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Abstract 

Fibrosis is a pathological process characterized by excessive accumulation of extracellular 

matrix (ECM) in an organ and is a leading cause of morbidity and mortality in chronic 

inflammatory diseases. The receptor activator of nuclear factor NF-κB ligand (RANKL)/ 

RANK/Osteoprotegerin (OPG) cytokine system was first discovered to provide a major role 

in bone homeostasis. Alveolar macrophages express RANK and binding of its ligand RANKL, 

induces ECM degradation. We have demonstrated the potential anti-fibrosis activity of 

RANKL variant RANKL_Q236D with a decreased affinity to OPG.  In the present study, we 

constructed replication-deficient adenoviruses Ad-RANKL WT and Ad-RANKL Q236D to 

achieve a targeting delivery system by directly delivering RANKL_Q236D to the fibrotic 

tissues without influencing other tissues. Virally produced RANKL_WT and 

RANKL_Q236D activated RAW 264.7 macrophages and RANKL_Q236D escaped from 

inhibition by exogenous OPG. Secreted RANKL protein was detected up to 19 days after 

infection with protein levels up to 30 nM. The generation of Ad-RANKL Q236D is a 

powerful new tool for the treatment of fibrosis. 

Keywords: Adenovirus, fibrosis, OPG, RANKL 
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Introduction 

Fibrosis is a pathological process characterized by excessive accumulation of extracellular 

matrix (ECM) in an organ and this scarring process causes up to 45% of total deaths 

worldwide [1]. Although fibrosis is recognized to be a major cause of morbidity and mortality 

in individuals with chronic inflammatory diseases, there are few treatment strategies and 

hardly any that specifically target fibrogenesis [2–4]. In most cases, fibrosis is initiated by 

primary injury to the organ and followed by the activation of effector cells, the deposition of 

the ECM and finally by organ failure [2]. Fibroblasts and myofibroblasts, which are involved 

in the production of ECM, are the key mediators to the pathogenesis of all fibrotic diseases [3]. 

Therefore, research is focused on the deactivation and elimination of myofibroblasts. 

Degradation of ECM including the activation of matrix metalloproteinases (MMPs), which 

digest the collagen and other ECM proteins, is also one of the important principles of fibrosis 

regression and resolution [5,6].  

The cytokine system, consisting of the receptor activator of nuclear factor NF-κB ligand 

(RANKL), RANK and Osteoprotegerin (OPG), was first discovered to provide a major role in 

controlling osteoclast differentiation and activation in bone homeostasis [7]. The binding 

between RANKL, which is expressed on osteoblasts, and RANK on osteoclast precursors 

induces the recruitment of TNF receptor-associated factors (TRAFs) [8]. Notably, TRAF6 

transmits the RANKL/RANK signal to downstream targets to induce the expression of 

osteoclast-specific genes, including tartrate-resistant acid phosphatase (TRAP), cathepsin K, 

and matrix metallopeptidase 9 (MMP9), which will further trigger osteoclast formation and 

bone ECM degradation [7–9]. As the natural decoy receptor of RANKL, OPG inhibits the 

RANKL/RANK interaction and blocks the maturation of osteoclasts [10]. Interestingly, apart 

from bone, RANK is also expressed on macrophages in many other tissues, and RANKL 

stimulation could induce proteases release [11]. Therefore, the RANKL/RANK axis may also 

play a role in fibrotic tissue to activate macrophages and reverse fibrosis [11]. 

Notably, OPG was shown to have pro-fibrotic effects on the vasculature [12,13] and increased 

levels of OPG were found to be related to fibrotic tissue formation in liver and cystic fibrosis 

[14,15]. Therefore, in our previous research, we hypothesized that RANKL could stimulate 

RANK on macrophages and trigger ECM degradation in fibrotic conditions, which may be 

blocked by highly expressed OPG [9]. Based on the hypothesis, we generated a structure-

based mutant RANKL_Q236D, which could activate murine RAW 264.7 macrophage cells 
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effectively while escaping from the inhibition by exogenous OPG. The anti-fibrotic effect of 

RANKL_Q236D should be evaluated in vivo. However, as the RANKL/RANK/OPG system 

is also important in other tissues, a targeted delivery system is needed to supply 

RANKL_Q236D directly to fibrotic tissues without influencing the bone remodeling and 

homeostasis of other normal tissues.  

