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factor kappa-light-chain-enhancer of activated B cells; NFAT, Nuclear factor of activated 

T-cells 

Review Section: Inflammation, Immunopharmacology, and Asthma 
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ABSTRACT 

Bruton’s tyrosine kinase (BTK) plays a critical role in the development, 

differentiation and proliferation of B-lineage cells, making it an attractive target for the 

treatment of rheumatoid arthritis. The objective of this study was to evaluate the anti-

arthritis effect of GDC-0834 (R-N-(3-(6-(4-(1,4-dimethyl-3-oxopiperazin-2-

yl)phenylamino)-4-methyl-5-oxo-4,5-dihydropyrazin-2-yl)-2-methylphenyl)-4,5,6,7-

tetrahydrobenzo[b]thiophene-2-carboxamide), a potent and selective BTK inhibitor, and 

characterize the relationship between inhibition of BTK phosphorylation (pBTK) and 

efficacy. GDC-0834 inhibited BTK with an in vitro IC50 of 5.9 nM and 6.4 nM in 

biochemical and cellular assays, respectively, and in vivo IC50 of 1.1 and 5.6 μM in 

mouse and rat, respectively.  Administration of GDC-0834 (30 to 100 mg/kg) in a rat 

collagen-induced arthritis (CIA) model resulted in dose-dependent decrease of ankle 

swelling and reduction of morphologic pathology. An integrated disease progression 

pharmacokinetic/pharmacodynamic model where efficacy is driven by pBTK inhibition 

was fit to ankle diameter time course data.  This model incorporated a transit model to 

characterize non-drug related decreases in ankle swelling occurring at later stages of 

disease progression in CIA rats.  The time-course of ankle swelling in vehicle animals 

was described well by the base model. Simultaneous fitting of data from vehicle and 

GDC-0834 treated groups showed that overall 73% inhibition of pBTK was needed to 

decrease the rate constant describing the ankle swelling increase (kin) by half. These 

findings suggest a high degree of pBTK inhibition is required for maximal activity of the 

pathway on inflammatory arthritis in rats. 
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INTRODUCTION 

Rheumatoid arthritis (RA) is an autoimmune disease that causes chronic 

inflammation of the joints, the tissues that surround joints, and other organs in the body. 

About 1% of the general population is afflicted by RA, in which the occurrence is two to 

three times more prevalent in women than men (Smolen and Steiner, 2003). The disease 

can begin at any age, but the onset is most frequent in woman older than 65 years (Scott 

et al., 2010). RA is a systemic inflammatory disease that principally affects diarthrodial 

joints. The major characteristic of the disease is a symmetric polyarthritis involving the 

small joints of the hands and feet, although other joints are often involved. It has been 

estimated that 55% - 70% of patients with RA have progressive disease resulting in joint 

destruction and disability. RA is also associated with a reduced life expectancy 

predominantly due to cardiovascular disease and connective tissue diseases (Van 

Doornum et al., 2006). Although many aspects of the etiology and pathogenesis of RA 

remain unknown, it is thought that an immune response is initiated and/or perpetuated by 

one or more antigens present in the synovial compartment. Many cell populations, 

including B cells, monocytes/macrophages, T cells, endothelial cells, and fibroblasts, 

participate in the ongoing inflammatory process (Scott et al., 2010), suggesting the 

presence of multiple cellular targets for immunotherapy of RA. B cell−directed therapy, 

such as rituximab, a chimeric monoclonal antibody that depletes B cells by binding to the 

CD20 cell-surface antigen (Mease, 2008), has highlighted the pivotal role of B cells in 

the pathogenesis of RA and other inflammatory diseases (Eisenberg and Albert, 2006; 

Townsend et al., 2010). 
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Bruton’s tyrosine kinase (BTK) is a member of the Tec family of non-receptor 

tyrosine kinases, which is expressed in all cells of hematopoietic lineage except plasma 

cells, NK cells and T lymphocytes (Satterthwaite and Witte, 2000; Brunner et al., 2005). 

BTK is activated by phosphatidylinositol 3-kinase-dependent plasma membrane 

recruitment and phosphorylation on tyrosine 551 by the Src-family kinase Lyn. Once 

activated, BTK induces PLCγ2- and Ca2 +-dependent signaling leading to the activation 

NF-κB- and NFAT-dependent pathways (Niiro and Clark, 2002). In B cells, BTK is 

important for B cell antigen receptor (BCR)-, CD40- and Toll-like receptor 4 (TLR4)-

mediated activation and proliferation (Khan et al, 1995). Furthermore, BTK plays a role 

in B-cell antigen processing and presentation (Sharma et al., 2009).  Importantly, BTK is 

also essential in Fc gamma receptor (FcγR)-mediated inflammatory cytokine production 

(TNFα, IL-1β and IL-6) in monocytes/macrophages and therefore can contribute to 

immune-complex-induced disease (Di Paolo et al., 2011).  

Animal models of arthritis are used to study pathogenesis of disease and to test 

potential new therapies for clinical use. The three most commonly used models for the 

testing of potential RA therapeutic agents are adjuvant-induced arthritis (AIA) in rats, 

collagen-induced arthritis (CIA) in rats and mice (Bendele, 2001; Hegen et al., 2008).  

The rat CIA model was first described by Trentham and coworkers (Trentham et al., 

1977) and together with mouse CIA is the most widely accepted animal model for human 

RA. As in human RA, female rats are more susceptible to arthritis in this model. The 

onset of arthritis is rapid, typically developing 10–13 days after immunization with 

homologous or heterologous type II collagen, peaking at about days 15-20 and then 

gradually declining. The resulting polyarthritis is characterized by marked cartilage 
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destruction associated with immune complex deposition on articular surfaces, bone 

resorption, periosteal proliferation, and moderate to marked synovitis and periarticular 

inflammation (Bendele, 2001). Collagen-specific T and B cells are both required for 

disease induction, and CIA can be transferred with serum from diseased animals into 

recipient strains. Rat CIA differs from human RA in that it is self-limiting and not 

characterized by exacerbations and remissions. In addition, the inflammatory cell 

infiltrate in rat CIA consists predominantly of polymorphonuclear cells, whereas a high 

proportion of mononuclear cells are seen in human RA (Hegen et al., 2008). 

