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Background: Cleaved high-molecular-weight kininogen (HKa) is a disease state biomarker of kallikrein-kinin system (KKS) activation in patients with hereditary angioedema due to C1 inhibitor deficiency (HAE-C1INH), the endogenous inhibitor of plasma kallikrein (PKa).



Objective: Develop an HKa-specific enzyme-linked immunosorbent assay (ELISA) to monitor KKS activation in the plasma of HAE-C1INH patients.



Methods: A novel HKa-specific antibody was discovered by antibody phage display and used as a capture reagent to develop an HKa-specific ELISA.



Results: Specific HKa detection following KKS activation was observed in plasma from healthy controls but not in prekallikrein-, high-molecular-weight kininogen-, or coagulation factor XII (FXII)-deficient plasma. HKa levels in plasma collected from HAE-C1INH patients in a disease quiescent state were higher than in plasma from healthy controls and increased further in HAE-C1INH plasma collected during an angioedema attack. The specificity of the assay for PKa-mediated HKa generation in minimally diluted plasma activated with exogenous FXIIa was demonstrated using a specific monoclonal antibody inhibitor (lanadelumab, IC50 = 0.044 µM).



Conclusions: An ELISA was developed for the specific and quantitative detection of HKa in human plasma to support HAE-C1INH drug development. Improved quantification of the HKa biomarker may facilitate further pathophysiologic insight into HAE-C1INH and other diseases mediated by a dysregulated KKS and may enable the design of highly potent inhibitors targeting this pathway.



KEYWORDS
biomarkers, phage display, bradykinin, plasma kallikrein, hereditary angioedema





1 Introduction

The plasma kallikrein-kinin system (KKS) lies at an interface between coagulation through the activation of the intrinsic coagulation pathway, and inflammation via its ability to generate bradykinin, a potent mediator of vascular permeability, inflammation, and pain (1). The KKS consists of prekallikrein (PK), high-molecular-weight kininogen (HK), and coagulation factor XII (FXII) and is activated by FXII autoactivation upon exposure to negatively charged surfaces, the exact endogenous identity of which remains elusive (2). KKS activation can also involve membrane-associated prolylcarboxypeptidase or a complex of PK, HK, and heat shock protein 90 (HSP90) on endothelial cells (2).

The initial generation of plasma kallikrein (PKa) promotes a rapid burst of localized KKS activation through the PKa-catalyzed conversion of FXII to its active form (FXIIa), which generates additional PKa (3). FXIIa can initiate the intrinsic coagulation pathway through the generation of FXIa, and inhibitors of FXIIa and FXIa have been proposed as novel anti-thrombotic agents, as they have the potential to be anti-thrombotic without increasing the risk of bleeding (4). PKa also cleaves HK to liberate bradykinin, a 9-amino acid peptide, and cleaved HK (HKa). Bradykinin-mediated edema occurs through the activation of the constitutively expressed B2 receptor or the inducible B1 receptor (5). Endogenous KKS activation is regulated through protease inhibitors, including α2-macroglobulin and C1 inhibitor (C1INH) (6).

A genetic deficiency in C1INH leads to dysregulated KKS activation, excess bradykinin production, and the debilitating disease of hereditary angioedema due to C1INH deficiency (HAE-C1INH) (3). HAE-C1INH is an autosomal dominant disease manifesting as intermittent edematous attacks at locations that include the gastrointestinal tract, facial tissue, the upper airway, oropharynx, urogenital region, and/or extremities. Patients with HAE-C1INH type I have mutations in the SERPING1 gene that lead to a deficiency in the total amount of C1INH protein, whereas HAE-C1INH type II patients have a dysfunctional C1INH (7). The role of excess KKS activation in HAE-C1INH pathophysiology has been validated by the approval of therapies that include C1INH protein replacement products, a bradykinin B2 receptor antagonist (icatibant), and PKa inhibitors (ecallantide, lanadelumab, and berotralstat).

HKa has previously been shown to be a disease state biomarker of KKS activation and is elevated in plasma from HAE-C1INH patients and other disease states (8–18). We describe the development of a novel enzyme-linked immunosorbent assay (ELISA) to specifically detect HKa in human plasma and demonstrate the utility of the assay in comparing the in vitro potency of PKa inhibitors.



2 Methods


2.1 Materials

HK, HKa, PKa, FXII, and FXIIa were obtained from Enzyme Research Laboratories (South Bend, IN, USA). Low-molecular-weight kininogen (LK) was procured from Athens Research (Athens, GA, USA). Mouse monoclonal antibodies 11H05 and 13B12 were generated at BBI Solutions (Portland, ME, USA) following immunization with human HKa. PK-deficient and FXII-deficient plasma were obtained from George King Biomedical (Overland Park, KS, USA) using sodium citrate as an anticoagulant. HK-deficient human plasma using sodium citrate as an anticoagulant was obtained from Affinity Biologicals (Ancaster, ON, Canada). SCAT169 plastic evacuated blood collection tubes (5 ml volume) were prepared by Prolytix (Essex Junction, VT, USA) and contained 0.5 ml of a 10× concentrated mixture [100 mM benzamidine, 400 µg/ml polybrene, 2 mg/ml soybean trypsin inhibitor, 20 mM EDTA, 263 µM leupeptin, and 20 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) dissolved in acid citrate dextrose (100 mM sodium citrate, 67 mM citric acid, and 2% dextrose, pH 4.5)]. P100 Blood Collection System tubes were purchased from BD Biosciences (San Jose, CA, USA). Normal human plasma, collected with sodium citrate, SCAT169, or P100 tubes, was obtained from BioIVT (Westbury, NY, USA). Ellagic acid was obtained as a 0.003% solution (Pacific Hemostasis APTT-XL reagent) from Thermo Fisher Scientific (Waltham, MA, USA).



