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Tumor necrosis factor (TNF) is a pleiotropic cytokine belonging to a family of trimeric proteins with both proinflammatory and immunoregulatory functions. TNF is a key mediator in autoimmune diseases and during the last couple of decades several biologic drugs have delivered new therapeutic options for patients suffering from chronic autoimmune diseases such as rheumatoid arthritis and chronic inflammatory bowel disease. Attempts to design small molecule therapies directed to this cytokine have not led to approved products yet. Here we report the discovery and development of a potent small molecule inhibitor of TNF that was recently moved into phase 1 clinical trials. The molecule, SAR441566, stabilizes an asymmetrical form of the soluble TNF trimer, compromises downstream signaling and inhibits the functions of TNF in vitro and in vivo. With SAR441566 being studied in healthy volunteers we hope to deliver a more convenient orally bioavailable and effective treatment option for patients suffering with chronic autoimmune diseases compared to established biologic drugs targeting TNF.
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INTRODUCTION
TNF is one of the key cytokines involved in our rapid response to bacterial or inflammatory stimuli and drives the expression of other cytokines such as Interleukin-1 (IL-1) and Interleukin-6 (IL-6) (Fong et al., 1989; Apostolaki et al., 2010; Jang et al., 2021). It has both proinflammatory and immunoregulatory functions and is considered a pleiotropic cytokine (Vassalli, 1992; Kalliolias and Ivashkiv, 2016; Mehta et al., 2018). TNF is produced by immune cells such as macrophages and T/B cells as well as endothelial cells and mast cells and it is expressed as a membrane bound precursor (mTNF) that requires cleavage by TNFα converting enzyme (TACE, ADAM17) to release it as a soluble cytokine (sTNF) (Black et al., 1997; Moss et al., 1997, reviewed by Zunke and Rose-John, 2017). Both the soluble and transmembrane forms of TNF are biologically active in their trimeric forms (Jones et al., 1989) and signal through two separate receptors, tumor necrosis factor receptor 1 (TNFR1) and tumor necrosis factor receptor 2 (TNFR2). These receptors have clear differences in their cellular localization (Brockhaus et al., 1990; Hohmann et al., 1990, reviewed by Ward-Kavanagh et al., 2016; Gough, and Myles, 2020) with TNFR1 being ubiquitously expressed (Monaco et al., 2014) whilst TNFR2 expression is restricted to immune cells with higher expression being seen on Foxp3+ regulatory T cells (Treg) compared to naive CD4+ T cells (Chen and Oppenheim, 2011).
TNFR1 signaling uses the canonical nuclear factor-kappa B (NF-κB) and mitogen activated protein kinase (MAP kinase) pathway to deliver a proinflammatory signal (Tartaglia et al., 1993 reviewed by Ward-Kavanagh et al., 2016; Gough, and Myles, I., 2020). In contrast, TNFR2 signals via a non-canonical NF-κB pathway and activation of TNFR2 is important for proliferation, survival, and lineage stability of Treg cells, as well as the development of thymic Treg cells from Treg precursor cells (Chen et al., 2013; Mahmud et al., 2014; Salomon, 2021) and is associated with immunoregulation.
At physiological concentrations soluble TNF activates TNFR1 but not TNFR2, whereas the membrane bound form of TNF can activate both receptors (Grell et al., 1995). Uncontrolled production or function of TNF has been linked to the development of chronic inflammatory diseases (Alexopoulou et al., 1997; Lee et al., 2013) such as rheumatoid arthritis (RA), inflammatory bowel disease (IBD), psoriasis, psoriatic arthritis (PsA), ankylosing spondylitis and specific types of juvenile idiopathic arthritis (JIA) as was recently reviewed (Kalliolias and Ivashkiv, 2016).
TNF blockade by biologics has been a clinical success story (Willrich et al., 2015). These anti-TNF biologics are currently used successfully for the clinical treatment of RA, JIA, PsA, ankylosing spondylitis, psoriasis, and forms of IBD, particularly Crohn’s disease (CD) and ulcerative colitis (UC) (Mitoma et al., 2018).
RA is a common chronic inflammatory disease with a global prevalence of 0.51% (Almutairi et al., 2021). It is a complex autoimmune mediated disease that involves multiple inflammatory mediators such as TNF, IL-6 and IL-1 as well as immune cells (T cells, B cells, monocytes and macrophages) that help drive chronic inflammation of the joints (Cooles and Isaacs, 2011; Mellado et al., 2015). RA can lead to accumulating joint damage and irreversible disability (Smolen, 2018) but it can also result in extraarticular manifestations, such as rheumatoid nodules, pulmonary involvement or vasculitis, and other systemic comorbidities (Smolen et al., 2016). Today, the treatment options for RA are symptomatic agents, such as non-steroidal anti-inflammatory drugs (NSAIDs) and agents that target ‘disease modification’ that are termed disease-modifying antirheumatic drugs (DMARDs) which consist of both small molecules and biologics. Disease modification aims at improving the signs and symptoms of the disease for patients as well as normalizing physical function with an inhibition in the progression of structural damage to cartilage and bone.
The use of anti-TNF biologics such as infliximab, adalimumab, etanercept and certolizumab pegol have revolutionized the treatment of RA. Despite this success, the rate of disease remission in RA is still rather low with only 25% of patients reaching remission. In addition, it has also been reported that only 25% of patients achieve low disease activity (LDA) within 6 months (Smolen and Aletaha, 2015) of anti-TNF plus methotrexate treatment (Johnson et al., 2019). Additional limitations of the anti-TNF biologics include the development of adverse effects such as opportunistic infections, reactivation of latent tuberculosis and increased risk for specific malignancies, such as lymphomas (Kalliolias and Ivashkiv, 2016), as well as immunogenicity towards the drug itself resulting in the development of anti-drug-antibodies (ADA) that may limit their efficacy.
We believe that orally available small molecules have significant advantages over biologics, in terms of ease of administration, absence of immunogenic potential and production cost, particularly for chronic indications. The first significant breakthrough in the search for small molecule alternatives was described in 2005 (He et al., 2005). These inhibitors, exemplified by SPD-304, induced a disassembly of trimeric TNF that inhibited TNF signaling as shown in biochemical and cell-based assays. Less toxic analogs of SPD-304 were later described by Alexiou et al. (2014) and the same group reported improved molecules the following year (Papaneophytou et al., 2015). Attempts to build on this work are described by Deng et al. (2018) who reported a series of dihydrobenzoindole-6-sulfonamide inhibitors that occupy similar space to SPD-304. In silico tools were also used to identify plant-derived natural products that prevent the formation of TNF trimers (Papadopoulou et al., 2021). By applying virtual screening technology based on SPD-304, new inhibitors of the TNF-TNFR1 interaction have been identified (Sun et al., 2020) and recently, SPD-304 was used as a tool to discover molecules such as kaempferol from a natural product enriched DNA-encoded library (nDEL) (Wang et al., 2022).