GDC-0834 is a highly selective, reversible, ATP competitive small molecule 

inhibitor of BTK and has been developed as a potential therapeutic for RA.  We show 

that GDC-0834 inhibits BTK phosphorylation (pBTK) in in vitro assays and in vivo in 

rodents, and suppresses arthritis in the rat CIA model in a dose-dependent manner. In 

addition, GDC-0834 significantly inhibited joint inflammation, cartilage damage and 

bone resorption. Finally, we developed a disease progression 

pharmacokinetic/pharmacodynamic (PK/PD) model to provide an understanding of the 

relationship between target modulation (inhibition of pBTK) and efficacy (reduction of 

ankle swelling) in this animal model. 
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MATERIALS AND METHODS 

Materials and Animals 

GDC-0834 (Figure 1) was provided by Genentech (South  

San Francisco, CA) and CGI Pharmaceuticals (Branford, CT). The bovine type II 

collagen was purchased from Elastin Products (Owensville, MO). Female Lewis rats 

weighing 130-162 grams (mean approx. 148 g) were obtained from Charles River 

Laboratories, Inc. (Wilmington, MA) and Balb/c mice were obtained from Harlan 

Laboratories (Indianapolis, IN). Rats were acclimated for 8 days prior to being 

immunized with type II collagen. During the acclimation and study periods, animals were 

housed in a laboratory environment with temperatures ranging between 67-76°F and 

relative humidity between 30-70%. Automatic timers provided 12 hours of light and 12 

hours of dark. Animals were allowed access ad libitum to Harlan Teklad Rodent Chow 

and fresh municipal tap water. Animal care including room, cage and equipment 

sanitation conformed to the guidelines cited in the Guide for the Care and Use of 

Laboratory Animals, and the applicable standard operating procedures of the University 

of Colorado and CGI Pharmaceuticals vivaria. 

 

Measurement of BTK Enzyme Inhibition by GDC-0834  

Btk activity was quantified by determining phosphorylation of an exogenous 

peptide product in a Lanthascreen assay (Lebakken et al., 2009). In the validation of the 

assay conditions, both enzyme concentration and time dependence experiments were 

performed ensuring linearity at 60 minutes prior to assessing compound potency (data not 

shown).  The Km for ATP and peptide were also assessed prior to selecting the final 
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reaction conditions. In a final reaction volume of 25 µL, Btk (h) (human, full-length, C-

terminal V5-6X His, expressed in Sf9 cells; 0.075 ng/25 µL reaction) was incubated with 

50 mM Hepes pH 7.5, 10 mM MgCl2, 2 mM MnCl2, 2 mM dithiothreitol, 0.2 mM 

NaVO4, 0.01% casein, 0.01% Triton X-100 (BioRad, Hercules, CA), 2.5% glycerol and 

0.4 µM fluorescein poly-GAT (Invitrogen, Cat. No. PV-3611; Carlsbad, CA).  The 

reaction was initiated by the addition of ATP to 25 µM (Km of ATP).  After incubation 

for 60 minutes at room temperature, the reaction was stopped by the addition of a final 

concentration of 2 nM Tb-PY20 detection antibody (Invitrogen, Cat. No. PV3352; 

Carlsbad, CA) in 60 mM EDTA for 30 minutes at room temperature.  Detection was 

determined on a Perkin Elmer Envision with 340nM excitation and emission at 495 and 

520nm. The response vs BTK inhibitor concentration data was fitted with GraphPad 

Prism version 5.00 (GraphPad Software, La Jolla, CA) 

 

Measurement of BTK Cellular Inhibition by GDC-0834 

 The rat splenocytes were obtained from male Sprague Dawley rats (Charles River 

Laboratories, Inc., Wilmington, MA) by homogenization of rat spleens.  Rat spleens were 

manually disrupted and homogenized with a tissue homogenizer in 10 mL Roswell Park 

Memorial Institute media.  The homogenate was passed through a cell strainer into a 50 

mL Falcon tube followed by red blood cell lysis.  1x107 cells/ml were added to serum-

free Roswell Park Memorial Institute media for 1-2 hrs.  500 µl of cell suspension was 

incubated with GDC-0834 for 1 hr at 37oC, followed by stimulation with 3 µg/ml alpha 

Immunoglobulin M (final concentration) for 3 minutes.  Cells were briefly centrifuged 

and resuspended in 1X Cell Signaling lysis buffer (Cell Signaling Inc., Danvers, MA), 
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supplemented with a protease inhibitor cocktail (Roche, Indianapolis, IN) and 

phosphatase inhibitor cocktail (Sigma, St. Louis, MO) according to manufacturer’s 

directions and lysed on ice for 15 minutues.  Cells were centrifuged at 10000 rpm at 4oC 

for 10 minutes.  The supernatants were added to Tris-glycine SDS sample buffer with 5% 

β-mercaptoethanol, heated to 74oC for 10 minutes and loaded on Novex NuPAGE 4-12% 

Bis-tris sodium dodecyl sulfate polyacrylamide gel electrophoresis gels.  Western blots 

were performed according to standard procedures (Burnette, 1981), blotted on 

nitrocellulose and detected using an Odyssey western blot detection system (LiCor, 

Lincoln, NE).  Primary antibodies were purchased for pBTK-Y223 (Cell Signaling Inc., 

Danvers, MA) and total BTK (Beckton Dickinson, Franklin Lakes, NJ). The response vs 

BTK inhibitor concentration data was fitted with GraphPad Prism version 5.00 

(GraphPad Software, La Jolla, CA). 

 

pBTK Inhibition by GDC-0834 in Balb/c Mice 

To investigate the in vivo potency of GDC-0834 on inhibiting pBTK-Y223 (BTK 

autophosphorylation on tyrosine 223) in blood in mice, Balb/c mice were dosed orally 

with GDC-0834 at 25, 50, 100 and 150 mg/kg, and the terminal blood samples were 

collected from mice at 2, 4, or 6 hours post-dose. Three animals per each time point were 

sacrificed for the blood sampling. GDC-0834 plasma levels were quantitated using 

LC/MS/MS as described below. Levels of BTK-pY223 (pBTK) and total BTK were 

determined in blood by Western blot. A rabbit polyclonal pBTK from Cell Signaling 

(Danvers, MA) and a mouse monoclonal total BTK from BD Transduction labs (Bedford, 

MA) were used. The bands were quantified with the LI-COR Odyssey imager and 
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software (LI-COR Inc., Lincoln, NE). The pBTK was normalized to total BTK in each 

sample.  Normalized values for each sample were then compared to values from 

normalized vehicle-only treated blood samples to determine % inhibition of BTK-Y223 

phosphorylation in the sample.  Specifically, the following equation was used: % 

inhibition pBTK = (1-(normalized pBTK of test sample/normalized pBTK of vehicle 

treated sample)) x 100. A secondary objective of this study was to investigate any time 

delays in effect by examining the time course of pBTK inhibition relative to the GDC-

0834 blood concentrations.  No hysteresis was evident in plots of pBTK inhibition vs 

GDC-0834 concentration.  

