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Abstract

:

Sebetralstat is a novel, potent, and selective oral plasma kallikrein inhibitor drug candidate in clinical development for the on-demand treatment of hereditary angioedema (HAE). Upon binding, sebetralstat induces a conformational change in the active site of plasma kallikrein, which contributes to its high potency (Ki 3 nM) and selectivity (>1500 fold) against other serine proteases. Its physiochemical properties promote both rapid dissolution in the stomach and rapid absorption in the upper intestine that contribute to its fast and efficient absorption. A single oral administration of sebetralstat rapidly provides near-complete inhibition of plasma kallikrein and blockade of high-molecular-weight kininogen cleavage as early as 15 min, which drives its clinical efficacy. In a phase 2 clinical trial, sebetralstat significantly reduced the time to beginning of symptom relief (p < 0.0001) with median times of 1.6 h (95% CI: 1.5–3.0) with sebetralstat versus 9.0 h (4.0–17.2) with placebo. KONFIDENT (NCT05259917) is a phase 3 clinical trial assessing the on-demand use of sebetralstat for HAE. If successful, this trial could support the approval of sebetralstat as the first noninvasive, on-demand treatment option to rapidly halt HAE attacks and provide fast symptom relief.
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1. Role of Plasma Kallikrein in Hereditary Angioedema


Hereditary angioedema (HAE) is a rare genetic disease that causes episodic swelling in the skin and submucosal membranes [1]. The anatomical location and severity of attacks, which can occur in the face, extremities, abdomen, genitalia, oropharyngeal tissues, or larynx, is often unpredictable [2]. Attacks that cause airway obstruction can be life-threatening [3]. Criteria for the diagnosis of HAE include the clinical presentation of recurrent subcutaneous or submucosal angioedema that lasts more than 12 h and/or unexplained recurrent abdominal pain that spontaneously resolves in 24–72 h, and laboratory measurements of C1 inhibitor demonstrating a <50% deficiency [1]. Additional information that supports diagnosis include a documented family history of HAE and the identification of C1 inhibitor gene mutations that affect its synthesis or function. Inadequate control of the plasma kallikrein kinin system (KKS) has been identified as the underlying disease mechanism responsible for HAE attacks [4,5].



1.1. Plasma Kallikrein-Mediated HAE Attacks


HAE attacks are mediated by increased vascular permeability caused by the KKS [4,6]. Plasma kallikrein (PKa), a trypsin-like serine protease, cleaves high-molecular-weight kininogen (HK) to generate the nonapeptide hormone bradykinin and cleaved HK (cHK), which can serve as a marker for KKS activation [7]. Bradykinin activates B2 receptors that are ubiquitously expressed and influence an array of vascular, immune, and neuronal cellular functions [8,9]. The activation of B2 receptors in the vasculature can have a variety of effects, including vasorelaxation, blood pressure decrease, and increased vascular permeability [9,10]. PKa also cleaves Factor XII (FXII) to generate the serine protease FXIIa that converts plasma prekallikrein to PKa. This positive feedback mechanism of the KKS amplifies the generation of PKa and bradykinin-mediated edema and inflammation. Thus, PKa activity is responsible for both the production of bradykinin and amplification of KKS activation.



The interaction of FXII with negatively charged surfaces or activating enzymes leads to the generation of both FXIIa and PKa, which mediate the positive feedback mechanism of KKS amplification in blood and affected tissues. The activity of the KKS is normally controlled by C1 inhibitor (C1INH, encoded by the SERPING1 gene), the primary physiological inhibitor of both PKa and FXIIa [11]. Mutations in the SERPING1 gene that result in reduced C1INH expression (HAE Type I) or impaired function (HAE Type II) are the primary causes of HAE (termed HAE-C1INH). Insufficient C1INH levels or function facilitate uncontrolled PKa activity, resulting in increased concentrations of bradykinin. This leads to the extravasation of fluid into the affected tissue, which results in swelling and pain [4]. The prevalence of HAE-C1INH has been estimated to be approximately 1:50,000 in the US [12]. HAE can also occur in the presence of normal levels of C1INH protein and function (termed HAE-nC1INH). The causes of HAE-nC1INH are heterogenous and not fully understood. Although genetic information and therapeutic responses from a limited number of studies have implicated the KKS in attacks in people with HAE-nC1INH [13,14,15], the underlying etiology for most individuals with a presumptive diagnosis of HAE-nC1INH has not been elucidated. The prevalence of HAE-nC1INH in the US was recently estimated to be about 1200 [16].