The detailed mechanism of TNF signaling by TNF receptors is not fully understood. Nevertheless, there is evidence that receptor clustering is involved. Moreover, TNFR1 is thought to be present as a dimer held together by the so-called pre-ligand assembly domain (PLAD) (Chan et al., 2000; Deng et al., 2005; Deng et al., 2010). Crystallography shows that each TNF can bind three dimers of TNFR1, allowing one receptor from each dimer to bind a second TNF, since the binding site is facing outwards. This could in turn generate a larger signaling network comprised of TNF and its receptors (McMillan et al., 2021). It is likely that the disruption of such a signaling network by blocking one or more receptors from binding would impact TNF signaling. We have recently described several compounds (such as UCB-6786, UCB-5307 and UCB-9260) that do exactly this by stabilizing a distorted TNF trimer capable of binding TNFR1 at only two out of a possible three receptor binding sites (O’Connell et al., 2019). Furthermore, we demonstrated by thermal melt binding that these molecules are selective for TNF over other family members. Since the work described by O’Connell et al. was published, other groups have reported on the concept of stabilizing an asymmetric population of the TNF trimer. For example, an isoquinoline series was identified that was efficacious in a glucose-6-phosphate isomerase (GPI)-induced mouse arthritis model (Dietrich et al., 2021). In another study, a scaffold hopping approach based on the structures described by O’Connell et al. was applied to study a structure-activity relationship of quinolines and 1,5-naphthyridine TNF inhibitors (Xiao et al., 2020). A lead was identified that showed anti-TNF antibody-like efficacy in a collagen antibody induced arthritis (CAIA) model. Recent comprehensive reviews of this class of TNF inhibitor can be found in Medicinal Chemistry Reviews (Edmunds, 2019) and Drug Discovery today (Dömling and Xin, 2021). Despite the recent activity in small molecule targeting of TNF there has been no reported progression into clinical trials.
SAR441566, is a novel small molecule arising directly from the molecules first described by O’Connell et al., in 2019. The potency of SAR441566 was determined by protein and cell binding and activity against endogenous TNF in whole blood, while in vivo efficacy was assessed in an animal model of arthritis. This data, along with predictions from Quantitative Systems Pharmacology (QSP) and the molecule’s ADME and PK properties, were used to determine suitable doses for human clinical trials. Additionally, in order to provide a biomarker of TNF occupancy in humans, we developed an ELISA using an antibody described by Lightwood et al. (2021) that only detects compound-bound TNF.
Here we discuss the preclinical development of SAR441566, which has recently become the first anti-TNF small molecule to enter phase 1 clinical trials.
MATERIALS AND METHODS
Surface plasmon resonance binding of SAR441566 to tumor necrosis factor
SAR441566 binding to human TNF was demonstrated by surface plasmon resonance (SPR) using a Biacore T200 (GE Healthcare Bio-Sciences AB, Sweden). Here, the ligand TNF, was captured on the immobilized surface while the analyte SAR441566, was flowed over the captured surface. The sensor detects the change in mass on the sensor surface as the analyte binds to the ligand to form a complex on the surface. This corresponds to the association process. The dissociation process is monitored when the analyte is replaced by buffer. Human TNF (VCID7359) was produced by Beryllium (now UCB) in a stock concentration of 4.98 mg/ml at pH 7.4 and stored at −80°C. A solution of human TNF for the immobilization was prepared by dilution of the stock solution at concentration of 4.98 mg/ml to 10 μg/ml using immobilization buffer (Na acetate 10 mM pH 5.5). Human TNF was immobilized on a CM5 Series S Sensor Chip via amine coupling chemistry to a level of ∼1,500 Response Units (RU). HBS-P (10 mM HEPES pH 7.4, 0.15 M NaCl, 0.005% Surfactant P20, GE Healthcare Biosciences AB) was used as the running buffer with a flow rate of 10 μl/min. A reference surface was prepared by activating and deactivating an appropriate flow cell. SAR441566 was flowed over human TNF at five concentrations of doubling dilutions from 10 to 0.625 µM, plus a blank. The assay was run at 25°C with a flow rate of 100 μl/min in HBS-P supplemented with 1% dimethyl sulphoxide (DMSO). Double referenced background-subtracted binding curves were analyzed using the T200 BiaEvaluation software (version 1.0) following standard procedures. Kinetic constants for the on-rate (ka) and off-rate (kd) were determined for SAR441566 binding to human TNF from the fitting algorithm and the affinity constant determined (KD). The data were analyzed in BiaEvaluation software then presented in GraphPad Prism 7.
Tumor necrosis factor potency using zymosan stimulated CD11b in human whole blood (WB assay)
The in vitro potency of SAR441566 was determined using an assay that measured zymosan-activated CD11b expression on granulocytes in human whole blood. Zymosan works by binding to toll-like receptor 2 (TLR2) and other receptors, including Dectin-2, (Sanguedolce et al., 1992), and has been shown to activate NF-κB signaling which induces the production of proinflammatory mediators, including TNF (Young et al., 2001; Zarkesh-Esfahani et al., 2004). In turn, TNF can stimulate the expression of CD11b (Mac-1, complement receptor 3), the α-subunit of the CD11b/CD18 heterodimeric complex (Montecucco et al., 2008) which can be measured by flow cytometry. Here a serial dilution (final assay concentrations 20–0.005 µM) of SAR441566 was pre-incubated with human whole blood (collected into BD vacutainer tubes containing ethylene diamine tetra acetic acid (EDTA), BD 367525) for 1 h 37°C/5% CO2 to allow uptake of the compound into cells. Zymosan (Invivogen, Tlrl-zyn), the assay stimulus, was added (final assay concentration 1 μg/ml in a total volume of 38 μl) with thorough mixing and incubated for 3 h at 37°C/5% CO2. The reactants were labelled by transferring 10 μl to a fresh assay plate containing 10 μl of anti-human CD45 antibody (Pacific Blue-labeled) and anti-human CD11b antibody (Phycoerythrin-labeled) for 1 h at 4°C. The blood was fixed/lysed overnight (4°C) using FACS/lysing solution (BD sciences, 349202) and analyzed with a FACS CANTO II (BD Biosciences). The number of single cells (SSC-A, SSC-W) positive for CD45 and expressing CD11b was determined using FlowJo software (BD Biosciences). Maximum inhibition of CD11b activation used for inhibition curve calculation was determined with an excess of an anti-TNF blocking antibody (in house anti-TNF antibody CB6). Activity Base (IBDS) was used to fit (4 PL) a dose dependent inhibition curve and calculate IC50 and Emax.
