A modular approach to mathematically modeling liquid-solute transport in Cystic Fibrosis airways: toward patient-specific treatment design and control
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Cystic Fibrosis (CF) is an autosomal-recessive disorder caused by the dysfunction or absence of the Cl- secreting cystic fibrosis transmembrane conductance regulator (CFTR) and subsequent dysregulation of Na+ absorption via the epithelial sodium channel (ENaC). The respective malfunction and hyperactivity of these ion channels in the epithelium of patients with CF causes abnormal liquid hyperabsorption. The primary disease effects occur in the lung, where liquid hyperabsorption leads to mucociliary clearance failure, infection, and inflammation, which necessitates patient rescue via lung transplantation. Current therapies for CF lung disease target the hyperabsorptive phenotype using inhaled osmotic agents to reverse the osmotic driving force that leads to liquid hyperabsorption in the lungs.
[bookmark: _GoBack]Modeling the phenomena that underlie the regulation of airway surface liquid (ASL) volume provides critical insights into the mechanisms that play a major role in the pathophysiology of CF. We have developed a compartment-based, mathematical representation of liquid and solute transport in human bronchial epithelial (HBE) culture under thin-film culture conditions, using ordinary differential equations (ODEs). The three model compartments represent the dynamic volumes of the cells, the ASL, and the basolateral bath. Both in vivo and in vitro, ASL volumes are osmotically controlled via the directed transport of solutes, primarily Na+ and Cl-, into and out of the cell. We have included the concentration of those ions in all three compartments as model states. Additionally, the volume-regulated transport of Na+ and Cl- via ENaC and CFTR, respectively, between the ASL and the cell are given saturating terms in our model, and the basolateral transporters of these ions are also included. To elucidate the different contributions of trans- and para-cellular liquid transport, we include apical mass of Tc-99m DTPA, a radiopharmaceutical indicator of paracellular liquid transport in vivo and in vitro. Finally, we introduce apical and basolateral states for mannitol, a candidate therapeutic osmotic agent that impacts osmotic gradients but is not trafficked by cells. 
Model simulations were compared to experimental results from HBE cell cultures obtained following 10 μL apical volume challenges. In these experiments, 10 μL of either isosmotic (300 mOsm) Ringers solution or hyperosmotic (600 mOsm) Ringers and mannitol were applied to the surface of non-CF or CF HBE cultures. Model simulations of the isosmotic challenge follow the liquid absorption dynamics of non-CF HBE cells with the CFTR term present (the non CF case) and display hyperabsorptive dynamics in the case where the CFTR term is set to zero and ENaC permeability is increased (the CF case). The model is also able to capture ASL volume swelling and cellular shrinking observed after a 10 μL hyperosmotic challenge to either non-CF or CF HBE cultures. Setting the cellular Na+ efflux term to zero in our model demonstrates the cellular swelling and reduced absorption that occurs after a 10 μL isosmotic challenge and subsequent basolateral addition of ouabain, an inhibitor of Na+ transport though cells.  These results underscore the physiological relevance of our model and its utility as a means of predicting potential therapeutic effects at the cellular scale.
Our mechanistic model of transport in the bronchial epithelium describes the dynamics of liquid and solute transport under multiple osmotic and therapeutic challenges. This serves as the next step toward incorporating a cell-scale model into our organism-scale compartmental model of transport in the human pulmonary system. Our goal, ultimately, is to use this combined model, in concert with clinically applicable therapies and systems engineering tools, to design patient-specific therapeutic dosing regimens having the ability to mitigate the hyperabsorptive phenotype present in patients with CF.
