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Abstract

Rheumatoid arthritis (RA) is a systemic, inflammatory disease, which
predominantly affects multiple joints. RA is characterized by swollen joints and
peri-articular bone erosion. Conventional RA treatments have shown to reduce
inflammation and slow down bone erosion, but repair of bone erosion is limited.
Additionally, failure to repair for bone erosion in rheumatoid arthritis (RA) is
caused by inadequate osteoblast-mediated bone formation resulting from focal
inflammatory environment. Hence, there is immediate need to facilitate greater
insight and develop a new therapeutic strategy to aid osteoblast -mediated repair of
bone loss in RA. CKIP-1 is an intracellular inhibitor, that can negatively regulate
osteoblast lineage cells differentiation and activity. CKIP-1 levels were found to be
aberrantly over expressed in bone specimens from RA patients and arthritis mice,
which was associated with reduced bone formation and increased disease severity.
By genetic approach, overexpressed CKIP-1 in osteoblast exacerbated bone erosion
and articular inflammation in CIA mice, whereas deficiency of CKIP-1 in osteoblast
alleviates bone erosion in CIA mice. By pharmacological approach, RNA
interference-based silencing of osteoblastic CKIP-1 led to bone formation-mediated
reparative process at erosive site and reduced articular inflammation in arthritis
induced mice. To extend above findings to a more relevant species that more closely
ii

resemble humans, we aimed to investigate the role of osteoblastic Casein kinase-2
interacting protein-1 (CKIP-1) in failure to repair bone erosion in non-human
primate (NHP) arthritis model in this study. We found that CKIP-1 mRNA
expression in osteoblasts of arthritic NHP was significantly suppressed by CKIP-1
siRNA treatment. Moreover, silencing of CKIP-1 in osteoblast of arthritis monkey
improved clinical signs such as reduction in arthritis score, joint swelling and
increase in body weight. Similarly, suppression of osteoblastic CKIP-1 resulted in
better organized bony and articular structure with, fewer bone erosion sites as
observed in x ray and micro CT images. Moreover, we found increase in bone mass,
bone formation parameters such as BFR/BS and MAR and histological examination
revealed attenuation of peri articular bone erosion and intraarticular inflammation
in CKIP-1 siRNA treated arthritis monkeys.
Taken together, these data strongly suggest that highly expressed osteoblastic
CKIP-1 plays an important role in failure to repair articular bone erosion by
inhibiting bone formation in RA. Targeting osteoblastic CKIP-1 could serve as a
new therapeutic strategy by bone repair augmentation in RA.
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Chapter 1. Background

1.1 Introduction
Rheumatoid arthritis (RA) is a complex, chronic, systemic, inflammatory disease
process which predominantly affects multiple joints of hand and feet. RA is
characterized by inflammatory and hypertrophic changes of the synovial membrane
that subsequently leads to joint destruction and peri-articular bone erosion. This
damage to the synovium and the bony structures of affected joints further
contributes to severe pain, structural deformity and functional disability [1].
Global prevalence of RA is reported to be approximately 0.5% to 1% [2], while
the prevalence rate in Hong Kong is slightly lower at 0.35% [3]. However, RA
imposes a huge socio-economic burden not only on RA patients and their families,
but also on several government health-care resources. Annual total cost of RA were
estimated at US$ 9286 per patient, which is estimated to incur a total economic
impact at approximately over US$ 200 million per year on Hong Kong society,
while greater than 60% of the cost attributes to indirect costs due to functional
activity impairment [4].
The current conventional treatment for RA comprises of synthetic and
biological disease-modifying anti-rheumatic drugs (DMARDs), non-steroidal antiinflammatory drugs (NSAIDs), glucocorticoids, analgesics, and rarely cytostatic.
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Synthetic and biological DMARDs as monotherapy or in combination have been
shown to be efficient in suppressing the inflammation and slowing down the
progression of focal bone loss [5]. Additionally, osteoblast-mediated repair of the
bone lose occurs inadequately or sporadically during combinational therapy (TNF
inhibitor) /methotrexate) [6]. Hence, there is immediate need to facilitate deeper
insight into the molecular pathway of bone formation in inflammation and develop
a novel therapeutic strategy to aid osteoblast –mediated repair of bone loss in RA.

1.2 Clinical Challenge
Skeletal bone modelling-remodeling is a natural process occurring throughout
lifetime. Under normal physiological conditions, osteoclasts reabsorb older bone,
while osteoblasts form new bone in close coordination, so as to avoid gain or loss
of bone. However, in the inflamed RA joint, synovial-derived “pannus” tissue
secrete several types of pro-inflammatory cytokines that not only stimulates
osteoclast differentiation and activity, but also suppresses bone forming
osteoblast’s differentiation and maturation, thereby resulting in enhanced bone
erosion and impeded bone formation [7].
In normal skeletal homeostasis, normal functioning of immature osteoblasts and
osteo-progenitor cells are regulated through a complex bone anabolic signaling
2

pathway, by distinct extracellular and intracellular proteins [8]. However, in
perspective of RA, dysregulation in these, distinct extracellular and intracellular
regulatory proteins, could cause a misbalancing the bone anabolic pathway and
result in increased bone loss and reduced bone repair at the joint. Hence, these
regulatory proteins, could be served as potential molecular target, and newer drugs
could be designed to specifically target the dysregulated molecular proteins in bone
forming cells to enhance bone forming and repair of bone loss in RA.

1.3 Molecular mechanism underlying failure of osteoblast –mediated bone
repair.

1.3.1 Role of local inflammation microenvironment

Walsh et al analyzed arthritic bone in mice and reported presence of early osteoblast
cells expressing Runx2 while scarcity of mid- to late stage osteoblast expressing
alkaline phosphatase (a marker of bone mineralization) at the bone surfaces
adjacent to inflammation [9]. Additionally, Zwerina et al demonstrated

sparse

presence of osteocalcin-positive cells at the endosteal bone surfaces adjacent to
focal bone loss and inflammation, which was associated with deposition of osteoid
(un-mineralized bone matrix) [10] and thereby indicating a possible impact of local
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inflammation microenvironment in hampering the normal functioning of osteoblast
at bone erosion site.

1.3.2 Role of TNF-α and BMP signaling inhibitors

TNF-α is one of the most dominant inflammatory cytokine present in RA affected
joint. TNF-α is responsible for the imbalance of bone remodeling in RA, by
inhibiting osteoblast differentiation and maturation [11]. Bone morphogenetic
protein (BMP) signaling are not only involved in regulation of embryonic
development, tissue homeostasis and cancer, but also plays a key role in
differentiation of pre-osteoblasts into mature osteoblasts, with Smads (Smad1/5)
protein being the central signaling constituent. Smurf1 has been shown to cause
degradation of Smad1/5, while TNF-α level down-regulates Smad1/5 proteins in
TNF-Tg mice. Furthermore, TNF-Tg mice had significantly low bone volume and
biomechanical properties, which were partially rescued in TNF-Tg / Smurf1 (-/-)
mice, indicating that in inflammatory disorders, with increased levels of TNF-α,
Smurf1 mediates bone loss by promoting proteasomal degradation of BMP
signaling [12]. However, Smurf1 a potential BMP signaling inhibitor, still needs to
be validated in clinical setup and requires further scientific evidence to support it’s
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potential to regulate, osteoblast-mediated repair at bone erosion site.

1.3.3 Role of Wnt signaling inhibitors

In normal skeleton homeostasis, Wnt protein via Wnt signaling pathway plays an
important role in differentiation of osteoblast-lineage cells towards functional
mature osteoblasts, thus promoting bone formation. In RA, numerous endogenous
WNT signaling inhibitors such as DKK and sFRP family members have been
identified at bone erosion in a RA mouse model [13]. Diarra et al demonstrated that
DKK1 is an endogenous Wnt inhibitor, involved in bone modelling process in RA.
By neutralizing DKK1 using DKK1 specific antibody, resulted in arrest of bone
loss and limited new bone formation at erosion site [14]. However, it does not
analyze the direct inhibitory effect of Wnt signaling on osteoblast function and thus
the role of Wnt signaling inhibitors in repair of bone erosion via osteoblast is still
not well supported.