Adenovirus has received tremendous attention as a gene delivery vehicle for therapeutic use 

due to its high genetic stability, high transduction efficiency and easy production [16,17].  

Recombinant replication-defective adenoviruses show increased biological safety and further 

improved the use of gene therapy [18]. Among all the vectors registered in clinical gene 

therapy trials up to 2017 all over the world, adenoviral vectors occupied the most with 

approximately 21% of all registry [17]. Adenoviral vectors with intravenous administration 

predominantly target and infect hepatic Kupffer cells in the liver [19], which could be a 

natural advantage for adenoviral vectors encoding RANKL_Q236D to target liver fibrotic 

tissue. Related research showed that a single injection of adenoviral vectors expressing BMP-

7 could suppress the development of hepatic fibrosis in rats [20]. This strengthens the use of 

the adenovirus system in fibrosis treatment. On the other hand, local administration to the 

tissue of interest could also be achieved, for example, intranasal administration or inhalation 

may directly bring the adenoviral vectors to the lung tissue.   

In the present study, to achieve a targeting delivery system that can directly deliver 

RANKL_Q236D to the fibrotic tissues, we constructed replication-deficient adenoviruses Ad-

RANKL WT and Ad-RANKL Q236D, and evaluated virally produced RANKL_WT and 

RANKL_Q236D. Virally produced RANKL_Q236D activated RAW 264.7 macrophages and 

escaped from the inhibition by exogenous OPG.  

 

Results 

Construction and characterization of adenoviral vectors expressing RANKL WT/Q236D 

We constructed the soluble form of mouse RANKL WT/Q236D containing the C terminal 

157 amino acids of full-length sequence previously [22]. To encourage the correct folding and 

secretion of RANKL WT/Q236D in a eukaryotic expression system,  an Igκ signal peptide 

sequence was fused with the RANKL fragment. This was predicted to allow efficient removal 

of the signal sequence and leave six amino acids, AAQPAG, at the N-terminal of RANKL. A 
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recombinant adenoviral vector expressing this soluble form of mouse RANKL WT/Q236D 

was constructed with the AdEasy system (Fig. 1A) [18], and Ad-RANKL WT/Q236D were 

obtained successfully with virus titers of 6.31×10
9
 and 3.10×10

10 
pfu/ml, respectively (Suppl. 

Fig. 1). Mouse lung epithelial C10 cells showed increased GFP signals after 48 h infection, 

indicating that Ad-RANKL WT/Q236D were effectively transduced to C10 cells (Fig. 1B). 

The production and secretion of RANKL_WT and RANKL_Q236D were confirmed by 

western blot, shown in Fig. 1C. For both RANKL_WT and RANKL_Q236D, two bands at 

approximately 17 KD and 20 KD were detected, which can be explained by a difference in 

glycosylation [23]. To further confirm the trimerization of the secreted RANKL_WT/Q236D, 

the supernatants of C10 cells after Ad-RANKL WT/Q236D infection were loaded to a size 

exclusion chromatography column (Superdex 75 16/60), and the elution time of 

RANKL_WT/Q236D indicated the trimeric complex formation (Suppl. Fig. 2). Together, this 

indicates that Ad-RANKL WT /Q236D was constructed successfully and virally produced 

RANKL_WT and RANKL_Q236D was secreted by C10 cells. 

 

Fig 1. Construction and characterization of adenoviral vectors expressing RANKL WT/Q236D. A) Construction 

of Ad-RANKL WT/Q236D by using the AdEasy system. LITR and RITIR: Inverted terminal repeats (Left and 

right),  PacI and PmeI: endonuclease restriction sites; B) Transduction efficiency of AdTL (the control virus) 

and Ad-RANKL WT/Q236D monitored by GFP signals after 48 h infection; C) Production of  RANKL 

WT/Q236D determined by western blot (1-non treated control; 2-AdTL; 3-Ad-RANKL WT; 4-Ad-RANKL 

Q236D). 
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Long-term production of adenoviral vectors expressing RANKL WT/Q236D 

To further determine the long-term production of protein by adenoviral vectors expressing 

RANKL WT/Q236D, we have traced the production levels of both proteins for 19 days. After 

infection of Ad-RANKL WT/Q236D (25 MOI) of C10 cells, the medium was changed every 

3 to 4 days, and the production of RANKL_WT and RANKL_Q236D from each fraction was 

determined by western blot. As shown in Fig. 2, after infection, C10 cells kept producing 

RANKL proteins. Both RANKL_ WT and RANKL_Q236D could be detected until day 19 

after infection with protein levels up to 30 nM, and the highest production levels were found 

on day 5. This indicates the long-term effects of delivering the proteins via Ad-RANKL 

WT/Q236D. 