2.2 Plasma collection

Plasma was collected from healthy volunteers (HVs) or patients with HAE-C1INH with approval by the institutional review boards or ethics committees of the participating institutions (see Acknowledgments). Plasma was collected from HAE-C1INH patients at baseline (e.g., not during an attack) or within 6 h of the onset of an angioedema attack. HAE-C1INH plasma was collected and analyzed before the availability of recently approved prophylactic therapies (e.g., lanadelumab, berotralstat, or subcutaneous C1INH). All healthy volunteers and patients provided written informed consent to use the blood for the investigation of exploratory biomarkers of KKS activation. To minimize the ex vivo activation of the KKS during blood collection, plasma was collected from subjects with HAE-C1INH and healthy controls by means of a clean venipuncture with a butterfly needle/catheter kit (BD Biosciences, #367296). The first tube of blood was discarded, and blood was collected into polypropylene-evacuated tubes containing either 3.2% sodium citrate (BD Biosciences, San Jose, CA, USA) or a protease inhibitor/anticoagulant mixture (SCAT169 or P100 tubes). Blood samples were centrifuged within 1 h, and plasma was aliquoted and stored at −80°C until processing.



2.3 Phage display

Antibodies specific for HKa were discovered using a human antibody phage display library (19) by first performing a negative selection of the library with an input of approximately 1 × 1012 phage against biotinylated HK that was immobilized onto streptavidin-coated magnetic beads (Dynabeads™ M-280, Thermo Fisher Scientific). The depleted library was then incubated with biotinylated HKa immobilized on streptavidin-coated magnetic beads. The beads were extensively washed with phosphate buffered saline (PBS) buffer and used to infect Escherichia coli for phage output amplification to complete a round of selection. Three rounds of selection were performed before screening individual phage colonies using an ELISA with biotinylated HK and HKa immobilized on streptavidin-coated plates followed by detection with horseradish peroxidase (HRP)-conjugated anti-M13 antibody and absorbance detection through substrate hydrolysis of 3,3′,5,5′-tetramethylbenzidine (TMB). Recombinant fragment antigen-binding (Fab) fragments were expressed in E. coli and purified by protein A Sepharose (GE Healthcare, Piscataway, NJ, USA) (20). Recombinant immunoglobulin G (IgG1) human anti-HKa antibodies were transiently expressed in 293T cells and purified by protein A Sepharose chromatography. Fab specificity was determined by coating 96-well or 384-well plates with each purified Fab and measuring the binding to biotinylated HK, biotinylated HKa, or biotinylated LK.



2.4 Western blot

Plasma was analyzed by a western blot assay (WBA) after activation with various agents (e.g., ellagic acid, FXIIa, or PKa) or after the addition of a 1/10th volume of the 10× SCAT169 cocktail upon thawing of frozen plasma (45 µl) and diluted (1:20) in Tris-buffered saline. Samples were further diluted in NuPAGE® Sample Buffer (Life Technologies Corporation, Carlsbad, CA, USA) containing 50 mM of dithiothreitol and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a precast 4%–12% acrylamide gradient gel and the 2-(N-morpholino) ethanesulfonic acid sodium dodecyl sulfate buffer system (Life Technologies Corporation). Protein was transferred from the gel to a nitrocellulose membrane using the iBlot® system (Life Technologies Corporation). Membranes were blocked in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE, USA) containing 0.2% Tween 20 and incubated for 1 h at room temperature (RT) with a mouse monoclonal antibody that specifically binds the light chain of HK (Clone 11H05) diluted to 1 µg/ml in Odyssey blocking buffer. Goat anti-mouse IgG IRDye 680 was prepared at a 1:15,000 dilution (LI-COR Biosciences) and the membrane was incubated for 1 h at RT. After a PBS wash, membranes were analyzed using a LI-COR Odyssey CLx (LI-COR Biosciences). The percentage of HKa was calculated from the fluorescent intensities of bands attributed to the cleaved light chain of HKa compared with total HK in each sample.



2.5 HKa ELISA

For the initial ELISA, the Fab version of the HKa-specific antibody (M4-B4 Fab) was coated on 96-well plates (Costar, #9018) overnight in PBS before being washed and blocked with 2% bovine serum albumin (BSA) buffer. Samples, standards, and quality controls were diluted in LowCross-Buffer (Boca Scientific, Boca Raton, FL, USA) and added to the plate. After an incubation and wash, plate-bound HKa was detected by adding HRP-labeled sheep anti-HK polyclonal antibody (Affinity Biologicals, Ancaster, ON, Canada). After incubation with the detection antibody, the plate was washed, TMB substrate was added, the incubation was stopped with phosphoric acid, and the optical density was measured at 450 nm with subtraction at 630 nm. Further ELISA optimization involved coating the M4-B4 Fab or IgG on Nunc MaxiSorp plates overnight in PBS, before washing and blocking with BSA (protease/IgG-free) buffer. Samples, standards, and quality controls diluted in 0.1% BSA buffer were added to the plate and, after a subsequent incubation, plate-bound HKa was detected by adding mouse anti-HK monoclonal antibodies (either pooled 11H05 and 13B12 or just 11H05), which were selected based on their ability to form a sandwich pair with the M4-B4. The plate was washed and a secondary goat anti-mouse IgG HRP was added to the plate, followed by TMB substrate, stopping with phosphoric acid, and OD measurement at 450 nm with subtraction at 630 nm.



2.6 Ex vivo KKS activation assay in minimally diluted plasma

To assess the inhibition potency of PKa inhibitors, 2.5 µl of serially diluted inhibitors (synthetic compounds were diluted in DMSO and biologics were diluted in PBS) were dispensed into 96-well PCR plates (Thermo Fisher Scientific, #AB0600) followed by the addition of 45 µl of sodium citrate plasma (pooled from three donors). Samples were incubated for 5 min at RT before the addition of 2.5 µl of 100 nM human FXIIa solution followed by incubation in a shallow 37°C water bath for 30 min. The activation was terminated by a 150-fold dilution of plasma samples in ice-cold dilution buffer (1% BSA/0.01% casein in PBS).



