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Abstract

Two-pore PBPK models have been used for characterizing the PK of protein therapeutics since 

1990s. However, widespread utilization of these models is hampered by the lack of a priori 
parameter values, which are typically estimated using the observed data. To overcome this hurdle, 

here we have presented the development of a two-pore PBPK model using de novo derived 

parameters. The PBPK model was validated using plasma PK data for different size proteins in 

mice. Using the “two pore theory” we were able to establish the relationship between protein size 

and key model parameters, such as: permeability-surface area product (PS), vascular reflection 

coefficient (σ), peclet number (Pe), and glomerular sieving coefficient (θ). The model accounted 

for size dependent changes in tissue extravasation and glomerular filtration. The model was able to 

a priori predict the PK of 8 different proteins: IgG (150 kDa), scFv-Fc (105 kDa), F(ab)2 (100 

kDa, minibody (80 kDa), scFv2 (55 kDa), Fab (50 kDa), diabody (50 kDa), scFv (27 kDa), and 

nanobody (13 kDa). In addition, the model was able to provide unprecedented quantitative insight 

into the relative contribution of convective and diffusive pathway towards trans-capillary mass 

transportation of different size proteins. The two-pore PBPK model was also able to predict 

systemic clearance (CL) vs. Molecular Weight relationship for different size proteins reasonably 

well. As such, the PBPK model proposed here represents a bottom-up systems PK model for 

protein therapeutics, which can serve as a generalized platform for the development of truly 

translational PBPK model for protein therapeutics.
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Introduction

In the past few decades, great advances have been made in the development of 

physiologically based pharmacokinetic (PBPK) models for protein therapeutics, especially 
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for monoclonal antibodies (mAbs) [1–5]. Compared to the traditional compartmental 

modeling approaches, PBPK models can be used to predict drug concentrations at tissue 

level, which better represents the concentration of drug at the site-of-action. Additionally, 

PBPK models can account for complex drug-target interactions and pathophysiological 

changes in the body, and can be easily translated from preclinical species to humans, which 

make them useful tool for facilitating bench-to-bedside translation of novel protein 

therapeutics.

However, to date, the application of PBPK modeling approaches for large molecules is still 

largely limited to mAbs. These PBPK models cannot be directly applied to other types of 

proteins, because the mechanisms of tissue extravasation and systemic elimination can be 

significantly different. Several quantitative structure-pharmacokinetic relationship (QSPKR) 

studies have tried to investigate the effect of various physicochemical properties (e.g. size, 

charge, glycosylation, etc.) on tissue distribution and systemic clearance of proteins [6–9]. 

Among these physicochemical properties, the effect of protein size on protein PK is studied 

most extensively. It is well known that glomerular filtration is a size dependent process, 

where molecules larger than ~70 kDa can hardly pass the glomerulus and molecules smaller 

than ~12 kDa can be freely filtered [10]. Using published PK studies for various size 

antibody fragments, our lab has previously shown that there is a sigmoidal relationship 

between protein size and systemic clearance, which is constant across several animal species 

and in part caused by size dependency in renal clearance [11]. Besides clearance, the extent 

of tissue distribution for proteins is also strongly correlated with molecular size. Our 

retrospective studies have shown that the extent of tissue distribution for various size 

antibody fragments, termed as the “biodistribution coefficient”, can be characterized as a 

function of protein size [12,13]. Consequently, we hypothesize that incorporating the effect 

of size on the distribution and elimination of protein therapeutics would an important first 

step towards building a generalized platform PBPK model for protein therapeutics.