 

Fig 2. Long-term production of adenoviral vectors expressing RANKL WT/Q236D. The production of 

adenoviral vectors expressing RANKL WT/Q236D from each fraction was determined by western blot of 

supernatant fractions. 

 

Binding activity of adenoviral vectors expressing RANKL WT/Q236D to different 

receptors 

Binding and specificity of the virally produced RANKL_WT or RANKL_Q236D to the 

immobilized RANK-Fc and OPG-Fc receptors were assessed by using ELISA. The 96 well 

plates were immobilized with 10 nM of RANK-Fc or OPG-Fc respectively. Virally produced 

RANKL_WT or RANKL_Q236D was first quantified by Western Blot, and then added to the 

plate at a concentration of 100 nM. As shown in Fig. 3, RANKL_WT and RANKL_Q236D 

could bind to RANK-Fc properly (Fig. 3A), while RANKL_Q236D showed a 70% lower 
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binding to OPG-Fc compared to RANKL_WT (Fig. 3B). The supernatants from C10 cells 

non-transduced or transduced with AdTL were added as negative controls and there was no 

signal detected. This demonstrates that the binding of virally produced RANKL_WT or 

RANKL_Q236D to RANK-Fc and OPG-Fc receptors is consistent with the values obtained 

by previous ELISA experiments for purified bacterially-expressed RANKL_WT or 

RANKL_Q236D [9]. The RANKL_Q236D mutation has no influence on the binding to 

RANK-Fc and it escapes from binding to the decoy receptor OPG. 

 

Fig 3. Binding activity of adenoviral vectors expressing RANKL WT/Q236D to different receptors. ELISA was 

performed to show the binding of adenoviral vectors expressing RANKL WT/Q236D to RANK-Fc (A) and 

OPG-Fc (B). The group with only receptors was served as the negative control, and the binding of adenoviral 

vectors expressing RANKL WT to the receptors was served as 100%. Groups were compared using a Student‘s 

t-test: (***) is P < 0.001. The error bars reflect the standard deviation (SD) of three independent experiments.  

 

Biological activity of adenovirally-expressed RANKL WT/Q236D 

To confirm that infected C10 cells produced biologically active proteins, we used RAW 

macrophage reporter cell line (RAW-Blue cell) to examine the effect of the virally produced 

RANKL_WT or RANKL_Q236D on the NF-κB pathway, where the SEAP reporter gene is 

integrated into the chromosome and driven by an NF-κB-inducible promoter (Fig. 4A). As 

shown in Fig. 4B, after 24 h treatment, C10 supernatants containing virally produced 

RANKL_WT and RANKL_Q236D at a concentration of 50 ng/ml increased SEAP release by 
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3.5 and 4 fold over untreated control cells, respectively, while pure RANKL_WT protein 

caused a comparable induction of SEAP (5 fold) at the same concentration. The supernatants 

from C10 cells with non-transduced or transduced with AdTL showed no induction of SEAP 

activity. This indicates that infected C10 cells produced and secrete biologically active 

RANKL_WT and RANKL_Q236D proteins. 

 

Fig 4. Biological activity of adenoviral vectors expressing RANKL WT/Q236D. A) NF-κB signaling pathway in 

SEAP expression; B) Relative NF-κB-SEAP activity was determined by a colorimetric enzyme assay and 

absorbance was measured at 650 nm. The signal caused by the RAW-Blue cells without any treatment served as 

the negative control. NC represents the negative control group that cells treated with only medium; (-) represents 

the group treated with the medium from C10 cells with non-virus infection. Groups were compared using a 

Student‘s t-test: (***) is P < 0.001. The error bars reflect the SD of three independent experiments.  

