1.75mL of
2xYT containing TG1 with an ODgyonm Of 0.4 and the mixture was incubated at
37°C for 30 minutes for infection. 100uL of the infected culture was serial diluted
10 times in 2xYT until range of 10°. The remaining culture was pelleted by
centrifugation at 10800rcf for 1 minute, where the supernatant was discarded and
the cell pellet was resuspended with 100pL 2xYT. 100uL of all serial dilutions as
well as the resuspended culture was plated on separate YT plate containing

100pg/mL ampicillin and incubated at 37°C overnight.

3.1.5. Phage Rescue and Propagation of Enriched scFv Phage

For amplification of the antigen-enriched scFv phage, 50mL of 2xYT
containing 100ug/mL ampicillin with 1% glucose was prepared. Approximately
2mL of medium was used to loosen cells on the resuspended culture plate, of
which 600uL was mixed with 300uL 50% glycerol and stored at -80°C as cell
stock, while the remaining was used to inoculate the 50mL medium. The
inoculated medium was let to grow shaking at 37°C and 250RPM for 1.5 — 2
hours, at which time approximately 10** KM13 helper phage was added. The
culture was left at 37°C for 30 minutes for infection, and subsequently pelleted by
centrifugation at 3000rcf for 30 minutes. The supernatant was discarded and the
pellet was resuspended in 50mL of 2xYT containing 100pg/mL ampicillin,
50pg/mL kanamycin and 0.1% glucose and grew shaking overnight at 30°C and

250RPM.
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The overnight culture was pelleted by centrifugation the next morning at
3000rcf for 1 hour, where the cell pellet was discarded and the supernatant was
mixed with 12.5mL of PEG/NaCl. The mixture was left on ice for 1.5 hours for
phage precipitation, at which time the precipitated phage was pelleted by
centrifugation at 3000rcf for 45 minutes at 4°C. The supernatant was then
discarded and the pellet was resuspended with 2mL of PBS. The resuspended
phage was further pelleted by centrifugation at 10800rcf for 10 minutes to remove
remaining cell debris. 250uL of the freshly prepared phage was used for next

round of phage selection, while the remaining phage solution was stored at -20°C.

3.2. Post-Screening Analyses
3.2.1. Phage Enzyme-linked Immunosorbent Assay

Individual colony from various round of selection was picked from the
serial dilution plates, streaked onto a gridded YT plate with 100ug/mL ampicillin
as stock and then inoculated into individual well of a 96-well tissue culture treated
plate containing 100uL 2xYT with 100pug/mL ampicillin and 1% glucose per
well. The plate was left to grow shaking overnight at 37°C and 250 RPM.

The next morning, 10puL of overnight culture of each well was used to
inoculate a second 96-well tissue culture treated plate containing 200puL 2xYT
with 100pg/mL ampicillin and 1% glucose per well. The plate was left to grow
shaking at 37°C and 250 RPM for 2 hours, at which time 25uL of 2xYT
containing 100pg/mL ampicillin, 1% glucose and approximately 10'° KM13 was
added to each well and left to incubate shaking at 37°C and 250 RPM for

infection. After infection, the plate was spun at 2000 RPM for 10 minutes, where
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the supernatant was removed by vacuum. The cell pellet was resuspended in
200pL of 2xYT containing 100pg/mL ampicillin and 50pg/mL kanamycin and
left to grow shaking at 37°C overnight. On the same day, coat a 96-well certified
high-bind ELISA plate with 100pL of 100ug/mL of antigen per well overnight at
4°C.

The 96-well ELISA plate was washed on the next day 3 times with 200puL
of PBS, and blocked with 2% Bovine Serum Albumin (BSA) in PBS for 2 hours
at room temperature with agitation. The blocking solution was then discarded and
the wells were further washed 3 times with 200uL of PBS. At the same time, the
overnight culture plate was pelleted by centrifugation at 2000RPM for 10 minutes
at room temperature, and 50uL of the phage-containing supernatant was used for
phage ELISA. The supernatant was incubated at room temperature with agitation
for 1 hour, at which time the wells were washed 3 times with 200puL of 0.1%
PBST. Once the wells were thoroughly washed, 100puL of 1:10000 dilution of
anti-M13 HRP (kindly provided by Dr. Suresh’s Lab) in PBS was added to each
well and left to incubate 1 hour at room temperature with agitation. The wells
were then washed 3 times again with 200uL of 0.1% PBST, at which time 100uL
of substrate solution 3,3',5,5'-Tetramethylbenzidine, or TMB (Sigma Chemical,
MO USA), was added to each well and left to incubate at room temperature for 10
— 15 minutes. After incubation, the plate was read at 650nm by a plate reader
(BioTek EL808) and analyzed using the software KC Junior.

After analysis by plate reader, clones with the 10 highest AbSgsonm

readings were picked from the gridded plate and inoculated into 5mL of 2xYT
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containing 100ug/mL of ampicillin and left to grow shaking at 37°C and 250RPM
overnight, where 3mL of the culture was used for DNA isolation (section 3.2.2),
600uL of the culture was mixed with 300uL of 50% glycerol to stock storage at -
80°C and 200pL was used to inoculate medium for phage production to cross

infect the expression strain E.coli HB2151 (Section 3.3.1).

3.2.2. DNA Sequencing

DNA template from individual antigen-binding clone was isolated using
QIlAprep Spin Miniprep Kit (Qiagen Sciences, MD USA). 3mL of overnight
culture was pelleted by centrifugation at 13000 RPM for 1 minute, with the
supernatant discarded and the pellet resuspended in 250uL using the resuspension
buffer provided. Subsequently, 250uL of the provided lysis buffer was added to
the suspension and mixed by inverting 4-6 times. The mixture was then
neutralized by the addition of 350uL of the provided neutralization buffer and
mixed by inverting 4-6 times. The resulting mixture was spun with centrifuge at
10800rcf for 10 minute to remove all precipitate. The supernatant was then
applied to the provided spin column and spun at 10800rcf for 1 minute to allow
binding of DNA to column. 500uL of the provided wash buffer 1 was added to
the column and spun for 1 minute at 10800rcf to remove endonucleases, and
750uL of the provided wash buffer 2 was added to the column and spun twice for
1 minute at 10800rcf to remove all salts. Finally, 50uL of the provided elution
buffer was added to the column, incubated at room temperature for 1-2 minutes,

spun at 10800rcf for 1 minute and collected with a 1.5mL eppendorf tube.
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The dye used for DNA sequencing was BigDye v3.1, which was
purchased from the MBSU facility at the University of Alberta. 2uL of the
BigDye, 3uL of the BigDye buffer, 4uL of the isolated DNA, 1pL of 5uM primer
and 10uL DNAse and RNAse free water were mixed to create a 20uL reaction
mixture. The reaction mixture was let to react in a thermocycler for 25 cycles with
the following settings: i. Denaturing temperature: 96°C, 30 seconds; Annealing
temperature: 50°C, 15 seconds; Extension temperature: 60°C, 2 minutes. All
reaction was carried out using primer 5°- CAG GAA ACA GCT ATG AC -3°.

After reaction was completed, 20uL of the reaction mixture was added to
2uL of the provided ethyl-acetate and 80pL 95% ethanol. The resulting mixture
was mixed by vortex and incubated on ice for 15 minutes for DNA precipitation.
After incubation, the DNA was pelleted by centrifugation at 10800rcf, 4°C for 15
minutes. The supernatant was removed by vacuum and resuspended in 500uL
70% ethanol. The mixture was again mixed by vortex and pelleted by
centrifugation at 10800rcf, 4°C for 5 minutes. The supernatant was again removed
by vacuum and the dried product was submitted to the MBSU DNA sequencing
facility.

The DNA sequence result was obtained as a notepad file via email. The
DNA sequence was then analyzed by an online translation tool ExXPASy Translate

tool (http://expasy.org/tools/dna.html)
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3.3. Production and Characterization of scFv

The Tomlinson | + J scFv phage display library requires the use of two
E.coli strains — TG1 and HB2151, where TG1 was used entirely for phage
screening and HB2151 was used entirely for scFv expression. TG1 is an amber
codon suppressing strain where a glutamine residue will be produced instead of
stopping translation when the amber stop codon (TAG) was encountered. This
genotype is taken as an advantage where the scFv was fused with the plll phage
protein separated by an amber codon. Therefore, TG1 was used as a phage display
strain due to its ability to produce scFv displaying phage. However, as antigen-
binding scFv phage clones were identified, the plll protein was no longer needed.
By infecting the non-amber suppressing strain HB2151 with the scFv phagemid,
translation would be halted at the amber stop codon and only the soluble antigen-

binding scFv will be expressed.