In the late 1980s, Rippe and Haraldsson proposed the “two pore hypothesis” to 

quantitatively describe the trans-capillary transportation of macromolecules [14,15]. They 

assumed that the tissue vascular endothelium is “porous” and the pore radius between 

endothelial cells can be classified into two groups, small pores (~40 nm) and larges pores 

(~220 nm) [15]. Because of the two sets of pores with different sizes, the “two pore 

hypothesis” is able to explain the accumulation of macromolecules in the tissue interstitial 

space that was observed ex vivo, using a circular isogravimetric flow between large pores 

and small pores that is driven by the osmotic pressure. Therefore, the “two pore hypothesis” 

is considered to be advantageous over the “one pore hypothesis” because it better reflects the 

essential physiology of tissue vasculature. In fact, the two pore theory has been applied to 

PBPK models developed for antibodies and other protein therapeutics since the early 1990s. 

[2,3,16–20] However, the efforts to widely utilize the “two pore hypothesis” in the PBPK 

models have encountered difficulties. The biggest problem for this approach is the 

availability and identifiability of the system parameters. Some important parameters, 

including pore size, permeability-surface area product (PS), Peclet number (Pe), vascular 

reflection coefficient (σv), and isogravimetric flow (Jiso), are hard to measure. Further, the 

values of these parameters can be both drug specific and tissue specific, which adds more 

complexity for the use of this approach. Consequently, researchers have so far estimated the 
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values of these parameters based on observed PK profiles. In addition, the approaches for 

the estimation of these parameters and the estimated values of these parameters differ greatly 

between different studies [3,16,20,17,19]. As a result, broad utilization and predictive ability 

of the two-pore PBPK model has been greatly compromised.

In 2015, Sepp et al. further derived the two pore theory related equations, and found out that 

two important parameters, Permeability-surface area product (PS) and isogravimetric flow 

(JISO), are directly correlated with tissue lymph flow [18]. They mathematically derived the 

values of PS, Pe, and Jiso for a 25.6 kDa domain antibody, with tissue lymph flow as the 

only independent variable in the two-pore model. We hypothesize that this approach can be 

expended to describe the trans-vascular transportation processes of proteins with other sizes, 

and thus can help us in incorporating protein size as an independent variable in the 

generalize platform PBPK model for protein therapeutics. Also, by assuming that glomerular 

filtration process dominates renal clearance of macromolecules, we hypothesize that it is 

possible to a priori develop a relationship between renal clearance and protein size using 

established glomerular sieving coefficient (θ) and protein size relationships [6,21]. As such, 

in this manuscript we have presented the development of a novel two-pore platform PBPK 

model, which utilizes all de novo derived parameters and predicts plasma PK of different 

size protein therapeutics in mice without estimating a single parameter.

Methods

PK dataset for model validation

Plasma PK of various-size proteins in mice were collected from the literature. These proteins 

included: IgG (150 kDa, n=1) PK in FcRn KO mice, scFv-Fc (105 kDa, n=2), F(ab)2 (100 

kDa, n=6), minibody (80 kda, n=3), scFv2 (55 kDa, n=2), Fab (50 kDa, n=6), diabody (50 

kDa, n=2), scFv (27 kda, n=13), and nanobody (13 kDa, n=2). A detailed list of the proteins 

included for model validation is provided in Supplementary Table-s1 and Supplementary 

Table-s2. All PK data was digitized using the software ‘Grab it! XP’.

PBPK model structure and equations

The overall structure of the PBPK model (Figure-1) is similar to the IgG PBPK model 

published by us before [5]. Briefly, 16 tissues are included in the model, which are blood, 

lung, heart, kidney, muscle, skin, liver, small intestine, large intestine, spleen, pancreas, 

adipose, bone, thymus, lymph node, and an “other” compartment that contains all other 

tissues that are not explicitly considered in the model. Protein molecules are assumed to 

enter each tissue via arterial plasma flow (Q), and exit through venous plasma flow (Q-J). 

Lymph flow (J) in each tissue is assumed to drive the fluid phase convection from vascular 

space to interstitial space, which is then assumed to recycle via the lymphatic circulation. 