 

Induction of Arthritis and Treatment with GDC-0834 in Rats 

Arthritis was induced in female Lewis rats at Bolder BioPATH (Boulder, CO). In 

brief, animals (10 rats per group) were anesthetized with Isoflurane and injected with 300 

μl of Freund’s Incomplete Adjuvant (Difco, Detroit, MI) containing 2 mg/ml bovine type 

II collagen at the base of the tail and 2 sites on the back on days 0 and 6. Oral dosing of 

GDC-0834 [vehicle, 1, 3, 10, 30 and 100 mg/kg BID (twice daily) at 12 hr intervals, 

vehicle, 10, 30, 100 mg/kg QD (once daily) at 24 hr intervals and 100 mg/kg Q2D (every 

other day) at 48 intervals] was initiated on day 0 of the study and continued through day 

16. The caliper measurements of ankles were taken every day starting from day 9 to day 

17 and the area under the ankle diameter-time curves were calculated based on the 

trapezoidal rule (Gibaldi and Perrier, 1982). After final body weight measurement on day 

17, animals were anesthetized for terminal serum collection and then euthanized for 
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tissue collection. Ankle diameters were also measured in the normal rats treated with the 

vehicle (n = 6). 

 

Morphologic Pathology of Ankles in Rat CIA Model 

Preserved and decalcified (5% formic acid) ankle joints were cut in half 

longitudinally, processed through graded alcohols and a clearing agent, infiltrated and 

embedded in paraffin, sectioned, and stained with Toluidine Blue. The tissues were 

examined microscopically. Collagen arthritic ankles were given scores of 0-5 for 

inflammation, pannus formation, cartilage damage and bone resorption according to the 

following criteria: 

Ankle Inflammation 

0=Normal 

1=Minimal infiltration of inflammatory cells in synovium/periarticular tissue 

2=Mild infiltration 

3=Moderate infiltration with moderate edema 

4=Marked infiltration with marked edema 

5=Severe infiltration with severe edema 

Ankle Pannus 

0=Normal 

1=Minimal infiltration of pannus in cartilage and subchondral bone 

2=Mild infiltration (<1/4 of tibia or tarsals at marginal zones) 

3=Moderate infiltration (1/4 to 1/3 of tibia or small tarsals affected at marginal zones) 

4=Marked infiltration (1/2-3/4 of tibia or tarsals affected at marginal zones) 
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5=Severe infiltration (>3/4 of tibia or tarsals affected at marginal zones, severe distortion 

of overall architecture) 

Cartilage Damage (emphasis on small tarsals) 

0=Normal 

1=Minimal=minimal to mild loss of toluidine blue staining with no obvious chondrocyte 

loss or collagen disruption 

2=Mild=mild loss of toluidine blue staining with focal mild (superficial) chondrocyte loss 

and/or collagen disruption 

3=Moderate=moderate loss of toluidine blue staining with multifocal moderate (depth to 

middle zone) chondrocyte loss and/or collagen disruption, smaller tarsals affected to 1/2- 

3/4 depth 

4=Marked=marked loss of toluidine blue staining with multifocal marked (depth to deep 

zone) chondrocyte loss and/or collagen disruption, 1 or more small tarsals have full 

thickness loss of cartilage 

5=Severe =severe diffuse loss of toluidine blue staining with multifocal severe (depth to 

tide mark) chondrocyte loss and/or collagen disruption 

Bone Resorption 

0=Normal 

1=Minimal=small areas of resorption, not readily apparent on low magnification, rare 

osteoclasts 

2=Mild=more numerous areas of resorption, not readily apparent on low magnification, 

osteoclasts more numerous, <1/4 of tibia or tarsals at marginal zones resorbed 
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3=Moderate=obvious resorption of medullary trabecular and cortical bone without full 

thickness defects in cortex, loss of some medullary trabeculae, lesion apparent on low 

magnification, osteoclasts more numerous, 1/4 to 1/3 of tibia or tarsals affected at 

marginal zones 

4=Marked=Full thickness defects in cortical bone, often with distortion of profile of 

remaining cortical surface, marked loss of medullary bone, numerous osteoclasts, 1/2-3/4 

of tibia or tarsals affected at marginal zones 

5=Severe=Full thickness defects in cortical bone, often with distortion of profile of 

remaining cortical surface, marked loss of medullary bone, numerous osteoclasts, >3/4 of 

tibia or tarsals affected at marginal zones, severe distortion of overall architecture 

 

Inhibition of pBTK in CIA Rats Treated with GDC-0834 

The percent inhibition of BTK-Y223 autophosphorylation in blood was 

determined at 8 hours after the morning dose on day 7 in satellite groups of rats that were 

treated with various doses (3, 10, 30 and 100 mg/kg BID and 30, 100 mg/kg QD) of 

GDC-0834. Levels of pBTK and total BTK were determined in the rat blood by Western 

blotting (with the mouse blood as the positive control). A rabbit polyclonal pBTK from 

Cell Signaling (Danvers, MA) and a mouse monoclonal total BTK from BD Transduction 

labs (Bedford, MA) were used. The bands were quantified with the LI-COR Odyssey 

imager and software (LI-COR Inc., Lincoln, NE). The percent inhibition of pBTK-Y223 

normalized to the total BTK was calculated relative to the level determined from the 

vehicle-treated animals as described previously. GDC-0834 plasma levels were 

quantified using LC/MS/MS (as described below). 
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PK/PD Modeling of in vivo pBTK Inhibition in Rodents 

 As there was no evidence of hysteresis observed in preliminary plots of pBTK 

inhibition and GDC-0834 plasma concentrations in mice, a sigmoidal direct response 

model (Equation 1) was used to fit the GDC-0834 plasma concentration vs pBTK 

inhibition data from the Balb/c mice and the CIA rats using GraphPad Prism version 5.00 

(GraphPad Software, La Jolla, CA), 

                                      

                                                                                                                                          (1)                         

 

where pBTKinh% is the percent inhibition of pBTK in the mouse and rat blood, C is the 

plasma concentration of GDC-0834, IC50 is the drug concentration that produces 50% 

pBTK inhibition and m is the Hill slope representing the curve steepness. 

 

Pharmacokinetics (PK) of GDC-0834 in Rat CIA model 

Blood samples were collected on day 16 from all groups (n = 10) in the rat CIA 

study.  Blood samples were collected from the first subgroup of 5 animals at 2 and 8 (and 

24 when dosed as QD or Q2D) hours post-dose.  For the second subgroup of five rats, 

blood was collected at 4 and 12 hours post-dose. GDC-0834 plasma concentrations were 

quantitated using LC/MS/MS (Thermo Finnigan TSQ, Thermo Fisher Scientific, 

Waltham, MA) for PK analysis. The assay limit of quantitation (LOQ) was 5 ng/mL. The 

PK parameters, including Cmax (highest observed plasma concentration), tmax (time at 

which Cmax occurred), AUC0-24 (area under the plasma concentration-time curve from 

time 0 to 24 hr), and t1/2, po (terminal half life following an oral dose) for each group were 

mm
50

m

inh
CIC

C
%pBTK

+
=
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determined by non-compartmental methods using the extravascular input model (Model 

200, WinNonlin, version 5.2.1; Pharsight Corporation, Mountain View, CA). For the 

modeling and simulation purposes, a one compartment model with oral absorption was fit 

to the GDC-0834 concentration-time data using SAAM II version 1.2.1 (University of 

Washington, Seattle, WA) in order to obtain the compartmental PK parameters, including 

absorption rate constant (ka), elimination rate constant (ke), and oral volume of 

distribution (V/F). 