3.3.1. Infection of Positive scFv Phage Clone to E.coli HB2151 Expression
Strain

Upon the completion of phage ELISA, 200uL from the 10 picked clones
overnight culture was used to inoculate 5mL of 2xYT containing 100pg/mL
ampicillin individually and the culture was left to grow shaking at 37°C and
250RPM for 2 hours. Subsequently, approximately 10 KM13 helper phage was
added to the culture and incubated at 37°C for 30 minutes for infection. Once the
infection process was completed, the culture was pelleted by centrifugation at

3000rcf for 30 minutes, where the supernatant was discarded and the pellet was
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resuspended in 5mL of 2xYT containing 100pg/mL ampicillin, 50pg/mL
kanamycin and 0.1% glucose. The resuspended culture was left to grow shaking
at 30°C and 250RPM overnight.

The overnight culture was spun at 3000rcf and 30 minutes in the next
morning, where the pellet was discarded and the supernatant was mixed with
1.25mL of PEG/NaCIl. The resulting mixture was incubated on ice for 1.5 hours
for phage precipitation and subsequently pelleted by spinning at 3000rcf for 45
minutes at 4°C. The supernatant was discarded and the pellet was resuspended in
200uL of PBS. The resuspended phage solution was spun again at 10800rcf for 10
minutes to remove residual cell debris. 100uL of the purified phage solution was
used to infect 200uL of 2xYT containing E.coli HB2151 with ODgoonm at 0.4. The
mixture was left for infection at 37°C for 30 minutes, at which time 10uL was
plated on YT plate containing 100ug/mL ampicillin and 1% glucose. The plates
were incubated at 37°C overnight, where the colonies on plates were used for

inoculation for large scale scFv expression.

3.3.2. Large Scale scFv Expression

Once phage selection has been completed and antigen-binding clones have
been identified and cross infected to the expression strain HB2151, a large scale
scFv expression is needed in order to perform further characterization work. A
single colony was picked from plate prepared from 3.3.1 and inoculated into 5mL
2xYT containing 100pg/mL ampicillin. The culture was left to grow overnight

shaking at 37°C and 250RPM.
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2mL of the overnight culture was used to inoculate 250mL of 2xYT
containing 100pg/mL ampicillin and left to grow shaking at 37°C and 250RPM
until ODggonm reached 0.8, at which time Isopropyl B-D-1-thiogalactopyranoside
(IPTG) (Fermentas, Thermo Fisher Scientific, Canada) was added to a final
concentration of 1mM to induce scFv expression. Once the culture was induced, it

was left to shake overnight at 30°C and 250RPM for expression.

3.3.3. Purification of Expressed scFv

After overnight scFv expression, the overnight culture was pelleted by
centrifugation at 3000rcf for 1 hour in pre-weighed centrifuge tubes. The
supernatant was discarded and the centrifuge tubes were weighed again to
determine wet cell pellet weight. The periplasmic fraction of the scFv was
extracted by adding 5mL of BugBuster MasterMix extraction buffer (Novagen,
EMD Chemicals, NJ USA) for every gram of wet cell pellet. The extraction
mixture was incubated on a rotating platform for 1 hour at 4°C to maximize
extraction efficiency. In the meantime, 3mL of Ni-NTA slurry, or 1.5mL resin,
(Qiagen, MD USA) was washed 3 times with 5mL water at a flow rate of
1.5mL/min.

After extraction with BugBuster MasterMix, the cell debris was pelleted
by centrifugation at 19000RPM and 4°C for 25 minutes. The supernatant was then
added to the 1.5mL resin and left to incubate on a rotating platform for 2 hours at
4°C for batch binding. After batch binding, the supernatant slurry was loaded onto
a Bio-Rad Econo (20mL) plastic column connected in-line with a peristaltic pump

to yield a uniform volume flow of 1.5mL/min. The extract was passed through the
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column entirely at least once to ensure maximum binding. The fraction collected
was labeled as “flow through” and 50uL was set aside for subsequent SDS-PAGE
(3.3.4) and Western Blot (3.3.5) analyses.

After all flow through fraction was collected, wash buffer 1, which
consisted of 50mM NaH,PO, (Sigma Chemical, MO USA), 300mM NaCl (Sigma
Chemical, MO USA), 10mM Imidazole (Sigma Chemical, MO USA) and pH 8.0,
was added to the column until minimal protein was detected using Bradford
Assay (Bio-Rad, CA USA). Subsequently, wash buffer 2, which consisted of
identical NaH,PO, and NaCl concentration and pH except with 50mM Imidazole,
was added to wash the column until minimal protein was detected using Bradford
Assay. 50uL from both wash fractions were set aside for subsequent SDS-PAGE
and Western Blot.

For eluting the expressed scFv, the column was loaded with 10mL of
elution buffer, which consisted of identical NaH,PO,4 and NaCl concentration and
pH as the wash buffers except with 250mM Imidazole, and sample was collected
in 1.5mL fraction for 4 fractions. Once 4 fractions were collected, the resin was
resuspended with the remaining elution buffer and 50uL was sampled for
subsequent SDS-PAGE and Western Blot.

Since protein aggregation was observed in elution buffer, the first 2
fractions and the later 2 fractions were pooled into 2 separate 3mL samples and
underwent overnight dialysis (MWCO = 14kDa) at 4°C against 2L of PBS with

buffer changes after 1 and 3 hours. After dialysis, samples were distributed in
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300puL aliquot and stored in -20°C and BCA assay (Thermo Scientific, Canada)

was also performed to determine the concentration of the purified scFv.

3.3.4. Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

SDS-PAGE throughout this project was performed using solely 10% SDS-
PAGE gel. The resolving gel was first casted by mixing 7.2mL water, 3.7mL 40%
Acrylamide/Bis Solution 29:1 (2.3% C) (Bio-Rad, CA USA), 3.8mL of 1.5M Tris
(Sigma Chemical, MO USA) pH 8.8, 150uL of 10% SDS (Bio-Rad, CA USA),
and 150uL 10% ammonium persulfate, or APS (Bio-Rad, CA USA), and 10uL of
N,N,N’,N’-tetramethyl-ethanel,2-diamine, or TEMED (Bio-Rad, CA USA). The
mixture was enough to make 2 gels and it was dispensed into glass plate (Imm
thick) by serological pipet until the meniscus was about 2cm from the top.
Isopropanol or isobutanol was added on top of the resolving gel mixture to help
speed up the gel polymerization process. The gel was left to polymerize for
around 1 hour, at which time the organic solvent layer was rinsed thoroughly with
water. The stacking gel, which was made by mixing 3.1mL water, 0.62mL of
acrylamide, and 1.14mL of 0.5M Tris pH 6.8, 50uL of 10% SDS, 50uL of 10%
APS and 8uL of TEMED, was added on top of the resolving gel to the top of the
glass plate. The gel comb was then added and the gel was left for 1 hour to
polymerize.

Before loading the samples, they were first mixed with the loading buffer
at a 5-to-1 volume ratio. Every 10mL of 6x loading buffer was prepared by

mixing 1.2g of SDS, 6mg bromophenol blue (Bio-Rad, CA USA), 4.7mL glycerol
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(Fisher Chemical, Canada), 1.2mL 0.5M Tris pH 6.8, 2.1mL water and 0.93g
Dithiothreitol (Bio-Rad, CA USA). Generally, 5uL of samples were loaded if the
gel was to be stained by Coomassie Blue and 1pL of samples were loaded if the
gel was used to be transfer onto nitrocellulose membrane for Western Blot (3.3.5).

After sample loading, the gel was run in SDS Running Buffer, which
made from 3g Tris, 15.4g Glycine (Bio-Rad, CA USA) and 1g SDS in 1L water,
at 100V for 1 hour or until dye front reached about 1cm from the bottom of gel.
For Coomassie staining, the gel was separated from its glass support, soaked in
Coomassie Staining solution and incubated for 30 minutes with agitation. The gel
was then transferred to destaining solution and left to incubate overnight with
agitation for destaining.