1.4 Role of CKIP-1
The casein kinase 2 interacting protein-1 (CKIP-1) was originally identified as a
specific interacting protein of casein kinase 2 (CK2) subunit. The CKIP-1 protein
has a unique structure, a pleckstrin homology (PH) domain at the N-terminus, a
5

putative leucine zipper (LZ) motif at the C-terminus, and five proline-rich motifs
throughout the protein. This structure allows CKIP-1 to interact with multiple
proteins [15]. CKIP-1 negatively regulates osteogenic-lineage cells differentiation
from mid to late stage towards functional mature osteoblast. Lu et al verified this in
a CKIP-1 deficient mouse, which showed an increase in osteoblastic differentiation,
bone mass and bone formation. Mechanistically, CKIP-1 interacts with Smurf1 and
partially enhances its ligase activity through targeting the shorter linker region
between the substrate-recognizing WW domains for promoting proteasomal
degradation of anabolic BMP signaling proteins; Smad1/5 (substrates) [16].
Additionally, CKIP-1 proteins level were found to be high in bone samples of
RA patients compared to non-RA patients, with no difference in Smurf1 levels [17].
This is indicative of a significant role of CKIP-1 in BMP signaling in RA. Further,
a series of in vitro studies have also demonstrated overexpression of CKIP-1
proteins, induced by TNF-α, IL-1 and IL-6 in dose dependent manner in human
osteoblast cells MG-63 and mouse osteoblast cells ROS 17/2.8 [18]. In in vivo
studies, in a collagen induced arthritis (CIA) mouse models by He et al reported
initial increase in CKIP-1 levels, much prior to the detectable bone changes,
followed by significantly decrease in bone strength parameters, with the gradual
increase in CKIP-1 levels over the period of experiment [19].
6

1.5 Novel targeted delivery system
A novel targeted delivery system – (DSS)6-liposome, reported by Zhang et al, is
preferred method, as it can facilitate nucleic acid specifically approach bone
formation surface to target osteoblast lineage cells. On the other hand, it can avoid
approaching OSCAR positive cells, i.e. pre-osteoclasts/mature osteoclasts.
Functionally, the targeted delivery system can facilitate specific nucleic acid
mediated, high gene knockdown efficiency in osteoblast lineage cells when
compared to those in non-osteogenic cells. Whereas, lower gene knockdown
efficiency was seen in pre-osteoclasts/mature osteoclasts by the targeted delivery
system, when compared to that in non-osteoclast-like cells. Accordingly, the
targeted delivery system can be utilized to facilitate CKIP-1 siRNA mediated
silencing of CKIP-1 gene specifically in osteoblast lineage [20].
1.6. Need for non-human primate model (NHP)
Primarily, therapeutic action and adverse reaction of biological active molecules
relay on functional interaction with specific target antigen. Due to considerable
immunological differences between human and rodent species, there is subordinate
reactivity between most human biological molecules and compatible target
structures in rodents, thus making rodent disease models largely invalid [21]. This
was well demonstrated in a recent report, which showed poor correlation in
7

genomic response between human conditions and its corresponding mouse model
under acute inflammatory stress [22]. Secondly, NHP could bridge this gap between
humans and rodent species, because of their phylogenetic relationship and
immunological, micro- biological and anatomical similarity with human and thus
significantly strengthen the validity of preclinical disease model [3, 23]. And lastly,
NHP has advantage of their large size, allowing longitudinal monitoring of immune
parameters such as joint biopsy, imaging techniques and larger blood sample
volume, similar to that of a patient [24]. In the field of therapeutic development,
preclinical safety and efficacy studies on NHP is highly recommended for
development of gene based therapies and evaluation of tolerance strategies [25].
1.7 Hypothesis
Aberrantly overexpressed CKIP-1 could suppress osteoblast-mediated articular
bone repair in a collagen-induced non-human primate arthritis model.

1.7.1 Aim of study

To determine whether down-regulation of CKIP-1 expression in osteoblasts by
osteoblast-targeted delivery of CKIP-1 siRNA could attenuate the decreased bone
formation in a progressive collagen-induced NHP arthritis model.

8

Chapter 2. Materials and Methods

2.1 Animal
This study protocol was reviewed and endorsed by the Ethical Animal Care and
Use Committee in China Academy of Chinese Medical Sciences and Hong Kong
Baptist University before the experiments started. And all the experiments
performed on animals were implemented as per the guidelines published by the
National Research Council (guide for the care and use of laboratory animals, NIH
OACU), the National Institutes of Health Policy on humane care and use of
laboratory animals. A total of 10 female Cynomolgus monkeys (Macaca fascicularis)
weighing 3- 4 kg, age 3—6 years old were purchased from animal science Pharma
Legacy Laboratories Co., Ltd (Shanghai, China). All the animals were maintained
under specific pathogen-free conditions. The animals were housed socially, where
possible, in specially designed cages to house non-human primates (NHP). The
animals were offered staple daily diet consisting of special monkey food, fresh fruit,
vegetables and bread. Drinking water was provided ad libitum via an automatic
watering system. Throughout the experiment the animals were daily inspected for
behavioral changes, health, food intake and general appearance. When handling of
monkeys was necessary, they were sedated with ketamine (10 mg/kg) intramuscular
injection into the biceps muscle during the studies.
9

2.2 Collagen-induced arthritis (CIA) non-human primate model
The induction of CIA in cynomolgus monkeys was performed as previously
described with slight modification [26]. The collagen induced arthritis (CIA) was
evoked in non-human primates by inoculating them with (4 mg/mL) immunization
grade bovine type II collagen dispersed in 0.5 ml of (0.1M) acetic acid solution and
then mixed with an equivalent quantity of complete freund’s adjuvant (CFA). The
prepared emulsion was maintained on ice until use. Anesthesia was induced in each
animal by ketamine (10 mg/kg) injected intramuscular into the biceps muscle. Ten
monkeys were immunized with 1 mL of the cold emulsion by intradermal injections
divided over 20 sites: 19 sites on the back and 1 site at the base of the tail, and after
a three-week interval, boosted with the same immunizing procedure [27, 28]. The
typical follow-up time after disease induction is 10 weeks. Post-immunization ulcer
like lesions were found at the injection site, which were treated with wound spray
(Ace-derm) to hamper the skin ulcer from getting infected. Analgesic medication
(Buprecare®, 0.3 mg/ ml) was given based on the assessment of veterinary staff.
During the study, bodyweight was recorded once a week. Arthritic score monitored
onset of CIA, once a monkey fulfilled the criteria of 5% of the maximum arthritic
score, it was assigned to the respective treatment group.

10

2.3 Preparation of (DSS)6-liposome encapsulating siRNA

Generally, the liposomes were prepared by lipid film method. first the lipids of 1,2Dioleoyl-3-Trimethylammonium-Propane

(DOTAP),

Dioleoylphosphatidylethanolamine (DOPE), cholesterol (Chol), DSPE-mPEG2000
and DSPE-PEG2000-MAL at a molar ratio of 42:15:38:3:2 were dissolved in
chloroform, dried into a thin film and hydrated with 10 mM phosphate buffer saline
(PBS, pH 7.4) pre-incubated in water bath at 50 °C to form multilamellar vesicles
(MLV). The resulting MLV were then extruded in a LipoFast mini extruder
(Lipofast, Avestin, Toronto, Canada) through two stacked polycarbonate
membranes of 0.2 um and 0.1 um in stepwise manner with 5 cycles respectively to
form large unilamellar vesicles (LUV). Then, (DSS)6 with an N-terminal
acetylcysteine residue (ChinaPeptides CO., LTD, China) was conjugated to the
surface of liposomes by incubating (DSS)6 with preformed liposome for 2h at
ambient temperature. The molar ratio of (DSS)6 to DSPE-PEG2000-MAL was 3:1.
Subsequently, the liposome suspension was purified by size exclusion
chromatography with Sepharose CL-4B column to remove the un-conjugated
(DSS)6. After purification the liposome suspensions in 0.5 ml aliquots were mixed
with 0.5 ml distilled water containing mannitol (molar ratio of mannitol-to-lipid =
5) and lyophilized for 48 h using freeze-dryer (Labconco, Freezezone 6, USA).
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Finally, the freeze lyophilizied liposomes with 15 µmol lipids were rehydrated by
adding 0.5 ml DEPC-treated water containing CKIP-1 siRNAs or non-sense
siRNAs (Shanghai GenePharma Co., Ltd) as described in literature [20, 29] and
were incubated for 20 min at room temperature. The entrapment procedure was
performed immediately before use and then sterilized by passing through a 0.22 µm
sterile filter.