1.2. PKa Inhibitors Used for the Treatment of HAE


1.2.1. On-Demand Treatments


PKa inhibitors are approved for both the on-demand and prophylactic treatment of HAE. The first selective PKa inhibitor used for the treatment of HAE was ecallantide, a potent, specific, and reversible PKa inhibitor [17,18]. In EDEMA-4, a phase 3 study in 96 patients with HAE-C1INH, the improvement from baseline in the mean symptom complex severity score 4 h after dosing was significantly greater with ecallantide versus a placebo (−0.8 vs. −0.4; p = 0.01) [19]. Although ecallantide provides fast symptom relief during HAE attacks, it is a small recombinant protein that is associated with a risk of anaphylaxis (~4% in clinical trials) and requires subcutaneous administration in the presence of health care professionals (HCPs) trained in the treatment of anaphylaxis. The mechanism of anaphylaxis with ecallantide is not fully understood [20], and anaphylaxis is not associated with other approved PKa inhibitors. The U.S. Food and Drug Administration’s (FDA) black box warning for ecallantide indicates that it should only be administered by an HCP with appropriate medical support to manage anaphylaxis and HAE [18,21,22]. This requirement for HCP administration introduces delay in treatment administration following the patient’s recognition of attack onset, and is, therefore, primarily used as a rescue therapy. Increased PKa inhibition can also be achieved by restoring C1INH function using either plasma-derived or human recombinant C1INH. While the exogenous administration of C1INH is effective for the treatment of HAE attacks, only the intravenous application of C1INH is available for on-demand treatment [22], which also increases treatment burden and delays.



Most of the effects of PKa on vascular permeability have been attributed to the bra-dykinin-mediated activation of B2 receptors. The subcutaneous administration of icatibant, a B2 receptor antagonist, is approved for the on-demand treatment of HAE attacks [23]. In FAST-3, a phase 3 study in patients with HAE-C1INH, median time to 50% or more reduction in symptom severity was 2.0 h with icatibant vs. 19.8 h with placebo (p < 0.001) for cutaneous or abdominal attacks [24]. However, nearly all participants in the controlled and open-label extension phases of FAST-3 experienced injection site reactions, including erythema (overall incidence, 89.2–98.2%; severe, 5.4–19.4%) and swelling (overall incidence, 75.7–86.4%; severe, 1.4–8.1%) [25]. The most common injection site adverse drug reactions for icatibant reported in the FDA Adverse Event Reporting System are site pain, site erythema, and site swelling [26]. Maurer and Church (2012) have demonstrated that subcutaneous injection of icatibant in healthy volunteers induced flares and wheals; these responses were somewhat ameliorated in individuals pretreated with cetirizine [27]. In 2015, McNeil et al. demonstrated that icatibant activates mast cells via the MRGPRX2 receptor [28]. The negatively charged surface in the ligand-binding sub-pocket of the MRGPRX2 receptor has been implicated in its preference for cationic peptidic agonists such as icatibant [29,30]. These findings suggest that icatibant-mediated activation of MRGPRX2 may contribute to its pseudo-allergic injection site reactions, including erythema and swelling [31,32].




1.2.2. Prophylactic Treatments


Two PKa inhibitors are approved for the prophylactic management of HAE. Lanadelumab, a monoclonal antibody that binds and thereby inhibits PKa, was shown to result in 87% HAE attack reduction; 44% of patients were attack-free in a 26-week phase 3 study [33]. Berotralstat, an orally available PKa inhibitor, has been shown to reduce HAE attacks by 44.3% compared with placebo in a 24-week phase 3 study [34]. Although significant reductions in attack frequency among patients receiving long-term prophylaxis have been reported, most patients continue to have attacks, including those affecting the larynx [35,36,37,38].