Coomassie staining solution composed of 10% v/v glacial acetic acid,
0.006% w/v Coomassie Blue dye (Bio-Rad, CA USA) in water. Destaining
solution composed of 10% v/v glacial acetic acid and 25% methanol in water. The
destained gel was then visualized and stored digitally using the Alpha Imager gel

documentation system.

3.3.5. Western Blot

For more sensitive characterization and identification of scFv, Western
Blot was used. First part of the Western Blot involved running a SDS-PAGE,
which was described in 3.3.4. Subsequently, the gel was stacked with a 0.2um
nitrocellulose membrane (GE Healthcare, UK) of equal or greater area and
flanked by filter papers and filter pads. The “sandwich” was then loaded into the

transblot system with transfer buffer, which was made from 3.03g Tris, 14.41
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Glycine in 1L water and was run at 90V for 90 minutes, where the protein
samples were transferred from the gel to the nitrocellulose membrane.

After completion of the transferring process, the membrane was either
blocked with 5% MPBS for either 2 hours at room temperature of overnight at
4°C. After blocking, the membrane was first washed 3 times with 0.1% PBST,
then incubated with 1:5000 anti-myc or anti-His HRP (Invitrogen, CA USA)
detection antibody at room temperature for 1 hour with agitation. The membrane
was then washed 3 times with 0.1% PBST, dried with filter paper and developed
chemiluminescent signal by incubating with Western Blotting Reagent (GE
Healthcare, UK) at room temperature for 5 minutes.

After incubating with the blotting reagent, the membrane was dried,
wrapped in plastic wrap and placed within a light seal cassette (Kodak, NY USA).
Blotting film (GE Healthcare, UK) was then developed with various exposure
times using the developing and fixing solution (Kodak, NY USA) in a dark room.
The dot blot, which is a simplified version of a Western blot, was done by first
spotting antigen directly onto the nitrocellulose membrane with a 10uL pipet tip,
followed by incubation with the primary scFv antibody, then incubated with the
detection anti-myc or anti-His HRP antibody. The procedure of developing

blotting films for a dot blot was identical to that of a Western blot.

3.3.6. Enzyme-linked Immunosorbent Assay
The certified high-binding assay plate was coated with 100uL/well of
100ug/mL of antigen overnight at 4°C. The coating solution was then discarded

the next morning, washed 3 times with 200uL of PBS and subsequently blocked
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with 200pL/well of 2% BSA in PBS overnight at 4°C. After blocking, the wells
were washed 3 times again with 200pL of PBS and incubated with 100uL/well of
scFv antibody of desired concentration in 0.1% BSA in PBS at room temperature
for 1 hour with agitation. The incubation solution was discarded, wells were
washed 3 times with 200pL of 0.1% PBST and then incubated with 100puL of
1:5000 anti-myc detection antibody at room temperature for 1 hour with agitation.
The wells were then washed 3 times again with 200puL of 0.1% PBST and
incubated with 100puL TMB substrate solution for 15 minutes at room temperature
in the dark with agitation, at which time 100uL of 0.18M H,SO, was either added
to each well to quench the reaction or taken for plate reading directly.

Quenched ELISA plate was then read by the Bio-Tek EL808 plate reader
at 450nm while unquenched ELISA plate was read at 650nm. Results for both

cases were analyzed using the software KC Junior.

3.4. Development of Immunoassay

3.4.1. Antigen-scFv Titration

From row A to H, each row of the certified high-binding ELISA plate was
coated overnight at 4°C with 100uL of antigen with concentrations of 10ug/mL,
1ug/mL, 800ng/mL, 600ng/mL, 400ng/mL, 200ng/mL, 100ng/mL and 50ng/mL.
The coating solution was discarded the next morning and wells were washed 3
times with 200uL of PBS and blocked with 2% BSA in PBS at 4°C overnight.
After blocking, wells were washed 3 times with 200uL of PBS and from column

1 to 8, each column was incubated with 100uL of scFv antibody with dilutions of
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10x, 50x, 100x, 200x, 300x, 400x, 500x and 1000x at room temperature for 1
hour. The incubation solution was then discarded and wells were washed 3 times
with 200uL of 0.1% PBST and subsequently incubated with 100uL of anti-myc
HRP detection antibody at room temperature for 1 hour. The incubation solution
was then discarded and wells were washed 3 times again with 200uL of 0.1%
PBST, incubated with 100uL TMB substrate solution at room temperature in the
dark for 15 minutes with agitation, then finally quenched by adding 100uL 0.18M
H,SO, solution. Upon quenching, the plate was read by plate reader at 450nm and

analyzed by the software KC Junior.

3.4.2. Competitive Enzyme-linked Immunosorbent Assay

The 96-well certified high-binding ELISA plate was coated with 100uL of
400ng/mL osteocalcin solution overnight at 4°C. The coating solution was then
discarded the next morning and wells were washed 3 times with 200uL of PBS.
Subsequently, wells were blocked with 200uL of 2% BSA in PBS overnight at
4°C. The wells were washed 3 times again with 200uL of PBS the next morning,
then incubated with 50uL of the 5x diluted scFv solution with 0.2% BSA in PBS
and 50uL of either standards or serum samples. The samples/scFv mixture was
left to incubate at room temperature for 1 hour with agitation, at which time the
solutions were discarded and washed 3 times with 200uL of 0.1% PBST. The
washed wells were then incubated with 100uL of 1:2500 anti-myc HRP detection
antibody at room temperature for 1 hour with agitation, at which time the wells
were washed 3 times again with 200uL of 0.1% PBST and incubated with 100uL

substrate solution TMB in the dark at room temperature for 15 minutes with
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agitation. The plate was then quenched with 100uL of 0.18M H,SO, solution.
Upon quenching, the plate was read by plate reader at 450nm and analyzed by the
software KC Junior. For comparison with commercial assay kit, Rat-MID
Osteocalcin EIA (IDS, UK) was purchased and the protocol was given by the

manufacturer.
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4. Results

4.1. Development of RANK-binding scFv

4.1.1. Screening of RANK-binding Phage

The titer of the initial Tomlinson | human single fold scFv library was
determined to be approximately 6.8 x 10* phage/mL. During first round of phage
selection for RANK-binding scFv, 250uL, or approximately 1.7 x 10* phages
were used. Phage ELISA was done after 3 rounds of selection to identify positive
clones and determine selection efficiency. Figure 4.1 shows the percent of clones
identified as RANK-binding positive clones. The screening, or panning,
efficiency significantly increased after each round. Figure 4.2 shows a histogram
of the sample absorbance readings to demonstrate the bimodal phenomenon
observed during phage panning.

Upon successfully picking 10 clones with the highest absorbance readings,
which correlates to strong or abundant binders, plasmid DNA for each clone was
isolated and DNA sequencing was performed in order to deduce the amino acid
sequence of the positive scFv’s. Interestingly, while 2 of the 10 clones failed to be
sequenced after numerous attempts, the remaining 8 picked clones all possessed
identical DNA, and in turn, amino acid sequence. Figure 4.3 shows the deduced

amino acid sequence of the RANK-binding scFv.

4.1.2. Purification and Characterization of RANK-binding scFv
Taking advantage of the 6xHis tag within the scFv-phagemid construct,

the desired RANK-binding scFv was purified from the 250mL overnight culture
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using the Ni-NTA column. Figure 4.4 shows the SDS-PAGE image of the
purification process. While some impurities were found present in the elution
fractions, the percentage was deemed lower than 5% judging at the intensity of
the desired scFv band in comparison. However, overnight storage at 4°C showed
protein aggregation. Therefore, dialysis (MWCO 14kDa) was performed in trying
to reduce aggregation. As seen in Figure 4.4, since elution fractions 1 and 2
contained significantly more scFv than elution 3 and 4, the samples were pooled
into two separate dialysis tubing (D1 and D2) to prevent unwanted dilution.
Figure 4.5 shows the SDS-PAGE image and the Western blot film of the two
post-dialysis samples. The two images successfully confirmed the identity of the
purified scFv and dialysis has also seemed to reduce protein aggregation
significantly. Subsequent BCA assay was performed and the concentrations of D1
and D2 were determined to be approximately 1.6mg/mL and 800pg/mL
respectively.