The “lymph node” compartment in the model represents all lymph nodes in the body, which 

collects exiting lymph flow from each tissue, followed by draining it into the venous blood 

pool. The typical equations that describe mass balance of protein molecules in the plasma 

and lymph node compartment is shown in Equation 1 and 2 below.
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VPL ×
dCPL

dt = ∑i = all tissues excluding LV , SI, LI, SP, PA Qi − Ji × Ci
V

+ ∑i = LV , SI, LI, SP, PA Qi − Ji ×

CLV
V + JL . N . × CL . N . − QLU × CPL

Eq.1

VL . N . ×
dCL . N .

dt = ∑i = all tissues 1 − σi
IS × Ji × Ci

IS − JLymph node × CLymph node Eq.2

Tissue level protein disposition and degradation—The tissue level protein 

disposition in the proposed PBPK model is characterized using the two pore hypothesis 

[14,15]. A detailed diagram of the tissue-level model is shown in Figure-2. The tissue 

microvascular endothelium is assumed to be “porous” and the pore radius between 

endothelial cells can be classified into two groups, small pores (~40 Å) and large pores 

(~220 Å) [15]. Protein molecules are assumed to passively transport from tissue vascular 

space to the interstitial space via both groups of pores, through either diffusion (PS) or fluid 

phase convection (J). The size-dependent restriction of large pores and small pores are 

represented as the vascular reflection coefficient (σL and σS). Isogravimetric flow (Jiso) is 

included to account for the circular flow across the endothelial cell layer, which is driven by 

osmotic pressure [15]. In the current model, it is assumed that the size of large pores and 

small pores, as well as the relative abundance of both pores (αL and αS), are the same in all 

tissues. Lymph flow of each tissue (Ji) is set as 0.2% of the plasma flow to that tissue. [3] 

The uptake clearance of protein molecules mediated by the trans-capillary exchange 

processes is represented as the “two-pore clearance” (CLtp). Interstitial protein molecules 

can recycle back to the systemic circulation via lymphatic flow (J). The level of resistance at 

the lymphatic openings is represented as the interstitial reflection coefficient (σIS), which is 

assumed to be the same for all the tissues.

In addition to trans-capillary exchange, proteins in the vascular space and interstitial space 

can also be taken up by the vascular endothelial cells via fluid phase pinocytosis (CLup). It is 

assumed that the cellular pinocytosis rate is the same for all the tissues. Protein molecules 

that enters the vascular endothelial cells end up in the endosomes, which eventually leads to 

protein degradation (kdeg). Typical equations that describe mass balance of protein 

molecules in the vascular, endosomal, and interstitial compartments of a tissue are provided 

in Equation 3, 4, and 5 below.

V i
V ×

dCi
V

dt = Qi × CLU
V − Qi − Ji × Ci

V − CLtp, i + CLup, i × Ci
V eq.3
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V i
E ×

dCi
E

dt = CLup, i × Ci
V + Ci

IS − kdeg × Ci
E × V i

E eq.4

V i
IS ×

dCi
IS

dt = CLtp, i × Ci
V − 1 − σi

IS × Ji × Ci
IS − CLup, i × Ci

V + Ci
IS eq.5

Renal clearance—In the kidney microvascular space, protein molecules can be removed 

from the systemic circulation via glomerular filtration. Large protein molecules, such as 

IgGs (~150 kDa), have negligible glomerular filtration. However, as the size of proteins 

decreases (< 70 kDa), the extent of filtration can become significant. In the current PBPK 

model, renal clearance (CLR) of protein molecules is assumed to be mainly through 

glomerular filtration in a size-dependent manner. The equations that describe renal clearance 

and protein concentrations in kidney vascular space are shown below:

CLR = GFR × θ eq.6

VKI
V ×

dCKI
V

dt = QKI × CLU
V − QKI − JKI × CKI

V − CLtp, KI + CLup, KI + CLR × CKI
V eq.7

In Equation 6, GFR represents glomerular filtration rate in mice, and θ represents the 

glomerular sieving coefficient for a protein molecule of a given size. Haraldsson and co-

workers studied in detail the relationship between θ and several physicochemical properties 

of large molecules, including size and charge. [22] In the current PBPK model, the 

relationship between θ and protein size (in kDa) was described using an empirical equation, 

which was generated based on the data presented by Haraldsson et al. for slightly positively 

charged macromolecules of a wide size range [22]. The relationship is shown below in 

Equation 8.