2.7 Statistical methods

Western blot and ELISA data comparisons for HKa levels in plasma from healthy volunteers or patients with HAE-C1INH were analyzed using the Mann–Whitney U-test (SigmaPlot software, Grafiti LLC, Palo Alto, CA, USA), for which p < 0.05 was considered significant. Receiver operator characteristic (ROC) analysis was performed using Prism software (GraphPad, Boston, MA, USA). ELISA standard curves were fitted to a four-parameter logistic equation (Softmax, San Jose, CA, USA). Half-maximal inhibitory concentration (IC50) values were obtained through a non-linear regression analysis of dose responses fitted to averaged values from at least three experiments of duplicate measurements through non-linear regression (Prism software) using a three-parameter hyperbolic competitive equation {Y = Bottom + [Top-Bottom]/[1 + (X/IC50)]} to provide estimated IC50 values.




3 Results

A human antibody phage display library (19) was depleted against HK and panned against HKa, from which over 6,700 putative positive phage colonies were obtained. Phage clones positive for binding to immobilized HKa were selected, sub-cloned for soluble Fab fragment expression, and further screened for HKa specificity by an ELISA. As target immobilization could mask epitope(s) present in HKa as opposed to HK, and as the goal was to develop an ELISA to detect soluble HKa in plasma, subsequent screening was performed using purified Fabs immobilized on 384-well or 96-well plates with the detection of either biotinylated HK, LK, or HKa binding via streptavidin-HRP. The specificity of 190 anti-kininogen binding Fabs is shown in Figure 1 where the Fab M4-B4 (aka M004-B04) exhibited the highest specificity for HKa vs. HK or LK (see Supplementary Figure S1 for the specificity of two other Fabs and Supplementary Figure S8 for the amino acid sequence of the M4-B4 Fab).
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FIGURE 1
Discovery of an HKa-specific antibody by phage display selection and screening. Recombinant Fab fragments were passively immobilized onto 384-well plates before the addition of either biotinylated HKa, intact HK, or LK followed by detection using streptavidin-HRP and TMB as described in the Methods section. Fab, fragment antigen-binding; HK, high-molecular-weight kininogen; HKa, cleaved high-molecular-weight kininogen; HRP, horseradish peroxidase; LK, low-molecular-weight kininogen; OD, optical density; TMB, 3,3′,5,5′-tetramethylbenzidine.


The ability of the M4-B4 antibody to detect HKa was investigated in human plasma treated with the KKS activator ellagic acid (21), purified FXIIa, or purified PKa (Figure 2). KKS activation was assessed by WBA (Figure 2A) using a mouse monoclonal antibody (11H05) that binds intact HK as well as the 56- and 46-kDa forms of the HKa light chain. With WBA, activated human plasma showed a reduction in the band corresponding to intact HK and increases in the two bands corresponding to light chain (Figure 2A). Activated plasma displayed an increased HKa ELISA signal (Figure 2B). Of note, our ELISA did not detect endogenous HKa in plasma from cynomolgus monkeys, mice, or rats after activation with ellagic acid (data not shown).
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FIGURE 2
Characterization of M4-B4 reactivity in human plasma. Sodium citrate and EDTA plasma from healthy volunteers, FXII-deficient sodium citrate plasma, and PK-deficient sodium citrate plasma were either untreated or activated for 20 min at 37°C with either 100 nM PKa, ellagic acid reagent, or 10 nM FXIIa before analysis by western blotting (A) using an anti-HK monoclonal antibody (11H05) or by an ELISA (B) using M4-B4 as a capture antibody and a 1:1 mixture of 11H05 and 13B12 anti-HK monoclonal antibodies as detection antibodies. Lane composition are as follows: molecular-weight markers (MW) (lane 1), purified HK (lane 2), purified HKa (lane 3), citrate plasma (lane 4), citrate plasma + PKa (lane 5), citrate plasma + ellagic acid (lane 6), citrate plasma + FXIIa (lane 7), FXII-deficient plasma (lane 8), FXII-deficient plasma + PKa (lane 9), FXII-deficient plasma + ellagic acid (lane 10), FXII-deficient plasma + FXIIa (lane 11), prekallikrein-deficient plasma (lane 12), prekallikrein-deficient plasma + PKa (lane 13), prekallikrein-deficient plasma + ellagic acid (lane 14), prekallikrein-deficient plasma + FXIIa (lane 15), EDTA plasma (lane 16), EDTA-deficient plasma + PKa (lane 17), EDTA-deficient plasma + ellagic acid (lane 18), and EDTA-deficient plasma + FXIIa (lane 19). EA, ellagic acid; FXIIa, coagulation factor XIIa; HK, high-molecular-weight kininogen; HKa, cleaved high-molecular-weight kininogen; K2/EDTA, dipotassium ethylenediaminetetraacetic acid; LK, low-molecular-weight kininogen; MW, molecular weight; PK, prekallikrein; PKa, plasma kallikrein.


FXII- and PK-deficient plasma demonstrated the specificity of M4-B4 for HKa. As expected, HKa was not generated in FXII-deficient plasma treated with ellagic acid (lane 10 of Figure 2A and the solid gray bar in Figure 2B), but was produced after the addition of FXIIa (lane 11 of Figure 2A and the hatched bar in Figure 2B) or PKa (lane 9 of Figure 2A and the dotted bar in Figure 2B). Ellagic acid activates the KKS through the formation of an insoluble metal ion complex that serves as a charged surface to promote FXII autoactivation to FXIIa (22). It was therefore expected that ellagic acid would be unable to activate the KKS in FXII-deficient or PK-deficient plasma. PK-deficient plasma was only activated by the addition of PKa.

Human plasma collected using EDTA as an anticoagulant was activated similarly to sodium citrate plasma, as shown by HKa generation using WBA (Figure 2A), supporting the previous observation that metal ions are not required for KKS activation (6). Interestingly, despite HKa formation in activated EDTA plasma by WBA (Figure 2B), HKa was not detected by an ELISA (Figure 2B), suggesting that M4-B4 binding to HKa may be metal ion-dependent, which was restored by the addition of zinc chloride at concentrations that exceeded the EDTA concentration in the blood collection tube (Supplementary Figure S2). Surface plasmon resonance analyses demonstrated that M4-B4 bound HKa with approximately a sixfold higher affinity in the presence of zinc chloride (KD = 1.06 ± 0.25 nM) than in its absence (KD = 6.08 ± 0.26 nM) (Supplementary Figure S3 and Supplementary Table S2). Zinc has been previously shown to induce conformational changes in HK (23, 24).

