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Abstract

Concizumab is a humanized monoclonal antibody in clinical investigation directed against 

membrane-bound and soluble tissue factor pathway inhibitor (mTFPI and sTFPI) for treatment of 

hemophilia. Concizumab displays a non-linear pharmacokinetic (PK) profile due to mTFPI-

mediated endocytosis and necessitates a high dose and frequent dosing to suppress the abundant 

sTFPI, a negative regulator of coagulation. Recycling antibodies that can dissociate bound mTFPI/

sTFPI in endosomes for degradation and rescue antibody from degradation have a potential in 

reducing the dose by extending antibody systemic persistence and sTFPI suppression. We 

developed a systems PK/pharmacodynamics (PD) model with nested endosome compartments to 

simulate the effect of decreased antibody binding to mTFPI/sTFPI in endosomes on antibody 

clearance and sTFPI suppression for exploring the potential of anti-TFPI recycling antibodies in 

reducing the dose. A dynamic model-building strategy was taken. A reduced PK/PD model 

without the endosome compartments was developed to optimize unknown target turnover 

parameters using concizumab PK data. The optimized parameters were then employed in the 

systems PK/PD model for simulations. The obtained systems PK/PD model adequately described 

the PK of concizumab in rabbits, monkeys, and humans and the PD in humans. The systems 

PK/PD model predicted that an anti-TFPI recycling antibody with a 100-fold higher mTFPI/sTFPI 

dissociation constant in endosomes than concizumab can extend sTFPI suppression from 12 days 

to 1 month. Thus, the systems PK/PD model provides a quantitative platform for guiding the 

engineering and translational development of anti-TFPI recycling antibodies.
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1. Introduction

Immunoglobulin G (IgG) has gained popularity as therapeutic agents owing to its long 

circulation half-life and high binding specificity to the targets (Dostalek et al., 2013). The 

long circulation half-lives of IgG-based therapeutic antibodies primarily relate to recycling 

mediated by the neonatal Fc receptor (FcRn), which is mainly expressed in the endothelial 

cells (Kuo and Aveson, 2011; Latvala et al., 2017). Serum proteins and antibodies are 

constantly internalized into endothelial cells via nonspecific pinocytosis and subsequently 

sorted to acidic endosomes. In the acidic endosomes, the IgGs that can bind to the FcRn via 
their Fc domain are recycled by FcRn to the cell surface whereas the serum proteins and 

immunoglobulins that cannot bind to the FcRn are sorted to lysosomes for degradation 

(Roopenian and Akilesh, 2007). At the cell surface where the pH increases to neutral, 

antibodies bound to FcRn are released back to the plasma (Roopenian and Akilesh, 2007). 

Thus, IgGs (IgG1. IgG2, and IgG4) exhibit long circulation half-lives (roughly 18–21 days in 

humans) (Ryman and Meibohm, 2017). The catabolism in lysosomes is a clearance pathway 

shared by all antibodies.

Most antibodies with the Fab domain bound to the soluble targets can still be recycled by 

FcRn, displaying similar slow antibody clearance as free antibody. But the bound soluble 

targets can be rescued by FcRn from lysosomal degradation along with the antibodies 

(Igawa et al., 2014). In addition, the antibodies remain occupied by the tightly bound targets 

during their entire lifetime. Although these antibodies have long circulation, they have only 

one chance of neutralizing the soluble targets (Igawa et al., 2014). Antibodies bound to 

transmembrane targets are internalized into cells via receptor-mediated endocytosis (Igawa 

et al., 2014; Mager, 2006; Wang et al., 2012). In the endosomes, the membrane targets-

anchored antibodies cannot bind to FcRn and are sorted to lysosomes for degradation (Igawa 

et al., 2014), resulting in short lifespan and non-linear clearance that is known as target-

mediated drug disposition (TMDD) or the “antigen sink effect” (Krippendorff et al., 2009; 

Mager, 2006; Wang et al., 2012). For conventional antibodies that cannot dissociate the 

targets in endosomes, one molecule of soluble or membrane-bound target requires one 
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molecule of antibody. To overcome the “antigen sink effect” and compensate for the limited 

chance of target neutralization, a high dose and frequent dosing are required for conventional 

antibodies targeting soluble and membrane targets with fast turnover and high abundance.

Recycling antibodies have been developed to neutralize the targets at lower dose and dosing 

frequency in comparison to conventional antibodies (Igawa et al., 2010; Igawa et al., 2014; 

Sampei et al., 2018). Recycling antibodies display reduced target binding at the acidic pH 

and low calcium concentration found in endosomes (Hironiwa et al., 2016; Igawa et al., 

2014). As shown in the graphical abstract in supplementary materials, recycling antibodies 

can release the soluble targets in the endosomes, allowing the antibodies to be recycled in 

the free form and to participate in another round of target neutralization (Igawa et al., 2014). 

By dissociating from the transmembrane targets in the endosomes, recycling antibodies can 

be recycled by FcRn and participate in another round of target binding (Igawa et al., 2014). 

Therefore, in comparison to conventional antibodies, recycling antibodies can recycle the 

antibodies for multiple rounds of target neutralization, reducing the dose and dosing 

frequency required for target blocking.

Concizumab is a humanized monoclonal IgG4 that is currently under clinical evaluation for 

hemophilia treatment. It neutralizes tissue factor pathway inhibitor (TFPI), a negative 

regulator in the coagulation pathway, and reduces bleeding events in hemophilia patients 

(Peterson et al., 2016). It is known that TFPI exists in different isoforms, namely TFPI-α, 

TFPI-β, and truncated TFPI-α (Hansen et al., 2014). These TFPI isoforms distribute in three 

pools: one pool is associated with endothelial cells (~ 85%), including TFPI-α associated 

with cell surface glycosaminoglycan, TFPI-α and TFPI-β anchored on cell surface by 

glycosylphosphatidylinositol (GPI) co-receptor, and intracellular TFPI-α; the second pool 

circulates in the plasma (~ 10%), including full-length TFPI-α, truncated TFPI-α, and 

lipoprotein-bound TFPI-α; and the third pool is TFPI-α residing in the platelet (5%) (Broze 

and Girard, 2012; Gu et al., 2017; Hansen et al., 2014). Concizumab binds to the conserved 

Kunitz-type protease inhibitor 2 (K2) domain in all isoforms (Hansen et al., 2014). 

Concizumab can readily access the TFPI on the surface of endothelial cells (mTFPI) and the 

free TFPI circulating in the plasma (sTFPI). While both sTFPI and the TFPI in circulating 

platelets can migrate to the sites of vessel injury and inhibit coagulation (Parng et al., 2018), 

sTFPI is used as an exploratory pharmacodynamics (PD) marker for assessing hemophilia 

treatment due to its ease of sampling (Chowdary et al., 2015; Eichler et al., 2018; Peterson et 

al., 2016).

As concizumab is a conventional antibody that cannot dissociate sTFPI and mTFPI in 

endosomes. it requires high dose and frequent dosing to compensate for mTFPI-mediated 

antibody clearance and suppress sTFPI for treating hemophilia. In rabbits, monkeys, and 

humans, concizumab has shown nonlinear clearance faster clearance at low doses and slower 

clearance at high doses (Agerso et al., 2014; Chowdary et al., 2015; Hansen et al., 2014). 

The dose-dependent clearance is due to the limited mTFPI-mediated endocytosis. At high 

doses when all the mTFPI binding sites have been saturated by some concizumab, the 

remaining concizumab is cleared by only the non-specific pinocytosis, whereas at the low 

doses, concizumab is cleared by both the non-specific pinocytosis and the mTFPI-mediated 

endocytosis. A high dose and frequent dosing are therefore required for concizumab to 
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saturate newly-synthesized mTFPI and to maintain a high plasma concentration of antibody 

for neutralizing the negative coagulation factor, sTFPI. In a phase I clinical trial, concizumab 

at a dose as high as 9 mg/kg could only suppress sTFPI for 2 weeks (Chowdary et al., 2015). 

Two ongoing clinical trials of concizumab apply a daily dosing regimen (clinicaltrials.gov, 

and ), which is far more frequent than the weekly or even monthly dosing regimens for 

typical therapeutic antibodies. Thus, strategies that can reduce the dose and dosing 

frequency are needed to reduce the cost and improve the comfort for hemophilia patients. 