 

Effect of adenovirally-expressed RANKL WT/Q236D on TRAP activity of RAW 264.7 

cells and blocking by OPG-Fc 

A high level of OPG was found to be related to fibrosis formation in different tissues like 

liver vasculature and heart [12,15,24]. Therefore, to further confirm the potential of 

adenoviral vectors expressing RANKL WT/Q236D, we next tested their effects on TRAP 

activity in the presence of OPG-Fc. RAW 264.7 cells were treated with virally produced 

RANKL_WT or RANKL_Q236D, which were first quantified by western blot. After 4 days 

of incubation, the cells were evaluated for TRAP activity. As shown in Fig. 5, both virally 

produced RANKL_WT and RANKL_Q236D could significantly induce TRAP activation, 
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which was comparable to the activity induced by pure RANKL_WT/ Q236D protein. 

Interestingly, after the addition of OPG-Fc, virally produced RANKL_WT exhibited less 

TRAP activity, which dropped 50% and 90% in the presence of 100 ng/ml and 200 ng/ml of 

OPG-Fc, respectively. With the addition of OPG-Fc in the same concentrations, virally 

produced RANKL_Q236D fully maintained the TRAP activity by escaping from the 

inhibition by OPG-Fc. On the other hand, the supernatants from C10 cells non-transduced or 

transduced with AdTL showed no induction of TRAP activity, which is comparable with the 

effect caused by the medium control. Taken together, virally produced RANKL_Q236D 

maintained activation of RAW 264.7 cells and escaped from the inhibition by exogenous 

OPG. 

 

Fig 5. Effect of adenoviral vectors expressing RANKL WT/Q236D on TRAP activity of RAW 264.7 cells in the 

presence of OPG-Fc. TRAP activity obtained after treatment of murine RAW 264.7 cells with adenoviral vectors 

expressing RANKL WT/Q236D or pure RANKL_WT/ Q236D protein with different amounts of mOPG-Fc. The 

signal caused by the RAW 264.7 cells treated with only virally produced RANKL WT was considered as 100%. 

Graph is mean ± SD from two independent experiments performed in triplicate. 

 

Co-incubation system  

To further mimic the process of adenovirus infection in vivo, we set up a co-incubation 

transwell system, where C10 cells were cultured in the lower chamber and infected with Ad-

RANKL WT/Q236D or AdTL. RAW 264.7 macrophages were seeded in the insert separated 
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by a polycarbonate membrane, which allowed the free diffusion of the RANKL WT/Q236D 

proteins (Fig. 6A). After co-incubation for 44 h, RAW 264.7 cells were collected and real-

time quantitative PCR was performed to detect the MMP9 gene expressions. As shown in Fig. 

6B,  RANKL WT protein produced by C10 cells after Ad-RANKL WT infection could 

stimulate and significantly induce the expression of MMP9 in the target RAW 264.7 cells, 

which was blocked by adding exogenous mOPG-Fc (400 ng/ml). Notably, the activation of 

MMP9 was not inhibited by the presence of mOPG-Fc in the Ad-RANKL Q236D infection 

group. At the same conditions using Ad-TL infection with or without mOPG-Fc, no MMP9 

activity was induced. Taken together, in the co-incubation system, Ad-RANKL Q236D 

infection is capable of activating MMP9  gene expression in RAW 264.7 cells, which 

indicates a potential role of Ad-RANKL Q236D in treating fibrotic tissue.  

 

Fig 6. mRNA levels of ECM-degrading enzyme MMP-9, after the co-incubation transwell system, determined 

by real-time quantitative PCR. A) Co-incubation transwell system; B) MMP-9 gene expression. Graph is mean ± 

SD from two independent experiments performed in triplicate. 

 

Discussion 

Fibrosis is an out of control wound-healing response, which results from chronic 

inflammatory reactions [25]. Long term inflammation, tissue destruction and repair processes 

cause an extra accumulation of ECM, which leads to pathogenic fibrosis formation [25]. 

Facing that fibrosis is the leading cause of morbidity and mortality among chronic 

inflammatory diseases, the demand for antifibrotic drugs is enormous. However, up to now, 

there are only two antifibrotic drugs, pirfenidone and nintedanib, that have been approved for 
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treating idiopathic pulmonary fibrosis [6], and no specific therapy for other organ fibrosis like 

liver, kidney or heart fibrosis exists [5]. It is challenging to translate the experimental research 

in fibrosis into clinical practice, partly because most of the antifibrotic targets are tested in a 

single organ type or species, and most cases bring negative results or limited effects in human 

fibrosis [26]. Therefore, it is still needed to fully understand the mechanisms of fibrosis, and 

the demand for effective antifibrotic therapies remains enormous.  