2.4 Treatment.
After CIA was successfully established, one monkey was sacrificed before siRNA
treatment as CIA baseline (CIA-BL). The remaining CIA monkeys were divided
into three groups:
1) (DSS) 6-liposome-CKIP-1 siRNA group (n=3),
2) (DSS) 6-liposome-non-sense siRNA group (n=3),
3) Vehicle control group (PBS) (n=3).
The monkeys in each group received five periodic intravenous injections of (DSS)6liposome-CKIP-1

siRNA,

(DSS)6-liposome-non-sense

siRNA

and

PBS,

respectively, with a siRNA dose of 1mg/kg weekly for 5 weeks. Follow up is for 6
weeks.
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2.5 Evaluation of arthritic severity
Clinical severity of arthritis in the immunized monkeys was assessed on the bases
of swelling observed at various joints of both the hands and feet such as
metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal
interphalangeal (DIP) joints, wrists, ankle, elbow, and knee (total 64 joints) weekly
until end of experiment, as reported in previous literature with slight modifications
[30]. Each joint is examined in accordance with the evaluation criteria (Table 1).
The arthritis score for single NHP was assigned as the sum of each joint, with a
maximum score of 192. PIP joint swellings were also measured for each animal
separately for each PIP joint of hand and feet with digital caliper ruler at the widest
region of the tarsal joint. PIP joint thickness measurements were carried out weekly
during the treatment phase.
Table 1 Arthritis score evaluation criteria
Score

Degree of arthritis

0

No abnormality (Normal)

1

Swelling not visible but can be determined by touch

2

Swelling slightly visible and can be confirmed by touch

3

Swelling clearly visible and/or noticeable joint deformity

13

2.6 Radiographic Examination
Radiographs projections of the animals were obtained using a Portable X-ray SPVET-4.0 unit (Sedecal, Madrid, Spain). In anesthetized condition, the hands and
feet of the monkeys were radiographed in the dorso-palmar position. Radiology
projections of arthritic hands and feet were performed weekly to assess the extent
of joint destruction, bone erosion and joint space narrowing. The first projections
were made in CIA induced monkey before treatment as baseline and from the 4th
week radiographic projections were made at 2-week intervals in all the immunized
animals. The digital radiographs images of the hands and feet were acquired, and
the PIP joints were graded according to the modified Larsen’s method with minor
modifications [31]. Each radiograph projections were examined in accordance with
the scoring criteria (Table 2) by two blinded investigators respectively. The
radiologic score of PIP joints (4x4) for each animal ranged from 0 to 64.
Table 2. Radiographic arthritic scoring criteria
Score

Degree of joint deformity

0

No deformity in articular cartilage layers (Normal)

1

Minor deformity in articular cartilage layers

2

Severe deformity in articular cartilage layers and subchondral bone regions,
small amount of osteophytes present. The joint cavity fuzzy, but visible

3

Severe Grade 2 changes + large amount of osteophytes present. The joint
cavity was indistinguishable or invisible
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4

Severe Grade 3 changes + the joint cavity undetectable. Bones appeared
sclerotic or ankylosing with major joint disfiguration

2.7 Micro CT analysis
Micro-CT analyses were performed using a high-speed μCT (viva CT 40, Scanco
Medical, Switzerland) at energy of 70 kVp and intensity of 114 μA with high
resolution and voxel size of 15 μm of 19μm. Post necropsy the fore- hand of the
animals were scanned and the PIP joint were selected for analysis. After automatic
scanning and reconstruction 2D slices with 19 μm isotropic resolution was
generated and used to select the region of interest (ROI) for 3D reconstruction using
SCANCO software (SCANCO Medical, Switzerland). Standard image analysis
procedures were used to determine trabecular and cortical parameters. The
following parameters were determined: volumetric bone mineral density (BMD),
trabecular bone volume over total volume (BV/TV), average trabecular number
(Tb.N) (1/mm) and trabecular thickness (Tb.Th) [32, 33].

2.8 Laser captured micro-dissection (LCM)
For LCM, the hand of monkeys was decalcified in decalcification solution of 10%
ethylenediaminetetraacetic acid (EDTA) and placed in Tissue-Tek II optimum
cutting temperature (O.C.T) compound (Sakura Finetek USA Inc, Torrance, Calif),
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frozen, and stored at –150°C. Then, a series of frozen sections (8µm) were made by
using a cryostat (CM3050; Leica Microsystems Wetzlar, Germany) at temperature
of -22˚C. Adjacent cryosections of the embedded samples were placed on glass
slides or on polyethylene naphthalate (PEN) membrane slides (Leica
Microsystems). The cryosections placed on the slides were immuno-stained to
single out osteocalcin-positive or ALP-positive cells. In short, the cryosections
were dried at room temperature and then fixed in ice-cold acetone for 10 min,
followed by permeabilization in 0.1% solution of triton X-100 at room temperature
for about 20 min, and blocked in a solution of 5% donkey serum in PBS. These
tissue sections were then incubated with rabbit polyclonal anti-osteocalcin antibody
(1:50 dilution; Santa Cruz Biotechnology, Inc.) for 12 hrs at 4 °C. After three
washes in PBS, the sections were incubated with Alexa Fluor 488-conjugated
donkey anti-rabbit IgG (1:400 dilution; Invitrogen). Finally, the processed tissue
sections were mounted with a mounting medium containing (4’,6-diamidinole-2phenolindole) DAPI (Fluoroshield™ with DAPI) and air dried. The immune stained
tissue sections were observed under a fluorescence microscope to single out
osteocalcin-positive stained cells. The adjacent tissue cryosections that were placed
on the membrane-coated slides were stained by neutral red for 1 min at room
temperature. Osteocalcin-positive cells present on the adjacent cryosections were
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separated and collected by micro-dissection with an advanced laser pressure
catapulting micro-dissection system (P.A.L.M.) which utilizes a diode laser of
wavelength of 355nm and pulse frequency of 80 Hz in the Leica LMD 7000 Laser
Microdissection System [34]. About 200~300 identified osteocalcin positive cells
were separated and collected in a RNase free Eppendorf tube with 8μl lysis buffer
and consequently utilized in RNA extraction, followed by real-time PCR analysis
[35].

2.9 Total RNA extraction, real-time quantitative reverse transcription-PCR
The total RNA was obtained from the osteocalcin positive cells that were earlier
collected by using miRNeasy Mini Kit (QIAGEN, Dusseldorf, Germany) as per the
manufacturers protocol. The concentration of total RNA was determined using a
spectrophotometer. Then, 0.5 μg of the total RNA was reverse-transcribed to cDNA
using a commercial first-strand cDNA synthesis kit (QIAGEN, Dusseldorf,
Germany). Real-time PCR reactions were performed using SYBR Green PCR
master mix (Applied Biosystems, Foster City, California, USA) in a Veriti thermal
cycler (Applied Biosystems, Paisley, UK). The primer sequences are listed below.
As per the manufacturers protocol, the amplification conditions were as follows:
initial activation step at 95°C for 15 min, followed by 40 cycles of denaturation at
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95°C for 15 secs, annealing and extension at 60°C for 1 min. The fluorescence
signal transmitted were picked by ViiA 7 Real-Time PCR System (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and the fluorescence signal were transformed
into arithmetical values by inbuilt SDS 2.1 software (Applied Biosystems).
Quantitative target gene mRNA expression levels were initially measured from the
relative standard curve by the SDS 2.1 software. The threshold cycle (CT) value,
which is a relative measure of each target gene, were determined from the
corresponding relative standard curve. Then, the relative mRNA expression of
target gene was determined using the formula, target gene mRNA amount divided
by endogenous control gene mRNA amount, to obtain a normalized target gene
mRNA value [36].
Table 3 Primers used for real-time PCR
Primers (5’-3’)

Gene
Cynomolgus

F

TCACCCGAGCCAAGAACC

R

GGAAGCCACAGCCATTAGG

F

TGACCTGCCGTCTGGAAA

R

GGGTGTCGCTGTTGAAGT

Size
(bp)
140

monkey CKIP-1
Cynomolgus

138
monkey GAPDH

2.10 Dynamic bone histomorphometry
To assess the rate of bone formation, the immunized monkeys were administered
with the fluorescent calcium binding dyes xylenol orange (360mg/kg) and calcein
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(40 mg/kg) on 7th and 9th week before sacrifice by intraperitoneal injection,
respectively. Post necropsy, the hands of the animals were collected and fixed in
70% ethanol. PIP joint were selected for analysis. The samples were trimmed from
surrounding soft tissues, dehydrated in a series of ethanol solutions (70%, 80%,
90%, 95% and 100%), and embedded in methyl methacrylate. Non-decalcified
histological sections (10μm thick) were made using a diamond saw microtome. The
sections for light microscopic observations were performed by the modified
Goldner’s trichrome, while unstained sections were prepared for fluorescent
microscope observations. To quantify the fluorescent calcium binding dyes xylenol
orange and calcein labels into newly formed bone were performed on three sections
using a semiautomatic analysis system to a microscope with both visible and UV
light sources. All the measurements were performed using the professional image
software (ImageJ, NIH, USA and BIOQUANT OSTEO, Version 13.2.6, Nashville,
TN, USA). The following bone histomorphometric parameters for bone remodeling
activity were analyzed, including mineral apposition rate (MAR), bone formation
rate/bone surface (BFR/BS) as described in the earlier literatures [32, 37, 38].