1.3. Unmet Need for On-Demand HAE Therapies


Current guidelines recommend that all attacks be considered for treatment, that attacks should be treated early, and that patients with HAE always have ready access to on-demand treatment for two attacks given the unpredictable nature of HAE [22,39]. Attacks that are treated early are associated with improved outcomes [40,41]. Although both PKa inhibition with ecallantide and B2 receptor antagonism with icatibant are effective in providing on-demand relief from HAE attack symptoms, these therapies require parental administration and can have adverse side effects that may delay or reduce utilization. Oral therapies that rapidly inhibit the KKS could enhance patient compliance with treatment guidelines. We sought to identify and develop a potent and selective PKa inhibitor that provides the rapid and near-complete inhibition of PKa following oral administration and thereby provides fast symptom relief from HAE attacks.



Rationale for Oral On-Demand Treatment of HAE Attacks with a PKa Inhibitor


	
Uncontrolled PKa activity is the source of increased bradykinin in HAE-C1INH.



	
PKa inhibition is highly effective for the treatment and prevention of HAE attacks.



	
PKa inhibition reduces the generation of PKa via the feedback loop of the contact system, thereby decreasing the expansion and worsening of attacks.



	
Oral therapies reduce the barriers to early treatment imposed by parenteral therapies (e.g., need for training, portability issues, injection site reactions).



	
Patients prefer oral medications over injectables [42].



	
Oral on-demand therapies that rapidly halt attacks may reduce the need for prophylaxis.









2. Sebetralstat


Sebetralstat (previously named KVD900) (Figure 1) is a potent, selective, and oral PKa inhibitor that provides near-complete inhibition of circulating PKa as early as 15 min following dosing and is well suited for the on-demand treatment of HAE attacks [43,44]. A summary of sebetralstat’s properties is shown in Table 1.



2.1. Discovery


The discovery of sebetralstat was described by Davie et al., 2022 [45]. Historically, development of orally bioavailable PKa inhibitors has proven to be challenging due to the belief that trypsin-like serine proteases required charged, basic P1 groups to form a salt bridge interaction with ASP189 to achieve potent inhibition [46]. The presence of charged, highly basic groups within drugs can be detrimental to absorption, which is required for oral bioavailability [47]. We employed a strategy to reduce the reliance of the charged interaction between ASP 189 and the P1 moiety by reducing the basic pKa value of the P1 group in a stepwise manner. The optimization of binding interactions in additional pockets of the active site would be required to maintain potent inhibitors. At the project concept stage, most of the reported PKa inhibitors contained a benzamidine or equally basic P1 group (pKa values between 11 and 12). Hit compound 1 was discovered as a suitable starting point, with 3.7 µM inhibition against PKa and a relatively low molecular weight (Figure 2). The hit compound contained benzylamine with a moderately high basic moiety (pKa 9.1) but a stepwise improvement from benzamidine. Further reductions in the basicity of the P1 group of compound 1 did not yield potent inhibitors. Modification and optimization to the rest of the hit scaffold produced potent inhibitor 2, which enabled the discovery of P1 groups with further reduced basicity exemplified by compound 3, culminating in an array of neutral (non-ionized) benzyl P1 binders. The structure–activity relationship from the array led to the identification of 4, with a preferred 2,6-difluoro-3-methoxy substitution pattern on the phenyl ring. Absorption, distribution, metabolism, and excretion properties were optimized, first by introducing a methoxymethyl substituent onto the pyrazole core, which led to improved permeability, and then with the introduction of a 2-pyridyl ring in place of the phenyl ring of the P1 group, which reduced lipophilicity and increased solubility, to generate sebetralstat (Figure 2).