HK and LK are cleaved by tissue kallikrein 1 (KLK1) (25), as confirmed by WBA (Figure 3A). Although the form of HKa generated by KLK1 was detected by the ELISA, KLK1-cleaved LK was not detected (Figure 3B). KLK1-cleaved HK consists mainly of the 56-kDa light chain (lanes 4 and 5 of Figure 3A), whereas the purified HKa standard protein mainly consists of the 46-kDa light chain (see lane 2 of Figure 3A), which suggests that M4-B4 binds HKa at either light chain variant.
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FIGURE 3
Comparative kininogen digestion by tissue vs. plasma kallikrein. Purified HK and LK were analyzed by western blotting (A) or an ELISA (B) using M4-B4 as a capture antibody and 11H05 and 13B12 as detection antibodies following incubation with either KLK1 or PKa. The western blot analysis was performed using a polyclonal sheep anti-kininogen antibody for detection that cross-reacted with LK as well as HK. The lane compositions are as follows: molecular-weight markers (MW), a mixture of purified intact HK and HKa (1.5 µM each) (lane 1); purified LK (1.5 µM) (lane 2); HK (1.5 µM) incubated with 20 nM KLK1 for 0, 5, and 30 min (lanes 3–5); LK (1.5 µM) incubated with 20 nM KLK1 for 0, 5, and 30 min (lanes 6–8); HK (1.5 µM) incubated with 20 nM PKa for 0, 5, and 30 min (lanes 9–11); and LK (1.5 µM) incubated with 20 nM PKa for 0, 5, and 30 min (lanes 12–14). HK, high-molecular-weight kininogen; HKa, cleaved high-molecular-weight kininogen; KLK1, tissue kallikrein 1; LK, low-molecular-weight kininogen; MW, molecular weight; PK, prekallikrein; PKa, plasma kallikrein.


Standard curves prepared by spiking HKa into citrated plasma from HVs demonstrated a lower limit of quantitation of approximately 156 ng/ml at a dilution of 1:320 (Supplementary Figure S4). HKa levels in citrated and SCAT169 plasma from HVs and HAE-C1INH patients were compared using a WBA and an ELISA (Figure 4, Supplementary Table S1). HKa levels were higher (p < 0.05) in both plasma types from HAE-C1INH patients collected either during an attack or in a basal state of disease quiescence than from HVs, using either assay (Supplementary Table S3). Although the percentage of HKa by WBA was higher during an attack than under the basal disease state, it did not reach statistical significance (p < 0.05). In contrast, a statistical difference in HKa plasma levels between the basal and attack disease states was observed by an ELISA.


[image: Figure 4]
FIGURE 4
Comparison of HKa levels in healthy volunteers and HAE-C1INH patients by western blotting and an ELISA. The statistical analysis of the data in (A–D) is summarized in Supplementary Table S3. (A) Comparison of the percentage of HKa measured by western blotting in the citrated plasma of healthy volunteers with that from HAE-C1INH patients collected between (basal) and during an attack. (B) Comparison of the percentage of HKa measured by western blotting in the SCAT169 plasma of healthy volunteers with that from HAE-C1INH patients collected between (basal) and during an attack. (C) Comparison of HKa levels measured by an ELISA in the citrated plasma of healthy volunteers with those from HAE-C1INH patients collected between (basal) and during an attack. (D) Comparison of HKa levels measured by an ELISA in the SCAT169 plasma of healthy volunteers with those from HAE-C1INH patients collected between (basal) and during an attack. Group means and 95% confidence intervals are shown. Groups were compared with each other by one-way ANOVA. HAE-C1INH, hereditary angioedema due to a deficiency in total (type I) or functional C1 inhibitor protein (type II); HKa, cleaved high-molecular-weight kininogen; HV, healthy volunteer.


ROC analysis of WBA data demonstrated that HKa levels in citrated plasma can differentiate HAE-C1INH from HVs with an area under the curve (AUC) value of 0.977 for the comparison of basal with HVs or 1.0 for the comparison of attack with HVs (Supplementary Table S3, Supplementary Figure S5). Plasma HKa levels for HAE-C1INH patients in citrated plasma collected between attacks (i.e., basal samples) were less differentiated from attack samples (AUC = 0.625). Similarly, ROC analysis of WBA data demonstrated that HKa levels in SCAT169 plasma differentiates HAE-C1INH from HVs, with an AUC value of 0.915 for the comparison of basal with HVs or 0.967 for the comparison of attack with HVs (Supplementary Table S3, Supplementary Figure S5). Plasma HKa levels for HAE-C1INH patients in SCAT169 plasma collected between attacks were less differentiated from attack samples (AUC = 0.597).

ROC analysis of HKa ELISA data in citrated plasma also differentiated HAE-C1INH from HVs, with an AUC value of 0.915 for the comparison of basal with HVs or 0.866 for the comparison of attack with HVs (Supplementary Table S3, Supplementary Figure S5). HAE-C1INH basal citrated plasma samples were better differentiated from attack samples (AUC = 0.709) by an ELISA than by a WBA. ROC analysis suggests that the ELISA with SCAT169 plasma may be best suited for differentiating HAE-C1INH from HVs, as shown by ROC analysis, with an AUC value of 0.999 for the comparison of basal with HV or 1.0 for the comparison of attack with HV. Finally, the ELISA with SCAT169 plasma appeared best suited for the differentiation of HAE-C1INH basal from attack samples (AUC = 0.818).

HKa levels assessed by an ELISA in plasma collected using P100 tubes (BD Biosciences), which contain protease inhibitors, were lower than in citrated plasma from the same 30 individual HVs (Supplementary Figure S6). When the plasma was subjected to five freeze/thaw cycles, there was an apparent reduction in the ELISA signal after four cycles in citrated plasma and in P100 plasma collected in 8-ml tubes that contained a serum separator, but the ELISA signal appeared more stable in freeze/thaw cycles in P100 plasma collected in 2-ml tubes (Supplementary Figure S7).