2.11 Histology evaluation
At necropsy, the hands and feet of monkeys were collected and fixed in 70% ethanol,
followed

by

decalcification

in

decalcification
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solution

of

10%

ethylenediaminetetraacetic acid (EDTA) for 3 weeks and then washed with PBS.
The PIP joints were selected for histological analysis. PIP joints were dehydrated
in a series of ethanol solutions in ascending order, followed by toluene and paraffin.
Subsequently, the PIP joints were embedded in paraffin and cut into 2 mm sections.
The PIP sections were stained by hematoxylin and eosin (H&E) staining. To
quantify the degree of inflammation, bone destruction and cartilage degradation
were scored according to the pathology grading criteria (Table 2) as published by
Pettit et al [35, 38-40].

Table 4. Histological grading
Score

Bone erosion and joint degradation grading criteria

0

Normal bone appearance

1

Minimal-small areas of erosion in trabecular or cortical bone, not
clear on low magnification, minimal infiltration of inflammatory cells
in peri-articular area.

2

Mild-numerous areas of erosion in trabecular or cortical bone, mild
infiltration, not clear on low magnification.

3

Moderate-obvious erosion in trabecular and cortical bone, without
full-thickness defects in the cortex, moderate loss of medullary bone,
moderate infiltration, clear on low magnification.

4

Marked-full-thickness defects in cortical bone, marked loss of
medullary bone and marked infiltration.

5

Severe-full thickness defects in cortical bone, marked loss of
medullary bone and severe infiltration.

2.12 Routine blood tests and blood biochemistry.
During non-human primate studies, blood samples (2 mL) were collected in EDTA
treated tubes at various time points and processed appropriately to run assessments
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for hematology, coagulation, serum chemistry. Hematology and coagulation
measurements were made on whole blood and analyzed with automated
hematology analyzer (Sysmex XT-2000iV™, UK) and Amax Destiny Plus™
analyzer (Trinity Biotech), respectively. Serum chemistry was determined with
biochemical analyzer Hitachi-7180 (Hitachi, Tokyo, Japan).

2.13 Inflammatory cytokine measurement by multiplex bead array kits
Serums were collected from all CIA induced animals, every week before treatment
(5 weeks) and before animals were sacrificed. Collected serums were stored at 800C until further experiment. Serums were analyzed using MILLIPLEX MAP
Non-Human Primate Cytokine Magnetic Bead Panel kit (Millipore, Billerica, MA,
USA) for IFNγ, TNFα, IL-1β and IL-6 cytokines, according to the manufacturers'
instructions. The Milliplex MAP multiplex assay was performed in a 96-well
microplate. Briefly, each of the bead solutions was transferred into a mixing vial
and adjusted to 3 mL with bead diluents. For each cytokine lyophilized standards
were supplied, which were reconstituted and diluted at 7 serial concentrations
(standard curves). Standards for each cytokine were considered as internal positive,
ranging from 2.4 to 10,000 pg/ml. The multiplex immunoassay panels were
analyzed on a MILLIPLEX® Analyzer3.1 xPONENT System (Luminex® 200™),
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and data analysis was performed through the MILLIPLEX® Analyst software.
2.14 Statistical analysis
For statistical analysis, data were expressed as the mean ± standard deviation. In
general, statistical differences among groups were analyzed by one-way analysis of
variance (ANOVA) with a Tukey's multiple comparisons test to determine group
differences in the study parameters. Especially, the dynamic detection data were
compared by means of two-way ANOVA with subsequent Bonferroni posttests. All
statistical analyses were performed using Graph Pad Prism Software, 6.05 (Graph
Pad Software Inc., San Diego, CA). P values less than 0.05 are considered
significant.
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Chapter 3. Established collagen-induced non-human primate arthritis model.

3.1 Aim
To establish a non-human primate arthritis model by immunizing cynomolgus
monkeys with a freund’s adjuvant combined with bovine type II collagen and
evaluate the severity of arthritis.

3.2 Experimental design
A female Cynomolgus monkeys (Macaca fascicularis) (n=10) at age 3-6 years old
were purchased from animal science department of Shanghai. Then, collagen
induced arthritis (CIA) was evoked in monkeys by immunization with 3–5 mg
bovine type II collagen dissolved in 0.5 ml 0.1M acetic acid and then emulsified in
complete freund’s adjuvant (CFA). Anaesthetized animals were immunized with
the emulsion by subcutaneous injection, for three times with a 3-week intervals [27,
28].The CIA induction timeline is illustrated in (Figure 1). Collagen induced
arthritis severity was evaluated by arthritic score and joint swelling. At about 3week after the final immunization, monkeys with established CIA were selected for
further experiment.
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Figure 1 The schematic illustration of experimental design of arthritis
induction in non-human primates.

3.3 Results

3.3.1 Collagen-induced arthritis (CIA) in non-human primates.

Predictably, all monkeys displayed clinical signs of CIA such as multiple joint
swelling and painful joints in hands as well as in hind limbs. The number of joints
involvement and swelling also increased after 1st immunization, in a progressive
manner over the course of three weeks. During the 1st two-week post immunization,
there was a low to moderate rise in arthritis scores in all the animals, but during the
3rd week, a rapid rise in arthritis score was observed in all the animals as seen in
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(Figure 1). At the end of 3rd week, all the monkeys had reached or crossed the
arthritis score 5% of the maximum arthritic score.
Monkey 1
Monkey 2
Monkey 3
Monkey 4
Monkey 5
Monkey 6
Monkey 7
Monkey 8
Monkey 9
Monkey 10

Arthritic score

20
15
10
5
0

0

1

2

3

4

weeks

Figure 2 Arthritic score measured during the CIA induction phase of 3 weeks
in all 10 non-human primates.

3.4 Conclusion
Immunization of cynomolgus monkeys with a freund’s adjuvant combined with
bovine type II collagen successfully induced clinical arthritis in cynomolgus
monkeys. The incidence of induced arthritis was found to be high in cynomolgus
monkeys and clinical signs of collagen-induced arthritis (CIA) showed similarities
to that observed in human RA.
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Chapter 4. CKIP-1 siRNA suppresses osteoblastic CKIP-1 expression and
prevent weight loss in non-human primate arthritis model.

4.1 Aim
To evaluate CKIP-1 mRNA expression within osteoblasts and disease progression
by weight changes in CKIP-1siRNA treated CIA non-human primates

4.2 Experimental design
Once the arthritis was established in the monkeys and reached criteria of 5% of the
maximum arthritic score (n=10), they were introduced into the treatment phase.
One animal was sacrificed as baseline and the others were divided in different
treatment groups; (DSS)6-liposome-CKIP-1 siRNA group (n=3), (DSS)6-liposomenon-sense siRNA group (n=3), vehicle control group (PBS) (n=3), respectively.
The animals were treated with a siRNA dose of 1mg/kg weekly for 5 weeks and
sacrificed at 6 weeks after the 1st treatment dose. After sacrifice, hands of the
monkeys, specifically PIP and DIP joints were dissected and collected. The PIP and
DIP joints of the hand were decalcified, then cryo-sectioning was performed, and
the sections were subjected to laser capture microdissection to obtain osteocalcin
positive (osteoblast) cells. Total RNA was extracted from the collected cells,
followed by real-time qPCR to quantify CKIP-1 mRNA expression levels within
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osteoblasts. In addition, animals were weighed every week once throughout the
treatment phase, as body weight is a key indicator for disease progression.

Figure 3 The schematic diagrams illustrating experimental design. Diagram
shows treatment and evaluation in arthritic non-human primate.