Tumor necrosis factor occupancy in human whole blood
An enzyme-linked immunosorbent assay (ELISA) was used to determine the potency at which SAR441566 occupies the TNF in zymosan activated human whole blood. For the TNF occupancy assay a serial dilution of SAR441566 was pre-incubated in 384 well plates with fresh human whole blood (collected in vacutainer tubes with EDTA, BD 367525) from UCB donors for 1 h at 37°C/5% CO2. Zymosan, was added (final assay concentration 1 μg/ml) with thorough mixing and incubated for 3 h at 37°C/5% CO2, as described for potency measurement. Plasma samples were collected by centrifugation at 2250g for 10 min and assayed for total TNF and TNF bound to SAR441566. The SAR441566 bound TNF was determined by ELISA using a capture antibody specific to compound-bound TNF (CA 1974), previously described in Lightwood et al. (2021), and a commercially available anti-TNF detection antibody (ab9348, Abcam). Total TNF was detected using a similar method in which the capture antibody was replaced with a commercially available anti-TNF reagent (MAB2101, R&D Systems). Standard curves for both ELISAs were prepared by serially diluting recombinant TNF (Beryllium/UCB) pre-complexed overnight with SAR441566, at concentrations of 10 μg/ml and 10 μM, respectively. Standards and samples were run in parallel in the two ELISAs and used to determine total TNF and SAR441566 bound TNF in the plasma samples. The ratio of SAR441566-bound TNF to total TNF was used to calculate percentage occupancy and plotted against SAR441566 concentration in the blood. A concentration-effect curve was generated to determine the concentration of SAR441566 which resulted in 50% occupancy (OCC50) and 90% occupancy (OCC90) of TNF using IDBS XLfit software.
Blood samples obtained from healthy donors at UCB Celltech were taken with informed consent under UCB Celltech United Kingdom HTA license number 12504. All human blood and blood products were then used, stored and disposed of in accordance with UCB’s internal procedures and the United Kingdom Human Tissue Authority (HTA) Act guidelines, Code E.
Binding of SAR441566 to cell membrane tumor necrosis factor
The binding of SAR441566 to human TNF on the cell surface and intracellularly was assessed using an in-house non-secreting murine melanoma cell line (NSO) engineered to express a non-cleavable form of human membrane TNF (NSO-mTNFΔ1-12) (as described for murine TNF by Alexopoulou et al., 1997). Under sterile cell culture conditions, 1 ml of NSO-mTNF cells (non-adherent) were suspended at 1 × 106 cells/ml in 5 ml polystyrene round bottomed tubes (352052, Corning) in DMEM (Dulbecco’s Modified Eagle Medium, 21969-035, Gibco) containing 10% FBS (Fetal Bovine Serum, 10100147, Gibco) and ×1 NEAA (Non-Essential Amino Acid Solution, 11140050, Gibco). For both live cell and fixed and permeabilized cell experiments, SAR441566 was formulated and added to media containing NSO-mTNF cells at a final concentration of 1 μM and incubated for 60 min at 37°C. To measure the binding of SAR441566 to intracellular human TNF, cells were fixed and permeabilized using the FIX & PERM cell fixation & permeabilization Kit (ThermoFisher, GAS004) according to the manufacturer’s instructions. Antibody CA 1974, that recognizes the specific conformation of TNF when bound to SAR441566, was pre-labelled with Alexa Fluor® 488 (AF488) using a Protein Labelling Kit (ThermoFisher, A10235) according to the manufacturers’ instructions and added to the fresh NSO-mTNF cells or fixed and permeabilized cells at a final concentration of 4 ng/ml (Room temperature, 60 min). Cells were plated into 96-well dark walled imaging plates (BD Biosciences, United Kingdom). Images were acquired using a Cellomics Arrayscan (Life Technologies) with a ×20 objective, ORCA-ER camera (Hamamatsu). Permeabilization of the cells allows CA1974 to enter the cell and bind intracellularly to the SAR441566 bound TNF complex while the use of live cells only captures SAR441566 bound to TNF on the cell surface.
The binding kinetics of SAR441566 to membrane tumor necrosis factor on the cell surface
Binding kinetics was measured using NSO-mTNFΔ1-12 cells. Under sterile cell culture conditions, 1 × 106 of NSO-mTNF cells (non-adherent) were suspended in 0.9 ml DMEM (Dulbecco’s Modified Eagle Medium, 21969-035, Gibco) containing 10% FBS (Fetal Bovine Serum, 10100147, Gibco) and 1x NEAA (Non-Essential Amino Acid Solution, 11140050, Gibco) in 5 ml polystyrene round bottomed tubes (352052, Corning). The final assay concentration of SAR441566 was 0.1 μM. This was formulated in identical assay media at ×10 final assay concentration (1 μM). To assess the binding kinetics of SAR441566, 100 μl of media containing 1 μM SAR441566 was added to the NSO-mTNF cells in 0.9 ml of media to give a final assay concentration of 0.1 μM SAR441566 in 1 × 106 of NSO-mTNF cells. Importantly, SAR441566 and CA 1974 (4 ng/ml) were added at the same time (Time 0). The increase in AF488 labelling of the cells reflects the increase in the changed conformation of TNF bound to SAR441566. Cells were analyzed and recordings taken at baseline and multiple time points up to 90 min by flow cytometry (FITC/time, FACS Carousel), gated by FSC, SSC, and AF488 staining. Mean fluorescence intensity increased over time and was measured and used to calculate the kinetics of binding and populate the QSP model predictions (Figure 5B).
This protocol is applicable to all small molecules in this class (Figure 5B). Antibody CA1974 recognizes TNF bound to all compounds that stabilize asymmetric TNF, having been raised against TNF bound to UCB-9260 (Lightwood et al., 2021).