The complete inhibition of the HKa ELISA signal by the specific antibody inhibitor of PKa, lanadelumab (26, 27), with an IC50 of approximately 0.044 µM, or BD-105294, a novel small-molecule PKa inhibitor [the synthesis (28) of which is described in the supplementary methods] with an IC50 = 0.082 µM, indicates that the ELISA signal is PKa mediated (Figure 5). The observation that other reported PKa inhibitors were less effective in reducing HKa generation in activated plasma requires further investigation (Supplementary Table S4). However, confirmation that the HKa signal does indeed originate from PKa activity in activated plasma was obtained by multiple small-molecule PKa inhibitors screened at Takeda in the HKa ELISA and assessed for oral bioavailability in the rat (Supplementary Figure S9) and by EPI-KAL-2, a recombinant Kunitz domain PKa inhibitor previously discovered using phage display (29), which was also a potent inhibitor in the HKa ELISA with FXIIa activation (IC50 = 0.15 µM).
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FIGURE 5
Inhibition of HKa generation in activated plasma by PKa inhibitors. Pooled sodium citrate human plasma samples were spiked with the antibody PKa inhibitor lanadelumab (closed circles) or a small-molecule PKa inhibitor BD-105294 (open squares). Plasma samples were activated for 30 min with 5 nM FXIIa. Post activation samples were analyzed at a 150-fold dilution. A dose-response relationship was fitted to averaged values from at least three experiments of duplicate measurements through non-linear regression (GraphPad Prism) using a three-parameter hyperbolic competitive equation {Y = Bottom + [Top-Bottom]/[1 + (X/IC50)]} to provide estimated IC50 values for lanadelumab [IC50 = 0.04 µM, with a 95% confidence interval (CI) from 0.030 to 0.064 µM] and BD-105294 (IC50 = 0.082 µM, with a 95% CI from 0.059 to 0.11 µM). FXIIa, coagulation factor XIIa; HKa, cleaved high-molecular-weight kininogen; IC50, half maximal inhibitory concentration; PKa, plasma kallikrein.




4 Discussion

The HKa-specific antibody M4-B4 was identified from a phage display library (19). The specificity of M4-B4 suggests that the antibody binds a neo-epitope(s) on HKa not present on HK or LK that is dependent on PKa or KLK1 activity. HK is a 626 amino acid glycoprotein that consists of six domains, and PKa or KLK1 cleave within domain four to release bradykinin or Lys-bradykinin, respectively, and generate HKa, which consists of two polypeptide chains linked by a disulfide (30). HKa has bioactivities (e.g., induction of endothelial cell apoptosis and inhibition of angiogenesis) not exhibited by HK (31), which is consistent with HKa having a distinct conformation from HK that is recognized by M4-B4. The increased binding affinity of M4-B4 for HKa in the presence of zinc suggests that the epitope may be near, or influenced by, the zinc-binding site on domain five of the light chain, which mediates the assembly of the KKS on cell surface receptors (32).

The importance of plasma collection methods and stabilization against proteolytic degradation has been described previously for the analysis of KKS activation (11). Contact of plasma with glass or other surfaces can result in extensive ex vivo KKS activation (6). Consequently, plasma obtained in this study relied on a blood collection protocol to minimize ex vivo KKS activation. Ex vivo KKS activation can be further minimized using an anticoagulant mixture that includes protease inhibitors (11, 13). In this study, ex vivo KKS activation, as measured by the concentration of HKa, was higher in citrated plasma from HVs and HAE-C1INH patients than in plasma collected in blood collection tubes that contained protease inhibitors (SCAT169 or P100 tubes).

The amount of HKa in citrated plasma by WBA during HAE-C1INH attacks was approximately 61.5% (Supplementary Table S1), which is similar to previous estimates (11, 33). An HKa ELISA in SCAT169 may provide estimates of the amount of HKa generated during an HAE-C1INH attack (4.4% or 32.7 nM), in basal HAE-C1INH conditions (2.2% or 16.2 nM), or in healthy controls (0.5% or 3.4 nM) (Supplementary Table S1). HKa concentrations should match the concentration of bradykinin generated during an attack, and the following evidence indicates that an approximately equivalent amount of PKa is generated during an HAE-C1INH attack: (1) the concentration of covalent PKa-α-macroglobulin complex (30–110 nM) during an attack (34) and (2) PKa estimates calculated from the extent of PK consumption during an attack (35, 36) and (3) from the maximum concentration (Cmax = 83 nM) of ecallantide, which is a PKa inhibitor approved for treating an HAE-C1INH attack (37). Comparable concentrations of PKa and HKa suggest that when the KKS is activated at angioedema attack locations, the generated PKa cleaves HK with approximately equimolar stoichiometry (i.e., single turnover catalytic conditions).

Therefore, KKS activation occurring in vivo during an HAE-C1INH attack involves approximately equal concentrations of PKa protease and HK natural protein substrate and are expected to undergo fewer catalytic turnovers than in vitro reactions using a high concentrations of a synthetic peptide PKa substrate (e.g., 100 μM) that is at least 1000-fold higher than the concentration of PKa in undiluted activated plasma (∼100 nM) or in purified protein assays (∼1 nM). The higher catalytic turnovers expected with synthetic peptide substrates may contribute to the higher observed potency of certain reported PKa inhibitors measured using a fluorogenic synthetic peptide in minimally diluted plasma activated with FXIIa than with our HKa ELISA (see Supplementary Table S4). Furthermore, the use of 90% plasma in our HKa ELISA, as opposed to higher dilutions of plasma, may better predict endogenous PKa inhibition as the effects of interfering substances in the plasma (e.g., plasma protein binding) can be minimized at higher plasma dilutions and thereby artifactually increase the observed potency. The use of different KKS activators may also contribute to different observed potencies for PKa inhibitors; ellagic acid or dextran sulfate activates through inducing FXII autoactivation, the kinetics of which are not as immediate as directly adding FXIIa (38). Therefore, KKS activation induced by FXIIa addition may be expected to generate PKa more rapidly than other reported activators and thereby require higher inhibitor concentrations than KKS activators that act via FXII autoactivation. Consequently, our HKa ELISA may be a useful in vitro assay for helping to predict in vivo efficacy for PKa inhibitors in development for HAE-C1INH and other indications potentially mediated by PKa, such as bradykinin-mediated angioedema (39), diabetic macular edema (40), Alzheimer's disease (15), ischemic stroke (41), myocardial infarction (42), systemic lupus erythematosus (43), cancer (44), and sepsis (45).