θ = e
1 − 8.7

1 + e−0.028 × ( − MW + 72.3)
, MW in kDa eq.8

Two pore theory related equations for various size proteins—The development of 

two-pore theory related equations for various-size proteins was based on the original 

publications from Rippe and Haraldsson, as well as further derivations by Sepp et al. 

[14,15,18]. Detailed derivation is presented in the supplementary material. Two-pore 

clearance (CLtp) for large pores and small pores can be expressed using the following 

equations:
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CLtp, L, i = PSL, i 1 −
Ci

IS

Ci
V

PeL

e
PeL − 1

+ JL, i 1 − σL eq.9

CLtp, S, i = PSS, i 1 −
Ci

IS

Ci
V

PeS

e
PeS − 1

+ JS, i 1 − σS eq.10

In Equations 9 and 10, CLtp,L,i and CLtp,S,i are the “two-pore clearance” through large pores 

and small pores in a given tissue. PSL,i and PSS,i are the permeability-surface area products 

for large pores and small pores. JL,i and JS,i are the fractional tissue lymph flows through 

large and small pores. σL and σS are the vascular reflection coefficients. PeL and PeS are the 

Peclet number, which is defined as the ratio between convective flow rate and diffusive flow 

rate:

PeL =
JL, i 1 − σL

PSL, i
eq.11

PeS =
JS, i 1 − σS

PSS, i
eq.12

Tissue lymph flow through large and small pores (JL,i and JS,i) can be expressed as:

JL, i = JL, iso, i + αL × Ji eq.13

JS, i = JS, iso, i + αS × Ji eq.14

JL, iso, i = − JS, iso, i eq.15

As demonstrated by Sepp et al., both permeability-surface area product (PSL,i and PSS,i) and 

isogravimetric flow (JL,iso,i and JS,iso,i) can be expressed as a dependent variable of tissue 

lymph flow (Ji). PS and Jiso can be expressed as:
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PSL = XP, L × Ji eq.16

PSS = XP, S × Ji eq.17

JL, iso, i = − JS, iso, i = XJ × Ji eq.18

In Equations 16 and 17, XP,L and XP,S are constants. The value of these two parameters is 

dependent on pore size, relative hydraulic conductance of large and small pores, and protein 

size. In Equation 18, XJ is a constant, which is only determined by relative pore abundance. 

Detailed derivation and calculation of these three constants is provided in the supplementary 

material.

Model parameters

The present PBPK model is built for mouse. All mouse physiological parameters that are 

used in the model were taken from the literature [2,5,23–25]. These parameters are 

summarized and presented in Table-1. Hydrodynamic radius of a protein is calculated based 

on the reported relationship by Venturoli and Rippe [21]:

ae = 0.0483 × MW0.386, ae in nm and MW in Dalton eq.19

The radius of large pores and small pores (rL and rS) are 22.85 nm and 4.44 nm, respectively, 

based on the reported values [14]. The relative conductivity of large pores and small pores 

(αL and αS) are 0.042 and 0.958, respectively, based on literature values [3,18]. Lymph flow 

of all tissues is assumed to be 0.2% of tissue plasma flow, and the lymphatic reflection 

coefficient (σi) in all tissues is set at 0.2, according to our previously published PBPK model 

[5]. Mouse glomerular filtration rate (GFR) is set at 0.278 mL/min [26]. Endothelial 

pinocytosis rate (CLup) and lysosome degradation rate (kdeg) for all proteins are set at 0.55 

L/h/L and 32.2 h−1, based on our previously reported values [5]. A detailed summary of all 

model parameters is provided in Table-2.