In vivo efficacy of SAR441566
In vivo efficacy was assessed in the collagen-induced arthritis (CIA) model in male DBA/1 mice, across three independent studies. All in vivo studies were reviewed by an internal Ethical Review Body and conducted in accordance with the Animals (Scientific Procedures) Act 1986, EU Directive 2010/63/EU. Chicken type II collagen (CII, MD Biosciences) was dissolved in 0.1 M acetic acid at a concentration of 2 mg/ml and rolled overnight at 4°C. The next day (Day 0) the CII solution was emulsified in an equal volume of complete Freund’s adjuvant (Sigma Aldrich) to give a final concentration of 1 mg/ml. Mice aged 10–15 weeks old were sensitized with 0.1 ml (100 µg CII) of emulsion injected intradermally on the flank under anesthesia. Fourteen days post-sensitization mice received a booster intradermal injection of CII emulsified in incomplete Freund’s adjuvant (Sigma Aldrich) on the opposite flank. Mice were assessed for signs of arthritis from Day 14 onwards. When signs of arthritis were seen, mice were weighed, and disease scored. Disease score was graded on a 0 to 3 scale as follows: grade 0, no swelling; grade 1, wrist or ankle swollen; grade 2, wrist/ankle and pad swollen; grade 3, wrist/ankle, pad and digits swollen. Disease score was the sum of all 4 paws (maximum score per mouse was 12). Mice were dosed therapeutically for 20 days with either vehicle or SAR441566 (100 µL orally twice a day (BID)) starting from the first day they showed signs of arthritis. The efficacy of SAR441566 was assessed over a dose range of 1, 3, 10 and 30 mg/kg. The area under the curve (AUC) of the disease score was calculated from baseline for individual mice in each treatment group. Blood samples were taken via the tail vein from a subset of mice in each group at 1 and 14 h post dose of SAR441566 on day 1 to obtain exposure levels.
In one of the CIA studies an in-house anti-mouse TNF antibody (Ab501), that has previously been shown to be efficacious in an arthritis model (O’Connell et al., 2019), was used as a positive control. Ab501 was dosed intravenously at 100 mg/kg on the first day mice showed signs of arthritis followed by subcutaneous administration at 100 mg/kg twice weekly. The limb bones from this study were used for the micro-CT analysis described below and the efficacy data from the three individual CIA studies are shown in the Supplementary Figures 2A–F.
In vivo data analysis
The mean area under the curve (AUC) change from baseline data was analyzed using a linear model suitable for the randomized design. The statistical analysis was performed in a Bayesian framework (Walley et al., 2016) fitting the linear model with vague priors for treatment groups (∼N (0, 1e4)) and assuming a normal distribution with a vague prior for the variance between observations (∼Gamma (1e−3,1e−3)) (Gelman et al., 2004). The posterior distributions of the percentage reductions of each dose group from the vehicle group were used to make probability statements about effects of scientific interest.
Micro-computed tomography imaging
X-ray micro-computed tomography (micro-CT) imaging of mouse limbs originating from the CIA model was performed using a SkyScan 1176 scanner (Bruker, Kontich, Belgium). Dissected mouse limbs of each animal were fixed in 10% neutral buffered formalin. One day before micro-CT imaging, limb bone samples were carefully washed in phosphate-buffered saline (PBS) and then installed in polypropylene syringes, one for each with labels, at 4°C with 35% ethanol.
Prior to micro-CT scanning, samples were warmed to room temperature. A batch scanning approach (Ying et al., 2017; Shazeeb et al., 2018) with improved scanning resolution was used for the micro-CT imaging of all limb bones, in which each 18 sealed syringes of limb bones were scanned together in a batch with another syringe containing 0.25 and 0.75 g/cm3 calcium hydroxyapatite phantoms. Scanning settings of 50 kV, 500 μA, 8.6 µm pixel resolution, 0.15° or 0.3° rotation steps, and 4-frame imaging average with a 0.5-mm Al filter were applied.
The acquired X-ray projection images were reconstructed using NRecon software (V1.7.3, Bruker) with beam hardening correction and post-alignment. Three-dimensional (3D) bone images of limbs were segmented and recorded individually with their labels for analysis.
3D volumetric micro-CT bone image analysis
For 3D micro-CT analysis of the tibia trabecular, cortical, and whole bones, MATLAB (V9.9, MathWorks, MA) protocols were developed to automatically select volume of interest (VOI) for each limb bones. CT-Analyzer (CTAn, V1.18, Bruker) was then used to segment and analyze the limb bones. After all, VOIs of micro-CT images were obtained, automatic batch processing was developed and applied for two-dimensional (2D) section analysis and 3D volumetric analysis, including bone mineral density (BMD) calculation. This analysis was applied to assess limb paws with 400-slice VOIs. The trabecular bone analysis methods and parameters (Skyscan, 2009) were also used for whole bone microstructure analysis. Amira software (V6.1.1, Thermo Scientific, MA) was used to visualize the reconstructed digital bones and the segmented VOIs, in 3D rendering and x-y, x-z, y-z views, for 3D imaging data validation. Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad Software, CA).
In vitro ADME and in vivo PK
The permeability of SAR441566 was determined at pH 7.4 in trans-well experiments with Caco-2 TC7 cells, internally validated for BCS classification (ICH-M9) with the probe substrates listed in the guideline. Every week cells are controlled for monolayer integrity using mannitol and low and high permeable compounds (metoprolol and propranolol) with acceptance criteria. In addition, digoxin is used for P-gp positive control in the absence and presence of cyclosporine A. Bi-directional flux/efflux experiments with increasing concentrations of SAR441566 and specific inhibitors for P-gp and BCRP (1 µM PSC833 purchased from Tocris and 1 µM Ko-134 purchased from Solvo, respectively) were used to characterize efflux transporter substrate properties of SAR441566. Fraction unbound of SAR441566 across preclinical species and human was determined by equilibrium dialysis with [3H]-labelled SAR441566 at six concentrations between 0.01 and 50 μg/ml at 37°C for 2 h, where equilibrium between plasma and buffer was reached. In vitro metabolic clearance was determined in cryopreserved primary human hepatocytes (20-donor mixed gender pool obtained from BioIVT). The incubation was performed using suspended cells as described in Ménochet et al. (2012). This assay is routine, performed using commercially available cells and did not require specific review by an ethical committee. In vivo PK studies were performed after intravenous (i.v.) and oral (p.o.) administration in rat, dog and cynomolgus monkeys at various doses using recommended application volumes for the different species: Rat 1 ml/kg for IV, 2 or 10 ml/kg for PO, dog 0.3 ml/kg IV, 5 ml/kg PO, Cynomolgus Macaque 2 ml/kg IV and 5 ml/kg PO. Studies were carried out according to internal guidelines and governmental requirements. SAR441566 was quantified from EDTA plasma and tissue homogenates. Tissue samples were weighed, homogenized in water and diluted in rat plasma with an exploratory liquid chromatography-mass spectrometry (LC-MS/MS) method after protein precipitation, with a quantification limit between 1 and 100 ng/ml. The pharmacokinetic parameters were calculated by the program Phoenix WinNonlin 6.4 using a non-compartmental model and linear trapezoidal interpolation calculation.