4.3 Results

4.3.1 Therapeutic suppression of osteoblastic CKIP-1 expression in nonhuman primate arthritis model.

We found that the osteoblastic CKIP-1 mRNA levels were significantly lower in
siRNA treated CIA monkeys, whereas osteoblastic CKIP-1 mRNA levels were
much higher in PBS and NS groups, than those in CIA-BL (baseline control) and
siRNA group (Figure 4), suggesting that osteoblastic CKIP-1 levels are
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significantly elevated in the CIA monkeys and the CKIP-1 siRNA could
successfully suppress this elevated osteoblastic CKIP-1 expression in arthritis
monkeys.
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Figure 4 CKIP-1 mRNA expression within osteoblast of non-human primate
arthritis model treated selective by CKIP-1 siRNA. Real-time PCR assay of
CKIP-1 mRNA levels in osteoblasts singled out by LCM from the articular bone of
the PIP joints of the hand, showed significant decreased CKIP-1 levels of
osteoblasts in siRNA treatment group. All data are represented as mean ± s.d.
*P<0.05, **P<0.01. Note: BL; baseline, CIA-BL; collagen-induced arthritis
baseline; PBS; PBS treated, NS; (DSS)6-liposome-non-sense siRNA, siRNA;
(DSS)6-liposome-CKIP-1 siRNA.

4.3.2 Increase in body weight after CKIP-1 suppression in non-human
primate arthritis model.
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As body weight is an important indicator for disease progression, monkeys were
weighed each week during treatment. We found that the monkeys in NS and PBS
groups displayed a rapid and continuous weight loss during the 5 weeks of treatment
phase (Figure 5-a, b), while we observed an increase in body weight in siRNA
treated monkeys. Briefly, monkey 7 displayed an intermittent increase then
decrease in body weight in first 3 weeks which was followed by weight increase
and subsequently maintained the body weight for last 3 weeks. Monkey 9 showed
a progressive rise in body weight throughout the 5 weeks treatment. However,
monkey 8 showed the same trend on weight loss as seen in PBS and NS groups.
(Figure 5-c), suggesting CKIP-1 suppression could correlate with reduced disease
severity and thus resulting in weight gain.
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Figure 5 Body weight measured over time for each cynomolgus monkey after
treatment. Body weight serves as a surrogate marker of disease progression. Body
weight for individual animal was expressed as body weight changes (kg) relative to
0 weeks and was measured weekly for 6 weeks. Panel (a) PBS treated monkeys,
panel (b) NS treated monkeys and panel (c) siRNA treated monkeys. Note: - PBS:
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PBS treated. NS: (DSS)6-liposome-non-sense siRNA. siRNA: (DSS)6-liposomeCKIP-1 siRNA.

4.4 Conclusion
Data presented above concordantly suggest that the (DSS)6-liposome-CKIP-1
siRNA could significantly suppress aberrantly increased expression of CKIP-1
within osteoblasts of CIA non-human primates. The reduced osteoblastic CKIP-1
expression could correlate with an increase in body weight in (DSS)6-liposomeCKIP-1 siRNA treatment group and thereby caused signaling reduction in disease
progression.
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Chapter 5. Inhibition of osteoblastic CKIP-1 attenuates articular
inflammation in NHP arthritis model.

5.1 Aim
To evaluate disease progression and arthritis severity by measuring arthritis score
and joint swellings.

5.2 Experimental design
The CIA induced non-human primates were inducted into the treatment phase and
were observed for disease progression and clinical arthritis severity. Every week
the immunized monkeys were evaluated by observing the metacarpophalangeal
(MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints of
both the hands and feet, wrists, ankle, elbow, and knee (total 64 joints). Each joint
was given a score based on the evaluation criteria (Table 1). PIP joint was chosen
to measure joint swelling as they are the most commonly involved joints. Joint
swelling was measured weekly using a Vernier caliper for five weeks. The arthritis
score for each animal was designated as the sum of individual joint score, with
maximum score of 192.
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5.3 Results

5.3.1 RNA interference-based silencing of CKIP-1 reduces arthritis score.

During the treatment phase, we observed a tread of progressive increase of arthritis
scores in all the monkeys in the PBS and NS group (Figure6-a, b). While, the
siRNA treated monkeys showed no increase in arthritis score (except no-8). And
the arthritis scores were maintained at a lower level for the course of 6 weeks
(Figure6-c).
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Figure 6 Analysis of arthritis score over time after treatment in NHP. Arthritis
signs for individual animal were summarized in arthritis score which was measured
weekly for 6 weeks. Arthritis scores were measured according to the evaluation
criteria (Table 1). Panel (a) PBS treated monkeys, panel (b) NS treated monkeys
and panel (c) siRNA treated monkeys. Note: - PBS: PBS treated. NS: (DSS)6liposome-non-sense siRNA. siRNA: (DSS)6-liposome-CKIP-1 siRNA.

5.3.2 Reduced joint swelling observed after silencing of CKIP-1 in osteoblasts
in non-human primate arthritis model

Significant difference was seen, with reduced joint swellings especially in PIP and
DIP joints and decrease number of joints involvement in arthritis monkeys, when
compared before and after siRNA treatment (Figure 7). Similarly, the PIP joint
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swelling was found to be decreased significantly throughout the treatment phase in
monkeys 7 and 9 of the siRNA group and the monkey 8 showed an increase in PIP
joint swelling after 2 weeks of treatment and thereafter increased slowly (Figure 8c), while we observed opposite effects in arthritis monkey when compared before
and after images of PBS and NS treated monkeys. Monkeys in these groups had
in the number of joints involvement, along with enhanced soft-tissue swelling and
redness in already involved the PIP and DIP joints (Figure 7). Moreover, PBS and
NS groups showed continuous increase in PIP joint swelling scores (Figure 8-a, b).
Before
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Figure 7 Gross observation of the hand in each group pre-treatment and post
treatment. The Pictures above show a clear difference in the joint swelling seen in
hands of monkeys after siRNA treatment. While, hands of monkeys in PBS and NS
treatment had severe swelling at the interphalangeal joints with deformation of
fingers at the end stage of the treatment period. Note: - PBS: PBS treated. NS:
(DSS)6-liposome-non-sense siRNA. siRNA: (DSS)6-liposome-CKIP-1 siRNA.
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Figure 8 PIP joints swelling scores for individual cynomolgus monkey after
treatment. Degree of PIP joint swelling was measured weekly using a Vernier
caliper. Panel (a) PBS treated monkeys, panel (b) NS treated monkeys and panel (c)
siRNA treated monkeys. Note: - PBS: PBS treated. NS: (DSS)6-liposome-nonsense siRNA. siRNA: (DSS)6-liposome-CKIP-1 siRNA.

5.4 Conclusion
Diminished CKIP-1 expression in osteoblast by siRNA could result in reduction of
arthritis score and PIP joint swelling in CIA monkeys.

37

Chapter 6. Down-regulation of osteoblastic CKIP-1 attenuates articular bone
erosion and joint destruction in NHP arthritis model

6.1 Aim
To evaluate bony structures of PIP joint, joint destruction and bone erosion by
radiography
6.2 Experimental design
To assess the degree of joint destruction, bone erosion and changes in bony
structures of PIP joint, x-rays of hands and feet were weekly obtained for all the
immunized monkeys. Initially monkeys were anesthetized and the hand and feet
were x-rayed using a Portable X-ray SP-VET-4.0 unit (Sedecal, Madrid, Spain), in
dorso-palmer position to clearly see the joint affected and changes in joint spaces.
The digital x-rays obtained were examined by two individual investigators and
graded in accordance with the scoring criteria (Table 2).

6.3 Results

6.3.1 Preservation of joint and bone integrity, with no radiological changes of
joint destruction after siRNA treatment.

Radiological images clearly show that MCP, PIP and DIP joints are the most
commonly affected joints as seen in PBS and NS groups (Figure 9). The x-ray
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images revealed reduced joint space, severe joint destruction, osteophyte formation
around the joint space and periarticular bone erosion in NS and PBS groups.
Similarly, all the monkeys in NS and PBS groups showed increasing trend of PIP
radiological score (Figure 10-a, b). While a clear joint space, no loss of joint
anatomy and no osteophyte formation were observed in siRNA group and the PIP
radiological score was also found to be at reduced levels (except monkey 8) (Figure
9,10-c).