 

Disease Progression PK/PD Modeling of Relationship between pBTK Inhibition and 

Efficacy 

 Based on the pathophysiology of the rat CIA model, an integrated disease 

progression model (Figure 2) was used to fit the time course of ankle diameter change 

(mean data) in the either vehicle and/or GDC-0834 treated groups using SAAM II 

version 1.2.1 (University of Washington, Seattle, WA). The Runge-Kutta integrator using 

a standard forward integrating order 5-4 method (SAAM II user guide) was applied and 

the convergence criterion was 0.0001. Initial attempts at using a population PK/PD 

analysis and a two-stage approach for this study were not successful so a model using 

mean ankle diameter data was utilized. An indirect response model was used to describe 

the impact of pBTK inhibition on ankle diameter changes (Equations 2 and 3). Equation 

2 constitutes a positive feedback (autocatalysis or exponential growth), which is not an 

unreasonable concept in inflammation involving cell proliferation. A transit model was 

used to describe the non-drug related decrease in ankle swelling occurring at the later 

stages of disease progression in the arthritic ankles of CIA rats (Equations 4 to 7).   
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                                                                                                                                           (2) 

 

(3) 

 

where AD is the ankle diameter, AD0 is a heuristic parameter required to describe the 

exponential increase of ankle diameter that is obtained from fitting, kin is the ankle 

swelling increase rate constant, kout is the rate constant describing non-drug related 

reduction in ankle swelling (Figure 2, upper panel), pBTKinh% is the percent inhibition of 

pBTK in blood, IpBTK50 is the percent inhibition of pBTK that produces 50% of the 

maximum inhibition of kin and n is the Hill slope. 

The pBTKinh% was simulated based on the Equation 1 where the GDC-0834 

concentration (C) was simulated based on the PK parameters from the one compartment 

model with oral absorption as described previously.  The transit model of kout is described 

by Figure 2 (upper panel) and Equations 4 – 7 where k is the transit rate constant from k1 

to kout and R is the input rate of kout into the transit model.  The described transit model 

allows kout to increase with time. The initial time of the pharmacokinetics of GDC-0834 

is 0 hr; 216 hr (day 9) was used as the initial time for the disease progression (Equations 

2 – 7) in the fitting as the ankle diameter was first measured on the day 9 when it started 

to increase in the rat CIA model. The initial conditions on day 9 for Equations 2 - 7 are k1 

= k2 = k3 = k4 = 0 and AD = 0.26 inch. 
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RESULTS 

BTK Enzyme and Cellular Inhibition by GDC-0834  

 GDC-0834 suppressed BTK kinase activity with an IC50 value of 5.9 ± 1.1 nM 

with Hill slope value of - 0.84 ± 0.070 (mean ± SE) (Figure 3A). In the rat splenocytes, 

GDC-0834 suppressed pBTK activity with an IC50 value of 6.4 ± 1.6 nM with Hill slope 

value of – 0.76 ± 0.19 (mean ± SE) (Figure 3B) 

 

pBTK Inhibition by GDC-0834 in Rodents 

The treatment of Balb/c mice with GDC-0834 resulted in dose-dependent 

inhibition of pBTK-Y223. Animals dosed with 150 mg/kg or 100 mg/kg GDC-0834 for 2 

hours showed complete inhibition of pBTK-Y223 levels in blood, with a mean inhibition 

of 97% and 96%, respectively. Individual animal plasma GDC-0834 concentrations from 

different time points and percent inhibition of pBTK-Y223 levels in blood were plotted to 

assess a PK/PD relationship (Equation 1). As there was no evidence of a hysteresis, a 

direct response model was used fit to the relationship between GDC-0834 concentration 

and pBTK inhibition.  The fit resulted in an estimated IC50 value of 1.1 ± 0.16 μM with m 

(Hill slope) = 1.1 ± 0.22 (mean ± SE) (Figure 4).  

In the rat CIA study, GDC-0834 inhibited pBTK-Y223 in rat blood in a dose-

dependent manner (Figure 5A and 5B). Similar to the mouse data, a direct response 

model (Equation 1) was used to fit inhibition of pBTK-Y223 levels in blood and GDC-

0834 plasma levels.  The IC50
 
estimate of pBTK-Y223 inhibition in rats was determined 

to be 5.6 ± 1.6 μM with m of 0.51 ± 0.087 (mean ± SE) (Figure 5C). 
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Anti-Arthritis Effect of GDC-0834 in Rat CIA Model 

 Significant inhibition of ankle diameter between day 9 (onset of increase in ankle 

diameter) and day 17 was observed in rats treated with GDC-0834 at 100 mg/kg (BID, 

QD, or Q2D) and at 30 mg/kg (BID, QD). Treatment with GDC-0834 resulted in a 

significant reduction of the area under the ankle diameter-time curve in rats at the 

following doses: 100 mg/kg BID (88%), 30 mg/kg BID (47%), 100 mg/kg QD (81%), 30 

mg/kg QD (41%), or 100 mg/kg Q2D (49%). Non-efficacious doses for the area under 

the ankle diameter-time curve parameter ranged from 1 mg/kg (BID) and 3 mg/kg (BID) 

to 10 mg/kg (BID, QD) (Figure 6). In the normal rats treated with vehicle, the ankle 

diameters did not change and were 0.26 inch from day 9 to day 17 (standard deviation = 

0.0010 inch on each day).  Ankles from normal rats were significantly different (P < 

0.05) compared with the CIA rats treated with the vehicle from day 10 to day 17. 

 

Morphologic Pathology findings of Ankles 

Histopathology was performed on all groups with the exception of animals dosed 

with 3 and 1 mg/kg BID.  Representative photomicrographs are shown in the Figure 7. 

Compared with the normal rats treated with vehicle (Figure 7A), the vehicle treated 

disease control rats had marked to severe synovitis and periarticular inflammation in at 

least one, and usually both, ankle joints with minimal to moderate pannus and bone 

resorption, and minimal to marked cartilage damage (Figure 7B). On the contrary, ankle 

of arthritic rat treated BID with 100 mg/kg GDC-0834 had mild synovitis and 

periarticular inflammation, minimal cartilage damage (large arrow), and minimal pannus 

and bone destruction (Figure 7C). All mean ankle histopathology parameters were 
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significantly reduced toward normal in rats treated BID (78% reduction), QD (78% 

reduction) or Q2D (38% reduction) with 100 mg/kg GDC-0834, and BID (38% 

reduction) or QD (42% reduction) with 30 mg/kg GDC-0834 (Table 1, Figure 8). 