Quantitative systems pharmacology model predictions on tumor necrosis factor reduction in synovial tissue
We adapted a published dynamic, semi-mechanistic model on the TNF (trimer) biology (Fallahi-Sichani et al., 2011) to the conditions of the synovial tissue using additional data on cell numbers, cytokine levels (Chappard et al., 2001) and binding kinetics (Cope et al., 1992; Grell et al., 1998; McNearney et al., 2004) in the SimBiology® software (using MATLAB® R2020b). Changes to nominal parameters to this model are within the bounds provided by the source. Only intracellular TNF production, binding by SAR441566 and trafficking to the cell membrane was added to the model, which is based on the TNF residence time of 2–3 h measured in the membrane binding assay (Figure 5B). To model assay data on TNF-Small molecule (SM) complex appearance on cell surfaces, binding of the mTNF-SM complex by a staining antibody and disappearance of that complex was also added as model variant. To assess the prediction uncertainty, we sampled 100 parameter sets from within the parameter bounds, followed by simulation of the percent TNF inhibition.
Human PK prediction
PK studies in rat, dog and cynomolgus monkey, were performed to determine human clearance and volume of distribution (Vss) by simple three-species allometry with correction for interspecies differences in fraction unbound in plasma (Mahmood and Balian, 1996). In addition, human clearance and Vss were estimated using mechanistic models based on in vitro data. Total clearance was assumed to be the sum of hepatic and renal clearance, with renal clearance being negligible as only traces of unchanged compound could be recovered in a mass balance study in rats (data not shown). Scaling hepatic clearance from in vitro to in vivo was performed using a value of 8 μl/min/106 cells for in vitro intrinsic clearance as determined in suspended human hepatocytes (Table 2) using the well-stirred liver model with or without correction for albumin binding, respectively, as described in the literature (Poulin et al., 2012). Vss was calculated based on pKa, logP and plasma protein binding (see Table 2) using the Rodgers and Rowland method as incorporated in the Simcyp® Simulator V16R1 (Method 2) (Rodgers and Rowland, 2007).
RESULTS
SAR441566 binds with high affinity to human tumor necrosis factor by surface plasmon resonance
The affinity of SAR441566 for human TNF was determined using SPR technology on a Biacore T200 (Table 1 and Figure 1A). The study showed that SAR441566 bound to human TNF with an average affinity (dissociation constant [KD]) value of 15.1 nM (n = 4) (Table 1). The average association rate constants and dissociation rate constants for SAR441566 binding to human TNF are 1,471 (M−1s−1) and 2.19e−5 (s−1), respectively. The average t1/2 of SAR441566 for human TNF was determined to be 9 h:
TABLE 1 | Affinity of SAR441566 binding to human TNF.
[image: Table 1][image: Figure 1]FIGURE 1 | In vitro analysis of SAR441566: (A) shows a representative Biacore T200 curve for SAR441566 binding to TNF immobilized on a CM5 sensor chip. The KD was determined to be 15.1 nM (n = 4) (Table 1). (B) inhibition of zymosan stimulated expression of CD11b on granulocytes in human whole blood by total (free and protein bound) SAR441566 with an IC50 of 35 nM (n = 50) (Supplementary Figures S1A,B show a representative CD11b inhibition curve and corresponding flow cytometry analysis. (A) TNF occupancy in plasma samples from zymosan-stimulated whole blood, was determined from the ratio of compound-bound to total TNF using the conformation specific and total TNF ELISAs (seven individual blood donors assessed in seven independent experiments). Blood from four donors was spiked with SAR441566 concentrations ranging from 1.6–1,000 ng/mL, presented as open circles on the graph. Blood from one donor was spiked with an extended curve including the additional concentrations of 0.66 and 2500 ng/mL (closed circles). Mean occupancy +/− standard deviation plotted for SAR441566 in the range of 1.6–1000 ng/mL for the total of these five donors. Blood from two further donors was spiked with SAR441566 in the range of 2.0–1250 ng/mL (open squares). TNF occupancy was proportional to SAR441566 concentration and plateaued at around 100%, indicating full occupancy.
SAR441566 potently inhibits zymosan-activated CD11b expression on granulocytes in human whole blood
The potency of TNF inhibition by SAR441566 was assessed in a human whole blood assay. Endogenous TNF expression is driven by Zymosan and this in turn produces CD11b on the cell surface.
Briefly, the potency of SAR441566 to inhibit TNF in human whole blood was assessed by the addition of serial dilutions of the compound to blood prior to the addition of zymosan and, following an incubation, detection of CD11b expression on granulocytes by flow cytometry.
SAR441566 inhibited the expression of CD11b in zymosan-stimulated human whole blood with an IC50 of 35 nM (geometric mean; n = 50, 95% CL, 27.7–44 nM) and an IC90 of 163 nM (geometric mean; 95% CL, 139–191 nM) (Figure 1B). This value represents the inhibition by the total amount of SAR441566 rather than the ‘free’ non-protein bound compound.
SAR441566 fully occupies human tumor necrosis factor
In addition to measuring inhibition of endogenous TNF in a CD11b assay, we also determined the potency at which SAR441566 occupies TNF in human whole blood. Whole blood from seven individual donors was incubated in the presence of serial dilutions of SAR441566, giving final assay concentrations of between 0.1 nM and 2.5 µM, and stimulated by zymosan. The ratio of total TNF and SAR441566-bound TNF was determined by ELISA using antibodies that detect total TNF and the conformational selective antibody (CA 1974) to detect compound bound TNF. TNF occupancy increased proportionally with SAR441566 concentration and concentration-response curves were generated to determine the concentrations of SAR441566 required to achieve 50% occupancy (OCC50) and 90% occupancy (OCC90) (Figure 1C).
SAR441566 occupied human TNF with an OCC50 for total compound (includes protein bound) of 14.3 nM; (geometric mean; n = 12, 95% CL, 9.7 nM- 21.2 nM), and with an OCC90 of 64.3 nM (geometric mean; n = 12, 95% CL, 36.5 nM–113.1 nM). This equates to a free SAR441566 OCC90 concentration of 16 nM.
ADME properties and intracellular binding to human tumor necrosis factor
SAR441566 is a small molecule drug with a molecular weight of 502.5 Da, a moderate hydrophobicity and a partially charged tertiary amine with a pKa of 8.6. The molecule does not violate any of the 5 rules of Lipinski (Lipinski et al., 1997). SAR441566 showed a low metabolic clearance in human hepatocytes and a high fraction unbound of 25% in human plasma with a blood/plasma (B/P) ratio of 1 (Table 2).
TABLE 2 | Physicochemical and in vitro ADME properties.