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by the institutional review boards of Massachusetts General Hospital, Immunology Unit, Boston, MA, USA; the Bernstein Allergy Group, Cincinnati, OH, USA; Virant Diagnostics, Wheaton, MD, USA; the Washington University School of Medicine, St. Louis, MO, USA; the Icahn School of Medicine at Mount Sinai, New York, NY, USA; Ohio State University, Columbus, OH, USA; Albert Einstein College of Medicine, New York, NY, USA; the University of Washington, Spokane, WA, USA; the Alabama Allergy and Asthma Center, Birmingham, AL, USA; and BioIVT, Westbury, NY, USA. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

DS: Writing – review & editing, Writing – original draft. RF: Writing – review & editing. MR-H: Writing – review & editing. JK: Writing – review & editing. NP: Writing – review & editing. JC: Writing – review & editing. KK: Writing – review & editing. GS: Writing – review & editing. CB: Writing – review & editing. SJ: Writing – review & editing. DY: Writing – review & editing.



Funding

The authors declare financial support was received for the research and publication of this article.



Conflict of interest

JC, KK, CB, and DY are employees of Takeda Development Center Americas, Inc., and hold stock/stock options in Takeda Pharmaceuticals Company Limited. SJ is an employee of Takeda Pharmaceuticals USA, Inc., and holds stock/stock options in Takeda Pharmaceuticals Company Limited. DS is an employee of Sexton Bio Consulting, LLC, and a former employee of Takeda Development Center Americas, Inc., and holds Takeda Pharmaceuticals Company Limited stock or stock options. NP, JK, and MR-H are former employees of Takeda Development Center Americas, Inc., and hold stock/stock options in Takeda Pharmaceuticals Company Limited. RF is a former employee of Shire, a Takeda company. GS is an employee of Charles River Laboratories. The authors declare that this study received funding from Takeda. The funder had the following involvement in the study: research and publication of this article.



Acknowledgments

The authors would like to thank the investigators who provided plasma samples from HAE-C1INH patients. We would also like to acknowledge Samantha Dortona, Victoria Leon, Kate Patterson, and Lisa Greenleaf for their WBA work at Pharmaron (formerly TGA Sciences, Medford, MA, USA). Editorial assistance was provided by Excel Scientific Solutions, Inc. Takeda Pharmaceuticals USA, Inc., provided funding to Excel Scientific Solutions, Inc., for support in editing this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/falgy.2024.1436855/full#supplementary-material



Abbreviations

HK, high-molecular-weight kininogen; HKa, cleaved high-molecular-weight kininogen; LK, low-molecular-weight kininogen; KKS, kallikrein-kinin system; PK, prekallikrein; PKa, plasma kallikrein; HAE-C1INH, hereditary angioedema due to a deficiency in total (type I) or functional C1 inhibitor protein (type II).



References

1. Long AT, Kenne E, Jung R, Fuchs TA, Renne T. Contact system revisited: an interface between inflammation, coagulation, and innate immunity. J Thromb Haemost. (2016) 14(3):427–37. doi: 10.1111/jth.13235

2. Schmaier AH. The contact activation and kallikrein/kinin systems: pathophysiologic and physiologic activities. J Thromb Haemost. (2016) 14(1):28–39. doi: 10.1111/jth.13194

3. de Maat S, Joseph K, Maas C, Kaplan AP. Blood clotting and the pathogenesis of types I and II hereditary angioedema. Clin Rev Allergy Immunol. (2021) 60(3):348–56. doi: 10.1007/s12016-021-08837-6

4. Srivastava P, Gailani D. The rebirth of the contact pathway: a new therapeutic target. Curr Opin Hematol. (2020) 27(5):311–9. doi: 10.1097/MOH.0000000000000603

5. Marceau F, Bachelard H, Bouthillier J, Fortin JP, Morissette G, Bawolak MT, et al. Bradykinin receptors: agonists, antagonists, expression, signaling, and adaptation to sustained stimulation. Int Immunopharmacol. (2020) 82:106305. doi: 10.1016/j.intimp.2020.106305

6. Colman RW, Schmaier AH. Contact system: a vascular biology modulator with anticoagulant, profibrinolytic, antiadhesive, and proinflammatory attributes. Blood. (1997) 90(10):3819–43. doi: 10.1182/blood.V90.10.3819

7. Zuraw BL, Christiansen SC. HAE pathophysiology and underlying mechanisms. Clin Rev Allergy Immunol. (2016) 51(2):216–29. doi: 10.1007/s12016-016-8561-8

8. Berrettini M, Lämmle B, White T, Heeb MJ, Schwarz HP, Zuraw B, et al. Detection of in vitro and in vivo cleavage of high molecular weight kininogen in human plasma by immunoblotting with monoclonal antibodies. Blood. (1986) 68(2):455–62. doi: 10.1182/blood.V68.2.455.455

9. Reddigari S, Kaplan AP. Cleavage of human high-molecular weight kininogen by purified kallikreins and upon contact activation of plasma. Blood. (1988) 71(5):1334–40. doi: 10.1182/blood.V71.5.1334.1334

10. Cugno M, Cicardi M, Bottasso B, Coppola R, Paonessa R, Mannucci PM, et al. Activation of the coagulation cascade in C1-inhibitor deficiencies. Blood. (1997) 89(9):3213–8. doi: 10.1182/blood.V89.9.3213

11. Suffritti C, Zanichelli A, Maggioni L, Bonanni E, Cugno M, Cicardi M. High-molecular-weight kininogen cleavage correlates with disease states in the bradykinin-mediated angioedema due to hereditary C1-inhibitor deficiency. Clin Exp Allergy. (2014) 44(12):1503–14. doi: 10.1111/cea.12293