 

Pharmacokinetics (PK) of GDC-0834 in CIA rats 

 The PK parameters produced by the non-compartmental analysis of GDC-0834 

plasma data in CIA rats were listed in the Table 2. In general, the AUC estimates were 

reasonably dose proportional and the terminal half lives were similar in all groups.  For 

the modeling and simulation purposes, a one compartment model with oral absorption 

was fit to the same GDC-0834 concentration-time data. The following pharmacokinetic 

parameter estimates were obtained: absorption rate constant (ka) = 0.21 hr-1 (CV = 3.5%); 

elimination rate constant (ke) = 1.7 hr-1 (CV = 47%); and oral volume of distribution 

(V/F) = 0.12 L/kg (CV = 50%). A plot of the measured versus model predicted 

concentrations is presented in Figure 9 with R2 = 0.92. 

 

Disease Progression PK/PD Model for Vehicle-treated Group 

 The base disease progression model described in Figure 2 was applied to the 

ankle diameter data from the vehicle-treated rat CIA group.  As seen in Figure 10, the 

model was able to describe the mean ankle diameter data from a vehicle group (i.e. BID 

vehicle group shown in Figure 6) reasonably well, providing estimates of kin = 0.019 hr-1, 

R = 0.00086 hr-2 and k = 0.029 hr-1 (Table 3). The parameters associated with the vehicle 

group were estimated with good confidence with all coefficient of variation (CV) values 

being ≤ 15% (Table 3). The value of AD0, 0.25 inch (CV = 1.6%), was obtained by fitting 
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with this vehicle-treated data and was used in the disease progression PK/PD modeling 

for the GDC-0834-treated groups. 

 

Disease Progression PK/PD Model for GDC-0834-treated Groups 

 The ankle diameter data for the vehicle and GDC-0834-treated rat CIA groups (11 

groups) were simultaneously fitted to the full disease progression model shown in Figure 

2. In general, the model described the data well and resulted in the following 

pharmacodynamic parameter estimates: kin = 0.022 hr-1, R = 0.0010 hr-2, k = 0.032 hr-1, 

IpBTK50 = 73% and n = 24 (Table 3 and Figures 11). The CV’s of each parameter were < 

5% except that of n (CV = 39%). Figure 12 is a plot describing the change in kout with 

time.  The increase in kout over time in the model nicely captures the non-drug related 

decrease in ankle swelling in the vehicle and treatment groups that occur after Day 15 

based on the fitting of the data shown in the Figures 6. A plot of the effect (E) based on 

Equation 3 versus %pBTK inhibition is shown as Figure 13. The estimate of the %pBTK 

inhibition needed to decrease the kin by half was 73%. 
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DISCUSSION 

The discovery of a highly selective inhibitor for BTK has provided convincing 

evidence that BTK is an attractive target for the treatment of RA and B-cell−related 

diseases (Pan Z et al., 2007; Pan Z, 2008; Honigberg et al., 2010; Di Paolo et al., 2011). 

However, no drug has been approved for this target to date. GDC-0834 is a selective, 

potent and reversible BTK inhibitor with a biochemical IC50 of 5.9 nM (Figure 3A) and 

cellular IC50 of 6.4 nM (Figure 3B). Functionally, this antagonist prevented murine and 

human B cell proliferation in response to BCR or CD40 stimulation (data not shown). In 

the in vivo studies, the pBTK-Y223 inhibition by GDC-0834 was demonstrated in mice 

and rats, respectively (Figures 4 and 5). After normalized to the free fraction of GDC-

0834 in mouse (0.7%) and rat (0.1%) plasma, the free IC50
 
values from Balb/c mice (7.7 

nM) and CIA rats (5.6 nM) were comparable with the determined biochemical and 

cellular IC50
 
estimates.  This is not surprising considering the high homology BTK has in 

rodents and humans. No hysteresis was observed in the time course data from the mouse 

(Figure 4) suggesting that the inhibition of pBTK is a rapid event.  These data serve as a 

justification of why we utilized a sigmoidal direct effect model in the rat when describing 

the relationship between GDC-0834 plasma concentrations and pBTK inhibition (Figure 

5C).  

Besides the pBTK pathway modulation, we also demonstrate the anti-arthritis 

activity of GDC-0834 in vivo in a prophylactic rat CIA model. A prophylactic model was 

chosen as B cells are essential to disease progression in a prophylactic, but not a 

therapeutic mouse CIA (Yanaba et al., 2008) and B cells contribute to the pathogenesis of 

human RA. Nevertheless, the structurally related BTK inhibitor CGI1746 is efficacious 
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in a therapeutic regimen in both rat and mouse CIA (Di Paolo et al., 2011), strongly 

suggesting that GDC-0834 would be efficacious in therapeutic CIA models (although not 

specifically tested) since CGI1746 demonstrated comparable efficacy in both the 

therapeutic and prophylactic CIA models. Administration of GDC-0834 resulted in a 

dose dependent reduction of severity of the arthritic condition characteristic of CIA rats.  

At a dose of 100 mg/kg BID GDC-0834, synovitis and periarticular inflammation were 

mild, while cartilage damage, pannus and bone destruction were minimal in the ankles of 

arthritic rats (Figure 7C). These results were comparable with findings in rats from the 

active control group treated with methotrexate (data not shown). The described 

morphologic improvement of arthritic ankles by GDC-0834 was associated with dose-

dependent decreases in ankle diameters with time (Figure 6). As the lesions in the rat CIA 

model exhibit common aspects to those seen in human RA, in that there is more extensive 

pannus associated cartilage destruction (Bendele, 2001), the anti-arthritis effect of GDC-

0834 may translate into clinical relevance.  