In 2011, the concept ―core mechanisms of fibrosis‖ came up, which stipulates the pathways 

crucial to converting the initial stimulus in fibrosis development to different organs [5,26]. 

ECM remodeling is one of these core mechanisms. Collagens are the major components of 

ECM, which are regulated by collagen synthesis (myofibroblasts) and collagen catabolism 

(proteolytic enzymes such as MMPs) [25]. Previous research showed that macrophage 

depletion in the fibrosis recovery phase caused a failure of matrix degradation, suggesting that 

macrophages might be important for ECM degradation [27]. Interestingly, many tissue 

macrophages express RANK, and RANKL-RANK binding could stimulate proteolytic 

enzymes release, which further degrades ECM [11]. In fibrotic tissue, the decoy receptor OPG 

is highly expressed, which may block the RANKL-RANK axis and thereby the degradation of 

ECM [12,14,15]. The generation of structure-based mutant RANKL_Q236D with decreased 

affinity to OPG is a promising strategy for developing a novel antifibrotic drug [9]. However, 

as the cytokine system RANKL/RANK/OPG also plays an important role in other tissues, an 

organ-specific delivery system for RANKL_Q236D is essential and necessary.  

In this study, we constructed replication-deficient adenoviruses Ad-RANKL WT and Ad-

RANKL Q236D, and the functionality of virally produced RANKL_WT and 

RANKL_Q236D was analyzed (Figs. 3 and 4). Previous research, which established a murine 

model of hypercalcemia with anorexia by using an adenovirus vector to overexpress RANKL 

offered us the feasibility to generate functional virally produced RANKL_Q236D [28].  

Adenovirus-mediated expression of the bone morphogenetic protein (BMP)-7 suppressed 

liver fibrosis development in rats, which further confirmed the possibility of using an 

adenoviral delivery system for fibrosis treatment [20]. As fibrosis results from chronic 

inflammation and is considered as a long term chronic disease, a long term administration is 

required for the treatment. Protein therapies usually show short half-lives. Taking the other 

TNF superfamily member TRAIL as an example, the half-life of rhTRAIL is only 3-5 

minutes in rodents and a half-hour in non-human primates [29]. By generating an adenovirus 

Ad-scFv425:sTRAIL, which encodes the cDNA of fused scFv425 and sTRAIL, only single 
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i.v. injection of Ad-scFv425:sTRAIL in tumor-free nu/nu mice could achieve high blood 

plasma levels of scFv425:sTRAIL even after 64 days [19]. We also achieved long term 

production of virally expressed RANKL WT/Q236D and both proteins could be detected until 

day 19 after a single infection (Fig. 2). This indicates the long-term potential of Ad-RANKL 

WT/Q236D. Notably, the antifibrotic effect of Ad-RANKL Q236D needs to be evaluated in 

vivo, which will be one of our future activities. 

Another advantage of the adenoviral delivery system is the organ-specific delivery without 

influencing other tissues. Adenoviral vectors after intravenous administration predominantly 

target and infect hepatic Kupffer cells in the liver [19], which could help adenoviral vectors 

encoding RANKL_Q236D to directly target liver fibrotic tissue. On the other hand, targeting 

other organs should be achieved by local administration or virus modification. The deposition 

of viruses by inhalation in the lung might be evaluated as a treatment for lung fibrosis.  

In conclusion, we have constructed replication-deficient adenoviruses Ad-RANKL WT and 

Ad-RANKL Q236D, and showed functional expression of virally produced RANKL_WT and 

RANKL_Q236D. Virally produced RANKL_Q236D activated the NF-κB pathway in RAW 

264.7 cells and was insensitive to inhibition by exogenous OPG. The generation of Ad-

RANKL Q236D may be a powerful new tool for the treatment of fibrosis. 