Sebetralstat complexed with PKa (PDB code 8A3Q) adopts a characteristic U-shaped conformation [48] occupying the S1 and induced S4 pocket, as shown in Figure 3A. Conformational change in the protein structure occurs due to the rotation of TRP 215 (“Trp flip”) revealing a deep S4 pocket. This movement is accompanied by shifts in both TYR 174 and GLY 99 wherein the benzylpyridone and pyrazole core form a network of π-stacking interactions (TYR 174, TRP 215, and HIS 57), stabilizing the rearrangement. The extended network of hydrogen bonding and π-stacking interactions are shown by dotted lines in Figure 3B. The movement of amino acid residues is shown in Figure 3C using overlays of crystal structures 8A3Q (sebetralstat [green] complexed with PKa [pink]) and 2ANW (benzamidine [yellow] complexed with PKa [gray]). The novel 3-fluoro-4-methoxypyridine P1 group is devoid of specific polar interactions and instead derives favorable binding energy from hydrophobic interactions and displacement of a water molecule close to TYR 228. The conformational change in the protein structure and subsequent stabilization upon binding with sebetralstat likely contributes to both its potency and selectivity.




2.2. Selectivity and Safety Profiling


The IC50 of sebetralstat for human PKa is 6 nM and its selectivity is >1500-fold compared with a panel of related serine proteases (Table 2). Of note, sebetralstat has high selectivity against tissue kallikrein and thus would not be expected to interfere with the generation of Lys-bradykinin, and B2-receptor-mediated actions that may provide beneficial effects in the heart, kidney, and immune system [49,50]. Moreover, the clinical efficacy for HAE attack reduction by a selective blockade of PKa with lanadelumab (as described above) or donidalorsen (antisense oligonucleotide that inhibits the production of plasma prekallikrein [51]) suggests that tissue kallikrein does not significantly contribute to bradykinin generation that causes HAE attacks [4]. In addition, sebetralstat is selective against FXIa, which shares the highest structural homology to PKa among its closely related serine proteases [52]. Sebetralstat is also selective against other coagulation factors tested, including FXIIa, Fxa, FVIIa, and thrombin.



Sebetralstat also displays a high selectivity profile against an off-target safety panel (Eurofins, St. Charles, MO, USA; 124 targets) [45]. No significant inhibition of the hERG channel was observed with sebetralstat at 33 μM (the highest concentration tested) in an electrophysiology patch clamp assay [45]. Sebetralstat has an IC50 > 25 μM for the seven major CYP450 isoforms, and multiple CYP450 isoforms contribute significantly to the clearance of sebetralstat, which lowers the risk for CYP-mediated drug–drug interactions [45].




2.3. Rapid Absorption following Oral Dosing


Optimal on-demand treatment of HAE attacks requires fast and near-complete blockade of the KKS. The rapid oral exposure of sebetralstat in a solid tablet formulation is attributed to its rapid dissolution in the stomach followed by its efficient absorption in the upper intestine. The physicochemical characteristics of sebetralstat include a pKa that is cationic in the stomach (pH 1.5–2.0) due to the protonation of the pyridine nitrogen (measured pKa: 3.6) at gastric pH, yielding a high degree of ionization, enabling a fast dissolution rate and a low degree of ionization in the small intestine (~pH 6.0), enabling efficient absorption. The dissolution of sebetralstat in the stomach is reflected in a high solubility of >1 mg/mL in fasted-state simulated gastric fluid (FaSSGF; pH 1.6), and solubility is maintained at 0.29 mg/mL in fasted-state simulated intestinal fluid (FaSSIF; pH 6.5).





3. Sebetralstat In Vitro Pharmacology


Sebetralstat is a competitive and reversible inhibitor of PKa with an estimated Ki of 3.02 ± 0.33 nM (mean ± SD) and IC50 for isolated human PKa of 6.0 nM. The association and dissociation kinetics of sebetralstat and PKa are kon > 10 × 106 M−1 s−1 and koff = 0.0789 s−1, respectively.