12. Chyung Y, Vince B, Iarrobino R, Sexton D, Kenniston J, Faucette R, et al. A phase 1 study investigating DX-2930 in healthy subjects. Ann Allergy Asthma Immunol. (2014) 113(4):460–6.e2. doi: 10.1016/j.anai.2014.05.028

13. Scott CF, Shull B, Müller-Esterl W, Colman RW. Rapid direct determination of low and high molecular weight kininogen in human plasma by particle concentration fluorescence immunoassay (PCFIA). Thromb Haemost. (1997) 77(1):109–18. doi: 10.1055/s-0038-1655916

14. Hofman ZLM, de Maat S, Suffritti C, Zanichelli A, van Doorn C, Sebastian SAE, et al. Cleaved kininogen as a biomarker for bradykinin release in hereditary angioedema. J Allergy Clin Immunol. (2017) 140(6):1700–3.e8. doi: 10.1016/j.jaci.2017.07.012

15. Yamamoto-Imoto H, Zamolodchikov D, Chen ZL, Bourne SL, Rizvi S, Singh P, et al. A novel detection method of cleaved plasma high-molecular-weight kininogen reveals its correlation with Alzheimer’s pathology and cognitive impairment. Alzheimers Dement (Amst). (2018) 10:480–9. doi: 10.1016/j.dadm.2018.06.008

16. Zhang G, Sexton DJ, Faucette RR, Qiu Y, Wu J. 2D-LC-MS/MS to measure cleaved high-molecular-weight kininogen in human plasma as a biomarker for C1-INH-HAE. Bioanalysis. (2017) 9(19):1477–91. doi: 10.4155/bio-2017-0105

17. Duckworth EJ, Murugesan N, Li L, Rushbrooke LJ, Lee DK, De Donatis GM, 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. Clin Exp Allergy. (2022) 52(9):1059–70. doi: 10.1111/cea.14122

18. Palarasah Y, Pham STD, Gram JB, Graversen JH, Pilely K, Sidelmann JJ. Plasma kallikrein cleaved H-kininogen: an end-point marker for contact activation in vitro and ex vivo. Front Cardiovasc Med. (2022) 9:873975. doi: 10.3389/fcvm.2022.873975

19. Hoet RM, Cohen EH, Kent RB, Rookey K, Schoonbroodt S, Hogan S, et al. Generation of high-affinity human antibodies by combining donor-derived and synthetic complementarity-determining-region diversity. Nat Biotechnol. (2005) 23(3):344–8. doi: 10.1038/nbt1067

20. Wassaf D, Kuang G, Kopacz K, Wu QL, Nguyen Q, Toews M, et al. High-throughput affinity ranking of antibodies using surface plasmon resonance microarrays. Anal Biochem. (2006) 351(2):241–53. doi: 10.1016/j.ab.2006.01.043

21. de Maat S, Tersteeg C, Herczenik E, Maas C. Tracking down contact activation—from coagulation in vitro to inflammation in vivo. Int J Lab Hematol. (2014) 36(3):374–81. doi: 10.1111/ijlh.12222

22. Bock PE, Srinivasan KR, Shore JD. Activation of intrinsic blood coagulation by ellagic acid: insoluble ellagic acid-metal ion complexes are the activating species. Biochemistry. (1981) 20(25):7258–66. doi: 10.1021/bi00528a032

23. Herwald H, Mörgelin M, Svensson HG, Sjöbring U. Zinc-dependent conformational changes in domain D5 of high molecular mass kininogen modulate contact activation. Eur J Biochem. (2001) 268(2):396–404. doi: 10.1046/j.1432-1033.2001.01888.x

24. Weisel JW, Nagaswami C, Woodhead JL, DeLa Cadena RA, Page JD, Colman RW. The shape of high molecular weight kininogen. Organization into structural domains, changes with activation, and interactions with prekallikrein, as determined by electron microscopy. J Biol Chem. (1994) 269(13):10100–6. doi: 10.1016/S0021-9258(17)36995-8

25. Clements JA. Reflections on the tissue kallikrein and kallikrein-related peptidase family—from mice to men—what have we learnt in the last two decades? Biol Chem. (2008) 389(12):1447–54. doi: 10.1515/BC.2008.174

26. Zuraw BL, Maurer M, Sexton DJ, Cicardi M. Therapeutic monoclonal antibodies with a focus on hereditary angioedema. Allergol Int. (2023) 72(1):54–62. doi: 10.1016/j.alit.2022.06.001

27. Kenniston JA, Faucette RR, Martik D, Comeau SR, Lindberg AP, Kopacz KJ. Inhibition of plasma kallikrein by a highly specific active site blocking antibody. J Biol Chem. (2014) 289(34):23596–608. doi: 10.1074/jbc.M114.569061

28. Papaioannou N, Fink SJ, Miller TA, Shipps GW, Travins JM, Ehmann DE, et al. Inhibitors of plasma kallikrein and uses thereof. U.S. Patent No. 10,730,874-B2. Washington, DC: U.S. Patent and Trademark Office (2020).

29. Markland W, Ley AC, Ladner RC. Iterative optimization of high-affinity protease inhibitors using phage display. 2. Plasma kallikrein and thrombin. Biochemistry. (1996) 35(24):8058–67. doi: 10.1021/bi952629y

30. Ponczek MB. High molecular weight kininogen: a review of the structural literature. Int J Mol Sci. (2021) 22(24):13370. doi: 10.3390/ijms222413370

31. Zhang JC, Claffey K, Sakthivel R, Darzynkiewicz Z, Shaw DE, Leal J, et al. Two-chain high molecular weight kininogen induces endothelial cell apoptosis and inhibits angiogenesis: partial activity within domain 5. FASEB J. (2000) 14(15):2589–600. doi: 10.1096/fj.99-1025com

32. Kaplan AP, Joseph K. Pathogenic mechanisms of bradykinin mediated diseases: dysregulation of an innate inflammatory pathway. Adv Immunol. (2014) 121:41–89. doi: 10.1016/B978-0-12-800100-4.00002-7

33. Banerji A, Busse P, Shennak M, Lumry W, Davis-Lorton M, Wedner HJ, et al. Inhibiting plasma kallikrein for hereditary angioedema prophylaxis. N Engl J Med. (2017) 376(8):717–28. doi: 10.1056/NEJMoa1605767