[image: Table 2]In Caco-2 TC7 cells, absorption was pH- and concentration-dependent with a higher absorption at a neutral pH of 7.4 compared to pH 6.5. At saturating concentrations SAR441566 was a high permeable compound. Bi-directional Flux/Efflux experiments identified SAR441566 as a substrate of efflux transporters and further analysis with specific inhibitors PSC833 (P-gp inhibitor) and Ko-143 (BCRP inhibitor) revealed SAR441566 as a P-gp substrate (Table 3).
TABLE 3 | Transport characterization of SAR441566 in Caco-2 cells.
[image: Table 3]In rat, a direct elimination of parent SAR441566 into the gut was observed in addition to oxidative metabolism in a mass balance study (data not shown).
As a highly permeable and partially cationic compound, SAR441566 showed the expected high tissue distribution in rat, with tissue to plasma ratios up to 53 with highest accumulation in kidney, lung and liver, and very low distribution into the brain (Tables 4, 5).
TABLE 4 | Tissue Distribution of SAR441566 in rat (80 mg/kg PO).
[image: Table 4]TABLE 5 | Pharmacokinetic parameters following single administration to male animals.
[image: Table 5]This behavior is related to the physico-chemical properties of SAR441566. It has been previously described for cationic drugs in general, as a consequence of unspecific binding to phospholipids and some lysosomal/endosomal storage because of the pH gradient between the cytosol and the intracellular compartment (Holt et al., 2019; Schmitt et al., 2019). The membrane form of TNF is stored in the acidic Golgi vesicles (Shurety et al., 2000) before it is transported to the plasma membrane where it may be shed to form soluble circulating TNF. As a consequence of its favorable distribution properties, SAR441566 is capable of binding to its target inside these vesicles, before the TNF is transported to the plasma membrane. We calculated a >150 fold accumulation in the vesicles at the target site using the method described in Schmitt et al. (2019). The accumulation rate will be further increased by the very slow off rate of SAR441566 from TNF as shown by SPR (Table 1). The binding of SAR441566 to human TNF intracellularly and on cellular membranes was assessed in an NSO cell line expressing a non-cleavable form of membrane TNF with Alexa Fluor® 488 labelled IgG antibody (CA 1974) to detect TNF bound to SAR441566. Experiments allowed us to determine binding of SAR441566 to TNF on the plasma membrane of living cells (Figure 2A) as well as intracellularly after fixation and permeabilization of the plasma membrane (Figure 2B).
[image: Figure 2]FIGURE 2 | Binding of SAR441566 to human TNF on cells: The binding of SAR441566 to human TNF on the cell surface and intracellularly. An in-house NSO cell line expressing a non-cleavable form of membrane TNF was generated (NSO-tmTNFΔ1-12 Alexopoulou et al., 1997). An Alexa Fluor 488 labelled conformation specific antibody (CA1974) that only binds TNF when in complex with SAR441566 was used to determine binding on live cells (A) and intracellularly after cells were fixed and permeabilized (B). Images were acquired using a Cellomics Arrayscan (Life Technologies) with a 20× Objective, ORCA-ER camera.
SAR441566 demonstrates ideal pharmacokinetic properties for the inhibition of TNF in blood and tissues. This is a consequence of good permeability, a low metabolic clearance, the high tissue distribution and a high fraction unbound, that improves tissue penetration, (in combination with the slow off rate from the target).
SAR441566 demonstrates antibody-like efficacy in the collagen-induced arthritis (CIA) model
The CIA model is a common in vivo model of rheumatoid arthritis used in drug discovery to identify anti-arthritic drugs. The model is induced by sensitizing mice to chicken type II collagen, as described previously (Brand et al., 2007), which in turn stimulates a humoral and cellular immune response that manifests in the joints as an inflammatory arthritis. The model is responsive to clinically used anti-arthritic therapies (Bendele et al., 1999) including biological agents directed against TNF (Wang et al., 2013) therefore demonstrating its clinical relevance. The ability of SAR441566 to inhibit arthritis progression in the CIA model was assessed therapeutically over a dose response curve from 1 to 30 mg/kg across three independent studies. The combined data set clearly shows that oral administration of SAR441566 results in a dose dependent inhibition in signs of arthritis. SAR441566 dosed at 10 mg/kg resulted in a 68% reduction in the AUC of the disease score compared to vehicle treated mice and this inhibitory effect increased to 84% at a dose of 30 mg/kg (Figure 3). Whilst we could not compare SAR441566 directly with marketed biologics as they are specific to human TNF or have a different affinity for mouse, the inhibitory effect of SAR441566 at both 10 and 30 mg/kg was comparable to that seen with an anti-mouse TNF antibody (Ab501) which reduced AUC of the disease score by 72%. Using Bayesian analysis, probability statements of scientific interest can be made and in Figure 3 the red dotted line represents a 50% reduction in the AUC of the disease score. SAR441566 at a dose of 10 mg/kg has a probability of 0.87 that it will reduce the AUC of the disease score by more than 50% while at 30 mg/kg there is a 0.99 probability it will reduce the AUC by 50%. Again, this was comparable to Ab501 which has a probability of 0.85 of reducing the AUC by 50%. These data demonstrate that at a dose of 10 and 30 mg/kg, SAR441566 is a potent TNF inhibitor in vivo and is anti-arthritic in this clinically relevant model of RA. Blood samples taken across studies indicate that these antibody-like efficacious doses were associated with a free average exposure of 24 nM at 10 mg/kg. The in vivo efficacy of SAR441566 in all three independent CIA studies is shown in Supplementary Figure S2A–F.
[image: Figure 3]FIGURE 3 | In vivo efficacy of SAR441566 in the CIA Model: The dose dependent in vivo efficacy of SAR441566 in the CIA model when dosed therapeutically. SAR441566 was dosed orally BID at 1, 3, 10 and 30 mg/kg. Mouse anti-TNF antibody (Ab501) was dosed at 100 mg/kg. Efficacy assessed by the ability of SAR441566 to reduce the mean area under the curve (AUC) change from baseline (cfb) arthritis score compared to vehicle treated mice. Percent inhibition of each group is indicated on the graph. Data analyzed using a linear model suitable for the randomized design. Red dotted line represents a 50% reduction in the AUC of the disease score. Probability (Pr) statements of scientific interest were made using Bayesian analysis. Graph shows combined data from 3 independent CIA studies. The data demonstrates that the in vivo efficacy of SAR441566 at 10 and 30 mg/kg is comparable to an anti-TNF biologic (Ab501). Vehicle treated group n = 50, SAR441566 1 mg/kg n = 17, 3 mg/kg n = 26, 10 mg/kg n = 31, 30 mg/kg n = 34 and Ab501 treated group n = 16.