After confirming the identity of the purified RANK-binding scFv, a serial
dilution scFv ELISA was performed. Figure 4.6 shows that the binding affinity
was in fact retained and its effective working concentration for 1pg RANK

antigen is between 16pg/mL and 160ug/mL.
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Figure 4.1: Panning Efficiency of Phage Panning Against RANK. 92 clones were picked at
random from titre plates from all 3 pans. 20, 24 and 48 clones were picked randomly from
plates after 1%, 2" and 3" round respectively. Percentage of each round was calculated by
dividing clones with Abs650nm >0.8 over total number of clones picked for the indicated
round.
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Figure 4.2 Histogram of Anti-RANK Phage ELISA Absgo.m Reading. Phage clones were
classified into non-binder, moderate binder and strong binder base on their absorbance
reading. Clones with readings less than 0.1 were regarded as background and thus classified
as non-binders. Clones with readings over 0.8 developed intense color after addition of TMB
substrate and regarded as strong binders. Clones with readings between the 2 cutoff values
were regarded as moderate binders and were not given any consideration for further studies.
These colonies correspond to the 92 colonies picked for phage ELISA mentioned in Fig 4.1.
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MAEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMS
WVRQAPGKGLEWVSAISGDGYYTDYADSVKGRFTISR
DNSKNTLYLQ NSLRAEDTAVYYCAKNAYSFDYWGQGT
LVTVSSGGGGSGGGGSGGGGSTDIOMTOQSPSSLSASY
GDRVTITCRASQSISSYLNWYOQOQOKPGKAPKLLIYYASSL
OSGVPSRFEFSGSGSGTDFTLTISSLOPEDFATYYCQQGS
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Figure 4.3 Amino Acid Sequence of RANK-binding scFv. Amino acid sequence of this
anti-RANK scFv clone was deduced from obtained DNA sequencing result using primer
5’-CAG GAA ACA GCT ATG AC-3’. DNA sequence was translated to amino acid
sequence using an online translation tool ExPASy Translation Tool
(http://expasy.org/tools/dna.html). Each letter represents the letter abbreviation of
individual amino acid sequence. Bolded letters denote the heavy chain of the scFv.
Underlined letters denote the light chain of the scFv. Italicized letters denote the poly-
glycine serine linker. 6xHis and c-myc tag are highlighted in black. Asterisk (*)
represents translation termination due to the amber (TAG) stop codon.

Marker  Flow- Wash Wash  Elution Elution Elution Elution Elution Resin
through 1 2 1 2 8 4 5

Figure 4.4 SDS-PAGE of Ni-NTA Column Purification of anti-RANK scFv. Each lane was
labeled as shown. Purification process was competitive affinity chromatography. Wash 1,
wash 2 and elution were performed using Imidazole with concentration 10mM, 50mM and
250mM respectively. 10% SDS gel was used and the gel was run at 100V for approximately 1
hour.
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Figure 4.5 SDS-PAGE (left) and Western Blot (right) Images of dialyzed purified scFv. DB
denotes dialysis buffer samples taken during buffer changes while DS denotes dialyzed scFv
samples. DS1 was pooled from elution fractions 1 and 2, while DS2 was pooled from elution

fractions 3 and 4.
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Figure 4.6 ELISA of Serial Diluted scFv. Samples were serial diluted 10, 10° 10° and 10
times where the absolute amount is indicated. P-Con denotes positive sample control where
wells were coated with undiluted scFv. N-Con denotes negative control where wells were
coated with 100uL of 2% BSA in PBS. All other sample wells were coated with 100uL of
10pg/mL human soluble fraction RANK overnight at 4°C.
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4.1.3. Comparison with Commercial RANK Antibody

After characterization of the purified RANK-binding scFv was completed,
it was compared along with commercial monoclonal anti-RANK as well as
hybridoma monoclonal anti-RANK generated by my lab colleague Madhuri
Newa. Figure 4.7 shows the ELISA reading of the three groups. As expected,
given the same amount used, the purified scFv seemed to be outperformed by
commercial monoclonal antibody and the hybridoma-generated antibody by 2.5

and 1.8 fold respectively.
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Figure 4.7 Comparative ELISA of Purified scFv against Commercial and In-lab Generated
Hybridoma. The amount of scFv used during the incubation step was denoted in the
horizontal axis. In both commercial monoclonal anti-RANK and in-lab generated
monoclonal anti-RANK (synthesized by Ms. Madhuri Newa), 1.6pg was used during the
incubation step. N-Con denotes negative control where wells were coated with 100uL of 2%
BSA in PBS. All sample wells were coated with 100pL of 100pug/mL human soluble RANK
overnight at 4°C. scFv samples and N-Con samples All samples were performed in n=3
except commercial anti-RANK and in-house hybridoma (n=2).
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4.2. Development of Osteocalcin-binding scFv

4.2.1. Screening of Osteocalcin-binding Phage

During first round of phage selection for Osteocalcin-binding scFv,
250pL, or approximately 1.7 x 10" phages were used. Phage ELISA was
performed after 3 rounds of selection to identify positive clones and determine
selection efficiency. Figure 4.8 shows the percent of clones identified as
Osteocalcin-binding positive clones. The screening, or panning, efficiency,
although increasing after each round, was much lower than that of phage panning
against RANK, with only 20% positive clones after 3 rounds of panning.
Interestingly, the bimodal phenomenon that was observed from phage panning
against RANK was not present in phage panning against Osteocalcin. Figure 4.9
gives a detailed representation of this observation.

Following the identical procedure as phage panning against RANK, 10
clones that had the highest absorbance readings from phage ELISA was picked
for DNA isolation and subsequent DNA sequencing. From the 10 picked clones, 3
unique Osteocalcin-binding scFv’s were discovered. Figure 4.10 shows their

deduced amino acid sequences.
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Figure 4.8 Panning Efficiency of Phage Panning Against Osteocalcin. 92 clones were picked
at random from titre plates from all 3 pans. 20, 24 and 48 clones were picked randomly from
plates after 1%, 2" and 3™ round respectively. Percentage of each round was calculated by
dividing clones with Abs650nm >0.5 over total number of clones picked for the indicated
round.
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Figure 4.9 Histogram of Anti-Osteocalcin Phage ELISA Absgso,m Reading. Phage clones were
classified into non-binder, moderate binder and strong binder base on their absorbance
reading. The cutoff values are identical as the parameters used in the previous pan. Data
labels represent the absolute number of clones fall under the indicated category. These
colonies correspond to the 92 colonies picked for phage ELISA mentioned in Fig 4.8.
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OCl1-MAEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQ
OC2-MAEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQ
OC3-MAEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQ

OC1-APGKGLEWVSSIS|NERERWWATIHYADSVKGRFTISRDNSKNTLYL
OC2-APGKGLEWVSSISSREAERFA TS YADHVKGRFTISRDNSKNTLYL

OC3-APGKGLEWVSSITEEIVM({TUHYADSVKGRFTISRDNSKNTLYL

OClI-QMNSLRAEDTAVYYCAKSERBNFDYWGQGTLVTVSSGGGGSG
OC2-QMNSLRAEDTAVYYCAKEERBMIFDYWGQGTLVTVSSGGGGSG
OC3-QMNSLRAEDTAVYYCAKIEEERMIFDYWGQGTLVTVSSGGGGSG
OC1-GGGSGGGGSTDIOMTOSPSSLSASVGDRVTITCRASQSISSY
0C2-GGGSGGGGSTDIOMTQSPSSLSASVGDRVTITCRASQSISSY
OC3-GGGSGGGGSTDIOMTOSPSSLSASVGDRVTITCRASQSISSY

OC2-LNWYOQOOKPGKAPKLLIYNVMWISILOSGVPSRFSGSGSGTDFTLTI
OC3-LNWYOQOOKPGKAPKLLIYSWVSMLOSGVPSRFSGSGSGTDFTLTI

OC1-SSLQPEDFATYYCQOIWYNMPHTFGQGTKVEIKRAAAEEELEE
OC2-SSLQPEDFATYYCOOIWNMEMNPUTFGOGTKVEIKRAAA ZEIEEES
OC3-SSLQPEDFATYYCOONEEPETFGQOGTKVEIKRAAA [SIZIZIIsHS

OC1-GAA SN GRESE=RIRRN G A *
OC2 - G A ALKl GRISE=RI RN G A *
OC3-GAAIH L SNSRI G A *

OCl-LNWYOOKPGKAPKLLIYLQSGVPéRFSGSGSGTDFTLTI

Figure 4.10 Amino Acid Alignment for Osteocalcin-binding scFv’s. OC1, OC2, and OC3 denote
the 3 unique anti-Osteocalcin scFv’s identified from phage panning. Amino acid sequences were
deduced from the DNA sequencing result using the same method as phage panning against
RANK. Bolded letters, italicized letters and underlined letters represent amino acids belonging
to the heavy chain, poly-glycine serine linker and light chain respectively. 6xHis and c-myc
epitope tags were highlighted in black. Asterisk (*) represent translation termination due to the
amber (TAG) stop codon. The unique unconserved amino acid residues between the three scFv
clones were highlighted in blue.