PBPK model predicted elimination pathway analysis for different size proteins

To better understand the elimination mechanism of different size proteins, relative 

contribution of renal filtration and lysosomal degradation towards systemic elimination of 

different size proteins was simulated using the pathway analysis of PBPK model. The 

following equations were used for this analysis:
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Percentrage renal f iltration =
∫ (CLR × CKidney

V )dt

∫ (CLR × CKidney
V )dt + ∑i = all tissues∫ (kdeg × Ci

E × V i
E)dt

× 100%

eq.20

Percentrage Lysosomal degradation

=
∑i = all tisues∫ (kdeg × Ci

E × V i
E)dt

∫ (CLR × CKidney
V )dt + ∑i = all tissues∫ (kdeg × Ci

E × V i
E)dt

× 100%

eq.21

Results

Evaluation of PBPK model simulated plasma PK profiles for various size proteins

The PBPK model was used to predict plasma PK of proteins ranging in size from ~13 kDa 

(nanobody) to ~150 kDa (IgG). In order to eliminate the confounding effect of FcRn 

recycling, PK of IgG in FcRn knockout mice was used for validation. Simulated plasma PK 

profiles were compared with the literature reported PK profiles of similar size molecules, 

which were obtained from diverse sources. Detailed list of the studies included in the 

analysis is provided in supplementary Table-s1 and Table-s2. The comparison of model 

predicted and observed (i.e. reported) plasma PK profiles is shown in Figure-3. Overall, the 

model was able to predict plasma PK of most proteins reasonably well. For diabody (50 

kDa) and scFv2 (55 kDa), the model showed underprediction of plasma PK at later time 

points. This could be due to smaller sample sizes for these two types of molecules (n=1 for 

diabody and n=2 for scFv2), or other physicochemical properties of these molecules that 

differ from 50 kDa Fab molecules, whose PK was predicted reasonably well by the model. 

Model simulation results were further validated by comparing the observed average AUC 

values for each group of molecules with the model predicted AUC values, using percentage 

prediction error (%PE). The calculated %PE value for each group of molecules are provided 

in Table-3. It was observed that model predicted exposure values were within 2.5-fold of the 

observed values for all the molecules evaluated.

Effect of protein size on two-pore theory related parameters

Since the two-pore PBPK model presented here is truly a bottom-up systems PK model, it 

can be used to gain more insight into how the size of a protein affects different physiological 

parameters.
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Size dependence of ae/r, σ, Pe and PS—As described in the Methods section, four 

important two-pore model related parameters can be a priori derived mathematically without 

fitting the model to any data. These parameters include: relative molecule to pore size ratio 

(ae/rL and ae/rS), vascular reflection coefficient (σL and σS), Peclet number (PeL and PeS), 

and permeability-surface area product (PSL and PSS). These parameters can be written as 

dependent variables of protein size. A summary of values for these parameters is presented 

in Table-4. In Figure-4, the relationship between these four parameters and molecular weight 

of protein therapeutics is illustrated. As shown in panel A, with increasing the molecular 

weight, the radius of protein molecule reaches that of the small pore, which hinders mass 

transportation of large proteins through the small pores. This effect can also be seen in the 

reflection coefficient vs. molecular weight plot, which is shown in the panel B. Peclet 

number reflects the fold difference between convective clearance and diffusive clearance. If 

the Peclet number is smaller than 1/3, then diffusion is considered predominant in the 

transvascular transportation processes. On the other hand, Peclet number larger than 3 

indicates convection being predominant. In panel C, it is shown that as the molecular weight 

increases, convection becomes more and more important for both large and small pore. 