3D volumetric micro-CT phenotyping confirms antibody-like inhibition of arthritis development
Micro-CT imaging, especially high-resolution micro-CT image-based 3D rendering, and interactive visualization of volumetric data from CIA mice limb bones demonstrated typical osteoimmunological lesions in the limbs, such as joint bone erosion, bone destruction, and osteophytes developed on the bone surface. As shown in Figure 4, there is clear evidence that SAR441566 protects against CIA associated bone destruction in a dose dependent manner. Pivotal bone microarchitecture parameters of the hind-paws, such as bone volume fraction (BV/TV, %) were significantly higher in the 10 mg/kg and 30 mg/kg SAR441566 treatment groups as compared to the vehicle group and this effect was also comparable to that seen in Ab501 (100 mg/kg) treated mice (Figure 4B). This micro-CT analysis was conducted on limb bones from one of the three CIA studies where SAR441566 also showed antibody-like inhibition against arthritis development (Supplementary Figures S2E,F).
[image: Figure 4]FIGURE 4 | Effect of SAR441566 on bone in the CIA model as assessed by 3D volumetric micro-computed tomography: (A) shows a representative 3D rendering view of hind paws from animals treated therapeutically with SAR441566. A dose-dependent trend for bone improvement with SAR441566 is observed and at a dose of 10 and 30 mg/kg these effects are comparable to those seen in the Ab501 treated group. (B) 3D volumetric analysis of whole bone microstructure, using the trabecular bone analysis methods and parameters, of the hind paws with a dose-dependent trend for SAR441566 on bone volume fraction (BV/TV), bone surface density (BS/BV), bone mineral density (BMD), and bone fragment thickness (Tb.Th) reaching anti-TNF biologic-like effects at 10 and 30 mg/kg, respectively. Statistical analysis was performed using the one-way ANOVA and Dunnett’s multiple comparisons test, * for p < 0.05; ** for p < 0.005; *** for p < 0.001; and **** for p < 0.0001.
Quantitative systems pharmacology model predictions on tumor necrosis factor reduction in synovial tissue
Based on the developed TNF model for synovial tissue (reduced model schematic is shown in Figure 5A), free TNF levels in human synovial tissue start with 0.3 p.m. (total TNF: 1.5 p.m.) concentration and decline to very low concentrations (1–10%) during infliximab (3 mg/kg) and etanercept (25 mg) treatment (Figure 5C). To account for the lower drug concentration in synovial fluid compared to blood (Simkin and Bassett, 2011), we used one third of the infliximab and etanercept steady state concentration reported by Tani et al. (2013) as Cssf (ETA: 2.2 nM, IFX: 17 nM) in our model. For SAR441566, intracellular binding is assumed to solely depend on drug concentration and the binding kinetics that are equivalent to extracellular TNF binding. To understand the rate of intracellular binding of TNF by SAR441566, the intracellular pre-binding assay was used to measure the appearance of newly formed TNF-compound complex on the cell surface (Figure 5B). Compared to similar compounds of the same chemical series the complex formation was fastest for SAR441566. The model reflects the data under the assumption of equal binding kinetics (ka and kd) inside and outside of the cell but taking into account accumulation factors that are specific for each compound. An accumulation factor of 50 explained most of the data for SAR441566 while other reference compounds had higher binding kinetics but lower estimated accumulation factors and, overall, slower TNF-compound complex appearance rates on the cell surface. An accumulation factor of 50 is between the tissue to plasma ratios (Table 4) and ADME calculations of >150-fold (see previous section). With an intracellular accumulation factor of 50 and the slow off rate of SAR441566 from TNF shown in Table 1, the model estimates a reduction in soluble free TNF to less than 10% for a free average concentration of 8 nM (Figure 5C) and 2% for 24 nM (not shown), which is consistent with the estimated occupancy of 90% in the in vitro assay at 16 nM and the efficacious free exposure of 24 nM in the CIA mouse model.
[image: Figure 5]FIGURE 5 | QSP model predictions: A computer model and simulations for synovial TNF biology. (A) Reduced model scheme of TNF life cycle and drug binding. (B) data on mTNF-SAR441566 complex appearance in comparison to 3 analogues from the same chemical family on cell surface (circles) and model prediction (lines) using molecule specific binding kinetics and intracellular accumulation factors. (C) Model prediction on free soluble TNF inhibition in synovial fluid for Infliximab (IFX), Etanercept (ETA) and SAR441566.
Human PK prediction for SAR441566
Preclinical PK parameters were analyzed in rat, dog and cynomolgus monkey (cyno) after IV and PO dosing (Table 5) and were in accordance with ADME properties described (data summarized in Table 2). A dose proportional increase in exposure was observed in dog and cyno especially at lower doses up to 20–30 mg/kg. The clearance after i.v. application was low to moderate; volume of distribution was high, and bioavailability was moderate to high across species (Tables 2, 5). Using simple three-species allometry, the total human i.v. clearance and Vss were predicted to be 0.40 L/h/kg and 6.4 L/kg, respectively. The human hepatic clearance calculated by in vitro-in vivo extrapolation with and without correction for albumin binding was 0.42 L/h/kg and 0.81 L/h/kg, respectively. The mechanistically modeled Vss value was 5.1 L/kg. Overall, the estimated values for distribution and clearance in human from preclinical data were in line with the prediction using mechanistic approaches based on in vitro data and physicochemical properties and should support once a day (QD) or BID dosing in human.
DISCUSSION
We have previously described the discovery of specific small molecule inhibitors of TNF that stabilize an asymmetrical form of the soluble TNF trimer, compromising downstream signalling and inhibiting TNF function both in vitro and in vivo (O’Connell et al., 2019). These early molecules, whilst being good tools, did not possess the properties to make them suitable candidates for human therapy. Directly arising from this work, we now identify SAR441566 as a small molecule TNF inhibitor that has the preclinical attributes to become a first in class oral drug with the potential to transform the lives of patients living with multiple TNF driven immune diseases.
The treatment of patients suffering from chronic autoimmune diseases such as RA has been revolutionized over the past two decades by the development and approval of disease modifying anti-TNF biologics which have changed the clinical outcome for millions of patients and has validated TNF as an important therapeutic target.