4.2.2. Purification and Characterization of Osteocalcin-binding scFv

Using the same procedure for purifying anti-RANK scFv, the desired
Osteocalcin-binding scFv’s were purified from the 250mL overnight culture using
the Ni-NTA column. Figure 4.11 shows the SDS-PAGE image of two dialyzed
samples from the 3 purified scFv clones. Interestingly, the expression efficiency
of OC3 seemed to be very low and OC2 seemed to have undergone some form of

degradation. Western blot (Figure 4.12) confirms the identity of all 3 scFv. From
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the inconsistency observed between Figure 4.11 and 4.12, it was suspected that
the degradation of OC2 may have been at the C-terminal where the myc-tag may
have been degraded. A second Western blot was performed while using anti-His
as a detection antibody and further confirmed our speculation (Figure 4.13).
Subsequent BCA assay was performed and the concentrations of D1 and D2 of
OC1, OC2, and OC3 were determined to be approximately 1.2mg/mL, 300pug/mL,
1.75mg/mL, 440upg/mL, 145pg/mL and minimal respectively. Due to the
degradation problem of OC2 and expression problem of OC3, only OC1 was used
for further studies.

In order to confirm its retained binding affinity to Osteocalcin, OC1 was
used to perform a dot blot. Different amounts of antigen (50ng, 100ng, 120ng,
150ng, 170ng, 200ng) were spotted on the nitrocellulose membrane and incubated
with 2 different concentrations of OC1 (60ng/mL and 24ng/mL), followed by
detection with 1:2500 anti-myc HRP detection antibody. Figure 4.14 confirms

OC1’s retained binding affinity.
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0C1 0C1 Marker 0C2 0C2 0C3 0C3
D1 D2 D1 D2 D1 D3

37kDa

25kDa

Figure 4.11 SDS-PAGE of Purified Dialyzed anti-Osteocalcin scFv's. The 3 unique anti-
Osteocalcin scFv’s are denoted OC1, OC2 and OC3. D1 and D2 represent the 2 pooled
fraction for dialysis where D1 were pooled from elution fractions 1 and 2 while D2 were
pooled from elution fractions 3 and 4. 5puL of samples were loaded onto each well. 10% SDS
gel was used and it was run at 100V for approximately 1 hour.

0C1 0C2 0C3
D1 D2 M D1 D2 D1 D2

Figure 4.12 Western Blot of Anti-Osteocalcin scFv's. 5pL of sample was loaded for each
sample well. D1 and D2 represent the dialyzed samples pooled in the same way described in
previous images. Transfer was performed at 90V for 90 minutes. Detection was done by
incubating 1:5000 anti-myc HRP followed by Western Blotting reagent.
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Figure 4.13 Western Blot of OC2 D1. 5uL of OC2 D1 was loaded. Instead of
anti-myc HRP, the sample was detected with 1:5000 anti-His HRP.

24pug/mL 60pg/mL

Figure 4.14 Dot Blot of OC1 Against Osteocalcin. 2 dot blots were
performed with 2 different OCL1 incubation concentration as indicated.
Total of 6 spots were coated on each nitrocellulose membrane. The amounts
of osteocalcin spotted, from top left to bottom right, were 200ng, 170ng,
150ng, 120ng, 100ng and 50ng.

4.2.3. Development of Immunoassay Using Purified Osteocalcin-binding scFv

The purpose of synthesizing anti-Osteocalcin scFv was to develop an
immunoassay for diagnosing osteoporotic patients or evaluating the effectiveness
of OP treatment. In order to have a clearer idea of the limitation of the scFv and
suitable parameters to use for the immunoassay, a scFv “titration” ELISA was
performed. In this ELISA, the plate was viewed as a checkerboard where the
coating antigen concentration decreases by rows and the incubating scFv

concentration decreases by column. Figure 4.15 shows a relative logical trend of
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absorbance readings with slight variation. Since commercial osteocalcin
quantitation ELISA kit provides standards between 0 to 120ng/mL and is able to
detect in 20pL of serum, more emphasis was given to the part of the graph where
a low amount (< 40ng) of osteocalcin was coated in Figure 4.15. Moreover, it can
be seen from Figure 4.15 that only scFv with a working dilution of 100X and
lower is capable of generating a significant response in absorbance reading.
Therefore, the concentration of scFv in attempt to detect Osteocalcin at this range
was determined to be around 60pg/mL to 120ug/mL.

Since scFv’s can easily be dimerized, sandwich assays cannot be used to
directly detect Osteocalcin. Competitive assays are therefore the most logical way
to detect Osteocalcin. With the ranges of standards and working dilution for scFv
roughly determined, the remaining task was to determine the concentration of the
antigen coating solution such that the assay is able to provide significant change
in reading with minimal amount of change in osteocalcin. A combination of
parameters, such as coating amount, serum sample volume, scFv dilution and
volume, and detection antibody dilution, were tested in order generate a
significant standard curve within the mentioned range. While increasing the
coating amount would decrease the sensitivity of the assay, coating with
inadequate amount will lead to weak signals. Different serum sample volumes,
scFv dilutions and volumes and detection antibody dilutions were tested in order
to find the optimum balance between conservation of reagents and maximizing
assay sensitivity. During this optimization process, each parameter was tested

individually in order to maximize the understanding of the impact of each
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parameter. Figure 4.16 shows the standard curve of a competitive assay which
utilized 400ng/mL Osteocalcin coating solution, 50uL of 240ug/mL scFv co-
incubated with 50uL of standards and detected by 1:2500 anti-myc HRP,
followed by 0.18M H,SO, quench.

This parameter was used to evaluate serum samples from positive and
negative control of ovariectomized rats, which is an established model for
osteoporosis, and results were compared with ones obtained from a commercial
Osteocalcin quantification kit. As seen in Figure 4.17, a large sampling variability
is present. Moreover, possible degradation has occurred in that the absolute
Osteocalcin level determined was much lower than what was determined from the
commercial kit. In order to solve such issue, a point-to-point ratio value was
plotted (Figure 4.18). This will eliminate the sampling variability observed in
Figure 4.17 and will also make comparison between scFv and commercial
immunoassay possible, since only the trend was being compared. Although the
absolute amount determined between assays were different, this may be due to
antigen degradation because the assay performed with scFv was done close to 1

year after the assay was performed with the commercial Kkit.
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Figure 4.15 3D Bar Graph of "Checker Board" ELISA Titration using OC1. X-axis
represents the dilution factor of OC1 used during incubation step. Y-axis represents the
amount of Osteocalcin coated for the ELISA. Z-axis represents the Abs,so,m readings under

the condition denoted by x and y-axes.
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Figure 4.16 Standard Curve of Osteocalcin Competitive Assay Using OC1 scFv. The
standard curve was generated using 4 standards (n=3) where 50uL of 240ug/mL of OC1 in
0.2% BSA in PBS was co-incubated with 50pL of osteocalcin in PBS with concentration of
200pg/mL, 100pg/mL, 50pg/mL and Opg/mL. Co-incubation time was 1 hour at room
temperature with agitation. 100pL/well of 1:2500 anti-myc HRP was used as detection.
100pL/well of TMB solution was used as substrate, which was quenched by 100pL/well of
0.18M H,SO,. Each standard was done in triplicate.
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Figure 4.17 Quantitation of Serum Osteocalcin Using scFv vs Commercial Assay. Serum of
Ovariectomized and Sham rats were sampled at 4 and 12 weeks (n=8). Blue bar denote
samples tested with OC1 scFv. Red bar denote samples tested with Commercial Osteocalcin
EIA kit purchased from IDS.
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Figure 4.18 Relative Comparison of Serum Osteocalcin Using scFv vs Commercial Assay.
Serum of Ovariectomized and Sham rats were sampled at 4 and 12 weeks (n=8). Values
shown are the ratio of the serum osteocalcin level at 8 weeks to osteocalcin level at 4 weeks.
Blue bar denote samples tested with OCl scFv. Red bar denote samples tested with
Commercial Osteocalcin EIA kit purchased from IDS.