The effects of sebetralstat on PKa in whole plasma were analyzed in the presence of dextran sulfate (DXS), which stimulates FXII activation and the generation of PKa. In this whole plasma assay, 6.25 μg/mL of DXS induces a rapid increase in PKa activity with a Vmax occurring in about 5 min as measured using a fluorogenic substrate. DXS also stimulates cleavage of approximately 60% of the plasma prekallikrein at 17 min, corresponding to the potential generation of 75–86 nM PKa [44]. This in vitro assay was used to mimic rapid and high-level KKS activation that may occur during an HAE attack. Using this whole plasma assay, sebetralstat has an IC50 for PKa in plasma from healthy volunteers of 54.4 nM ± 13.1 (geometric mean ± SD) and from individuals with HAE-C1INH of 47.5 nM ± 10.4 (Figure 4A). The high potency of sebetralstat in DXS-stimulated whole plasma is attributed, in part, to its fast association kinetics for PKa, which was above the limit of detection; kon >10 × 106 M−1 s−1. The higher IC50 in the whole plasma assay compared with the isolated PKa assay was expected based on the high concentration of PKa generated in the former. While the dilution of plasma, which decreases PKa concentration, can lower the apparent PKa inhibitor IC50, whole plasma assays likely more closely represent the IC50 in vivo.



The DXS-stimulated generation of PKa in the whole plasma assay was associated with the near-complete consumption of its endogenous substrate HK in 17 min (Figure 4B). The addition of sebetralstat to plasma protected HK from DXS-stimulated cleavage with an IC50 of approximately 200 nM [44]. HK is quantified in an endpoint protein measurement, whereas the whole plasma PKa activity is based on enzyme kinetics (Vmax), which limits the direct comparison of sebetralstat IC50 values from these assays.




4. Sebetralstat Phase 1 Trials


The pharmacodynamics of sebetralstat in healthy adult volunteers was investigated in phase 1 trials [43]. A single dose of 600 mg of sebetralstat in a film-coated tablet formulation was orally administered and plasma was collected predose and at timepoints up to 12 h postdose. Sebetralstat was rapidly absorbed, with a median Tmax of 0.5 h (range: 0.33–1.5), geomean Cmax of 6460 ng/mL (CV%: 22.0), and AUC0–24 of 18,600 h.ng/mL (CV%: 22.5) (Figure 5A). The oral absorption of sebetralstat was determined as >75% of the dose in a [14C] radiolabeled study [53].



The effects of sebetralstat on both whole plasma PKa activity and HK cleavage were analyzed and compared. At 20 min postdose, DXS-stimulated PKa activity was inhibited by 89.2% (1.9% ± 5.2 HK remaining; mean ± SD), and >90% mean inhibition was observed from 30 min to at least 6 h postdose compared with predose plasma (Figure 5A). The inhibition of mean whole plasma PKa activity by sebetralstat was sustained at >60% for up to 10 h.



The DXS-stimulated generation of cHK in plasma obtained following sebetralstat administration was inhibited by 90.3% (9.7% ± 25.5 HK remaining; mean ± SD) at 20 min postdose and by >98% inhibition of cHK generation from 30 min to 6 h, compared with DXS-stimulated plasma at predose (Figure 5B). Longer-term effects of sebetralstat for HK protection and the inhibition of cHK generation were observed at 8 h (93% inhibition of cHK) and 10 h (82.4%). As expected, an increased protection of HK inversely correlated with low levels of cHK. In the presence of DXS, inhibition of >90% PKa activity in the whole plasma assay was associated with the near-complete protection of HK cleavage.



The dose–response effect of 160, 300, and 600 mg of sebetralstat administered as a single dose on PKa activity was examined using population pharmacodynamic data. These results show that all three doses delivered the rapid inhibition of PKa activity and the duration of PKa inhibition was dose-responsive with >90% inhibition maintained for 2 h with 160 mg, 4 h with 300 mg, and 6 h with 600 mg of sebetralstat (Figure 5C).