Anti-TFPI recycling antibodies are currently under preclinical investigation as a strategy to 

improve the dosing regimen for hemophilia treatments.

Here, we propose a systems pharmacokinetics (PK)/PD model that can describe the PK and 

PD of concizumab, namely the mTFPI-driven non-linear clearance and the suppression of 

sTFPI, and can simulate the antibody-target dissociation in endosomes, to explore the 

potential of anti-TFPI recycling antibodies in improving the dosing regimen. The systems 

PK/PD model extends our prior general model structure for recycling antibodies targeting 

only soluble targets (Yuan et al., 2018) with a second endothelial endosome compartment for 

describing the membrane target-mediated antibody clearance. Due to the model complexity, 

we took a dynamic modeling strategy. We designed a reduced PK/PD model to optimize the 

unknown turnover parameters for mTFPI using the PK and PD data of concizumab in 

humans. The reduced model removes the endosome compartments and describes the target 

binding and the linear and non-linear clearance of antibody in the plasma compartment of a 

second-generation minimal physiologically-based PK (mPBPK) model (Cao et al., 2013). 

By integrating the optimized target turnover parameters from the reduced model, the systems 

PK/PD model was able to describe concizumab PK and PD in humans. Using this systems 

PK/PD model, we simulated the PK/PD of anti-TFPI recycling antibodies in humans and 

predicted the magnitude of affinity engineering required to improve the dosing regimen. The 

same systems PK/PD model was also able to describe concizumab PK in two preclinical 

animals, monkeys and rabbits, using species-dependent parameters. Thus, the systems 

PK/PD model provides a quantitative platform that can guide the translational development 

of anti-TFPI recycling antibodies.

2. Methods

2.1. Data sources

PK/PD data from the following sources were digitized using WebPlot Digitizer (https://

automeris.io/WebPlotDigitizer): concizumab in humans (Chowdary et al., 2015), 

concizumab in monkeys (Agerso et al., 2014), concizumab and its Hz isotype control 

antibody in rabbits (Hansen et al., 2014), and bevacizumab and its Fc variant, Xtend in 

monkeys (Zalevsky et al., 2010). Molar concentrations were calculated using a molecular 

weight of 150 kDa for antibodies and 34 kDa for sTFPI (Parng et al., 2018).

2.2. The systems PK/PD model

TFPI-binding antibodies like concizumab are subject to linear and non-linear clearances. In 

the linear pathway, free antibody and the sTFPI-bound antibody are cleared from the plasma 

via nonspecific pinocytosis by the endothelial cells followed by catabolism in lysosomes or 
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recycling by FcRn. Due to the large capacity of lysosomal catabolism and FcRn recycling. 

this pathway is linear in the typical dose range of therapeutic antibodies except for 

intravenous IgG (IVIG. 200–400 mg/kg) (Jolles et al.. 2005; Roopenian and Akilesh. 2007). 

In the non-linear pathway, mTFPI-bound antibody is cleared via receptor-mediated 

endocytosis by the endothelial cells and subsequent catabolism in lysosomes.

To capture the two clearance pathways of TFPI-binding antibodies, a systems PK/PD model 

was developed by extending our prior general model for antibodies against soluble targets 

(Yuan et al., 2018). The prior general model nests an endothelial endosome compartment in 

the plasma compartment of a mPBPK model (Cao et al., 2013) to describe the linear 

clearance of free antibody and antibody-soluble target complex. This general model 

structure can be applied to describe the kinetics of free antibody and the sTFPI-bound 

antibody. The systems PK/PD model in this work extends the prior general model with a 

second endosome compartment for describing the membrane target pathway. The two 

endosome compartments (Ve1 and Ve2) were nested in parallel with the plasma compartment 

(Vp) to represent the endothelial endosomes for the nonspecific pinocytosis and the receptor-

mediated endocytosis. Model parameters are defined in Appendix I and described below. 

The model structure of the systems PK/PD model is shown in Figure 1 and defined by 

Appendix II Equation (1–23).

As shown in Figure 1, the free anti-TFPI antibody (A) binds to sTFPI and endothelial cell 

membrane-bound mTFPI in plasma. In the non-linear pathway, mTFPI-bound antibody 

(AmTFPI) is internalized into the endothelial endosome compartment (Ve1) by receptor-

mediated endocytosis at a rate of kint. In Ve1, the antibody dissociated from mTFPI (if any) 

can bind to FcRn and form the antibody-FcRn complex (FcRnA), which can be recycled to 

the plasma at a rate of krec; other proteins, including mTFPI, AmTFPI, and FcRn-unbound 

free antibody (A) are degraded at a clearance of CLe. In the linear pathway, A, sTFPI, and 

antibody-sTFPI complex (AsTFPI) in plasma are internalized into endothelial endosome 

compartment (Ve2) by nonspecific pinocytosis at a clearance of CLup. In Ve2, FcRn-bound A 

and AsTFPI (FcRnA and FcRnAsTFPI) are recycled back to plasma at krec and FcRn-

unbound A, sTFPI and AsTFPI are degraded at CLe. Consistent with the prior general 

model, we assumed that the A and AsTFPI bind to FcRn with equal binding affinity because 

the antibody binds to sTFPI and FcRn via different domains (Fab domain for sTFPI and Fc 

domain for FcRn).

Stable target turnover is assumed for each target as is typically assumed (Gibiansky and 

Gibiansky. 2009), meaning that the synthesis rate equals the product of the total degradation 

rate and target baseline (Appendix II Equation 3 and 5). mTFPI is synthesized at a zero 

order synthesis rate of ksynm and degraded at a first order degradation rate of kdegm by cell 

internalization. sTFPI is synthesized at a zero order synthesis rate of ksyns and cleared at a 

first order degradation rate of kdegs in total, which includes nonspecific pinocytosis by 

endothelial cells (CLup) and other nonspecific pinocytosis-independent degradation 

pathways (k’degs), such as enzymatic degradation in plasma. k’degs was calculated by 

Appendix II Equation (3).
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The tissue distribution of A and AsTFPI was described similarly as the prior general model 

(Yuan et al., 2018). The peripheral tissues are lumped into two groups based on tissue 

vascular structure and leakiness: the tight tissues with continuous vessels (V1) and the leaky 

tissues with discontinuous vessels (V2). A and AsTFPI follow the same peripheral 

disposition (Appendix II equation (18–23)): convection from plasma (Vp) to the peripheral 

tissues as defined by the lymph flows (L1 and L2) and vascular reflection coefficients (σ1 

and σ2), recollection of tissue interstitial fluids into lymph (Vl) as defined by the lymph 

flows (L1 and L2) and lymphatic vascular reflection coefficient (σl), and recycling of lymph 

fluid (L) back to the plasma. The vascular reflection coefficients (σ1, σ2, and σl) reflect the 

level of resistance of blood and lymph vessels to the convective transport of antibodies: 

higher value represents more restricted convection (Rippe and Haraldsson, 1987).

For subcutaneous (SC) administration, an absorption depot compartment was introduced as 

described by Appendix II Equation (1). A model switcher with a value of zero for 

intravenous (IV) administration and 1 for SC administration was introduced in Appendix II 

Equation (2) to indicate the drug input mode.

2.3. Parameter optimization in the reduced PK/PD model

To improve parameter identifiability, a reduced PK/PD model without the endosome 

compartments was designed to optimize the unknown parameters: the mTFPI baseline 

(mTFPI_b) and turnover rates (kint, kdegm), using concizumab data in humans (Chowdary et 

al., 2015). In consistent with the systems PK/PD model, the reduced model used the mPBPK 

model as the base model and integrated target binding and antibody clearance in the plasma 

compartment. The model structure is shown in Figure S1. In the plasma compartment, 

because concizumab binds to the conserved K2 domain in sTFPI and mTFPI (Hansen et al., 

2014), concizumab can bind to both targets with equal binding affinity and form the 

complexes (AsTFPI and AmTFPI). Because AmTFPI cannot be recycled by FcRn, AmTFPI 

is cleared from the system at kint. AsTFPI can be recycled by FcRn similarly as free 

concizumab, thus AsTFPI is subject to the same linear clearance (CLlinear) as free 

concizumab. The plasma compartment of the reduced model is described by Appendix III 

Equation (24–28). The peripheral compartments stay the same as the systems PK/PD model 

(Appendix II Equations (18–23)).