Mechanism-based pharmacokinetic/pharmacodynamic (PK/PD) modeling is a 

useful tool that integrates dynamic changes of a drug in the body with the time course of 

its pharmacological effects in order to better understand the mechanism(s) of drug action 

and disease progression (Mager et al., 2003, 2009; Yamazaki et al., 2008). Although the 

application of mechanism-based PK/PD modeling in pre-clinical models of arthritis is 

relatively new, previous work has provided a better understanding of factors contributing 

to disease progression in the rat CIA model (Earp et al., 2008a, 2008b, 2009). In the 

current integrated disease progression PK/PD model (Figure 2), we have incorporated an 

indirect response model (Figure 2, lower panel) where efficacy is driven by pBTK 
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inhibition and a transit model (Figure 2, upper panel) used to describe the non-drug 

related decrease in ankle swelling occurring at the later stages of disease progression in 

the arthritic ankles of CIA rats.  To our knowledge, the use of a transit compartments to 

model disease progression in CIA rats has not been previously described.  The non-drug 

related decrease in ankle swelling observed in CIA rats is associated with the time course 

of the relative expression of the pro-inflammatory cytokines, such as tumor necrosis 

factor (TNF)-α, interleukin (IL)-1β and IL-6, and anti-inflammatory cytokines such as 

transforming growth factor (TGF)-β, during the course of arthritis (Marinova-

Mutafchieva et al., 2006, Earp et al., 2008a). The natural disease progression in the 

control vehicle-treated group was well described by the model with the transit 

compartments (Figure 10).  The fitted parameter estimates (Table 3) show that the 

increase in ankle swelling (controlled by kin) was greater than kout (Figure 12) at the early 

and middle stages of the rat CIA study. Approximately at day 15 (360 hr), kin is surpassed 

by kout which is consistent with the observed changes in the ankle diameter (Figure 6).  

The value of incorporating the transit model in the integrated PK/PD model is that the 

anti-arthritis effect of GDC-0834 on ankle swelling can be differentiated from the non-

drug related decrease in ankle swelling that is part of the natural disease progression in 

CIA rats.  

We have previously quantified the relationship between MEK (mitogen-activated 

protein kinase kinase) pathway modulation (pMEK1 inhibition) and tumor growth 

inhibition through the use of an integrated PK/PD model (Wong et al, 2009). In this 

paper, we have used a similar method to characterize the relationship between pBTK 

inhibition and anti-arthritis effect (E) (Figure 13). The current analysis using GDC-0834 
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as a tool BTK inhibitor suggests that an approximate threshold of  > 60% pBTK 

inhibition is required for any activity on ankle diameter (i.e. kin). Approximately, 73% 

inhibition of pBTK is required for half maximal activity and a higher degree of pBTK 

inhibition is required for maximal activity of the pathway on reduction of ankle diameter 

in CIA rats. A “PD marker-response curve” showing the relationship between pBTK 

inhibition and E was sigmoid in nature with a Hill coefficient (n) of ~ 24 (Figure 13), 

which suggested a steep PD marker-response curve. This suggests that onset of efficacy 

is rapid beyond a certain threshold of target modulation. 

Besides the debate on the suitability of the inflammatory arthritis animal models, 

there are several assumptions and caveats associated with preclinical PK/PD modeling 

itself. Whether our improved understanding of target modulation requirements for 

efficacy derived from the studies shown here will translate to that in humans is still a 

question. Nevertheless, the development of a disease progression PK/PD model for 

arthritis disease provides a quantitative tool by which to evaluate a drug’s anti-arthritis 

efficacy and provide a better understanding of the degree of pathway suppression 

required for this efficacy. Finally, this type of mathematical model makes it possible to 

make clinical predictions and to influence clinical trial design through the integration of 

predicted or actual human PK and PD biomarker data. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 26, 2011 as DOI: 10.1124/jpet.111.181545

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #181545 27

ACKNOWLEDGMENTS 

We thank the BTK team members at Genentech and CGI Pharmaceuticals Inc., 

and the staff at Bolder BioPATH Inc. for their contributions in generating the data for this 

study. We also thank Cornelis (Marcel) Hop, Wendy B. Young, Thomas Stephan and 

Kevin S. Currie for support of this work. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 26, 2011 as DOI: 10.1124/jpet.111.181545

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #181545 28

AUTHORSHIP CONTRIBUTIONS 

Participated in research design: Liu, Di Paolo, Barbosa, Rong, Reif, and Wong. 

Conducted experiments: Di Paolo, Barbosa, and Rong. 

Performed data analysis: Liu, Di Paolo and Wong. 

Wrote or contributed to the writing of the manuscript: Liu, Di Paolo, Reif, and Wong. 

 
 

 

 

 
 
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 26, 2011 as DOI: 10.1124/jpet.111.181545

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #181545 29

REFERENCES 

Bendele A (2001) Animal models of rheumatoid arthritis. J Musculoskelet Neuronal 

Interact 1: 377-385. 

Brunner C, Müller B, and Wirth T (2005) Bruton's Tyrosine Kinase is involved in innate 

and adaptive immunity. Histol Histopathol 20: 945-955. 

Burnette WN (1981) "Western blotting": electrophoretic transfer of proteins from sodium 

dodecyl sulfate--polyacrylamide gels to unmodified nitrocellulose and radiographic 

detection with antibody and radioiodinated protein A. Anal Biochem 12: 195-203. 

Di Paolo JA, Huang T, Balazs M, Barbosa J, Barck KH, Bravo BJ, Carano RAD, Darrow 

J, Davies DR, DeForge LE, Diehl L, Ferrando R, Gallion SL, Giannetti AM, Gribling P, 

Hurez V, Hymowitz SG, Jones R, Kropf JE, Lee WP, Maciejewski PM, Mitchell SA, 

Rong H, Staker BL, Whitney JA, Yeh S, Young WB, Yu C, Zhang J, Reif K, and Currie 

KS (2011) Specific Btk inhibition suppresses B-cell and myeloid-cell mediated  arthritis. 

Nat Chem Biol 7: 41-50. 

Earp JC, Dubois DC, Almon RR, and Jusko WJ (2009) Quantitative dynamic models of 

arthritis progression in the rat. Pharm Res 26: 196-203.  

Earp JC, Dubois DC, Molano DS, Pyszczynski NA, Almon RR, and Jusko WJ (2008b) 

Modeling corticosteroid effects in a rat model of rheumatoid arthritis II: mechanistic 

pharmacodynamic model for dexamethasone effects in Lewis rats with collagen-induced 

arthritis. J Pharmacol Exp Ther 326: 546-554. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 26, 2011 as DOI: 10.1124/jpet.111.181545

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #181545 30

Earp JC, Dubois DC, Molano DS, Pyszczynski NA, Keller CE, Almon RR, and Jusko WJ 

(2008a) Modeling corticosteroid effects in a rat model of rheumatoid arthritis I: 

mechanistic disease progression model for the time course of collagen-induced arthritis in 

Lewis rats. J Pharmacol Exp Ther 326: 532-545. 

Eisenberg R and Albert D (2006) B-cell targeted therapies in rheumatoid arthritis and 

systemic lupus erythematosus. Nat Clin Pract Rheumatol 2: 20-27. 

Gibaldi M and Perrier D (1982) Pharmacokinetics, 2nd ed. Marcel Dekker, New York. 

Hegen M, Keith JC Jr, Collins M, and Nickerson-Nutter CL (2008) Utility of animal 

models for identification of potential therapeutics for rheumatoid arthritis. Ann Rheum 

Dis 67: 1505-1515. 