CIA-BL

PBS

NS

siRNA
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Figure: 9 Representative X-ray images of the hand in cynomolgus monkeys
with induced arthritis (three cynomolgus monkeys in each group). X-ray
images were obtained after 5 weeks of treatment. X-ray images distinctly show
structural changes in MCP and PIP joints of NS and PBS groups, while the joint
structural integrity was well maintained in siRNA group and is comparably similar
to CIA-BL images. Note: - CIA-BL: collagen-induced arthritis baseline. PBS: PBS
treated. NS: (DSS)6-liposome-non-sense siRNA treated. siRNA: (DSS)6-liposomeCKIP-1 siRNA treated.
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Figure 10 Radiological score monitoring over time by X ray examination of the
hand in each cynomolgus monkey. After treatment, the average PIP radiological
score in siRNA, NS and PBS-treated monkeys were 43.33±5.51, 43.67±7.09,
20±14.42, respectively. Note: - PBS: PBS treated. NS: (DSS)6-liposome-non-sense
siRNA treated. siRNA: (DSS)6-liposome-CKIP-1 siRNA treated. TB: treatment
baseline.

6.4 Conclusion
From the above radiological changes and data, therapeutic inhibition of CKIP-1 by
using CKIP-1 siRNA to selectively targeting osteoblastic CKIP-1 could alleviate
the continuous increase of the PIP radiological score and prevent joint destruction,
bone erosion and joint space narrowing.
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Chapter 7. Suppression of CKIP-1 in osteoblasts improves microarchitecture
and increases bone mass in NHP arthritis model.

7.1 Aim
To investigate changes in bone mass, articular anatomy and trabecular architecture
by micro-CT image reconstruction and analysis.

7.2 Experimental design
Female cynomolgus monkeys were immunized to induce arthritis and then were
treated for 5 weeks, observed for 6 weeks and sacrificed at end of 6 weeks posttreatment. Post-necropsy, hands of the monkeys were dissected and scanned in
micro-CT machine. PIP joint of the hand was selected for micro-CT analysis to
determine bone mass and trabecular architecture. 3D reconstruction of the PIP joint
was also generated to asses articular anatomy and extent of articular damage.

7.3 Results

7.3.1 Improved PIP joint trabecular architecture and preserved bony
articular integrity in arthritic monkeys after CKIP-1 siRNA treatment.

Micro-CT analysis of the PIP joint from arthritic monkeys post-therapy revealed
that the cortical and trabecular bone parameters, such as BMD, BV/TV, Tb.N and
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Tb.Th in the siRNA treated group were all significantly higher than NS and PBS
groups and slightly below CIA-baseline (Figure 11). In addition, the same four
parameters in NS and PBS groups were all significantly lower than CIA-baseline.
3D reconstruction of PIP joint showed better organized trabecular microarchitecture, increased bone density and better articular integrity in siRNA
treatment group compared to NS and PBS groups (Figure 12).
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Figure 11 The quantitative data of micro-CT parameters at the PIP joint in
each group. Analysis bone parameters such as BMD, BV/TV, Tb.Th and Tb.N of
each group. All data are the mean ± s.d. *P<0.05, **P<0.01. Comparisons between
two groups were performed using a Student’s t test. Note: - CIA-BL: collagen43

induced arthritis baseline. PBS: PBS treated. NS: (DSS)6-liposome-non-sense
siRNA treated. siRNA: (DSS)6-liposome-CKIP-1 siRNA treated. PIP: proximal
interphalangeal joint.
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Local section

Cross section

Whole joint

CIA-BL

Figure 12 Representative 3D images of the PIP joint in each group (four PIPs
in each cynomolgus monkey, three cynomolgus monkeys in each group), obtained
by micro-CT examination. Whole joint and cross section 3D images of PIP joint
provide evidence of articular integrity and extent of bone damage, while local
section represents trabecular micro-architecture changes. Scale bars, 1.0 mm
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(whole joint and cross section). Scale bar, 10 μm (local section). Note: - CIA-BL:
collagen-induced arthritis baseline. PBS: PBS treated. NS: (DSS)6-liposome-nonsense siRNA treated. siRNA: (DSS)6-liposome-CKIP-1 siRNA treated. PIP:
proximal interphalangeal joint.

6.4 Conclusion
Consistent with the X ray findings, micro-CT reconstruction images and data also
suggest that therapeutic silencing of osteoblastic CKIP-1 in arthritic monkeys could
result in increased bone mass, repair bone erosion site and prevent articular damage.
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Chapter 8. Suppression of CKIP-1 in osteoblasts prevents joint damage and
lowers inflammatory process in NHP arthritis model.

8.1 Aim
To investigate degree of inflammation and articular damage by histological
assessment.

8.2 Experimental design
Female cynomolgus monkeys were immunized to induce arthritis and then were
treated for 5 weeks, observed for 6 weeks and sacrificed at end of 6 weeks posttreatment. Post-necropsy, the hands and feet of the monkeys were collected and
fixed in 70% ethanol. Then the PIP joint was selected for histological evaluation.
PIP joints were cleared of any soft-tissue, skin and de-calcified for 3 weeks. The
PIP joint samples were then dehydrated in series of alcohol solution in ascending
order, then it was immersed in toluene followed by paraffin solution. Later, they
were embedded in paraffin, cut into 2mm sections and stained by hematoxylin and
eosin. The degree of inflammation, bone destruction and cartilage degradation were
examined under a microscope and were scored according to pathology grading
criteria (Table 2).
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8.3 Results

8.3.1 Attenuation of articular inflammatory process in siRNA treated
arthritis monkeys.

The histological images of the PIP joint showed significant reduction in
inflammation and lesser extent of intra-articular damage in siRNA group compared
to NS and PBS groups. However, siRNA group had slightly more inflammation
when compared to CIA-baseline (CIA-BL) (Figure 13,14). The NS and PBS groups
showed severe articular inflammation and intra-articular destruction, with loss of
articular surface as well as joint space. In addition, inflammation scores were also
decreased in siRNA treated group compared to NS and PBS groups, but were
slightly higher than CIA-baseline (Figure 13,14).
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Figure 13 Comparison of histological inflammation score in each group. All
data are the mean ± s.d. *P<0.05, **P<0.01. Comparisons between two groups were
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performed using a Student’s t test. Note: - CIA-BL: collagen-induced arthritis
baseline. PBS: PBS treated. NS: (DSS)6-liposome-non-sense siRNA treated.
siRNA: (DSS)6-liposome-CKIP-1 siRNA treated.

CIA-BL

PBS

NS

siRNA

Figure 14 Representative histological changes of PIP joints from the hand of
cynomolgus monkey in each group (four PIPs in each cynomolgus monkey, three
cynomolgus monkeys in each group). * indicates the infiltration of inflammatory
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cells. ▲indicates the bone destruction. Scale bar, 500μm. Note: - CIA-BL:
collagen-induced arthritis baseline. PBS: PBS treated. NS: (DSS)6-liposome-nonsense siRNA treated. siRNA: (DSS)6-liposome-CKIP-1 siRNA treated. PIP:
proximal interphalangeal joint.

6.4 Conclusion
We performed histological evaluation and found that articular inflammation and
joint destruction in siRNA-treated monkeys were significantly attenuated than
those of NS and PBS-treated monkeys after treatment.
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Chapter 9. Reduced levels of CKIP-1 within osteoblasts promotes bone
formation in NHP arthritis model.

9.1 Aim
To evaluate local osteoblastic bone formation in arthritis monkeys by bone
histomorphometry.

9.2 Experimental design
Post-necropsy, the hands and feet of the monkeys which were scanned under microCT were later used for hitomorphometry analysis. Initially, the PIP joint samples
were dehydrated by serially immersing in ascending ethanol concentration. Then,
they were embedded in methyl methacrylate, followed by non-decalcified bone
sectioning (10um thickness). This non-decalcified bone sections underwent
dynamic and static bone histomorphometry to evaluate degree of bone formation.
Then, bone histomorphometry parameters such as MAR and BFR/BS were
analyzed.

9.3 Results

9.3.1 Improved bone formation parameters in arthritic monkey treated by
siRNA.
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Bone histomorpohometry analysis of PIP joint from arthritic monkeys, revealed that
the MAR and BFR/BS in siRNA treated group were both significantly higher than
those of NS and PBS groups. Similarly, the fluorescent micrograph also showed
increase in fluorescence signal in siRNA group than in PBS and NS groups.
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Figure 15 Bone formation analysis. (a) Analysis of bone histomorphometric
parameters (MAR and BFR/BS) from cynomolgus monkeys in each group. (b)
Representative fluorescent micrographs of PIP showed the xylenol (red) and calcein
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(green) labels in each group (four PIPs in each cynomolgus monkey, three
cynomolgus monkeys in each group). Scale bar, 10 μm. All data are the mean ± s.d.
*P<0.05, **P<0.01. Comparisons between two groups were performed using a
Student’s t test. Note: - CIA-BL: collagen-induced arthritis baseline. PBS: PBS
treated. NS: (DSS)6-liposome-non-sense siRNA treated. siRNA: (DSS)6-liposomeCKIP-1 siRNA treated. PIP: proximal interphalangeal joint.