Parameters for the mTFPI baseline and turnover rates were optimized in ADAPT 5, a 

computational modeling platform for PK and PD applications (D’Argenio et al., 2009), 

using the maximum likelihood method and a combined additive and proportional error 

model. The ADAPT 5 code is provided in the supplementary materials. The human PK data 

of total antibody and free sTFPI following IV injections of concizumab at doses of 0.25, 1, 

3, and 9 mg/kg were used for parameter optimization (Chowdary et al., 2015). The mPBPK 

base model parameters were fixed to literature reports (Table 2). Several analysis strategies 

were tested and compared based on model evaluation criteria (Table S1 in supplementary 

materials). Note that the SC PK data were not included for parameter optimization and 

served as an external dataset to evaluate model performance. For that purpose, the 

bioavailability (F) and absorption rate constant (ka) of concizumab in humans were fixed to 

reported values in monkeys (Agerso et al., 2014). Model evaluation criteria include visual 
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inspection, weighted residual plots, Akaike Information Criterion (AIC), Bayesian 

Information Criterion (BIC), and Coefficient of Variation (CV%) of the estimated 

parameters. Model diagnostic plots were plotted using an R package, ggplot2 (Ginestet, 

2011).

2.4. Systems PK/PD model simulation of concizumab in humans

The mTFPI baseline (mTFPI_b), mTFPI turnover rate (kint = kdegm), and the dissociation 

rate constant of concizumab-target complexes (AmTFPI and AsTFPI), koff, optimized in the 

reduced model were applied to the systems PK/PD model for simulations. Because 

concizumab is not engineered to show pH/calcium-dependent target binding, the target 

binding kinetics in endosome (keon and keoff) were assumed the same as those in plasma (kon 

and koff). The parameters related to endosomal trafficking and FcRn recycling, such as 

nonspecific pinocytosis rate (CLup), nonspecific catabolism rate (CLe), and FcRn recycling 

rate (krec), were fixed to the values in our prior general model that were calibrated using a 

variety of antibodies (Yuan et al., 2018).

Model simulations were performed to predict PK of total antibody and sTFPI after IV or SC 

administration of concizumab at various doses in humans. The simulations were performed 

using an R package, RxODE (Wang et al., 2016). The R script for the systems PK/PD model 

in humans is provided in the supplementary materials. Model predictions were overlaid with 

observations to evaluate model performance using an R package, ggplot2 (Ginestet, 2011).

2.5. Explorations of anti-TFPI recycling antibodies in humans

Anti-TFPI recycling antibodies with altered target binding kinetics in endosomes were 

simulated based on the systems PK/PD model of concizumab by decreasing the antibody-

target association rate constant (keon) or increasing the antibody-target dissociation rate 

constant (keoff) in the endosome compartments. These anti-TFPI recycling antibodies were 

assumed to have equal target binding kinetics in plasma (kon and koff) and FcRn binding 

kinetics (k1on and k1off) as concizumab. The model could also simulate other anti-TFPI 

recycling antibodies with different target binding kinetics in plasma and different FcRn 

binding kinetics.

2.6. Interspecies translation of the systems PK/PD model

The systems PK/PD model was also developed for monkeys and rabbits, two common 

preclinical species for hemophilia study, facilitating proof-of-concept experiments in 

preclinical animals before clinical studies. The interspecies translation was done by updating 

the systems PK/PD model with species-specific parameters. Species-specific physiological 

parameters, such as plasma volume (Vp), lymphatic flow (L), and sTFPI baseline (sTFPI_b), 

were fixed to literature reports (Table 2).

In the linear clearance pathway, CLup, CLe, antibody-FcRn binding kinetics (k1on and k1off), 

and FcRn concentration in endosomes (FcRn b) jointly define the linear clearance of 

antibodies (Yuan et al., 2018). It is impossible to identify all these parameters for monkeys 

and rabbits without fixing some of the parameters. Thus, some parameters were fixed to 

human values or scaled from human values based our current knowledge, and then the rest 
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were optimized. FcRn recycling rate (krec) was fixed to human value, which was calculated 

based on in vitro measurement of endosome trafficking time (Hopkins and Trowbridge, 

1983; Yuan et al., 2018). The same endosome trafficking time was also used by others for 

mice (Chen and Balthasar, 2012). FcRn concentration in endosomes (FcRn b) was assumed 

the same across species as others assumed (Shah and Betts, 2012). The catabolism in 

lysosome (CLe) was scaled across species based on body weight using a scaling factor of 

0.75, which is commonly used to scale metabolism (Diao and Meibohm, 2015; Li et al., 

2017). When not available in the literature, k1on and k1off were fixed to the values of 

adalimumab-human FcRn binding kinetics which was used to calibrate human CLe in our 

prior general model (Yuan et al., 2018). Monkey FcRn and rabbit FcRn have been shown to 

bind human IgG at similar affinity as human FcRn (Szikora et al., 2017; Yeung et al., 2010). 

With the obtained krec, CLe, FcRn b, k1on and k1off, the nonspecific pinocytosis rates (CLup) 

in monkeys and rabbits were optimized. CLup in monkeys and rabbits were selected to be 

optimized because scaled mice CLup using a scaling exponent of 0.75 has been shown to be 

higher than the observed value (Yuan et al., 2018). The values of monkey and rabbit CLup 

can later be validated by measuring the clearance of nonspecific antibodies in FcRn-

knockout monkeys and rabbits when these animal models become available. The 

optimization was done in Berkeley Madonna v8.3.18 (Berkeley, CA) using the PK data of 

linearly cleared antibodies and our prior general model structure (Yuan et al., 2018). The 

Berkeley Madonna code is provided in supplementary materials. The PK data of 

bevacizumab and a bevacizumab’s Fc-engineered variant, Xtend, and their reported monkey 

FcRn binding kinetics (Zalevsky et al., 2010) were used for model optimization of monkey 

CLup. The PK data of a concizumab isotype control antibody (Hansen et al., 2014) were 

used to optimize rabbit CLup with the unknown rabbit FcRn binding affinity assumed the 

same as adalimumab-human FcRn binding affinity. The isotype control matches concizumab 

on the FcRn-binding domain but lacks target specificity, thus it is a good candidate to 

calibrate the linear clearance pathway in rabbit for concizumab.

In the non-linear pathway, sTFPI/mTFPI turnover rates (kdegs and kdegm) were scaled from 

human values using a scaling exponent of −0.25 (Diao and Meibohm, 2015; Li et al., 2017). 

The mTFPI baselines for rabbits and monkeys were not reported. Because sTFPI and mTFPI 

are produced through alternative splicing of the same TFPI gene (Maroney et al., 2010), 

mTFPI baseline was assumed to be correlated with sTFPI baseline. Based on the levels of 

sTFPI baselines. mTFPI baselines in rabbits and monkeys were calculated from human 

mTFPI baseline based on the measurable sTFPI baseline as 

human mTFPI_b ×
animal sTFPI_b
human sTFPI_b

. All monkey and rabbit parameters, their source, and 

calculations were summarized in Table 2.

2.7. Sensitivity analysis of the systems PK/PD model

Local sensitivity analysis was done by individually increasing or decreasing the parameter 

value 10-fold from the human value listed in Table 2. The ratio of area under the curve 

(AUC) of total concizumab and free sTFPI in 45 days after antibody administration was 

calculated as AUCafter/AUCbefore where AUCbefore and AUCafter are the AUCs before and 
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after parameter adjustment, respectively. The AUC was calculated using an R package, 

DescTools (al, 2018).

3. Results

3.1. Parameter optimization in the reduced PK/PD model

We developed a reduced PK/PD model to facilitate parameter optimization. The optimized 

parameters were then integrated into the systems PK/PD model for simulations. As shown in 

Figure S1 and described in section 2.3, the reduced PK/PD model describes the nonspecific 

linear clearance of free concizumab and sTFPI-bound concizumab (AsTFPI) and the non-

linear clearance of mTFPI-bound concizumab (AmTFPI). The linear clearance was 

described by a single parameter, CLlinear, in the reduced model and by an endosome 

structure in the systems PK/PD model (Figure 1). We have previously validated the 

endosomal structure (CLup, CLe, and krec) for describing the nonspecific linear clearance of 

antibodies (Yuan et al., 2018). The same model structure and parameterization were used for 

concizumab in the systems PK/PD model as this linear pathway is common to all antibodies. 