However, Peclet number for small pores (PeS) increases drastically for proteins larger than 

100 kDa. The reason is that diffusive clearance through small pores decreases much faster 

than convective clearance in this high molecular weight range. Panel D shows the effect of 

protein size on diffusion through both large pores (PSL) and small pores (PSS). As evident, 

small pore is more sensitive to protein size than large pores, which is reflected by the faster 

decline in the PS values.

Size dependence of transvascular transportation pathway—With the derivation 

of de novo relationships between protein size and two-pore model parameters, it is possible 

to analyze the relative importance of each trans-capillary pathway for different size proteins 

using the PBPK model. As shown in Figure-4C, the percentage of protein molecules that 

enters the tissue interstitial space via diffusion (PSs and PSL) or convection (PeS × PSS, and 

PeL × PSL) can be inferred using these relationships. For large proteins, such as IgGs (~150 

kDa), most molecules extravasate through convection. However, for small proteins, such as 

scFv (~27 kDa), the majority of molecules transport through diffusion. Figure-5 provides 

further insight into the different pathways for transportation of various-size proteins through 

large and small pores. Contribution of convection and diffusion through either group of 

pores as a percentage of total mass transportation is presented in this figure. For large 

proteins (>100 kDa), mass transportation almost exclusively happens via larges pores. For 

small proteins (<25 kDa), mass transportation mostly takes place through diffusion via small 

pores.

PBPK model predicted CL vs. protein size relationship

The PBPK model simulated systemic clearance (CL) vs. molecular weight relationship is 

shown in Figure-6 (solid line). This relationship is compared with a previously published 

similar relationship, which was derived from the published data using compartmental 

modeling approach [11]. Each data point in this figure represents an observed clearance 

value for a unique protein that was obtained from published mouse PK studies. Of note, 

open squares represent either scFv-Fc or IgG CL in normal mice. Because of the well-
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known salvage pathway mediated by FcRn-Fc interaction, these molecules are expected to 

have prolonged half-life and lower clearance when compared to other size matched proteins.

PBPK model predicted elimination pathway analysis for different size proteins

Results from the elimination pathway analysis are shown in Figure-7. It was found that large 

proteins (> 100 kDa) mostly eliminate via nonspecific degradation pathway (i.e. catabolized 

in the lysosomes of the tissue vascular endothelial cells), and small proteins (< 100 kDa) 

mostly eliminate via renal filtration. Interestingly, it was found that when proteins are 

smaller than ~40 kDa, the contribution of lysosomal degradation pathway increases again.

Discussion

PBPK models have been developed for macromolecules since decades. These models 

represent the complex anatomy and physiology of preclinical species and humans as well, 

which allow them to better predict the PK of drug molecules in the plasma and at the site-of-

action. So far, PBPK models for mAbs are relatively well developed and have been widely 

used in translational studies [4,27,28]. For example, our lab has previously published a 

platform PBPK model for mAbs, which can be used to a priori predict plasma and tissue PK 

of mAbs in several preclinical species and humans. [5] However, when it comes to other 

types of protein therapeutics, the application of PBPK models for drug development is still 

challenging. This stems from the complex and diverse structures and physicochemical 

properties of these molecules, and largely unknown ADME processes responsible for the 

disposition of these molecules. Current PBPK models for these protein therapeutics usually 

employ the “two pore theory” to characterize tissue extravasation of these molecules. 

However, this approach adds to more uncertainty towards the model, due to several unknown 

two-pore model parameters, which are estimated using the observed data. To overcome this 

challenge, in this manuscript we have presented the development of a two-pore PBPK model 

for different size protein therapeutics using de novo derived parameters. Since no model 

fitting is needed, we believe this model can serve as a generalized platform for the 

development of truly translational PBPK model for protein therapeutics.