4.3. Development of CTX-binding scFv

4.3.1. Screening of CTX-binding Phage

Approximately 3.4 x 10" phages were used in first phage screening
attempt for CTX-binding scFv, whereas approximately 1.7 x 10" phages were
used in second and third phage screening attempt. Due to the difficulty of finding
a commercial provider of the antigen, a synthetic octapeptide (N-EKSQDGGR-C)
was custom-synthesized by the Institute for Biomolecular Design at the
University of Alberta. A total of 3 screening attempts were done because although
the panning efficiency was high, DNA sequencing revealed that all clones in fact
belonged to only 1 unique CTX-binding clone. Furthermore, DNA sequencing
showed that this CTX-binding clone contained an amber stop codon in one of the

randomized sites in the heavy chain of the scFv DNA construct (Figure 4.21).
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Figure 4.19 shows the panning efficiency of the first CTX-phage panning attempt.
As mentioned earlier, panning efficiency was similar to the previous phage
panning against two different antigens. Figure 4.20 also shows the consistent

observation of the bimodal effect found in the phage screening for RANK.
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Figure 4.19 Panning Efficiency of Phage Panning Against CTX. 92 clones were picked at
random from titre plates from all 3 pans. 20, 24 and 48 clones were picked randomly from
plates after 1%, 2" and 3™ round respectively. Percentage of each round was calculated by
dividing clones with Abs650nm >0.8 over total number of clones picked for the indicated
round.
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Figure 4.20 Histogram of Anti-CTX Phage ELISA Absgso,m Reading. Phage clones were
classified into non-binder, moderate binder and strong binder base on their absorbance
reading. The cutoff values are identical as the parameters used in the previous two pans.
Data labels represent the absolute number of clones fall under the indicated category. These
colonies correspond to the 92 colonies picked for phage ELISA mentioned in Fig 4.18.

MAEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWYV
ROQAPGKGLEWVSSISSTGASTTYADSVKGRFTISRDNSKN
TLYLOQMNSLRA*DTAVYYCAKGGAAFDYWGQGTLVTVSS
GGGGSGGGGSGGGGSTDIOMTOSPSSLSASVGDRVTITC
RASOSISSYLNWYOQOOKPGKAPKLLIYSASYLOSGVPSRES
GSGSGTDFTLTISSLOPEDFATYYCOOQOANNAPTTFGOGTK

VEIKRAAA GEsEsEsEsE: G A A S NN IIRN G AA*

Figure 4.21 Amino Acid Sequence of CTX-binding scFv-phage Fusion. Amino acid sequence
of this clone was deduced from obtained DNA sequencing result using primer 5’-CAG GAA
ACA GCT ATG AC-3’. DNA sequence was analyzed the same method as previous phage
screening clones. Bolded letters denote the heavy chain of the scFv. Underlined letters denote
the light chain of the scFv. Italicized letters denote the poly-glycine serine linker. 6xHis and
c-myc tag are highlighted in black. Asterisks (*) represent translation termination due to the
amber (TAG) stop codon.
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5. Discussion

5.1. Phage Display and Generation of scFv

The main goal of this project was to generate molecules that bind
specifically and strongly to a particular antigen, so that they can be used in two
different applications — as a drug targeting vehicle for therapeutics, or as a bone-
turnover marker scavenger for diagnostics. As mentioned in the literature review
section, antibodies are a class of molecule that possesses superior binding affinity
and selectivity to a particular antigen. These characteristics make antibody a
logical choice for our lab to pursue in generating a bone-targeting antibody for
therapeutics or a bone-turnover marker antibody for diagnostics.

As the field of biotechnology advances, many modified variations of the
conventional IgG antibody have become available for scientists’ use. Each of
these variations has its own advantages and limitations that were discussed earlier
in the previous section. In our study, we have chosen scFv over IgG and other
variations for several reasons. Firstly, generation of scFv employs an in vitro
method known as phage display, which mimics the affinity maturation of
antibody production in a biological immune system. Therefore, it allows us to
generate antibodies without animal immunization and subsequent hybridoma
culture and screening, which is much more labour intensive and time-consuming.
From the initial screening of the original library to obtaining purified and
functional scFv’s, the entire process takes less than 5 weeks. Moreover, antigen-
specific scFv are generated from in vitro screening of an existing scFv-display

phage library, which can be used repeatedly for screening against different
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antigen, whereas animal sacrifice is necessary for isolating spleen cells for
hybridoma culture. In addition, since scFv production is via an E.coli bacterial
expression system, it is much more cost effective than conventional hybridoma
expression, which requires mammalian cell culture. As such, we can take
advantage of the closely coupled system between the M13 filamentous phage and
E.coli as a bioreactor for rapid screening and expression of antigen-binding scFv.

Lack of immunogenicity also gives scFv an advantage over conventional
IgG antibody. The scFv-phage library was constructed with the human
immunoglobulin gene, which in turn yield scFv recognized as endogenous by the
immune system. However, hybridoma antibody was raised from spleen cells of
animal such as mice or rabbits. As a result, these antibodies would be recognized
as foreign substance by the immune system and would in turn yield an unwanted
immune response. Although the xenomouse technology, where the animal’s
immune system is replaced entirely with the human immune system, yield fully
human IgG antibody, the associated cost is higher than the original hybridoma
technology, and even more so than phage display.

Lastly, an scFv is a truncated modification of a conventional 1gG where
everything but the binding domain is completely removed. This significantly
reduces the molecular weight of the compound, making it easier to handle. Since
an scFv is incorporated into a genetically engineered construct, it also contains
artificial epitope tag such as 6xHis and c-myc, which allows easy purification and

detection of compound.
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However, the main limitation of scFv is its short half-life and subsequent
weaker binding affinity. Intact 1gG antibody is a large molecule with numerous
intramolecular interactions, including multiple chemically covalently-linked
disulfide bonds to maintain its structural integrity. ScFv, on the other hand, do not
contain any disulfide bonds and possess much fewer intramolecular interactions
due to its reduced size. This causes scFv to become more prone to structural
changes in solution and much more susceptible to proteolytic cleavage. In order to
take full advantage of scFv, a subsequent stabilization step should be in place.
With various stabilization strategies reported in the literature and its inherent
advantages in cost and labour intensiveness, scFv show potential in becoming an

alternative to antibody in site-directed therapeutics and in vitro diagnostics.

5.2. Phage Display of RANK-binding scFv

Our first attempt for developing an antigen-specific scFv using the
Tomlinson | library was against human RANK. As mentioned in the literature
review section, RANK is a surface receptor that is found on all osteoclasts. By
generating RANK-binding molecule, our lab would then be able to use it as a
universal osteoclast-targeting platform, which serves as a drug targeting vehicle
and carries any conjugated therapeutics to osteoclast to regulate bone resorption
rate, thus controlling the progression of osteoporosis.

Using the standard protocol provided by the supplier of the Tomlinson 1
library with minor adjustments, over 40% of clones show RANK-binding

characteristic by the end of 3" round of selection (Figure 4.1). Moreover, phage
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ELISA result showed that majority of these randomly picked clones either showed
strong binding affinity or no binding affinity (Figure 4.2). As a result, we were
confident that the clones chosen for subsequent studies were not false positives.
However, we were surprised to realize that all ten picked clones possessed
identical DNA sequence (Figure 4.3). This may be due to very stringent washings
during the first round of phage screening , where RANK-binding but low
abundance scFv phage may have washed away, leaving the RANK-binding and
high abundance scFv behind and amplified exponentially over round 2 and 3 of
the screening, which contributes to the high percentage of positive clones during
phage ELISA. Such a phenomenon was also the reason that only 3 rounds of
screening was performed for every antigen — Although increasing the rounds of
screening would have lead to higher percentage of positive clones, it also leads a
decreasing number of unique clones since the probability of the low abundance
antigen-binding scFv phage being washed away also increases. Despite the fact
that only 1 unique RANK-binding scFv’s was identified, it is sufficient for us to
further our studies. Therefore, we did not repeat the screening step and decided to
proceed to our subsequent studies with the only clone.