 

Materials and Methods 

Cell lines and cell culture 

RAW 264.7 cell and HEK293T cell lines were purchased from American Type Culture 

Collection (ATCC, Wesel, Germany). Murine RAW-Blue cells are derived from RAW 264.7 

macrophages,  where the Secreted Embryonic Alkaline Phosphatase (SEAP) reporter gene is 

integrated into the chromosome and driven by an NF-κB-inducible promoter, were obtained 

from InvivoGen (San Diego, CA). Non-transformed C10 cells are alveolar type II epithelial 

cells derived from normal BALB/c mouse lungs, were kindly provided by Dr. B. N. Melgert 

(Groningen Research Institute of Pharmacy, Groningen, the Netherlands). RAW 264.7, RAW-

Blue and HEK293T cells were maintained in DMEM (Life Technologies, Carlsbad, CA, 

USA), while C10 cells were cultured in PRMI1640 medium(Life Technologies, Carlsbad, CA, 

USA), both supplemented with 10% v/v FBS (Life Technologies) and 2 mM 
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penicillin/streptomycin (Life Technologies). Cells were cultured at 37 °C in a 5% CO2 

atmosphere. 

 

Construction and production of Ad vector containing RANKL WT/Q236D 

Ad-RANKL WT/Q236D was generated by introducing the gene encoding mouse soluble 

RANKL WT/Q236D into the E1- and E3-deleted replication-incompetent Ad-5 adenovirus 

using the Ad-Easy system [18]. Briefly, cDNA encoding mRANKL WT/Q236D (aa 160–316) 

was first cloned in pSecTag (Invitrogen, Groningen, The Netherlands) using SfiI and NotI 

restriction sites. A fragment containing the immunoglobulin κ chain leader sequence (Igκ) and 

the mRANKL WT/Q236D sequence was excised from pSecTag-RANKL WT/Q236D and 

cloned into pAdTRACK-CMV using HindIII and EcoRV restriction sites.  

Then the vector was linearized by PmeI restriction endonuclease and transformed by 

electroporation into E.coli strain BJ5183
pAdEasy1

. The homologous recombination between 

pAdTRACK-CMV-RANKL WT/Q236D and AdEasy1 assembled the full length of the 

adenovirus genome. Individual colonies were selected and the plasmids were isolated. Next, 

the vectors were transformed into E. coli strain DH5 to generate a large stock of plasmid 

that was analyzed by restriction fragment length analysis with PacI to confirm the right 

recombinants[18]. After the screening, the linearized vector was transfected into HEK293 

cells to generate the recombinant adenoviruses. 

 

Purification and Quantification of Ad vector containing RANKL WT/Q236D 

HEK293T cells (25 000 cells/cm
2
; 5× T175 flasks) were infected with adenoviral particles 

containing RANKL WT/Q236D, and then incubated until complete cytotoxicity from penton 

base (CPE). The cells were harvested, resuspended in 2 ml buffer A (50 mM Tris-HCl, pH 

8.00; 1 mM MgCl2) and lysed by 3-4 freeze-thaw-vortex cycles. After spinning for 10 min at 

100 g, the supernatants were diluted 5 times with application buffer (50 mM Tris-HCl, 0.1 

mM MgCl, pH 8) and loaded on a 5 mL HiTrap Q XL column (GE Healthcare; Illinois, USA). 

After washing the column with washing buffer (application buffer plus 0.3 M NaCl), the virus 

was then eluted with elution buffer (application buffer plus 0.6 M NaCl). Finally, the column 

was cleaned by cleaning buffer (application buffer plus 1 M NaCl) and cleaning solution (0.1 
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M NaOH). The fractions from each step were collected during the chromatography. 10 l of 

each fraction was treated with lysis buffer (PBS, 20% SDS, 0.5 M EDTA) and incubated at 

56ºC for 10 min, followed by measuring the absorbance at 260/280 nm. Once that the 

fractions containing virus were identified, the viruses were concentrated and the buffer was 

replaced by storage buffer (20 mM Tris-HCl, pH 8.00; 25 mM NaCl, 5% v/v glycerol) by 

using a VivaSpin 2 (300,000 MWCO, Sartorius; Göttingen, Germany). The viruses were 

aliquoted and stored at -80ºC; The quantification of virus was done by using a serial limiting 

dilution of the viruses where HEK293T cells were used to detect the plaque-forming units 

(PFU/ml).  