As shown in Figure-3 and Table-3, the PBPK model was able to a priori predict plasma PK 

of various size proteins reasonably well (within 2.5 fold). The PK of nanobody, scFv, Fab, 

minibody, F(ab)2, and IgG (in FcRn KO mice) was precited very well. However, the PK of 

diabody and scFv2 was underpredicted (the exposure was still within 20% of observed 

value). We hypothesize this could be due to either smaller sample size of the PK profiles 

available for these two proteins (n=1 for diabody and n=2 for scFv2) or peculiar 

physiochemical properties inherent to these molecules. Careful comparison of observed and 

model predicted PK profiles reveal that the model predicted α-phase for all PK profiles 

agreed well with the observed data, which indicates that the distribution processes for 

different size proteins were successfully characterized by our two-pore model. In the current 

model, a protein molecule is cleared from the system via two main pathways. Either through 

non-specific degradation in the tissue vascular endothelial cells following pinocytosis or 

through renal clearance. For the non-specific degradation pathway, the rate of pinocytosis 

determines intracellular degradation rate, since for all the FcRn non-binding proteins 
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evaluated here no transcytosis or recycling is assumed. Since there is no reported values for 

the relationship between the rate of pinocytosis and protein size, we assumed that the 

pinocytosis rate is consistent for proteins of all sizes in all the tissues. This rate was 0.55 

L/h/L, which is based on the estimates from our previously published platform PBPK model 

for IgG [5]. However, when future evidence become available on any tissue or molecular 

property specific selectivity of the pinocytosis process, it can be readily incorporated in the 

model.

Another important assumption of our model is that the renal clearance is determined only by 

the glomerular filtration process, and no active secretion or passive reabsorption pathway is 

included. The renal clearance is represented as the product of glomerular filtration rate 

(GFR) and glomerular sieving coefficient (θ). Mouse GFR was taken from literature, which 

is 0.278 mL/min [26]. The relationship between θ and macromolecule size has been reported 

in several studies [6,21,22]. Haraldsson et al. used synthetic macromolecules with different 

charges to develop the relationship between θ and molecular size [22]. We have developed 

an empirical equation to characterize this relationship based on the data from Haraldsson et 

al. for slightly positively charged molecules, as most protein therapeutics are either neutral 

or slightly positively charged. However, for proteins with negative or strong positive charges, 

this relationship may not be accurate, and modification in the PBPK model may be required 

regarding the rate of renal clearance. Careful evaluation of all PK profiles (Figure-3) reveal 

that the slope of the β-phase gradually increases as the size of protein decreases, and it 

reaches plateau at lower molecular weight range (< 50 kDa). Since renal clearance is the 

only size dependent clearance pathway in the current model, this result indicates that the size 

selectivity in the glomerular filtration process is a dominant mechanism that determines 

different rate of clearance for different size proteins. As shown in Figure-6, the systemic 

clearance (CL) values for different-size proteins predicted by our PBPK model compares 

well with the observed (i.e. calculated based on NCA) values. While the CL vs. MW 

relationship agrees well with most data points, CL of molecules with Fc domain (i.e., scFv-

Fc and IgG in normal mice) is over predicted. This is excepted, as these molecules are 

known to show lower clearance compared to size-matched proteins because of the well-

known FcRn mediated salvage pathway. In addition, PBPK model predicted relationship 

also compares well with our previously reported CL vs. MW relationship derived based on 

compartmental modeling approach (Figure-6) [11]. While the PPBK model derived 

relationship predicts higher CL for proteins in the middle molecular weight range, it agrees 

well with the observed values. Using the proposed PBPK model it is also possible to 

simulate relative contribution of renal filtration and lysosomal degradation towards total 

elimination of different size proteins. The simulation results are shown in Figure-7. The 

model suggests that large molecules, such as IgG (150 kDa), are mainly removed from the 

body through nonspecific lysosomal degradation process (~83%), as the contribution of 

renal filtration pathway is insignificant at this molecular size. On the other hand, renal 

filtration pathway takes over the elimination process when protein molecular weight is 

smaller than ~100 kDa, and this contribution is maximum at ~40 kDa (~93%). Interestingly, 

model simulations suggest that when the protein is smaller than 40 kDa, the contribution of 

nonspecific degradation will increase again. This peculiar observation stems from enhanced 

extravasation of proteins in this size range (Figure-4B), which leads to higher interstitial 
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concentrations and in turn higher endosomal uptake and degradation of proteins in this size 

range.