Once the scFv DNA has successfully been transferred to HB2151, a large
scale expression was performed and the scFv was extracted and purified by Ni-
NTA column chromatography. Figure 4.4 showed that the purification process
was relatively successful and large amount of scFv had been purified. Dialysis

was later performed in an attempt to improve the protein aggregation problem. It
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can be seen from Figure 4.5 that despite minor impurities, a large amount of pure
scFv has been isolated.

In order to confirm that the scFv function has been retained after
purification and to evaluate the binding affinity of the purified scFv, a serial
dilution scFv ELISA was performed. To yield a clearer picture on how scFv
compares to its counterparts, a comparison ELISA was also done between scFv,
commercial anti-RANK and in-lab generated hybridoma IgG anti-RANK. The
result did not surprise us in that the commercial antibody and hybridoma 1gG anti-
RANK outperformed the scFv by 2.5 and 1.8 fold respectively. Although scFv’s
contain the necessary domain for antigen binding, they contain only 1 binding
domain where as conventional antibodies contain 2 of these domains for increase
affinity. Moreover, an IgG antibody is held together by the intramolecular forces
and disulfide bonds between its amino acids, whereas an scFv have much of the
structural components of an antibody removed and is reduced to its most basic
functional part. The removal of a great number of amino acids dramatically
decreasing the intramolecular forces that contribute to the structural integrity of an
antibody, thus greatly decreasing scFv’s structural stability. These limitations are
reasons that scFv’s are at an inherit disadvantage to convention IgG antibody in
terms of binding affinity. However, these limitations can be potentially be
overcome by various stabilization strategies, which will be discussed in detail
further in the future direction section.

This is the first known successful attempt to isolate any antibody or its

analogue that targets bone cells. There have been literatures and clinical trials

92



reporting antibodies targeting either cartilage or cytokines as treatment for
osteoporosis, but the idea of using antibody as a bone-targeting moiety is an area
that has yet to be explored. It should be noted that the anti-RANK scFv platform
may not be applied only to osteoporosis, for there are reports in literature in the
past few years suggesting that osteoclasts also play a significant role in disease
such as osteoarthritis (105-107) in the subchondral remodeling phase during early
osteoarthritis and targeting such phases may be beneficial in controlling the
pathogenesis of osteoarthritis (108, 109). If future studies confirm our preliminary
data that anti-RANK scFv is a viable option for site-directed drug delivery, this
bone-targeting platform can be useful not only in osteoporosis, but also in
osteoarthritis. Moreover, the primary purpose of anti-RANK scFv is to target
osteoclast specifically, therefore such technology has the flexibility of chemically
tethering various therapeutics for treating different bone modifying diseases by
disrupting osteoclast activity with improved bioavailability.

Since bone turnover markers and RANK are both protein-based
molecules, our success in generating RANK-binding scFv provided a proof-of-
concept that phage display can be used to develop bone-turnover marker-specific
scFv. In bone modifying disease such as osteoporosis and osteoarthritis, the
balance between bone resorption and bone formation is usually disrupted. By
generating scFv’s that can scavenge these bone-turnover markers in either
patients’ serum or urine samples, a quantitative assay, like those that are available
commercially for rat serum samples, or even a qualitative point-of-care test kit

can be developed for monitoring patient’s disease progression, a therapeutics’
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effectiveness, or even patient compliance, which could give physicians and
pharmacists a powerful tool to aim for the most suitable dosing regimen for their

patients.

5.3. Phage Display of Osteocalcin-binding scFv

With the promising result shown from our phage display panning against
RANK, we shifted our antigen of interest from cell surface receptor to
characteristic bone-turnover marker - Osteocalcin. It is a protein that is released
by osteoblast during bone formation. Since bone formation takes place after bone
resorption, osteocalcin is considered a late bone-turnover maker. The osteocalcin
used for phage panning was slightly smaller than the first antigen, soluble RANK.
Therefore, we initially predicted that most likely only 1 Osteocalcin-binding scFv
clone would be identified. As seen in Figure 4.8 and 4.9, panning efficiency was
significantly lower than that of RANK, with only 20% of the clones showed
affinity to Osteocalcin and only 14 clones were considered as strong-binders.

Result shown in Figure 4.10 was a positive surprise for us. A total of 3
unique, non-amber containing Osteocalcin-binding scFv clones were identified.
With 3 different clones at our disposal, we had the luxury to choose the most
suitable scFv’s for expression to further our study in developing an immunoassay
for Osteocalcin. Various SDS-PAGE and Western Blot images (Figure 4.11 —
4.13) showed in fact only 1 clone was deemed to be suitable for conducting

further studies, where OC3 had very low expression and OC2 appeared to have
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undergone degradation. The dot blot (Figure 4.14) confirmed that OC1 has
retained its affinity after Ni-NTA purification.

These results demonstrated that as long as the antigens are of an
appropriate size, phage display can be used to generate antigen-specific scFv. This
is the first known attempt that a scFv showing binding affinity to a bone-turnover
marker has been isolated. It should be noted that this technique is not only limited
to bone disease, but phage display can also be applied to generate scFv against

antigens across all fields — such as toxins, cancer cell receptor, virus and enzymes.

5.4. Immunoassay Development of Osteocalcin-binding scFv

Our ultimate goal for the application of anti-Osteocalcin scFv is to develop
a point-of-care test kit for general physicians and/or pharmacists to test patients
for the progression of osteoporosis, the effectiveness of bisphosphonate treatment
or even patients compliance with their current treatment. However, with many
obstacles such as detection limit and implementation method, the development of
an immunoassay was taken as an intermediate step with rats serum samples were
used as a pilot study.

In order to obtain a clear idea of the detection limit of scFv, a
checkerboard titration ELISA (Figure 4.15) was performed. The goal of this
experiment was to locate the right balance between maximal detection and
minimum reagent used. Since the detection range of commercial rat serum
Osteocalcin ELISA kit is between 0 to 20ng, it was determined that in order to

develop a competitive ELISA having a detection limit around such a range, a scFv
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working dilution of 10x or less was needed. To optimize the parameter of the
assay, a combination of parameters such as amount of antigen coated, volume and
working dilution of scFv used, volume of serum co-incubated and volume and
working dilution of detection antibody used was tested. While testing each
combination, a standard curve was generated and two important characteristics
were considered — 1. The linear standard curve possess a negative slope, which is
the first indicator that the scFv is sensitive enough to engage in competitive
binding between immobilized and soluble antigen; 2. The range of the absorbance
readings that the standard curve covers should be as large as possible, with the
minimum accepted range to be 0.5. As magnitude of the standard curve slope
increase, the accuracy of the assay would in turn increase. After numerous
combinations were tested, it was concluded that the parameter of 40ng
Osteocalcin coated, 50pL of 240ug/mL scFv coincubated with 50uL samples and
100puL of 1:2500 anti-myc detection antibody was optimal. Figure 4.16 showed
the generated standard curve from the competitive ELISA using the mentioned
parameter.

The next step of evaluating the developed Osteocalcin competitive assay
was to compare the result with an existing commercial Osteocalcin ELISA kit. To
carry this comparison, OVX and Sham rat serum samples at 4 weeks and 12
weeks were used for analysis, and the ratios of serum Osteocalcin of the 12 weeks
samples to 4 weeks sample were plotted. Figure 4.17 showed that both ELISA’s
yielded similar trends despite the ratios being different. It is also very apparent

that the variation of the assay using the anti-Osteocalcin scFv was much greater
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than the commercial kit purchased from IDS. There are several factors that may
lead to such variations. First, the two assays were done at two different times.
Commercial ELISA kit analyzed serum samples that were stored for 4 months,
while the scFv ELISA analyzed the same samples that were stored for over 16
months. During the time of storage and repeated freeze-thaw of samples, some
proteins might have undergone degradation, greatly increasing the variation (42).
Another factor could be due to the increase in serum sample volume during co-
incubation step. While using commercial ELISA kit, 100uL of primary antibody
and 20pL of serum sample was used for incubation. However, 50pL of primary
antibody and 50pL of serum sample was used for the scFv method in order to
maximize detection and minimize antibody used. The increase ratio of serum
sample to primary antibody solution may increase the viscosity of the incubation
solution and increase the difficulty for scFv to scavenge the marker. Although
further optimization with biological samples are needed, the result obtained
showed evidence that scFv potentially can become an alternative to conventional

IgG antibody.