To ensure proper integration of the parameters optimized in the reduced PK/PD model to the 

systems PK/PD model, CLlinear was fixed to the reported linear clearance of adalimumab 

(Cao and Jusko, 2014), the antibody that was used to calibrate the endosome kinetics (Yuan 

et al., 2018). While concizumab is a wild-type IgG4 and adalimumab is a wild-type IgG1, 

this assumption of similar linear clearance was supported by that the IgG isotype has a 

negligible influence on FcRn binding and that IgG1 and IgG4 have similar circulation half-

life (Neuber et al., 2014; Vidarsson et al., 2014). The sTFPI baseline (sTFPI_b) was fixed to 

1.6 nM observed in humans (Chowdary et al., 2015). The total degradation rate of sTFPI 

(kdegs) was fixed to 1.18 day−1 measured in healthy volunteers in a clinical pulse-chase 

study (Farrokhi et al., 2018).

The unknown mTFPI baseline (mTFPI_b) and turnover parameters (kdegm, kint) were 

optimized in the reduced PK/PD model using the human PK data of total concizumab and 

free sTFPI after IV injections of the antibody at various doses. Several analysis plans have 

been evaluated: 1) fix concizumab-sTFPI/mTFPI association and dissociation rate constants 

(kon and koff) to in vitro measurements (Hilden et al., 2012); 2) optimize one or both of kon 

and koff; 3) assume or not assume mTFPI and AmTFPI have equal cell internalization rate 

(kdegm = kint) as is typically assumed (Gibiansky and Gibiansky, 2010); 4) optimize or fix 

kdegm/kint to in vitro measurement of the cell internalization rate of two membrane proteins 

(33.1 day−1), the folate receptor and the decay accelerating factor, which are anchored by 

GPI similarly as TFPI-p, in monkey kidney epithelial (MA104) cells and Chinese hamster 

ovary (CHO) cells (Mayor et al., 1998). The final analysis plan was selected based on visual 

inspection, AIC, BIC, and CV% of estimated parameters (Table S1). The final selected 

model assumed kdegm = kint, fixed kon to in vitro measurement, and optimized koff.

As shown in Table 1, most parameters were estimated with reasonable CV% (less than 30%) 

except for koff (56%). However, fixing koff to in vitro measurement resulted in poor model 

predictions of the sTFPI PK. The model estimate of mTFPI baseline was higher than the 

sTFPI baseline as expected (Broze and Girard, 2012; Gu et al., 2017; Hansen et al., 2014).
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As shown in Figure S2, the optimized reduced PK/PD model adequately captured the PK of 

total concizumab in humans after IV injections of concizumab at multiple doses. The model 

captured the PK of sTFPI well at IV concizumab doses of 0.25 mg/kg and 1 mg/kg and 

fairly at 3 mg/kg, but failed to capture the earlier and slower recovery of sTFPI at 9 mg/kg. 

Manually adjusting antibody-mTFPI/sTFPI binding affinity did not improve model 

predictive performance for sTFPI. Nevertheless, as shown in Figure S3, most model 

predictions for total antibody and sTFPI concentrations were within two standard deviations 

of observations. The human PK data of total concizumab and sTFPI in humans after SC 

injections of concizumab at 1 mg/kg and 3 mg/kg were reserved as an external dataset for 

model validation. In Figure S2, using the SC bioavailability and absorption rate constant of 

concizumab reported for monkeys (Agerso et al., 2014), the reduced PK/PD model fairly 

captured the SC PK data of both antibody and sTFPI in humans. considering that the 

absorption of concizumab in humans has not been optimized yet. Note that due to the 

nonlinear clearance. the PK of concizumab would be greatly affected by absorption.

3.2. The systems PK/PD model simulations in humans

The optimized mTFPI parameters (mTFPI_b and kint/kdegm) and concizumab-mTFPI/sTFPI 

dissociation rate constant (koff) in the reduced PK/PD model were then integrated into the 

systems PK/PD model for simulations. For the simulation, we assumed that the antibody-

target binding kinetics in the endosomes were the same as in the plasma (keon = kon and keoff 

= koff) because concizumab is not engineered to release the antigens in endosomes. Using 

the previously calibrated endosome kinetics (CLup, CLe, and krec) for adalimumab (Yuan et 

al., 2018) and assuming that concizumab has similar FcRn binding kinetics as adalimumab 

as discussed above as explained in section 3.1, the systems PK/PD model adequately 

predicted the PK of total concizumab and sTFPI in humans after IV and SC administration 

(Figure 2).

3.3. Explorations of anti-TFPI recycling antibodies in humans

We simulated anti-TFPI recycling antibodies in humans by decreasing the antibody-mTFPI/

sTFPI association rate constant (keon) or increasing the dissociation rate constant (keoff) in 

endosomes, while keeping the binding kinetics in plasma (kon and koff) unchanged. Figure 3 

shows that a decrease in keon had minimal effects on the clearance of antibody and 

suppression of sTFPI, while an increase in keoff notably decreased antibody clearance and 

prolonged sTFPI suppression. At an equal dose of 3 mg/kg (one of clinically tested 

concizumab doses), anti-TFPI recycling antibodies with a 100-fold or higher target 

dissociation rate constant in endosomes (keoff) can suppress sTFPI below the lower limit of 

quantification (LLOQ) for 30 days or longer, compared to 12 days for concizumab (the 

black line). Further increasing the endosomal target dissociation rate constant beyond 1,000-

fold had a smaller effect in prolonging antibody half-life and sTFPI suppression.

3.4. Interspecies translation of the systems PK/PD model

The goal of developing the systems PK/PD model is to provide a quantitative framework for 

facilitating the development of anti-TFPI recycling antibodies, including the preclinical 

studies in monkey and rabbits, two commonly used animal models for hemophilia study. 

Thus, we also parameterized the systems PK/PD model for these two species using species-
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specific physiological parameters (such as Vp, L, and sTFPI_b), allometrically scaled 

parameters (kdegs, kdegm/kint, and CLe), and individually optimized parameter (CLup). 

Previously, we reported that the CLup for mice estimated base on antibody clearance in FcRn 

knockout mice is lower than the allometrically scaled value from human CLup using a 

scaling factor of 0.75 (Yuan et al., 2018). Thus, in Figure 4A and B, we optimized CLup 

individually for monkeys and rabbits using the reported PK data of linearly cleared 

antibodies. The CLup optimized for monkeys and rabbits in this work and the CLup 

estimated for mice and humans (Yuan et al., 2018) were plotted against the logarithm of 

body weight. As shown in Figure 4C, the CLup can be allometrically scaled across mice, 

monkeys, rabbits, and humans using a scaling exponent of 0.83 (R2 = 0.98), which was in 

the range of scaling exponents reported for linearly cleared antibodies (0.69 – 0.83 (Oitate et 

al., 2011), 0.695 – 1.27 (Zhao et al., 2015), and 0.89 (Betts et al., 2018)).

Using the optimized CLup for each species, we simulated concizumab in monkeys and 

rabbits. The association and dissociation rate constants of concizumab binding to sTFPI/

mTFPI (kon and koff) and to FcRn ((k1on and k1off)) in monkeys and rabbits were not 

available and thus were assumed the same as the values in humans. Monkey FcRn and rabbit 

FcRn have been shown to bind human IgG at very similar affinity as human FcRn (less than 

3-fold difference in equilibrium dissociation constant) (Szikora et al., 2017; Yeung et al., 

2010). sTFPI and mTFPI are produced through alternative splicing of the same TFPI gene 

(Maroney et al., 2010), thus the unknown mTFPI baselines in monkeys and rabbits were 

calculated based on the reported levels of sTFPI baselines (Table 2) The systems PK/PD 

model parameters for each species were listed in Table 2. Without further optimization, the 

systems PK/PD model adequately predicted the PK of concizumab in monkeys and rabbits 

under different dosing regimens, as shown in Figure 5 and 6. An accurate measurement of 

the mTFPI baseline in animals may further improve model predictive performance. As 

shown in Figure S4. increasing the rabbit mTFPI baseline 1.4 fold further improved model 

prediction of concizumab in rabbits.