Honigberg LA, Smith AM, Sirisawad M, Verner E, Loury D, Chang B, Li S, Pan Z, 

Thamm DH, Miller RA, Buggy JJ (2010) The Bruton tyrosine kinase inhibitor PCI-32765 

blocks B-cell activation and is efficacious in models of autoimmune disease and B-cell 

malignancy. Proc Natl Acad Sci U S A 107: 13075-13080. 

Khan WN, Alt FW, Gerstein RM, Malynn BA, Larsson I, Rathbun G, Davidson L, 

Müller S, Kantor AB, Herzenberg LA, Rosen FS, and Sideras P (1995) Defective B cell 

development and function in Btk-deficient mice. Immunity 3: 283-299. 

Lebakken CS, Riddle SM, Singh U, Frazee WJ, Eliason HC, Gao Y, Reichling LJ, Marks 

BD, and Vogel KW (2009) Development and applications of a broad-coverage, TR-

FRET-based kinase binding assay platform. J Biomol Screen 14: 924-935. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 26, 2011 as DOI: 10.1124/jpet.111.181545

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #181545 31

Mager DE, Woo S, and Jusko WJ (2009) Scaling pharmacodynamics from in vitro and 

preclinical animal studies to humans. Drug Metab Pharmacokinet 24: 16-24. 

Mager DE, Wyska E, and Jusko WJ (2003) Diversity of mechanism-based 

pharmacodynamic models. Drug Metab Dispos 31: 510-518. 

Marinova-Mutafchieva L, Gabay C, Funa K, and Williams RO (2006) Remission of 

collagen-induced arthritis is associated with high levels of transforming growth factor-

beta expression in the joint. Clin Exp Immunol 146: 287-293. 

Mease PJ (2008) B cell-targeted therapy in autoimmune disease: rationale, mechanisms, 

and clinical application. J Rheumatol 35: 1245-1255. 

Niiro H and Clark EA (2002) Regulation of B-cell fate by antigen-receptor signals. Nat 

Rev Immunol 2: 945−956. 

Pan Z (2008) Bruton's tyrosine kinase as a drug discovery target. Drug News Perspect 

21: 357-362. 

Pan Z, Scheerens H, Li SJ, Schultz BE, Sprengeler PA, Burrill LC, Mendonca RV, 

Sweeney MD, Scott KC, Grothaus PG, Jeffery DA, Spoerke JM, Honigberg LA, Young 

PR, Dalrymple SA, and Palmer JT (2007) Discovery of selective irreversible inhibitors 

for Bruton's tyrosine kinase. ChemMedChem 2: 58-61. 

Satterthwaite AB and Witte ON (2000) The role of Bruton's tyrosine kinase in B-cell 

development and function: a genetic perspective. Immunol Rev 175: 120-127. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 26, 2011 as DOI: 10.1124/jpet.111.181545

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #181545 32

Scott DL, Wolfe F, and Huizinga TW (2010) Rheumatoid arthritis. Lancet 376: 1094-

1108. 

Sharma S, Orlowski G, and Song W (2009) Btk regulates B cell receptor-mediated 

antigen processing and presentation by controlling actin cytoskeleton dynamics in B 

cells. J Immunol 182: 329-339. 

Smolen JS and Steiner G (2003) Therapeutic strategies for rheumatoid arthritis. Nat Rev 

Drug Discov 2: 473-488. 

Townsend MJ, Monroe JG, and Chan AC (2010) B-cell targeted therapies in human 

autoimmune diseases: an updated perspective. Immunol Rev 237: 264-283. 

Trentham DE, Townes AS, and Kang AH (1977) Autoimmunity to type II collagen: an 

experimental model of arthritis. J Exp Med 146: 857-868. 

Van Doornum S, Jennings GL, and Wicks IP (2006) Reducing the cardiovascular disease 

burden in rheumatoid arthritis. Med J Aust 184: 287–290. 

Wong H, Belvin M, Herter S, Hoeflich KP, Murray LJ, Wong L, and Choo EF (2009) 

Pharmacodynamics of 2-[4-[(1E)-1-(hydroxyimino)-2,3-dihydro-1H-inden-5-yl]-3-

(pyridine-4-yl)-1H-pyrazol-1-yl]ethan-1-ol (GDC-0879), a potent and selective B-Raf 

kinase inhibitor: understanding relationships between systemic concentrations, 

phosphorylated mitogen-activated protein kinase kinase 1 inhibition, and efficacy. J 

Pharmacol Exp Ther 329: 360-367. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 26, 2011 as DOI: 10.1124/jpet.111.181545

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #181545 33

Yamazaki S, Skaptason J, Romero D, Lee JH, Zou HY, Christensen JG, Koup JR, Smith 

BJ, and Koudriakova T (2008) Pharmacokinetic-pharmacodynamic modeling of 

biomarker response and tumor growth inhibition to an orally available cMet kinase 

inhibitor in human tumor xenograft mouse models. Drug Metab Dispos 36: 1267-1274. 

Yanaba K, Bouaziz JD, Matsushita T, Magro CM, St Clair EW, and Tedder TF (2008) B-

lymphocyte contributions to human autoimmune disease. Immunol Rev 223: 284-299.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 26, 2011 as DOI: 10.1124/jpet.111.181545

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #181545 34

FOOTNOTES 

Part of this work was presented as an abstract (P424) at the 9th international ISSX 

meeting; 2010 September 4 – 8; Istanbul Turkey. 

Current address: Gilead Sciences, 36 East Industrial Road, Branford, CT, 06405, USA 

(J.D.P., J.B., H.R.) 

Send reprint requests to: Dr. Lichuan Liu, Genentech, Inc., MS# 412A, 1 DNA Way, 

South San Francisco, CA 94080.  E-mail: liu.lichuan@gene.com 
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LEGENDS FOR FIGURES 

Figure 1. The structure of GDC-0834 

Figure 2. The disease progression model for the rat CIA model, where AD is the 

ankle diameter, kin is the ankle swelling increase rate constant, kout is the 

rate constant used to describe the non-drug related decrease in ankle 

swelling in the end transit compartment, k is the transit rate constant from 

k1 to kout and R is the input rate of kout into the transit model (see details in 

method). In the equation, pBTKinh% is the percent inhibition of pBTK in 

blood, IpBTK50 is the percent inhibition of pBTK that produces 50% of 

the maximum inhibition of kin and n is the hill slope. 

Figure 3. (A) The inhibition of GDC-0834 on BTK activity is quantified by 

determining phosphorylatation of an exogenous peptide product in a 

Lanthascreen assay. GDC-0834 suppressed BTK kinase activity with an 

IC50 value of 5.9 ± 1.1 nM and Hill slope value of - 0.84 ± 0.070 (mean ± 

SE). (B) In the rat splenocytes, GDC-0834 suppressed BTK activity with 

an IC50 value of 6.4 ± 1.6 nM with Hill slope value of – 0.76 ± 0.19 (mean 

± SE). 