34. Kaufman N, Page JD, Pixley RA, Schein R, Schmaier AH, Colman RW. Alpha 2-macroglobulin-kallikrein complexes detect contact system activation in hereditary angioedema and human sepsis. Blood. (1991) 77(12):2660–7. doi: 10.1182/blood.V77.12.2660.2660

35. Schapira M, Silver LD, Scott CF, Schmaier AH, Prograis Jr LJ, Curd JG, et al. Prekallikrein activation and high-molecular-weight kininogen consumption in hereditary angioedema. N Engl J Med. (1983) 308(18):1050–3. doi: 10.1056/NEJM198305053081802

36. Cugno M, Bergamaschini L, Uziel L, Cicardi M, Agostoni A, Jie AF, et al. Haemostasis contact system and fibrinolysis in hereditary angioedema (C1-inhibitor deficiency). J Clin Chem Clin Biochem. (1988) 26(7):423–7. doi: 10.1515/cclm.1988.26.7.423

37. Lunn M, Banta E. Ecallantide for the treatment of hereditary angiodema in adults. Clin Med Insights Cardiol. (2011) 5:49–54. doi: 10.4137/CMC.S4434

38. Favier B, Bicout DJ, Baroso R, Paclet MH, Drouet C. In vitro reconstitution of kallikrein-kinin system and progress curve analysis. Biosci Rep. (2022) 42(10):BSR20221081. doi: 10.1042/BSR20221081

39. Bryant JW, Shariat-Madar Z. Human plasma kallikrein-kinin system: physiological and biochemical parameters. Cardiovasc Hematol Agents Med Chem. (2009) 7(3):234–50. doi: 10.2174/187152509789105444

40. Bhatwadekar AD, Kansara VS, Ciulla TA. Investigational plasma kallikrein inhibitors for the treatment of diabetic macular edema: an expert assessment. Expert Opin Investig Drugs. (2020) 29(3):237–44. doi: 10.1080/13543784.2020.1723078

41. Göb E, Reymann S, Langhauser F, Schuhmann MK, Kraft P, Thielmann I, et al. Blocking of plasma kallikrein ameliorates stroke by reducing thromboinflammation. Ann Neurol. (2015) 77(5):784–803. doi: 10.1002/ana.24380

42. Christensen K, Kozarcanin H, Ekdahl KN, Nilsson B. Evidence of contact activation in patients suffering from ST-elevation myocardial infarction. Thromb Res. (2016) 141:158–62. doi: 10.1016/j.thromres.2016.03.020

43. Weiser P, Qian Y, Pan J, Zhou X, Lu H, Studelska DR, et al. Activated contact system and abnormal glycosaminoglycans in lupus and other auto- and non-autoimmune diseases. Prog Mol Biol Transl Sci. (2010) 93:443–72. doi: 10.1016/S1877-1173(10)93019-6

44. Pan J, Qian Y, Weiser P, Zhou X, Lu H, Studelska DR, et al. Glycosaminoglycans and activated contact system in cancer patient plasmas. Prog Mol Biol Transl Sci. (2010) 93:473–95. doi: 10.1016/S1877-1173(10)93020-2

45. Asmis LM, Asmis R, Sulzer I, Furlan M, Lämmle B. Contact system activation in human sepsis—47kD HK, a marker of sepsis severity? Swiss Med Wkly. (2008) 138(9–10):142–9. doi: 10.4414/smw.2008.11788



OPS/xhtml/Nav.xhtml




Contents





		Cover



		A novel assay of excess plasma kallikrein-kinin system activation in hereditary angioedema

		1 Introduction



		2 Methods



		2.1 Materials



		2.2 Plasma collection



		2.3 Phage display



		2.4 Western blot



		2.5 HKa ELISA



		2.6 Ex vivo KKS activation assay in minimally diluted plasma



		2.7 Statistical methods











		3 Results



		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Acknowledgments



		Publisher's note



		Supplementary material



		Abbreviations



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Allergy

A novel assay of excess plasma
kallikrein-kinin system activation
in hereditary angioedema





OPS/images/falgy-05-1436855-g001.jpg
HKa/LK OD Ratio

@

M004-B04

2 4
HKa/HK OD Ratio





OPS/images/falgy-05-1436855-g002.jpg
A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
MW HK HKa - +PKa +EA +FXlla - +PKa +EA +FXlla - +PKa +EA +FXlla - +PKa +EA +FXlla

1zsknag- - . “ -‘h.- ey

70 kDa '
] e o
< - - ; - -
. My “- - 11
38kDa W
Y Y Y Y
Citrated FXll-deficient PK-deficient K2/EDTA
Plasma Plasma Plasma Plasma
B 1.0
0.8
2
@
e
a o8 == No activation
_T‘_‘; 04 == Ellagic acid
a &= FXlla
o
0.2 w PKa

Citrated FXll-deficient PK-deficient EDTA
Plasma Plasma Plasma





OPS/images/falgy-05-1436855-g003.jpg
A

160 kDa

90 kDa

50 kDa

Optical Density

.0
0.5

0

1 2 3 4 5 6 7 8 9 0 1 12 13

e . - -
- Eme e ee
- e

14

s v
20nM KLK1 20nM PKa

== 0 min
= 5 min
. 30 min

T T
HK + KLK1 LK + KLK1 HK + PKa LK + PKa





OPS/images/falgy-05-1436855-g004.jpg
p<0.0001 |

100
N <
I 10 I 10
ES B
1 T T T 1 T T T
HV Basal Attack HV Basal Attack
(n=52) (n=55) (n=20) (n=26)  (n=105)  (n=46)
p<0.0001
100,000 p<0.001 10,000 0001
p=0.0258
jary :: jy
E 10,000 o. o . E
2 _ﬁ_ . £ 1000
£ 1000 idg E4

T T
HV Basal Attack
(n=24) (n=14) (n=14)






OPS/images/falgy-05-1436855-g005.jpg
£
X

T T T T
0.0001 0.001 0.01 0.1
[Inhibitor] (uM)









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Allergy