3.5. Sensitivity analysis of the systems PK/PD model

A local sensitivity analysis was performed at a low dose of 0.25 mg/kg and a high dose of 9 

mg/kg in humans for assessing the sensitivity of parameters pertaining to the linear pathway 

and the non-linear pathway to antibody clearance and sTFPI suppression. As shown in 

Figure 7, each simulation was done by increasing or decreasing the chosen parameter 10-

fold from the value listed in Table 2. In Figure 7A, the most critical parameters for antibody 

clearance at the low dose were the turnover rate and baseline of mTFPI (kdegm and 

mTFPI_b), which jointly define the capacity of the non-linear clearance pathway. A decrease 

in these two parameters increased the AUC of total antibody and thus decreased the AUC of 

free sTFPI. As is known for TMDD, the turnover rate and baseline of mTFPI have smaller 

effects on antibody clearance at the high dose (Figure 7B) than at the low dose (Figure 7A). 

The parameters associated with the linear clearance pathway had increased effects on total 

antibody clearance at the high dose, including antibody-FcRn binding constants (k1on and 

k1off), FcRn concentration in endosomes (FcRn_b), endosomal volume for the nonspecific 

pinocytosis (Ve2), nonspecific pinocytosis clearance (CLup), and lysosomal catabolism rate 

(CLe). The volume of the endosomes for the endocytosis of AmTFPI (Ve1) negligibly 
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affected the AUCs of free sTFPI and total antibodies at the selected settings. Because the 

capacity of the non-linear mTFPI pathway (mTFPI_b×kdegm) is 12-fold larger than the linear 

sTFPI pathway (sTFPI_b×kdegs), the turnover of sTFPI (kdegs) had small effects on the AUC 

of total antibody at both doses. In line with that, the effects of antibody-mTFPI/sTFPI 

binding constants kon and koff on AUCs of free sTFPI and total antibody were smaller at the 

high dose than at the low dose when the high-capacity non-linear pathway dominates 

antibody disposition.

4. Discussion

Concizumab, an antibody that targets both mTFPI and sTFPI, is currently under phase II 

clinical investigation for treatment of hemophilia. Like other anti-TFPI antibodies (Gu et al., 

2017; Parng et al., 2018), concizumab exhibits dose-dependent, non-linear PK that is 

mediated by binding to mTFPI. Due to the significant mTFPI-mediated non-linear clearance, 

high doses and frequent dosing of concizumab are needed to suppress sTFPI for hemophilia 

treatment.

Few empirical two-compartment models have been developed for anti-TFPI antibodies, 

including concizumab (Agerso et al., 2014; Gu et al., 2017; Parng et al., 2018). One 

empirical two-compartment model for concizumab applied Michaelis-Menten (MM) 

approximation to describe the TMDD of concizumab in monkeys (Agerso et al., 2014). 

However, it had no function for predicting the suppression of sTFPI. The model for 

BAY1093884 used quasi-equilibrium steady state (QSS) approximation to relate the 

turnover of sTFPI and the non-linear clearance of antibody (Gu et al., 2017), although sTFPI 

is not the driver for the non-linear clearance. The model for PF-06741086 is a hybrid model, 

using QSS approximation to describe sTFPI suppression and MM approximation to define 

the non-linear clearance of antibody (Parng et al., 2018). While these models can capture the 

PK and PD profiles of existing anti-TFPI antibodies, these models cannot be extrapolated to 

anti-TFPI recycling antibodies that show different binding kinetics in plasma and 

endosomes, which are of development interests for improving the dosing regimen of 

hemophilia treatment.

Our goal of this study was to develop a quantitative platform to explore the PK/PD of anti-

TFPI recycling antibodies based on existing concizumab data and our current understanding 

of the TFPI biology. The ideal model should separately describe mTFPI and sTFPI 

dynamics for predicting the mTFPI-mediated non-linear clearance of concizumab and the 

suppressive effect on sTFPI, allowing extrapolation to species with potential different target 

kinetics. The ideal model should also incorporate the function to simulate altered endosomal 

target binding kinetics and the resulted change in the PK and PD. Toward this end, we 

developed a systems PK/PD model by extending our prior general model for recycling 

antibodies against soluble targets with a second endosome compartment for mTFPI-

mediated TMDD, thus the dynamics of antibody bound to each target can be separately 

described. In each endosome compartment, antibody-target binding and FcRn-mediated 

recycling of antibodies were described for comparing the PK/PD of conventional antibodies 

and recycling antibodies from a mechanistic perspective.

Yuan et al. Page 12

Eur J Pharm Sci. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Strategically, we designed a reduced PK/PD model without the endosome compartments to 

optimize the unknown turnover parameters for the mTFPI target and in vivo target binding 

kinetics in humans. To improve parameter identifiability, the final selected model fixed 

CLlinear to the clearance of a linearly cleared antibody, fixed kdegs to clinical observation, 

fixed kon to in vitro measurement, and assumed kdegm = kint. Parameter identifiability was 

improved by fixing kon to in vitro measurement because the antibody-target binding kinetics. 

especially kon, is much faster than other antibody disposition process and the current PK 

sampling schedules often do not allow identification of the antibody-target binding kinetics 

(Gibiansky and Gibiansky. 2009). kdegm = kint is typically assumed to improve parameter 

identifiability because such assumption ensures that the introduction of drug won’t affect the 

turnover of the membrane target (Gibiansky and Gibiansky. 2009). thus reduces the 

complexity.

The optimized parameter values were then integrated into the systems PK/PD model for 

simulation in humans. The systems PK/PD model adequately predicted the plasma 

concentrations of total antibody and free sTFPI after IV and SC administration of 

concizumab in humans. Most model predictions for total antibody and sTFPI concentrations 

were within two standard deviations of observations. We believe that the two standard 

deviations of model predictions from observations could be tolerated given the intended 

application of the developed model. which is to guide antibody engineering in the early 

stage of drug development.

Applying the systems PK/PD model, we simulated anti-TFPI recycling antibodies in humans 

by altering the antibody association (keon) or dissociation (keoff) rate constants with mTFPI 

and sTFPI in the endosomes. Our prior model for recycling antibodies against soluble targets 

showed that keoff plays a greater role than keon in determining the extent of free antibody 

recycling to the plasma (Yuan et al., 2018). Consistent with this result, as shown in Figure 3, 

an increase in keoff had a greater effect than a decrease in keon on reducing antibody 

clearance and extending sTFPI suppression. Our prior model also showed that a further 

decrease in the target dissociation time (1/keoff) in endosomes beyond the endosomal transit 

time (11.5 min) had a decreased effect in soluble antigen suppression (Yuan et al., 2018). In 

Figure 3, however, a further decrease in the endosomal TFPI dissociation time (1/keoff) from 

0.95 min (10-fold) to 0.095 min (100-fold) greatly extended the antibody circulation and 

sTFPI suppression. This discrepancy arose because the clearance of antibodies in our prior 

model was not affected by target release in the endosomes under the assumption that the 

antibody-soluble target complexes can still be recycled by FcRn (Yuan et al., 2018). Thus, 

the suppression of soluble targets in the prior model would reach a maximum when all 

targets can be released within the endosome transit time. In contrast, the clearance of anti-

TFPI recycling antibodies was affected by mTFPI release in the endosomes, which 

decreased the non-linear clearance of the antibody and subsequently enhanced sTFPI 

suppression. Based on the simulations, a single IV administration of an anti-TFPI recycling 

antibody with a 100-fold increase in endosomal target dissociation rate constant (keoff) can 

suppress sTFPI below the LLOQ for a month at 3 mg/kg, compared to 12 days for 

concizumab at the same dose. The simulation results suggested that anti-TFPI recycling 

antibodies have a great potential in improving the dosing regimen for hemophilia treatment. 

Our simulation results provided a tentative affinity goal for antibody engineering: a 100-fold 
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higher target dissociation rate constant than concizumab at endosomal condition should be 

targeted. Given the antibody-target binding kinetics at endosomal condition and plasma 

condition which can be measured in vitro, we can predict the PK/PD and required dosing 

regimen for each anti-TFPI recycling antibody. Without the modeling platform, each anti-

TFPI recycling antibody needs to be tested empirically.

In addition, we were able to extrapolate the systems PK/PD model from humans to monkeys 

and rabbits, two commonly used preclinical species in hemophilia study. The interspecies 

translation was done by parameterizing the same model structure with reported species-

specific physiological parameters, sTFPI baselines, and parameters optimized using PK data 

of other antibodies. The obtained systems PK/PD model adequately captured the plasma 

profiles of concizumab in monkeys and rabbits in different dosing regimens. By bridging the 

three animal species, the systems PK/PD model can serve as a quantitative platform for 

facilitating the preclinical and translational development of anti-TFPI recycling antibodies.