9.4 Conclusion
Histomorphomertry analysis of bones from arthritic monkeys demonstrated that the
values of bone formation parameters MAR and BFR/BS were significantly
increased in siRNA-treated monkeys after treatment. Suggesting reduced CKIP-1
expression in osteoblast could increase in bone formation rate in RA.
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Chapter 10. Silencing of osteoblast specific CKIP-1 does not affect systemic
inflammatory cytokines in NHP arthritis model.

10.1 Aim
To evaluate changes in the inflammatory cytokines, by Multiplex Bead Array Kits
.
10.2 Experimental design
Blood sample was collected before immunization from each animal as baseline
level. Then blood sample was collected every week once during the 5 weeks of
treatment phase and the last blood samples was obtained just before animals are
sacrificed. Serum was extracted from the collected blood and stored in -800C for
further analysis. Inflammatory cytokines including IFNγ, IL-1β, TNFα and IL-6
were selected for analysis. Serum was analyzed using MILLIPLEX MAP NonHuman Primate Cytokine Magnetic Bead Panel kit and the data obtained were
analyzed through the MILLIPLEX® Analyst software.
10.3 Results

10.3.1 No changes in systemic inflammatory cytokine.

Multiplex bead assay of inflammatory cytokines in serum revealed intermittent rise
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and fall in cytokines levels during treatment phase. However, no significant
differences were observed in treated groups for cytokines like IFNγ, IL-1β, TNFα
and IL-6 (Figure 16).

PBS

NS

siRNA

IL-6
400

30

300
pg/ml

40

20

200
100

0

0
Ba
se

Ba
se

lin
e
W
ee
k
1
W
ee
k
2
W
ee
k
3
W
ee
k
4
W
ee
k
5
W
ee
k
6

10

lin
e
W
ee
k
1
W
ee
k
2
W
ee
k
3
W
ee
k
4
W
ee
k
5
W
ee
k
6

pg/ml

IFN-r

IL-1b

TNF-a

10

100

8
pg/ml

4

60
40

2
0

6
k

k

5

W
ee

k

4

W
ee

k

3

W
ee

k

2

W
ee

k

1

W
ee

Ba
se

W
ee

6

5

ee
k
W

4

ee
k
W

3

ee
k
W

2

ee
k
W

1

ee
k
W

ee
k

W

Ba
se
l

in
e

20
lin
e

pg/ml

80

6

Figure 16 Inflammatory cytokines in serum samples in each group. Serum was
collected before immunization as baseline reading. Inflammatory cytokines such as
IFNγ, TNFα, IL-1β and IL-6 were analyzed. Note: - Baseline: before arthritis
induction. PBS: PBS treated. NS: (DSS)6-liposome-non-sense siRNA treated.
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siRNA: (DSS)6-liposome-CKIP-1 siRNA treated.

10.4 Conclusion
We found no significant differences in cytokines IFNγ, IL-1β TNFα and IL-6 in
serum samples of arthritic monkeys treated by siRNA, PBS and NS groups. These
findings suggest that there is no change in systemic inflammation in the CIA
monkeys after silencing of osteoblast specific CKIP-1.
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Chapter 11. Routine blood tests to evaluate safety.

11.1 Aim
To evaluate safety of siRNA by routine blood, blood biochemistry and blood
coagulation tests.

11.2 Experimental design
Blood samples (2 ml) were collected in EDTA treated tubes from all the monkeys
at different time points. Initial blood samples were collected before immunization
as experimental baseline, then 2nd blood sample was collected when arthritis was
induced, just before 1st treatment. Then, over the course of 6 weeks (treatment
phase), blood samples were collected weekly. To assess the safety of siRNA in nonhuman primates, blood parameters such as routine blood test, blood chemistry and
blood coagulation tests were performed. The collected blood samples were
analyzed with automated hematology analyzer (Sysmex XT-2000iV™, UK) and
Amax Destiny Plus™ analyzer (Trinity Biotech), respectively. Serum chemistry
was determined with biochemical analyzer Hitachi-7180 (Hitachi, Tokyo, Japan)

11.3 Results

11.3.1 Routine blood tests.
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Routine blood tests in monkeys treated by siRNA revealed no significant
differences in blood parameters among the three groups. However, siRNA treatment
group showed slight increase in RBC levels compared to NS and PBS groups.
Additionally, siRNA treatment group also showed decrease in fibrinogen level
compared to NS and PBS groups (Figure 17).
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Figure 17 Blood parameters (a) Changes of routine blood tests among the three
groups. (b) Changes of blood biochemistry tests among the three groups. (c)
Changes of blood coagulation tests among the three groups. All data are the mean
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± s.d. *P<0.05, **P<0.01. Note: - EB: experiment begins. TB: treatment baseline.
PBS: PBS treated. NS: (DSS)6-liposome-non-sense siRNA treated. siRNA: (DSS)6liposome-CKIP-1 siRNA treated.

11.4 Conclusion
To further evaluate its safety, we performed routine blood, blood biochemistry and
blood coagulation tests, and found no statistically significant differences in these
parameters among the three groups during 5-week treatment. The above data
suggest that treatment of (DSS)6-liposome-CKIP-1 siRNA is safe.
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Chapter 12. Discussion