Despite the overall success of the anti-TNF biologics there remains a significant unmet need in diseases like RA. For example, it has recently been reported that only 26% of RA patients are satisfied with their treatment which includes those on biologic DMARDS (Radawski et al., 2019) and the majority feel that their current therapy is inadequate in controlling their disease (Taylor et al., 2021). In addition, there is a ‘ceiling effect’ reported with biologics, including anti-TNFs, where treatment does not induce disease remission and low disease activity (LDA) in the majority of patients (Smolen and Aletaha, 2015). Some of this ‘ceiling effect’ can be attributed to the immunogenic response that a biologic elicits in patients. It is well documented that biologics can induce an immune response in patients with the generation of anti-drug-antibodies (ADA). This is a common feature and limitation of this class of therapeutic and although this response is variable between patients it is a frequent occurrence at the group level and has been reported across multiple diseases for anti-TNF biologics such as adalimumab, infliximab and biosimilars (Kalden and Schulze-Koops, 2017; Strand et al., 2021). The generation of an ADA response has a range of potential consequences for the patient, from no clinical effect to reduced therapeutic efficacy, injection/infusion site reactions and rare but severe adverse events such as anaphylaxis (Smith et al., 2016; Strand et al., 2021).
The reduced therapeutic effect has been well documented in RA patients and after an initially good response to an anti-TNF biologic efficacy is lost over time leading to secondary drug failure. This loss of efficacy is the main reason for discontinuation of anti-TNF therapy and has been attributed to the ADA response. This, along with the ADA related adverse events such as injection/infusion site reactions, means patients often swap from one anti-TNF biologic to another or switch to an alternative biologic such as rituximab. This immunogenicity therefore reduces the overall number of patients that reach a clinically meaningful response with anti-TNF treatment and would account for the lack of disease control in a proportion of patients. A small molecule anti-TNF inhibitor such as SAR441566 would not be expected to elicit an immunogenic response, mitigating the risk of secondary drug failure, whilst maintaining exposure and hence efficacy as well as reducing any biologic related adverse events. This in turn has the potential for patients to reliably control their disease without having to swap or switch treatments.
A number of studies over the years have also assessed patient preference for the route of administration of their RA medication and oral administration is consistently ranked as first choice for the majority of patients (Barclay et al., 2013; Alten et al., 2016; Taylor et al., 2020). It has also been reported that up to 83% of RA patients who might need to change therapies, as recommended by their doctor, would choose to switch to an oral tablet over an injectable or intravenous infusion (Barclay et al., 2013). In this respect, speed and ease of administration have been highlighted as common reasons for patients’ preference towards oral medication (Taylor et al., 2020). A small molecule such as SAR441566 would therefore address this patient unmet need.
We have demonstrated that SAR441566 binds to TNF with a high affinity (Figure 1A) and importantly that it is potent in an endogenous human TNF dependent whole blood assay. The development of CA 1974, a conformation specific antibody capable of detecting small molecule bound human TNF, has revealed that SAR441566 can bind to intracellular TNF. Furthermore, whilst we had previously described an ELISA using this novel antibody for the specific detection of compound bound TNF (Lightwood et al., 2021), this is the first description of this method used in combination with an ELISA for total TNF to quantify small molecule-mediated occupancy of TNF with the potential to measure target occupancy in clinical studies.
Given the historic use of the in vivo CIA model in drug discovery to successfully identify clinically relevant anti-arthritic drugs, which include anti-TNF biologics (Piquet et al., 1992; Bendele et al., 1999; Wang et al., 2013; Dowty et al., 2014) it was key for us to demonstrate efficacy with SAR441566 in this model. Encouragingly, the strong in vitro potency profile of SAR441566 was replicated in vivo with a dose dependent inhibition in signs of arthritis. Statistical analysis of this data highlighted 10 mg/kg BID as a potent therapeutic dose. Analysis of the hind limbs by micro-CT revealed an attenuation of bone destruction was achieved with SAR441566 at a dose of 10 and 30 mg/kg BID which was in line with that seen in mice treated with the murine anti-TNF antibody (Ab501). The 3D images clearly show a visual difference between SAR441566, and vehicle treated groups (Figure 4A). Furthermore, the 3D micro-CT imaging based volumetric measurements of bone surface and microarchitecture validated the significance, showing an increased BV/TV with SAR441566 treatment which indicates a reduction in bone erosion and destruction; and reduced BS/BV indicating more smooth bone surface due to reduced osteophyte formation.
For human dose predictions, we routinely apply other methods to complement in vitro and in vivo data, so we used a quantitative systems pharmacology approach (QSP) to assess the potential efficacious concentration of SAR441566. QSP predicted that a reduction in free soluble TNF in synovial tissue to less than 10% would be achieved with SAR441566 at a free Cav of 8 nM and this was comparable to data for infliximab and etanercept. This suggests that SAR441566 is likely to have antibody like potency in the clinic at this exposure.
In summary, to determine suitable doses for human trials we generated efficacy data on SAR441566 using a multi-system approach across in vitro, in vivo and QSP systems. Given the complexities and variabilities of these individual methods it is extremely encouraging that the target efficacy is comparable across all systems, giving a relatively narrow predicted target range of 8–24 nM free SAR441566 Cav.
SAR441566 possesses the drug like properties to make it suitable for therapeutic use. It has good permeability, low metabolic clearance, high tissue distribution, high fraction unbound, moderate to high bioavailability and accumulates intracellularly where it can pre-bind TNF (Figure 2) prior to surface expression and cleavage. This is important because the slow association rate of this class of molecule would make doses unrealistically high if the low levels of circulating TNF and rapidly turned over extracellular membrane TNF were the only accessible forms of TNF for SAR441566. These properties make it an ideal candidate for inhibiting TNF in blood and tissue. Human PK prediction employing both empirical and mechanistic approaches resulted in similar estimated values for human clearance and volume of distribution, substantiating the consistent PK properties of this compound. Based on all the preclinical data we have generated, SAR441566 is anticipated to show good bioavailability, high tissue distribution and moderate clearance in humans, indicating the potential of once daily oral administration.
The search for a small molecule that could do the same as a biologic in diseases like RA has been a goal for many years. Small molecules not only have an advantage in being administered orally but are expected to have better tissue penetration and can be chemically engineered to enter compartments that protein-based drugs traditionally cannot access. Having described small molecules that block TNF by the unusual mode of stabilizing it in an inactive conformation, we now show the outcome of those initial studies. The resulting molecule, SAR441566, has the potential to be more accessible to patients in the pre-biologic treatment space or after first line drug failure when a swift change in disease management is required. We expect it to deliver a more stable treatment option with no immunogenicity, a reliable exposure and efficacy profile, a reduced propensity to require a swap or switch of medication, as well as the potential elimination of ADA related adverse events whilst still maintaining anti-TNF biologic like disease modifying activity. With these characteristics, SAR441566 has the potential to become the anti-TNF of choice in the pre-biologic phase of treatment and is currently advancing in clinical trials.
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