Several model assumptions were made for the systems PK/PD model. Like our prior model 

(Yuan et al., 2018), AsTFPI was assumed to bind FcRn with the same binding affinity as free 

antibodies. The antibody-FcRn binding affinities, FcRn concentrations in endosomes, and 

endosome trafficking kinetics like krec were assumed to be preserved across species. Like 

other TMDD models (Gibiansky and Gibiansky, 2010), our model assumed stable target 

turnover for mTFPI and sTFPI. However, it has been reported in mice that the inhibitory 

effect of anti-TFPI antibodies on bleeding progressively decreased at doses greater than the 

amount needed to neutralize sTFPI, suggesting that a sequestered pool of TFPI, likely from 

platelets and endothelial cells, could be released (Broze and Girard, 2012; Maroney et al., 

2012). High inter-individual variability in concizumab PK was observed in monkeys, as 

shown in Figure 5. This may relate to the inter-individual variability in target homeostasis 

and regulation. In addition, we didn’t distinguish the different isoforms of sTFPI and 

assumed that concizumab had equal binding affinity to mTFPI and sTFPI because 

concizumab targets the shared K2 domain. However, the binding affinity of concizumab to 

mTFPI and different isoforms of sTFPI may vary within each species. Species differences in 

mTFPI and sTFPI baselines were considered, but those related to binding affinities were not. 

Nonetheless, target binding affinities only have small effects on plasma concentrations of 

total antibodies and free sTFPI, as indicated by the local sensitivity analysis.

Compared with the prior empirical models (Agerso et al., 2014; Gu et al., 2017; Parng et al., 

2018), our systems PK/PD model included more mechanistic components for describing the 

two clearance pathways of anti-TFPI antibodies and for predicting the PK/PD advantage of 

anti-TFPI recycling antibodies in comparison with concizumab, allowing integrating of in 
vitro measured parameters. Like other systems model, many model assumptions were made 

to improve parameter identifiability. As a part of the “learn and confirm” drug development 

paradigm, the systems PK/PD model can be further optimized upon data for anti-TFPI 

recycling antibodies and experimental measurements of model parameters become available.
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5. Conclusion

We developed a systems PK/PD model that mechanistically described the PK/PD of 

concizumab in humans, monkeys, and rabbits. This systems PK/PD model predicted that 

anti-TFPI recycling antibodies can improve the dosing regimen for hemophilia treatment. As 

a quantitative platform, the systems PK/PD model can facilitate the development of anti-

TFPI recycling antibodies by setting the affinity goal and bridging three animal species.
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Appendix

8.

8. Appendix I:: a glossary of parameters in the systems PK/PD model

Parameter Definition

Physiological parameters

Vp Plasma volume (L)

Visf Volume of interstitial fluid (L); Visf = V1 + V2

V1 Interstitial space of tissues with continuous vessels (tight tissues, including brain, muscle, skin, adipose); 
V1 = 0.65·Visf (Cao et al., 2013)

V2 Interstitial space of tissues with leaky vessels (leaky tissues, including liver, kidney, heart, etc.); V2 = 
0.35·Visf (Cao et al., 2013)

Kp Fraction of interstitial space available for antibody distribution (0.8 for native IgG1, 0.4 for native IgG4) 
(Cao et al., 2013)

Vl Volume of lymph (L)

L Total lymph flow (L·day−1); L = L1 + L2

L1 Lymph flow from tight tissues (L·day−1); L1 = 0.33L (Cao et al., 2013)

L2 Lymph flow from leaky tissues (L·day−1); L2 = 0.67 L (Cao et al., 2013)

σ1 Vascular reflection coefficient for tight tissues, reflect the level of resistance to antibody convection 
provided by continuous vessels

σ2 Vascular reflection coefficient for leaky tissues, reflect the level of resistance to antibody convection 
provided by leaky vessels, σ2 < σ1

σl Lymphatic vascular reflection coefficient, reflect the level of resistance to antibody convection provided 
by lymph vessels

Endosome parameters

CLup Endothelial nonspecific pinocytosis rate (L·day−1)

krec Endosome recycling rate constant (day−1)

CLe Lysosome catabolism clearance (L·day−1)
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Parameter Definition

Ve1 Endosome volume for receptor (mTFPI)-mediated endocytosis

Ve2 Endosome volume for nonspecific pinocytosis

FcRn_b FcRn baseline concentration in endosomes (μM)

k1on Antibody FcRn association rate constant (M−1·s−1) in endosomes

k1off Antibody-FcRn complex (FcRnA) dissociation rate constant (s−1) in endosomes

Target (mTFPI and sTFPI) parameters

kon Antibody TFPI association rate constant (M−1·s−1) in plasma

koff Antibody-TFPI complex dissociation rate constant (s−1) in plasma

keon Antibody TFPI association rate constant (M−1·s−1) in endosomes

keoff Antibody-TFPI complex dissociation rate constant (s−1) in endosomes

sTFPI_b sTFPI baseline concentration in plasma (nM)

ksyns Zero order synthesis rate of sTFPI (nM·day−1)

kdegs 1st order total degradation rate constant of sTFPI (day−1)

kdegs’ 1st order nonspecific pinocytosis-independent degradation rate constant of sTFPI (day−1), such as kidney 
filtration, enzymatic degradation in plasma, etc.

mTFPI_b mTFPI baseline concentration on endothelial cell surface (nM)

ksynm Zero order synthesis rate of mTFPI (nM·day−1)

kdegm Endothelial cell internalization rate constant of free mTFPI (day−1)

kint Endothelial cell internalization rate constant of mTFPI-bound antibody (AmTFPI)(day−1)

Other parameters

F SC bioavailability of concizumab

ka SC 1st order absorption rate constant of concizumab (day−1)

CLlinear Linear clearance of antibody and soluble complex

8. Appendix II:: model equations and initial conditions (IC) for the systems 

PK/PD model of anti-TFPI antibodies

Antibody amount in SC absorption depot compartment

d(depot)
dt = − depot ⋅ ka;

IC(depot) = F ⋅ Dose
(1)

Concentration of free antibody (A) in plasma Vp
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d Ap
dt =

ka ⋅ depot ⋅ switcher
V p

− kon ⋅ Ap ⋅ sTFPI p + ko f f ⋅ AsTFPI p − kon ⋅ Ap

⋅ mTFPI p + ko f f ⋅ AmTFPI p −
1 − σ1 ⋅ L1 ⋅ Ap

V p
−

1 − σ2 ⋅ L2 ⋅ Ap
V p

+
L ⋅ Al

V p

−
CLup ⋅ Ap

V p
+

krec ⋅ FcRnAe1 ⋅ Ve1 + FcRnAe2 ⋅ Ve2
V p

;

IC Ap = Dose/V p ⋅ (1 − switcher); switcher = 0  f or IV ,  switcher  = 1  f or SC

(2)

Concentration of free sTFPI in plasma Vp

d sTFPI p
dt = − kon ⋅ Ap ⋅ sTFPIp + ko f f ⋅ AsTFPI p + ksyns − k′degs ⋅ sTFPI p

−
CLup ⋅ sTFPI p

V p
,

ksyns = kdegs ⋅ sTFPI_b;

k′degs = kdegs −
CLup

vp
;

IC sTFPI p = sTFPI_b

(3)

Concentration of antibody-sTFPI (AsTFPI) complex in plasma Vp

d AsTFPI p
dt = kon ⋅ Ap ⋅ sTFPI p − ko f f ⋅ AsTFPI p −

1 − σ1 ⋅ L1 ⋅ AsTFPI p
V p

−
1 − σ2 ⋅ L2 ⋅ AsTPFI p

V p
+

L ⋅ AsTFPIl
V p

−
CLup ⋅ AsTFPI p

V p

+
krec ⋅ FcRnAsTFPIe2 ⋅ Ve2

V p
;

IC AsTFPI p = 0

(4)

Concentration of free mTFPI in plasma Vp
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d mTFPI p
dt = − kon ⋅ Ap ⋅ mTFPIp + ko f f ⋅ AmTFPI p + ksynm − kdegm

⋅ mTFPI p;

ksynm = kdegm ⋅ mTFPI_b;