5.5. Phage Display of CTX-binding scFv

Our last target antigen for developing scFv against was the early bone
turnover marker CTX. It is a characteristic cross-linked polypeptide that is
generated during bone resorption. As shown in Figure 4.18, the panning
efficiency of the first phage screening attempt was consistent with the screen

against RANK. After DNA sequencing analysis, however, it was revealed that all
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10 clones picked possessed identical DNA sequence. Moreover, this clone
contained an amber codon within one of the random sites on the heavy chain,
which was a major obstacle in expressing scFv. As mentioned earlier, phage
display utilizes two E.coli strains — TG1 and HB2151. TG1 is used primarily for
phage screening because it is an amber suppressing strain, so that all amber
codons would be translated as glutamine during protein translation. Since the
pIT2 is a phage display plasmid construct which separates the scFv DNA and the
M13 plll protein with an amber codon, such a genotype is useful because it allows
the synthesis of scFv-plll fusion for packaging scFv-displaying phage. On the
other hand, HB2151 is good for expression but a non-amber suppressing strain.
Once a phage has successfully infected HB2151 and incorporated its phagemid
within the cell, HB2151 can be induced for expression. However, since HB2151
will terminate translation at the amber codon, only free soluble scFv is expressed.
Such system works well together with one major limitation — If an amber codon
exists within any of the random sites, these sites will be expressed as glutamine
during phage screening stage. However, if such phage is to infect HB2151 for
expression, it will lead to premature translation termination. This problem is a rare
one but it is what we were facing with our single positive clone. In trying to avoid
this obstacle, other positive clones were picked for DNA sequencing to try and
identify at least one that would not contain an amber codon within the scFv DNA
sequence. However, over 30 clones were sequenced but all possessed the
identical, amber-containing sequence. Subsequently, 2 more phage screening

attempts were committed using fresh phage library aliquots in trying to screen for
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a different CTX-binding scFv-phage clone. During the later 2 attempts, over 20
clones were sequenced and all positive clones were found to possess identical
sequence as the one first identified.

Although unfortunate, this result was not entirely a surprise to us. While
the previous two antigens used for screening were over 45 amino acids long, the
CTX antigen used for this screening contained only 8 amino acids. Phage display
is an in vitro technique that mimics antibody affinity maturation within a
biological immune system such as mice. Therefore, as antigen becomes larger, the
number of epitope sites also increases. In the case of CTX during this panning
process, we suspected even before the screening that very few CTX-binding
clones would be identified due to the size of the antigen used. The result
generated after 3 screening attempts further confirmed our prediction.

Even though HB2151 could not be used for expressing the scFv, site
directed mutagenesis was an alternative where the amber codon separating the
scFv and plll DNA could be mutated to a TAA stop codon instead. This method
allows expression of soluble phage-free scFv using TG1 but comes at the cost of
expression efficiency as TG1 is known to be not as efficient as HB2151 in protein
expression. Although such method can be done, we decided not to pursue this
route. The reason is that the Tomlinson | library was also used by Saikiran
Sharma from Dr. Suresh’s lab in trying to generate scFv for binding various
antigens. Interestingly, the CTX-binding phage clone identified in this phage
screening process was also identified in 2 other phage screening that Saikiran has

performed. As a result, we believed that even if site-directed mutagenesis was
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performed and soluble scFv was expressed, such scFv can be a non-specific
binder, yielding inaccurate result and false conclusion in future studies.

Few thoughts were given into amplifying the Tomlinson J library to try to
look for CTX-binding scFv from the library. This idea, however, was quickly
dismissed due to two main reasons. First, because CTX contains only 8 amino
acids, the probability of screening a different scFv clone from 3 separate
screenings using the Tomlinson 1 library would be very low. Moreover, the
Tomlinson J library is not a fully randomized library — Although both libraries
contain randomized amino acid at the same site, the randomized codon for the
Tomlinson J library has the “NNK” format. This means that the last codon of all
randomized amino acid is keto nucleotide, which corresponds to either G or T.
Such characteristic further increases the probability that a pre-mature amber
(TAG) codon would be present at the random sites.

Although we have failed to develop a CTX-binding scFv, much was
learned about the limitation of phage display in general. While phage display is an
effective way to screen for scFv targeting medium to large antigens, it becomes
problematic for very small antigens. These antigens are either too small to present
a unique epitope for binding or they are simply inaccessible for the scFv-phage to
bind. Both of these possibilities would result in little or no positive binders or, in

our case, non-specific binders.
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6. Conclusion

To summarize our findings, we believed that phage display is an effective
technique to substitute the in vivo method of antibody generation by animal
immunization. Although with lower binding affinity, scFv’s identified and
expressed from phage display library were much cheaper and took much less time
to develop and were much easier to handle due to their smaller sizes. Given the
antigens were at an appropriate size (>2kDa), scFv with specific binding affinity
can be identified and expressed within one month from a large library.

With the successful attempt at generating both RANK-binding and
Osteocalcin-binding scFv’s, along with previously done studies by various
research group, it is evident that the phage display technique can be used for
generating scFv against virtually an infinite number of antigens (61, 110). With
the anti-RANK scFv ELISA result, it shows that scFv, although not as effective as
conventional hybridoma IgG antibody, has the potential in becoming a drug
targeting vehicle and should merit further in vivo investigation.

Although the immunoassay developed showed a large degree of variation
in comparison with the commercially available kit, the similar trend obtained in
the study showed that scFv in fact has the potential to function similarly as
conventional antibody in the diagnostic field.

While this project was mostly geared towards the treatment and diagnostic
of osteoporosis, the application of this study is useful but not limit to osteoporosis
only. With various reports in the literature suggesting the importance of osteoclast

activity, the relative success and potential of bisphosphonates in osteoarthritis, the
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development of RANK-targeting therapeutics and bisphosphonate-responsive
diagnostic assay can also be cross applied to bone modifying disease such as
osteoarthritis or any other diseases that are responsive to bisphosphonate and

cause by increased osteoclast activity.
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7. Future Directions

With 2 scFv’s having binding affinity to 2 different kinds of antigens, we
have opened up opportunity to explore both the therapeutics and diagnostics
aspect for osteoporosis and other bone modifying disease such as osteoarthritis. In
the near future, our lab will be focusing mostly on anti-RANK scFv and the
therapeutics aspect. The anti-RANK scFv has now been given to lab colleague
Madhuri Newa for chemical conjugation to calcitonin and to conduct ongoing
cell-based and upcoming in vivo pharmacokinetics studies.

Since we have failed to meet our initial expectations of generating at least
3 scFv’s for each antigen, it would be beneficial to incorporated the Tomlinson J
library in subsequent screening for other antigens in attempting to isolate more
antigen-binding scFv’s.

Due to the inherent lack of structural stability of scFv, our long term goal
is to identify strategies to prolong scFv’s systemic and storage half-life. Since
scFv (~30kDa) is much smaller than conventional 1gG antibody (~150kDa) and
only contain amino acids crucial for binding, common antibody stabilization
strategy such as PEGylation (71, 111-113) should be used with caution because
conjugation to any amino acid residue can greatly affect the structural
confirmation and the scFv binding affinity. Methods such as non-natural amino
acid substitution and B-amino acid substitution are notable substitute strategies to
increase scFv stability against proteolytic degradation (72, 114-117). However,

even though scFv is considered to be a small when compare to IgG, it is still a
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fairly large protein, which makes peptidomimetics a feasible but challenging
method. In addition, improper refolding after modifications may also occur.

In realizing the limitations of phage display against small antigens in the
phage selection against CTX, few reports have described strategies to overcome
this issue (118). Prior to panning, the small antigen is first chemically conjugated
to an anchor protein to increase the size to make the antigen more accessible to
scFv phages. During the phage selection step, the scFv phages are then co-
incubated with the pure anchor protein to remove any anchor protein-binding
scFv, ensuring the bound scFv isolated selectively binds to the antigen of interest.
This method can be used in the future in trying to solve the problem observed in
the CTX-screening. If proven successful, the same procedure can be applied to
isolate another small bone-turnover marker, NTX, to generate a panel of bone-
turnover marker-specific scFv’s. This potential panel can be used to develop
either an immunodiagnostic assay or an all-in-one point-of-care test kit, which
would give physicians and pharmacists tremendous accuracy in evaluating disease

progression or treatment effectiveness in patients.
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