12.1 Summary
In the present study, we evaluated the role of osteoblastic CKIP-1 in regulating
articular bone formation reduction in RA pathogenesis. We further demonstrated
that therapeutic suppression of osteoblastic CKIP-1 could not only augment bone
formation but also reduce articular inflammation in cynomolgus monkeys with RA.
Rheumatoid arthritis (RA) is characterized by chronic inflammation and
progressive articular bone erosion and periarticular bone loss [41, 42]. Also, as RA
progresses, articular erosion and bone loss correlate with the joint swelling,
inflammation and reduced physical activity [43, 44]. Though in clinical trial and in
disease modifying anti-rheumatic drug (DMARD) that is used in treatment of RA
have shown to slow down or inhibit progression of articular bone erosions on plain
radiographs [45]. Repair of bone erosion occurs only infrequently, even by the use
of anti-inflammatory therapeutic strategies such as blockade of TNF or IL-6R, with
limited signs of bone erosion repair [46, 47]. The limited repair at bone erosion site
generally manifests as new bone apposition (sclerosis).
Many different approaches have been put forward to explain the mechanism
underlying articular bone erosion and bone loss associated with RA. A study
revealed that histopathology of the RA affected tissue had abundance of osteoblast,
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generally early osteoblast cells that express Runx2 while scarcity of mid- to late
stage osteoblast which express alkaline phosphatase, a marker of bone
mineralization, at bone erosion site [38]. It would be expected that where bone has
been lost, the bone formation rates would be increased. However, a study showed
that on histomorphometric analysis of bones in CIA mouse model, there is a limited
bone formation rate at the site of bone erosion [14]. Similarly, another study
reported that on histomorphometric study of bone biopsies [48, 49], in the absence
of corticosteroid use, the bone loss in RA is related to a decrease in bone formation
rather than to an increase in bone resorption. These studies suggest that there is
disturbance in normal functioning of osteoblast at bone erosion will in turn cause
reduced new bone formation rate in RA. This could be attributed due to presence of
local inflammation microenvironment.
Previous views suggest that the articular inflammation in RA is mainly mediated
by the activated inflammatory cells such as fibroblast-like synoviocytes and
immune cells including infiltrated T lymphocytes and leukocytes[50]. However, it
remains unclear whether other cell populations also contribute to the regulation of
the local articular inflammation. Albeit osteoblasts are among the dominant cell
types in the joint, the current perspectives restrict their role in the modulation of
bone formation in RA.
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Several studies have investigated the effects of antiresorptive therapies like
estrogens, calcitonin, or bisphosphonates by targeting osteoclasts in preventing
systemic bone loss. Results of these studies indicate improvement in bone density
in lumbar spine and hip and, increases trabecular bone volume in forearm of postmenopausal women with RA. However, these studies detected no change in the
progression of articular bone erosion in the treated patients. Clinically, to date there
is absence of treatment agent that could directly stimulate osteoblastic activity and
increase bone formation rate. Redlick et al showed that bone formation rate could
be increased and bone erosion could be repaired by parathyroid hormone therapy
combined with TNF inhibitors in a tumor necrosis factor-mediated arthritis mouse
model [51]. Additionally, Lu et al has demonstrated that CKIP-1 is a negative
regulator of bone formation and that knock down of osteoblastic CKIP-1 could
result in stimulation of osteoblast and increased bone formation rate. Similarly, Liu
et al revealed that increased CKIP-1 expression in osteoblast could suppress bone
formation and result in osteoporosis during aging [52]. Our study showed that
osteoblastic CKIP-1 could contribute for failure in repairing bone erosion during
RA development.
The inflammation environment of RA could induce the overexpression of CKIP1 within osteoblasts, which was evident from the aberrant high levels of CKIP-1 in
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osteoblasts of the articular samples from RA patients [17]. Similarly, in vitro studies
showed increased levels of CKIP-1 in both human and mouse osteoblast-like cells
stimulated by various inflammatory cytokines [18]. In addition, increased
expression on CKIP-1 in osteoblast of CIA mice was observed, which correlated
with disease progression [19]. In order to further ascertain the role of CKIP-1 in
RA, we performed a series of in vivo experiments.
We observed that the osteoblast-specific CKIP-1-depleted CIA mice showed an
apparent attenuation in bone formation reduction compared to WT-CIA mice.
Interestingly, we also observed markedly slowdown of local articular inflammation
in osteoblastic CKIP-1 knockout mice with CIA compared to WT-CIA (data not yet
published). Further, we found that conditional overexpression of osteoblastic CKIP1 in the CKIP-1 systemic knockout mice with CIA demonstrated exacerbated
articular bone erosion and reduced bone formation along with severe articular
inflammation (data not yet published).
We employed the osteoblast specific delivery system [20] developed by our group,
to target osteoblastic CKIP-1 by a cross-species specific siRNA [29] to silence
osteoblastic CKIP-1
The non-human primate CIA model is a well-established disease model to study
RA disease mechanism [53] as well as to test new therapeutic and preventive effects
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of several existing drugs, like tocilizumab [54]. In the NHP induced arthritis disease
model, the animals exhibited polyarthritis, synovitis, and articular bone erosion and
cartilage damage at joints [55, 56]. These clinical symptoms are evident after
immunization and at the onset of arthritis [57], and are analogous to the symptoms
and signs observed in human RA [58].
In this study we first confirmed that the level of CKIP-1 mRNA was significantly
down regulated in Ocn+ cells obtained from articular bone tissues of (DSS)6liposome-CKIP-1 siRNA treated monkeys compared to PBS and NS treated
monkeys (Figure. 4), which suggests high efficacy of CKIP-1 siRNA in
combination with delivery system to specifically targeting osteoblast and silencing
CKIP-1 over-expression. Additionally, we observed that objective disease
progression markers, such as body weight increased in siRNA treatment group
(except in monkey 9). While, in both the PBS and NS treatment groups, the
monkeys had a more gradual weight loss (Figure. 5). Generally, in non-human
primate arthritis models, symptoms of RA usually begin within 3–5 weeks post
immunization and disease severity is associated with increased weight loss that
may last for several weeks.
Subsequently, we used micro CT and dynamic bone histomorphometric analysis
for trabecular architecture and bone formation. We found better organized
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trabecular microarchitecture, a higher bone mass and fewer bone erosion sites in
PIP joints of the arthritic monkeys treated with (DSS)6-liposome-CKIP-1 siRNA
compared to the arthritic monkeys treated with (DSS)6-liposome-nonsense
siRNA or PBS after 5-week treatment (on day 63 after primary immunization)
(Figure .12). The values of BMD and BV/TV also had remarkably restored after
5-week treatment (on day 63 after primary immunization), whereas such
restoration was not observed in t h e arthritic monkeys treated with (DSS)6liposome-nonsense siRNA or PBS within the 5-week treatment period (Figure.
12). Similarly, we also found that the values of bone formation parameters
including BFR/BS and MAR were significantly increased after 5-week treatment
(on day 63 after primary immunization) in (DSS)6-liposome-CKIP-1 siRNA
treated arthritis monkeys (Figure. 11), whereas such changes were not observed
in other control groups (Figure. 11). These findings could be explained by the
above documented role of CKIP-1 as a critical ubiquitylation modulator for
regulating the BMP signaling [59].
Surprisingly, we observed a significant reduction in inflammation, joint swelling
in monkeys after (DSS)6-liposome-CKIP-1 siRNA treatment. We found that
arthritis score, joint swelling at PIP and radiological scores progressively increased
with disease severity in the NS and PBS treated monkeys (Figure. 8 , 9,10), while,
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the same parameters were found to be significantly reduced and stayed lower in the
siRNA treatment monkeys except monkey 9 (Figure. 8 , 9,10). In histologic
examination we found severe joint destruction with loss of joint space, extensive
deformation of cartilage, hyperplastic synovial, infiltration of plannus tissue over
the joint cartilage and infiltration of inflammatory cells in PIP joint samples of
monkeys treated in both NS and PBS group (Figure. 1 3 ). While, the PIP joint
was well preserved, with less infiltration of inflammatory cells, joint cartilage well
preserved and no loss of joint space in the siRNA treated monkeys. These findings
could be reasoned that, despite the regulatory role on BMP signaling, CKIP-1 has
been identified to regulate the cytokine signaling response to inflammation [60,
61]. A recent study showed that overexpression of CKIP-1 triggered the activation
of pro-inflammatory pathways in the HEK293 model system [62]. However, we
did not find any significant changes in the serum inflammatory cytokines levels
among the different treatment groups, there by suggesting that CKIP-1 suppression
in osteoblast had no effect of systemic inflammation. Moreover, He et al had
demonstrated that CKIP-1 suppression could downregulate osteoblastic TNFα
(manuscript under publication). Certainly, CKIP-1’s effect on local inflammation
regulation might also be considered as one of the mechanisms. Further research is
thus warranted to unmask the role and mechanism of CKIP-1 in regulating local
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inflammation.
Interestingly, we also found a significant increase of RBCs in the blood samples of
the siRNA treated monkeys compared to the NS and PBS treated monkeys.
Additionally, we observed significant reduction (Close to baseline) in fibrinogen
level of blood serum in the arthritic monkeys treated with siRNA compared to the
PBS and NS group. Moreover, the siRNA treatment didn’t cause any significant
side effects in the arthritis monkeys, as there were no significant changes observed
in the blood parameters. Additionally, on post-necropsy there was no changes
observed in the organs of the monkeys in all the 3 groups.
In contrast to our data, a recent study demonstrated that inhibition of sclerostin
could increase bone mass and bone strength and was being evaluated clinically in
postmenopausal osteoporosis patients. However, they reported that sclerostin
inhibition resulted in worsened clinical outcome in inflammatory arthritis mice [63,
64]. We demonstrated that osteoblastic CKIP-1 inhibition in RA treatment could
suppress bone erosion, promoted bone erosion repair and also could alleviated
articular inflammation.
These results will also facilitate clinical translation of RNA interference-based
therapeutic strategy in RA, which is different from the current reports about siRNAbased therapeutic approaches for rheumatic diseases being almost all limited to
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rodent experiments [65].
Potential limitations of our study are the small number of animals (sample size) in
each group (n=3). Additionally, another limitation is the lack of positive treatment
group such as TNFα inhibitor or siRNA in combination of TNFα inhibitor, as the
scope of this study exclusively focuses on illustrating role of CKIP-1 in failure to
bone erosion repair in RA. However, mechanism underlying regulatory role of
CKIP-1 in articular inflammation of RA could be given due consideration in future
study.

12.2 Conclusion
Taken all together, our study demonstrated that CKIP-1 in osteoblasts plays a key
role in failure to repair bone erosion in RA and that inhibition of osteoblastic CKIP1 in RA could facilitate in repair of bone erosion, increase in bone density and
attenuation of articular inflammation. Thus, targeting osteoblastic CKIP-1 could be
a promising therapeutic strategy to bone formation augmentation for RA.

12.3 Future Perspective

Further analysis of role of CKIP-1 in regulating inflammation promises to lead to
the discovery of intriguing molecular mechanism. Also, (DSS)6-liposome-CKIP-1
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siRNA could be developed into newer treatment for RA patients, as it could fight
on two fronts, one inflammation and other of bone erosion repair. Recent studies,
have shown that CKIP-1 could play a role in tumorigenesis, specially bone
metastasis in prostate cancer [66, 67] and this could open a new frontier of anticancer therapy.
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