IC mTFPI p = mTFPI_b

(5)

Concentration of antibody-mTFPI complex (AmTFPI) in plasma Vp

d AmTFPI p
dt = kon ⋅ Ap ⋅ mTFPI p − ko f f ⋅ AmTFPI p − kint ⋅ AmTFPI p;

IC AmTFPI p = 0
(6)

Concentration of free antibody in the endosome of mTFPI-mediated endocytosis Ve1

d Ae1
dt = − keon ⋅ Ae1 ⋅ mTFPIe1 + keo f f ⋅ AmTFPIe1 − k1on ⋅ Ae1 ⋅ FcRne1

+ k1o f f ⋅ FcRnAe1 −
CLe ⋅ Ae1

Ve1
;

IC Ae1 = 0

(7)

Concentration of free mTFPI in the endosome of mTFPI-mediated endocytosis Ve1

d mTFPIe1
dt = − keon ⋅ Ae1 ⋅ mTFPIe1 + keo f f ⋅ AmTFPIe1

+
kdegm ⋅ mTFPI p ⋅ V p

Ve1
−

CLe ⋅ mTFPIe1
Ve1

;

IC mTFPIe1 =
mTFPI_b ⋅ kdegm ⋅ V p

CLe

(8)

Concentration of antibody-mTFPI complex (AmTFPI) in the endosome of mTFPI-
mediated endocytosis Ve1
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d AmTFPIe1
dt = keon ⋅ Ae1 ⋅ mTFPIe1 − keo f f ⋅ AmTFPIe1

+
kint ⋅ AmTFPI p ⋅ V p

Ve1
;

IC AmTFPIe1 = 0

(9)

Concentration of free FcRn in the endosome of mTFPI-mediated endocytosis Ve1

d FcRne1
dt = − k1on ⋅ FcRne1 ⋅ Ae1 + k1o f f ⋅ FcRnAe1 + krec ⋅ FcRnAe1;

IC FcRne1 = FcRn_b
(10)

Concentration of Antibody-FcRn complex (FcRnA) in the endosome of mTFPI-mediated 
endocytosis Ve1

d FcRnAe1
dt = k1on ⋅ FcRne1 ⋅ Ae1 − k1o f f ⋅ FcRnAe1 − krec ⋅ FcRnAe1;

IC FcRnAe1 = 0
(11)

Concentration of free antibody (A) in the endosome of nonspecific pinocytosis Ve2

d Ae2
dt = − k1on ⋅ Ae2 ⋅ FcRne2 + k1o f f ⋅ FcRnAe2 − keon ⋅ Ae2 ⋅ sTFPIe2

+ keo f f ⋅ AsTFPIe2 −
CLe ⋅ Ae2

Ve2
+

CLup ⋅ Ap
Ve2

;

IC Ae2 = 0

(12)

Concentration of free sTFPI in the endosome of nonspecific pinocytosis Ve2

d sTFPIe2
dt = − keon ⋅ FcRnAe2 ⋅ sTFPIe2 + keo f f ⋅ FcRnAsTFPIe2 − keon

⋅ Ae2 ⋅ sTFPIe2 + keo f f ⋅ AsTFPIe2 −
CLe ⋅ sTFPIe2

Ve2
+

CLup ⋅ sTFPI p
Ve2

;

IC sTFPIe2 =
sTFPI_b ⋅ CLup

CLe

(13)

Concentration of antibody-sTFPI complex (AsTFPI) in the endosome of nonspecific 
pinocytosis Ve2
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d AsTFPIe2
dt = − k1on ⋅ AsTFPIe2 ⋅ FcRne2 + k1o f f ⋅ FcRnAsTFPIe2 + keon

⋅ Ae2 ⋅ sTFPIe2 − keo f f ⋅ AsTFPIe2 −
CLe ⋅ AsTFPIe2

Ve2
+

CLup ⋅ AsTFPI p
Ve2

;

IC AsTFPIe2 = 0

(14)

Concentration of free FcRn in the endosome of nonspecific pinocytosis Ve2

d FcRne2
dt = − k1on ⋅ Ae2 ⋅ FcRne2 + k1o f f ⋅ FcRnAe2 − k1on ⋅ AsTFPIe2

⋅ FcRne2 + k1o f f ⋅ FcRnAsTFPIe2 + krec ⋅ FcRnAe2 + FcRnAsTFPIe2 ;

IC FcRne2 = FcRn_b

(15)

Concentration of antibody-FcRn complex (FcRnA) in the endosome of nonspecific 
pinocytosis Ve2

d FcRnAe2
dt = k1on ⋅ Ae2 ⋅ FcRne2 − k1o f f ⋅ FcRnAe2 − keon ⋅ FcRnAe2

⋅ sTFPIe2 + keo f f ⋅ FcRnAsTFPIe2 − krec ⋅ FcRnAe2;

IC FcRnAe2 = 0

(16)

Concentration of FcRn-bound AsTFPI complex (FcRnAsTFPI) in the endosome of 
nonspecific pinocytosis Ve2

d FcRnAsTFPIe2
dt = k1on ⋅ AsTFPIe2 ⋅ FcRne2 − k1o f f ⋅ FcRnAsTFPIe2 + keon

⋅ FcRnAe2 ⋅ sTFPIe2 − keo f f ⋅ FcRnAsTFPIe2 − krec ⋅ FCRnAsTFPIe2;

IC FcRnAsTFPIe2 = 0

(17)

Concentration of free antibody (A) in tight tissue V1

d A1
dt =

1 − σ1 ⋅ L1 ⋅ Ap − 1 − σl ⋅ L1 ⋅ A1
V1 ⋅ K p

;

IC A1 = 0
(18)
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Concentration of free antibody-sTFPI complex (AsTFPI) in tight tissue V1

d AsTFPI1
dt =

1 − σ1 ⋅ L1 ⋅ AsTFPI p − 1 − σl ⋅ L1 ⋅ AsTFPI1
V1 ⋅ K p

;

IC AsTFPI1 = 0
(19)

Concentration of free antibody (A) in leaky tissue V2

d A2
dt =

1 − σ2 ⋅ L2 ⋅ Ap − 1 − σl ⋅ L2 ⋅ A2
V2 ⋅ K p

;

IC A2 = 0
(20)

Concentration of antibody-sTFPI complex (AsTFPI) in leaky tissue V2

d AsTFPI2
dt =

1 − σ2 ⋅ L2 ⋅ AsTFPI p − 1 − σl ⋅ L2 ⋅ AsTFPI2
V2 ⋅ K p

;

IC AsTFPI2 = 0
(21)

Concentration of free antibody (A) in lymph Vl

d Al
dt =

1 − σl ⋅ L1 ⋅ A1
V l

+
1 − σl ⋅ L2 ⋅ A2

V l
−

L ⋅ Al
V l

;

IC Al = 0
(22)

Concentration of antibody-sTFPI complex (AsTFPI) in lymph Vl

d AsTFPIl
dt =

1 − σl ⋅ L1 ⋅ AsTFPI1
V l

+
1 − σl ⋅ L2 ⋅ AsTFPI2

V l
−

L ⋅ AsTFPIl
V l

;

IC AsTFPIl

= 0

(23)

8. Appendix III:: model equations and initial conditions (IC) for the 

reduced PK/PD model of anti-TFPI antibodies

The plasma compartment of the reduced PK/PD model for concizumab is described by 

Equation (24–28) in below. The equations for the compartments of tight tissues, leaky 
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tissues, and lymph in the reduced model remain the same as the systems PK/PD model 

(Equations (18–23)).