 

Infection of C10 cells with Ad-RANKL WT/Q236D  

Cells were seeded at a density of 2.5×10
5
 cells per well in a 6-well plate and were allowed to 

adhere overnight. Infections with Ad-RANKL WT/Q236D and the control virus AdTL were 

performed by transducing cells with 50 multiplicity of infection (MOI). Green fluorescent 

protein (GFP) served as a marker for infection. After 48 hours of incubation medium was 

collected and analyzed.  

To measure the long-term protein production by adenoviral vectors in vitro, C10 cells were 

seeded at a density of 1.5×10
5
 cells per well in a 6-well plate overnight and then treated with 

Ad-RANKL WT/Q236D at 25 MOI. After infection for 1.5 h, medium containing virus was 

removed and the cells were washed twice with PBS. The cells were then cultured with 2% 

FBS for 19 days. The medium was collected and changed every 3 or 4 days. 20 l of each 

fraction was used to test the expression of RANKL_WT/Q236D. 

 

Western Blot 

The secretion of protein RANKL WT/Q236D from C10 cells after Ad- RANKL WT/Q236D 

infection was detected by Western Blot. An equal volume of each collected medium sample 

was mixed with sample buffer (4×) and boiled for 10 min. Twenty microliters of each sample 

were separated by 12% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) 

membrane. The membrane was blocked with 10% skimmed milk in PBST for 1 h at room 

temperature (RT) and followed by the incubation with Goat-anti-mRANKL antibody 4°C 
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overnight. After washing with PBST, anti-goat HRP-conjugated secondary antibody was 

added with a dilution of 1:1000 and incubated at RT for half-hour. The protein bands were 

visualized by Western Lightning Plus-ECL kit (GE Healthcare, Buckinghamshire, UK) and 

subsequently, the membrane was exposed using GeneSnap Image machine (SynGene, 

Frederick, MD, USA). To calculate the concentrations of the secreted RANKL WT/Q236D by 

C10 cells after Ad- RANKL WT/Q236D infection, pure mRANKL protein produced by E. 

coli BL21(DE3) cells with different dilutions were loaded as standards and the protein bands 

were quantified by Image J software. 

 

ELISA 

The binding activity of secreted RANKL WT/Q236D in the supernatants of C10 cells 

transduced with Ad-RANKL WT/Q236D was detected by ELISA as previously described [9]. 

Murine RANK-Fc (Sigma) and murine OPG-Fc (R&D) at a concentration of 10 nM were 

immobilized on a 96-well high binding plate (Greiner, Frickenhausen, Germany) at 4 °C 

overnight, respectively. After washing with PBST buffer, the plate was blocked with 2% w/v 

BSA (Roche, Mannheim, Germany) in PBST for 2 h at RT. Subsequently, 100 μl of each 

collected medium was added and incubated at RT for 1 h. After washing with PBST buffer, 

the goat-anti-mRANKL antibody at a dilution of 1:1000 was added and incubated for 1 h, and 

after washing, the plate was incubated with a 1: 1000 anti-goat HRP-conjugated secondary 

antibody. The signal was detected by adding 100 μl of the One-step Turbo TMB reagent and 

stopped by 100 μl of 1 M sulfuric acid solution. The absorbance was measured at 450 nm. 

The supernatants from cells with non-transduced or transduced with AdTL served as negative 

controls. The binding of supernatant containing RANKL WT to RANK-Fc and OPG-Fc was 

set to 100%. 

 

Quanti-blue assay  

The activation of NF-κB pathway caused by virally produced RANKL WT and RANKL 

Q236D were detected by the Quanti-blue assay, where a SEAP colorimetric detection medium 

was used according to the manufacturer‘s instruction [21]. RAW blue cells were plated in 96-

well plates at the concentration of 1×10
5
 cells/well. The collected medium from Ad-RANKL 

WT/Q236D infected C10 cells was first diluted to 50 ng/ml and then added to the plate (100 
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μl/well). The medium from C10 cells with the non-virus infection or control virus infection 

was also added to the plate as negative controls. Escherichia coli produced mouse RANKL 

protein at 50 ng/ml was added as the positive control. After 24 h treatment, 100 μl of 

supernatants were transferred to a new 96-well plate and incubated with 100 μl pre-warmed 

Quanti-Blue™ reagent for 30 min at 37°C, and OD 650 nm was measured.  