5. Sebetralstat Phase 2 Trials for HAE-C1INH


A single oral dose of 600 mg of sebetralstat was investigated in a phase 2 trial for the on-demand treatment of HAE attacks [54]. Part 1 of the study was open label to assess the safety, pharmacokinetics, and pharmacodynamics of sebetralstat in participants with HAE. Part 2 was a randomized, double-blind, placebo-controlled, two-sequence, two-period (2 × 2) crossover trial. Patients with HAE-C1INH were randomly assigned to receive either a single dose of 600 mg of sebetralstat to treat the first eligible attack and a single dose of a placebo to treat the second eligible attack or a placebo to treat the first eligible attack and 600 mg of sebetralstat to treat the second eligible attack.



In part 1, 68 participants received 600 mg of sebetralstat; plasma samples were collected in 42 participants predose and from 15 min to 4 h postdose. Sebetralstat was rapidly absorbed with a mean 4016 ng/mL Cmax and 1.5 h Tmax (geometric mean, n = 42). The effects of sebetralstat on DXS-stimulated PKa activity in whole plasma were measured using samples from 26 participants, which had sufficient quantity and quality of plasma samples for all timepoints. The inhibition of PKa activity in plasma obtained at 15 min was 88.9%, and an inhibition of >90% was observed from 30 min to 4 h postdose (latest timepoint assessed, Figure 6). HK and plasma prekallikrein were measured by immunoassay in samples from a randomly selected cohort of six participants with HAE. The protection of both PK and HK from DXS-stimulated cleavage was observed in plasma obtained 15 min after the sebetralstat dose, and the near-complete inhibition of DXS-stimulated HK and prekallikrein cleavage occurred from 30 min to 4 h postdose (the last timepoint analyzed). The rapid inhibition of PKa and protection of HK with sebetralstat in HAE plasma (Figure 6) were similar to the responses observed in healthy plasma (Figure 5). In addition, the protection of prekallikrein from DXS-stimulated cleavage in the presence of sebetralstat suggests a strong inhibition of the positive feedback loop of the contact system. Similar results were shown in the phase 1 trial where sebetralstat inhibited the DXS-stimulated generation of PKa and FXIIa, in addition to protecting HK from cleavage [43].



In part 2, the safety and efficacy of 600 mg of sebetralstat and a placebo were investigated in 68 patients with HAE. The primary endpoint of the trial, time to use of conventional attack treatment within 12 h of study drug administration, was met (p = 0.001) with sebetralstat versus the placebo (at quartile 1: >12 h [95% CI: 9.6 to >12] vs. 8.0 h [3.8 to >12]). The time to beginning of symptom relief was defined as at least “a little better” for two consecutive timepoints using the Patient Global Impression of Change (Figure 7). The median time to beginning of symptom relief was 1.6 h (95% CI: 1.5–3.0) with sebetralstat versus 9.0 h (4.0–17.2) with the placebo (p < 0.0001) [51]. Moreover, at 12 and 24 h after study drug administration, a greater proportion of attacks treated with sebetralstat were rated at least “a little better” for two consecutive timepoints (44 [83%] at 12 h and 45 [85%] at 24 h) compared with attacks treated with a placebo (27 [51%] at 12 h and 34 [64%] at 24 h; p = 0.0018 at 12 h and p = 0.031 at 24 h) [54]. In the phase 2 trial of sebetralstat in patients with HAE, there were no serious adverse events or adverse-event-related discontinuations.



Following oral sebetralstat, the time for the near-complete inhibition of PKa activity and HK cleavage was as early as 15 min in part 1 and the time to the onset of symptom relief occurred at a median of 1.6 h in part 2. Since the half-life of circulating bradykinin is very short, blocking HK cleavage and the generation of bradykinin by PKa inhibition would be expected to rapidly halt the actions of the KKS. The strong inhibition of PKa activity with sebetralstat was shown to occur within minutes after dosing in both phase 1 and phase 2 studies. These results suggest that strong PKa inhibition mediates the symptom relief observed with sebetralstat. This is consistent with a mechanism of action where inhibition of HK cleavage would halt bradykinin generation and thereby rapidly block its effects and enable the restoration of endothelial barrier function. Moreover, the sebetralstat-mediated inhibition of the KKS feedback loop is expected to inhibit a further generation of both PKa and FXIIa (Figure 8). KONFIDENT (NCT05259917), a phase 3 study with sebetralstat for the on-demand treatment of HAE, was recently completed and is pending data readout [55].