Concentration of free antibody in plasma Vp

d Ap
dt = − kon ⋅ Ap ⋅ sTFPIp + ko f f ⋅ AsTFPI p − kon ⋅ Ap ⋅ mTFPI p + ko f f

⋅ AmTFPI p −
1 − σ1 ⋅ L1 ⋅ Ap

V p
−

1 − σ2 ⋅ L2 ⋅ Ap
V p

+
L ⋅ Al

V p
−

CLlinear ⋅ Ap
V p

;

IC Ap = Dose
V p

(24)

Concentration of free sTFPI in plasma Vp

d sTFPI p
dt = − kon ⋅ Ap ⋅ sTFPIp + ko f f ⋅ AsTFPI p + ksyns − kdegs ⋅ sTFPI p;

ksyns = kdegs ⋅ sTFPI_b;

IC sTFPI p = sTFPI_b

(25)

Concentration of antibody-sTFPI complex (AsTFPI) in plasma Vp

d AsTFPI p
dt = kon ⋅ Ap ⋅ sTFPI p − ko f f ⋅ AsTFPI p −

1 − σ1 ⋅ L1 ⋅ AsTFPI p
V p

−
1 − σ2 ⋅ L2 ⋅ AsTFPI p

V p
+

L ⋅ AsTFPIl
V p

−
CLlinear ⋅ AsTFPI p

V p
;

IC AsTFPI p = 0

(26)

Concentration of free mTFPI in plasma Vp

d mTFPI p
dt = − kon ⋅ Ap ⋅ mTFPIp + ko f f ⋅ AmTFPI p + ksynm − kdegm

⋅ mTFPI p;

ksynm = kdegm ⋅ mTFPI_b;

IC mTFPI p = mTFPI_b

(27)

Concentration of antibody-mTFPI complex (AmTFPI) in plasma Vp
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d AmTFPI p
dt = kon ⋅ Ap ⋅ mTFPI p − ko f f ⋅ AmTFPI p − kint ⋅ AmTFPI p;

IC AmTFPI p = 0
(28)
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Figure 1. 
Model structure of the systems PK/PD model for anti-TFPI antibodies. Model parameters 

are defined in Appendix I.
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Figure 2. 
The systems PK/PD model simulations of total antibody and free sTFPI in humans after IV 

and SC administration of concizumab. The dotted horizontal lines are the reported lower 

limit of quantification (LLOQ) for concizumab (Agerso et al., 2014) and sTFPI (Duckers et 

al., 2008).
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Figure 3. 
The systems PK/PD model simulations of anti-TFPI recycling antibodies in humans at IV 

dose of 3 mg/kg. Recycling antibodies were simulated by either decreasing the antibody-

mTFPI/sTFPI association rate constant (keon, left) or increasing the dissociation rate 

constant (keoff, right) in endosomes. The dotted horizontal lines are the LLOQ for sTFPI 

(Duckers et al., 2008).
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Figure 4. 
Optimization of antibody nonspecific pinocytosis (CLup) across species. CLup was 

optimized using PK data of linearly cleared antibodies: (A) Bevacizumab and the Fc-

engineered variant of bevacizumab, Xtend, in monkeys at IV 4 mg/kg; (B) Concizumab Hz 

isotype control in rabbits at IV 2 mg/kg. (C) Allometry of CLup across species based on 

body weight (BW). CLup = 0.029BW083 ,R2 = 0.98. Symbols are observations, lines are 

model predictions.
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Figure 5. 
The systems PK/PD model simulations of concizumab in monkeys. The symbols are 

observations and lines are model predictions. Dotted horizontal lines are the reported LLOQ 

for concizumab (Agerso et al., 2014). Group 1, 2, and 3: SC single dose escalation study at 

two-week intervals, 2-20-80 mg/kg, 20-80-160 mg/kg, and 80-160-200 mg/kg, respectively; 

Group 4 and 5: IV and SC single dose at 20 mg/kg; Group 6, 7 and 8: SC 91 daily doses at 1 

mg/kg, 10 mg/kg, and 50 mg/kg, respectively; Group 9: IV 13 daily doses at 200 mg/kg.
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Figure 6. 
The systems PK/PD model simulations of concizumab in rabbits after IV administration at 2 

and 20 mg/kg. The symbols are observations and the lines are model predictions.
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Figure 7. Local sensitivity analysis of the systems PK/PD model.
Each simulation was done by individually decreasing or increasing the parameter value 10-

fold. Outputs are the AUC ratio of total antibody and free sTFPI (AUCafter/AUCbefore). The 

simulations were done at two IV doses: (A) 0.25 mg/kg and (B) 9 mg/kg. The horizontal line 

indicates AUC ratio = 1.
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Table 1.

Optimized parameters in the reduced PK/PD model for 70 kg humans

Parameter Unit Initial estimate Model estimate CV%

kon M−1·s−1 4.48×106 (Hilden et al., 2012) 4.48×106 (Fixed)

koff S−1 1.01×10−4 (Hilden et al., 2012) 1.74×10−3 56.12

kdegs day−1 1.18 (Farrokhi et al., 2018) 1.18 (Fixed)

mTFPI_b nM a
 1.6 (Hansen et al., 2014) 20.03 13.45

b
 kdegm, kint day−1 33.12 (Mayor et al., 1998) 1.155 13.56

CLlinear L·day−1 0.2496 (Cao and Jusko, 2014) 0.2496 (Fixed) 0.002

Additive error for total concizumab nM 0.1 0.07952 26.76

Proportional error for total concizumab 0.1 0.3958 11.42

Additive error for free sTFPI nM 0.1 0.1843 15.99

Proportional error for free sTFPI 0.1 0.2228 22.52

a
The initial estimate was assumed equal to sTFPI baseline;

b
Assume kdegm = kint to improve parameter identifiability (Gibiansky and Gibiansky, 2010).
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Table 2.

Model parameter values for the systems PK/PD model in humans, monkeys, and rabbits

Parameter Unit Humans Monkeys Rabbits

Physiological parameters

Body weight kg 70 3.5 2.9

Vp L 2.6 (Cao et al., 2013) 0.157 (Zhao et al., 2015) 0.107 (Armin et al., 1952)

Visf L 15.6 (Cao et al., 2013) 0.735 (Zhao et al., 2015) 0.764 (Pavlin et al., 1986)

Kp - 0.4 (Cao et al., 2013)

Vl L 5.2 (Cao et al., 2013) a
 0.314 (Zhao et al., 2015)

a
 0.153 (Armin et al., 1952)

L L·day−1 2.904 (Cao et al., 2013) 0.288 (Zhao et al., 2015) 0.144 (Zhao et al., 2015)

σ1 - 0.945 (Cao et al., 2013)

σ2 - 0.697 (Cao et al., 2013)

σl - 0.2 (Cao et al., 2013)

Target parameters

kon M−1·s−1 4.48×106 (Hilden et al., 2012)

koff s−1 b
 1.74×10−3

sTFPI_b nM 1.6 (Hansen et al., 2014) 0.91 (Gu et al., 2017) 1.4 (Hansen et al., 2014)

kdegs day−1 1.18 (Farrokhi et al., 2018) c
 2.50

c
 2.62

mTFPI_b nM b
 20.03

d
 11.32

d
 17.50

kdegm/kint day−1 b
 1.155

c
 2.44

c
 2.56

Endosome parameters

CLup L·day−1 1.48 (Yuan et al., 2018) e
 0.045

e
 0.0672

krec day−1 124.7 (Hopkins and Trowbridge, 1983)

CLe L·day−1 5.75 (Yuan et al., 2018) c
 0.61

c
 0.53

Ve1 L f
 0.005% of body weight (Li et al., 2014)

Ve2 L

FcRn_b nM 49800 (Shah and Betts, 2012)

k1on M−1·s−1 g
 2.41×105

k1off s−1 g
 0.162

SC absorption parameters

F - h
 0.93 0.93 (Agerso et al., 2014) -

ka day−1 h
 0231 0.231 (Agerso et al., 2014) -

a
Assume equal to blood volume (Cao et al., 2013);

b
Optimized in the reduced PK/PD model;

c
Scaled from human value using a scaling factor of −0.25 for rate constant and 0.75 for clearance based on body weight;
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d
sTFPI and mTFPI are produced through alternative splicing of the same TFPI gene (Maroney et al., 2010). Based on the sTFPI baseline, monkeys 

and rabbits were calculated as human mTFPI_b ×
animal sTFPI_b
human sTFPI_b

;

e
Optimized using PK data of antibodies that show linear clearance (Figure 4);

f
Assume the volume of endosome is 1% of cell volume and the total endothelial cell volume is 0.5% of total tissue volume (Li et al., 2014);

g
Assume equal to the binding affinity of adalimumab, a wild-type IgG1, to human FcRn (Suzuki et al., 2010). The IgG isotype has a negligible 

influence on FcRn binding (Neuber et al., 2014; Vidarsson et al., 2014). Monkey FcRn and rabbit FcRn have been shown to bind human IgG with 
similar affinity as human FcRn (Szikora et al., 2017; Yeung et al., 2010);

h
Assume equal to monkey value.
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