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Introduction
Rheumatoid arthritis (RA) is an inflammatory, systemic autoimmune disorder affecting about 1%
of the global population. It primarily affects the synovial lining of the joints as shown in Fig.1.
Multi-scale Quantitative Systems Pharmacology (QSP) models connect physiological mechanisms
at the cellular and organ level, to responses at the patient and population level, and can therefore
be a powerful tool to aid clinical research.
We have developed an RA QSP model comprising multiple immune-cell types and cytokines of
interest. The model captures DAS-28 scores for two RA therapies – Methotrexate and anti-TNF-α.

Figure 4: Reference virtual subject calibration

Model calibration steps
• A local sensitivity analysis was performed to understand model sensitivity to the clinical readout
of interest, DAS28

• A virtual cohort of 50,000 virtual subjects was created using Latin Hypercube Sampling (LHS)
• This cohort was then checked to ensure steady states, and for cell density ranges to fall within
physiological ranges. A filtered cohort fulfilling these constraints was created, containing ∼
16,000 subjects

• N=250 virtual subjects were then picked from this cohort to get a virtual population that showed
Figure 1: Comparison of RA disease pathophysiology between healthy versus diseased[1]

Objectives
• Develop a QSP model of RA, at appropriate physiological detail and scale, to address various
questions of interest in drug development at both mechanistic and population level. Such as,

the best fit to placebo corrected clinical trial data reported in Fig.4.

Results and analysis
The calibrated virtual population (vpop) fits placebo controlled clinical trial data within 95% confidence intervals (Fig.5) reported in the literature

– Visualize clinical outcomes for novel therapies
– Predict combinations of existing therapies
– Identify sub-populations with greater response to therapies
– Simulate and optimize novel trial designs

• Create a modular model design such that common immunological pathways are re-usable for
other auto immune diseases

Model approach
• The key cell types and cytokines contributing to RA pathophysiology were identified and the
qualitative, quantitative effects of these species on the pathophysiology were extracted from the
literature

• The model map was developed based on qualitative effects such as the effect of migration, proliferation, apoptosis and secretion of cytokines on key cell types

• Quantitative data were used to constrain model output

Figure 5: Model simulation results compared against clinical trial data

Multiple tests may be carried to visualize vpop and to identify knowledge gaps and generate new
hypotheses. For example, here, the vpop output is plotted against physiological ranges for key cell
types (Fig.6). This informs the modeler that for some cell types, the range of coverage is not as wide
as reported in the literature. This may be addressed in next version of development and further
analysis will be performed to explore this behaviour.
Early results indicate the key role of endothelial cells in determining response to Adalimumab
(Fig.7). This can be investigated further as mechanisms such as angiogenesis may be indirectly
responsible for the number of endothelial cells. Species in this pathway can potentially be characterized as bio-markers of response or addressed via alternate therapy in non-responders.

Figure 2: The qualitative, quantitative dashboards and cell number ranges

Fig.2 represents a sample of the data organized into a ’qualitative dashboard’ and a ’quantitative
dashboard’, that were used to develop and quantify the model. The model was aimed at outcomes
prediction for typical Phase 3 clinical trials that are typically for a duration of few months; disease
was captured as being in steady state in that time-scale. Quantitative estimates of immune cells
and cytokines obtained from tissue biopsies were used as constraints for the model. Sample cell
density ranges that were used to calibrate model outputs are shown in Fig.2 and Fig.6. Clinical trial
data for the therapies of interest were used to calibrate the behaviour of the model.

Figure 6: Virtual population distribution (each red circle represent a ref VS) across the physiological range (blue
lines) of each cell type

This hypothesis is in fact consistent with data in inflammatory bowel disease, where Algaba et al[4]
reports high baseline VEGF levels to be a reason for poor response to anti–TNF-α therapy. Similar
lines of investigation may need to be carried out in RA as well.

Modularity
To enable model repurposing to other autoimmune diseases, modular design approaches were
used in setting up common immunological subsystems. Model elements, e.g., cells and cytokines
were constructed to enable addition of new elements easily. Steady state numbers of each cell are
affected by recruitment and apoptosis rates. These rates can be affected by the levels of different
regulatory cytokines.

Figure 7: Cell density distribution of responder (green lines), non-responder (red lines) categories with respect to
parameter spread in endothelial cells shows separation, which is not observed in other cell types

Next steps
Figure 3: Motif for modularity

Similarly, the steady state level of each cytokine is affected by its synthesis and clearance rates. The
synthesis rate of each cytokine is affected by the number of cells that are producing it, and each
cytokine has a constant rate of clearance (see Fig.3). In the case of RA, these species are modeled in
a well-mixed joint compartment; in other diseases, this compartment may be recast in other tissues
(e.g., site of inflammation in Inflammatory Bowel Disease is the Lamina Propria).

Model simulations
To calibrate the model, two clinical trials were identified from literature for Adalimumab (OPTIMA trial[2]) and Methotrexate (Williams et al, 1985[3]). The dosing regimen for Methotrexate is
20mg Q1W and for Adalimumab is 40mg Q2W with the Pharmacokinetic parameters taken from
literature. The model was first calibrated to match the behaviour of an average patient, called a
‘Reference Virtual Subject’ (VS). Fig.4 explains the process of model calibration.

• Enhancing the model with key cell types such as Th17 and Plasma cells, and cytokines of interest
such as IL-12, IL-23

• Addition of new classes of therapies such as JAK inhibitors
• Calibrating the model to multiple trials with different entry characteristics to enable better patient
stratification strategies, for e.g., anti-TNF non-responder population

• Model dissemination via publication for peer review and communication
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