6. Summary and Conclusions


Sebetralstat is a competitive and reversible oral PKa inhibitor that rapidly blocks the actions of PKa, including the cleavage of HK that generates bradykinin and the feedback amplification of the KKS that increases the production of PKa. Structural studies show that sebetralstat induces a conformation change in the PKa active site, which contributes to its high potency for PKa and high selectivity against related serine proteases. The physiochemical properties of sebetralstat contribute to its rapid dissolution and efficient absorption, leading to its early Tmax and high exposure. A single dose of 600 mg of sebetralstat provided near-complete inhibition of PKa in as little as 15 min and was sustained for at least 4 h (the last timepoint measured) in patients with HAE. Dose–response studies in phase 1 showed that the duration of >90% PKa activity inhibition was maintained for 4 h and 6 h with a single dose of 300 mg and 600 mg of sebetralstat, respectively. The rapid inhibition of PKa after the oral administration of sebetralstat likely explains its rapid onset of symptom relief (median: 1.6 h) in a phase 2 trial for the on-demand treatment of HAE. Sebetralstat may provide a noninvasive on-demand treatment option to rapidly halt HAE attacks and provide fast symptom relief. The ease of use and portability with oral sebetralstat tablets could facilitate the early treatment of all attacks to control HAE.
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Figure 1. Structure of sebetralstat (KVD900). 
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Figure 2. Evolution of plasma kallikrein (PKa) inhibitors with reduced basicity in the P1 group. The human PKa IC50 and ligand efficiency (LE) for each compound are indicated. 
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Figure 3. (A). Crystal structure of sebetralstat complex with PKa (PDB code 8A3Q). (B). Key interactions of sebetralstat with residues in the active site of PKa. Network of π-interactions observed: TYR 174/terminal pyridone (face-to-face); TRP 215/phenyl linker (face-to-face) and pyrazole core (edge-to-face); HIS 57/pyrazole core (face-to-face). Hydrogen bonds are observed: GLY 99 backbone N–H/pyridone carbonyl, SER 214 backbone carbonyl/amide N–H, and LYS 192 side chain N–H/amide carbonyl. The pyridine P1 group occupies the S1 subpocket without forming specific polar interactions with any of the amino acids, including ASP 189. (C). Overlays of crystal structures 8A3Q (protein shown in pink, sebetralstat in green) and 2ANW (protein in gray, benzamidine in yellow) to highlight the movement of key residues in the S4 region to enable an extended network of π-stacking interactions with sebetralstat. Images created using BioSolvIT SeeSAR v13.0.1; BioSolveIT GmbH, Sankt Augustin, Germany, 2023, www.biosolveit.de/SeeSAR (accessed on 11 December 2023). 
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Figure 4. Dose–response effects of sebetralstat on PKa activity and HK cleavage in human plasma. (A) Representative graphs showing dose–response effects of sebetralstat in DXS-stimulated PKa activity in plasma from a healthy volunteer and a patient with HAE-C1INH. (B) The percentage of HK after DXS-stimulation of the plasma was determined in the presence or absence of sebetralstat. Bar graph showing the percentage of HK after DXS stimulation compared to HK in unstimulated healthy volunteer plasma (expressed as % mean ± SEM). cHK, cleaved HK; DXS, dextran sulfate; HK, high-molecular-weight kininogen; PKa, plasma kallikrein; SEM, standard error of the mean. p-values: **** < 0.0001, * < 0.05. Figure panels (A,B) were reprinted/adapted with permission from Ref. [44]. 2022 KalVista Pharmaceuticals, Inc. Clin. Exp. Allergy 2022, 52, 1059–1070 Duckworth et al. Pharmacological Suppression of the Kallikrein Kinin System with KVD900: An Orally Available Plasma Kallikrein Inhibitor for the On-demand Treatment of Hereditary Angioedema. 