Figure 4. The pBTK inhibition in the blood of Balb/c mice treated with GDC-0834. 

Based on the sigmoidal direct response model (Equation 1), the IC50
 

estimate of pBTK-Y223 inhibition was determined to be 1.1 ± 0.16 μM 

with m (Hill slope) of 1.1 ± 0.22 (mean ± SE). 

Figure 5. The pBTK inhibition in the blood of the CIA rats. (A) Western blotting of 

pBTK and total BTK expression with different treatments of GDC-0834 
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with mouse blood as the positive control. (B) The dose-dependent pBTK 

inhibition in the CIA rats based on the Western blotting data. (C) Based on 

the sigmoidal direct response model (Equation 1), the IC50
 
estimate of 

pBTK-Y223 inhibition was determined to be 5.6 ± 1.6 μM with m (Hill 

slope) of 0.51 ± 0.087 (mean ± SE). 

Figure 6. Changes in ankle diameters in the rat CIA model from the day 9 (first 

measurement) to day 17 with the different dose regimens of GDC-0834. 

Figure 7. Photomicrographs of ankle sections in the rat CIA model. (A) Ankle of 

normal rat treated with vehicle has normal synovium (S), normal cartilage 

(large arrow), and no bone destruction (small arrow). (B) Ankle of 

arthritic rat treated with vehicle has severe synovitis (S) and periarticular 

inflammation with moderate cartilage damage (large arrow) and moderate 

pannus and bone destruction (small arrow). (C) Ankle of arthritic rat 

treated BID with 100 mg/kg GDC-0834 has mild synovitis (S) and 

periarticular inflammation, minimal cartilage damage (large arrow), and 

minimal pannus and bone destruction (small arrow). 

Figure 8. The mean ± SE sum of 4 histopathology scores (inflammation, pannus, 

cartilage damage, and bone resorption) of ankles in the rat CIA model 

with different treatments of GDC-0834. 

Figure 9. Plot of measured versus predicted plasma concentrations of GDC-0834 in 

the rat CIA study (R2 = 0.92). 

Figure 10. The base disease progression modeling (E = 0 in Equation 2 with no 

pBTK inhibition) for the vehicle treated rat CIA group. 
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Figure 11. Plot of measured and predicted ankle diameters in rat CIA model for 

vehicle and GDC-0834-treated groups following simultaneously fitting of 

all ankle diameter data to disease progression model (Equations 2 - 7, and 

Figure 2). 

Figure 12. The increase of kout with time resulting from the use of the transit model.  

The transit model was used to capture the non-drug related decrease in 

ankle swelling associated with later stages of disease progression in CIA 

rats. The value of kout becomes greater than that of kin after 360 hr (day 

15). 

Figure 13. The effect of pBTK inhibition on kin (E) based on the Equation 3. 73% of 

pBTK inhibition is needed to decrease the kin by half. The effect of pBTK 

inhibition on kin was sigmoid in nature with a Hill coefficient (n) of ~ 24.  
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Table 1 The individual histopathologic (inflammation, pannus, cartilage damage, and bone resorption) scores and the sum of 

four scores of the ankles with the different treatments in the rat CIA model. The values are expressed as mean ± SE. 

 

Treatment Inflammation 
Score 

Pannus        
Score 

Cartilage Damage 
Score 

Bone Resorption 
Score 

Sum of 4 
Histopathologic Scores 

Vehicle bid 4.65 ± 0.22 2.55 ± 0.18 3.30 ± 0.24 2.55 ± 0.18 13.05 ± 0.81 
100 mg/kg bid 1.50 ± 0.29 0.45 ± 0.15 0.60 ± 0.27 0.35 ± 0.15 2.90 ± 0.83 
30 mg/kg bid 3.30 ± 0.38 1.40 ± 0.20 2.00 ± 0.31 1.35 ± 0.21 8.05 ± 1.07 
10 mg/kg bid 4.40 ± 0.24 2.25 ± 0.22 3.15 ± 0.28 2.25 ± 0.22 12.05 ± 0.94 
Vehicle qd 4.60 ± 0.28 2.35 ± 0.21 3.25 ± 0.27 2.35 ± 0.21 12.55 ± 0.94 

100 mg/kg qd 1.75 ± 0.22 0.35 ± 0.11 0.35 ± 0.13 0.25 ± 0.10 2.70 ± 0.52 
30 mg/kg qd 3.00 ± 0.44 1.25 ± 0.25 1.75 ± 0.35 1.25 ± 0.25 7.25 ± 1.26 
10 mg/kg qd 4.15 ± 0.36 2.15 ± 0.26 3.00 ± 0.26 2.15 ± 0.26 11.45 ± 1.23 

100 mg/kg q2d 3.35 ± 0.30 1.25 ± 0.19 1.90 ± 0.30 1.25 ± 0.19 7.75 ± 0.95 
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Table 2 The PK parameters based on the day 16 composite PK data from different dose regimens in the rat CIA study. 
 
 

Treatment Cmax 
 (uM) 

tmax 
(hr) 

AUC0-24  
(uM*hr) 

t1/2, po 
(hr) 

100 mg/kg BID 136 2 1508 3.3 
30 mg/kg BID 42 2 491 3.2 
10 mg/kg BID 5.1 2 78 4.2 
3 mg/kg BID 1.5 2 21 4.8 
1 mg/kg BID 0.72 2 8.6 3.8 

100 mg/kg QD 139 2 1197 3.0 
30 mg/kg QD 41 4 305 3.0 
10 mg/kg QD 6.5 2 52 3.8 

100 mg/kg Q2D 118 2 1260 3.3 
Cmax: highest observed plasma concentration; Tmax: time at which Cmax 

occurred; AUC0-24: area under the plasma concentration-time curve from 

Time 0 to 24 hr; t1/2, po: terminal half life from the oral dose; BID: twice 

daily; QD: once daily; Q2D: every other day. 
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Table 3 Fitted pharmacodynamic parameters based on the disease progression model 

(Equations 2 - 7 and Figure 2) for the vehicle group only and for the data from 

all 11 groups (joint or simultaneous fitting).  

  

Parametersa Fitting of vehicle group 
Joint fitting of vehicle and GDC-

0834 treatment groups 

AD0 (inch) 0.25 (1.6%) fixed 

kin (hr-1) 0.019 (15%) 0.022 (1.3%) 

R (hr-2) 0.00086 (13%) 0.0010 (1.6%) 

k (hr-1) 0.029 (12%) 0.032 (4.1%) 

IpBTK50 (%) NA 73 (1.3%) 

n NA 24 (39%) 

NA: not applicable 

aFitted parameters are expressed as estimate followed by the CV in parentheses.  
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