 

Tartrate-resistant acid phosphatase (TRAP) activity assay 

 In order to evaluate the effect of virally produced RANKL WT and RANKL Q236D on the 

activation of TRAP,  which is an ECM degradation enzyme,  RAW 264.7 cells were seeded at 

a 96-well plate with the amount of 2500 cells per well. On day 2, the collected medium from 

C10 cells after the infection of Ad-RANKL WT/Q236D at 25 ng/ml was added to RAW 

264.7 cells with or without 200 ng/ml of mOPG-Fc. Escherichia coli produced mouse 

RANKL_WT of RANKL_Q236D at a concentration of 25 ng/ml was added as control. After 

4 days of treatment, cells were fixed with 4% formaldehyde (Sigma) at 37 °C for 1 h and 

lysed with lysis buffer (0.2 M Sodium acetate, 20 mM tartaric acid, and 1% Triton X-100) for 

5 min, in between washed with PBS. After centrifugation at 1000 rpm for 5 min, the 

supernatants were removed and 100 μl para-nitrophenylphosphate (pNPP) solution (20 mM 

pNPP, 0.2 M Sodium acetate, 20 mM tartaric acid, and 30 mM potassium chloride) was added 

to each well and incubated at 37 °C for 1 h. The reaction was stopped with 1 M NaOH and the 

absorbance was measured at 405/410 nm using a microplate reader (Thermo Labsystems, 

Beverly, MA, USA). 

 

Transwell experiment 

A transwell was used to build up a co-culture system. RAW 264.7 cells were seeded in the 

insert of a 12-well plate at a density of 1×10
5
 cells/well. C10 cells were seeded in a separate 

12-well plate at a density of 1 ×10
5
 cells/well and infected with Ad-RANKL WT/Q236D (35 

MOI). After 1.5 h infection, C10 cells were washed twice with PBS and replaced with fresh 

medium. Then the inserts were gently transferred to the plate containing RAW 264.7 cells.  

After incubation at 37 °C for 44 h with or without 400 ng/ml of mOPG-Fc, RAW 264.7 cells 

were harvested for detection of ECM degradation enzymes expression.  
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Real-time quantitative PCR 

The expression of osteoclast-specific genes was examined by real-time quantitative PCR as 

previously described [9]. After cells of each treatment were harvested, total mRNA was 

extracted by Maxwell LEX simply RNA Cells/Tissue kit (Promega, Madison, WI, USA) and 

cDNA was obtained from a reverse transcription reaction using AMV reverse transcriptase 

(Promega). The real-time quantitative PCR was performed using the Sensi MixTM SYBR kit 

(Bioline, Taunton, MA, USA) and QuantStudio real-time PCR System.  For each sample, 

mRNA expression was normalized to GAPDH. The specific primer sequences are provided as 

follows: GAPDH, 5‘-ACAGTCCATGCCATCACTGC-3‘ (forward) and 5‘-

GATCCACGACGGACATTG-3‘ (reverse); MMP-9, 5‘-GTCCAGACCAAGGGTACAGC-3‘ 

(forward) and 5‘-GCCTTGGGTCAGGCTTAGAG-3‘ (reverse). 
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OPG - Osteoprotegerin 
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RANK - Receptor Activator of Nuclear Factor-κB 

RANKL - Receptor Activator of Nuclear Factor-κB-ligand 

Ad-RANKL WT - Adenovirus RANKL wild type 

TRAIL - Tumor Necrosis Factor Related Apoptosis Inducing Ligand 

ECM - extracellular matrix 

TNF - Tumor Necrosis Factor 

TRAF - TNF receptor-associated factors 

TRAP - tartrate‐resistant acid phosphatase 

MMP - matrix metallopeptidase 

SEAP - Secreted Embryonic Alkaline Phosphatase 

MOI - multiplicity of infection 
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Supplementary 

Supplemental Fig. 1 

 

Supple. Fig. 1. Purification and Quantification of Ad vector containing RANKL WT/Q236D. A) Chromatograms 

of Ad-RANKL WT and Ad-RANKL Q236D; B) Quantification of Ad-RANKL WT and Ad-RANKL Q236D by 

using a serial limiting dilution of the viruses where HEK293T cells were used to detect the plaque-forming units 

(pfu/ml). 

 

Supplemental Fig. 2 

 

Supple. Fig. 2. Trimer verification of adenoviral vectors expressing RANKL WT/Q236D.
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