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Figure 5. Effects of sebetralstat on PKa activity and HK cleavage in healthy volunteers. Sebetralstat was administered as a single dose (600-mg tablet) to 12 healthy male volunteers under fasted conditions. Plasma was collected pre- and postdose at the times indicated. (A) Sebetralstat concentration in plasma (gray). PKa activity (black) in DXS-stimulated plasma postdose compared with plasma obtained before sebetralstat administration. (B) The relative concentration of HK after DXS stimulation as a percentage of total HK and cHK (combined) compared to reference control plasma (arithmetic mean ± SD). (C) Population PD data in healthy volunteers administered a single dose of sebetralstat at 160, 300, or 600 mg, and patients with HAE administered a single 600-mg dose. Data show arithmetic mean percent DXS-stimulated PKa activity in plasma samples collected. The indicated timepoints are postdose compared to predose plasma. DXS, dextran sulfate; HK, high-molecular-weight kininogen; cHK, cleaved high-molecular-weight kininogen; SD, standard deviation of the mean. Adapted with permission from Ref. [43]. 2021, Andreas Maetzel, Michael D. Smith, Edward J. Duckworth, Sally L. Hampton, Gian Marco De Donatis, Nivetha Murugesan, Louise J. Rushbrooke, Lily Li, Danielle Francombe, Edward P. Feener, and Christopher M. Yea. 
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Figure 6. Pharmacokinetic and pharmacodynamic effects of a single oral administration of 600 mg of sebetralstat in a tablet formulation on plasma in participants with HAE-C1INH. Plasma was obtained predose and at the indicated times after sebetralstat administration up to 4 h, the final timepoint measured. (A) Mean plasma concentrations of sebetralstat for participants with HAE-C1INH (n = 68 dosed/enrolled, n = 42 with plasma samples) are shown in the gray line (ng/mL). PKa activity in DXS-stimulated plasma from a representation cohort of 26 participants with HAE-C1INH is shown in the black line. (B) HK and PK were quantified using a capillary-based immunoassay in DXS-stimulated whole plasma from a representative cohort of 6 individuals with HAE-C1INH. Bar graphs show percentage compared with plasma PK and HK levels in the absence of DXS stimulation (arithmetic mean ± SEM). DXS, dextran sulfate; HK, high-molecular-weight kininogen; PK, plasma prekallikrein; SD, standard deviation of the mean (modified from [44,54]). Figure panel A reprinted/adapted with permission from Ref. [44]. 2022 KalVista Pharmaceuticals, Inc. Figure panel B was published in Lancet, 401(10375), Aygören-Pürsün E, et al., An investigational oral plasma kallikrein inhibitor for on-demand treatment of hereditary angioedema: a two-part, randomised, double-blind, placebo-controlled, crossover phase 2 trial, pages 458-469, Copyright Elsevier 2023. 
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Figure 7. Time to symptom relief and proportion of attacks rated at least “a little better” on the Patient Global Impression of Change (PGI-C) for two consecutive timepoints within 12 h of study drug administration. Number at risk is the count of individuals who have not yet experienced the event and have not been censored (modified from [54]). This figure was published in Lancet, 401(10375), Aygören-Pürsün E, et al., An investigational oral plasma kallikrein inhibitor for on-demand treatment of hereditary angioedema: a two-part, randomised, double-blind, placebo-controlled, crossover phase 2 trial, pages 458–469, Copyright Elsevier 2023. 
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Figure 8. Schema of the effects of sebetralstat on the kallikrein kinin system (KKS). Sebetralstat inhibits plasma kallikrein (PKa)-mediated cleavage of high-molecular-weight kininogen (HK) that generates bradykinin and cleaved HK (cHK). Sebetralstat also inhibits the activation of Factor XII and the generation of PKa by the positive feedback amplification of the KKS. HAE, hereditary angioedema. 
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