The most important feature of our PBPK model is the use of “two pore theory” published by 

Rippe and Haraldsson, and the derivation method introduced by Sepp et al., to calculate two-

pore model related parameters de novo. All derivations and detailed equations can be found 

in the supplementary material. As shown in Figure-2, we were able to derive the relationship 

between protein molecular weight (in kDa) and several important system parameters for the 

first time. These parameters include: relative molecule to pore size ratio (ae/rL and ae/rS), 

vascular reflection coefficient (σL and σS), Peclet number (PeL and PeS), and permeability-

surface area product (PSL and PSS). In the current model, the radius of large and small pores 

(rL and rS), and the fractional hydraulic conductance of large and small pores (αL and αS) is 

assumed to be similar throughout all tissues. Accurate measurements of these parameters for 

each tissue is still not available. Researchers have reported rough measurements of these 

values for continuous and fenestrated capillaries, however, large discrepancies exists for 

fenestrated capillaries [15,29]. Rippe and Haraldsson reported that in dog fenestrated 

capillaries, the fractional hydraulic conductance of large pores is about 2% [15]. However, 

from Taylor and Granger’s result, this value can be as large as 80% [29]. In some modeling 

approaches, researchers sometimes decided to manually adjust these values, based on their 

experiment results [17]. For simplicity, we adopted the values reported by Rippe and 

Haraldsson in the current model [15]. From our simulated plasma PK results, it is evident 

that the current parameter set is capable of capturing plasma PK of most molecules. In the 

future, however, these values can be changed to tissue specific values if more accurate 

measurements are reported. As shown in the Methods section, permeability-surface area 

product (PSL and PSS) and isogravimetric flow rate (JISO) are dependent on tissue lymph 

flow (Ji). Therefore, the value of net lymph flow in each tissue greatly influences protein 

concentrations in that tissue.

However, currently there is no accurate measurement of tissue lymph flow in preclinical 

species and humans. Many times researchers fit tissue lymph flow values to capture the 

observed tissue PK data, which actually results in estimated values that can vary more than 

an order of magnitude from one study to another [2,18,19]. In our current model, we assume 

that tissue lymph flow is 0.2% of tissue plasma flow. The same assumption was used in our 

previously published mAb PBPK model, and works well across several preclinical species 

and humans [5].

Permeability-surface area product (PS) determines the rate of transvascular diffusion 

processes. As shown in Equations 16 and 17, PS can be expressed as the product of a 

constant (XP,L or XP,S) and tissue lymph flow (Ji). The derivation of constant XP is shown in 

the supplementary material. This constant is determined by several physicochemical 

properties of tissue endothelial membrane and protein molecules, which are protein radius 

(ae), pore radius (rL or rS), the fractional hydraulic conductance (αL or αS), and fractional 

available cross-sectional pore area (
AL
A0L

 or 
AS
A0S

). As a result, for a given tissue, the effect of 

protein size on PS can be derived, as shown in Figure-4. The derived PS value is comparable 

to literature reported values. For example, heart PS values for a 25.8 kDa domain antibody 
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estimated by Sepp et al. were 1.5E-4 and 7.4E-6 (L/hr) for small and large pores, 

respectively, which are in the ballpark of our derived values of 5.3E-4 and 1.9E-5 (L/hr) 

[18].

Vascular reflection coefficient (σV) represents the level of resistance for trans-capillary 

convective transportation through tissue vasculature. In the current model, the relationship 

between the vascular reflection coefficient for large pores and small pores (σV,L and σV,S) 

and protein molecular weight (MW) is derived based on the reported values from Rippe and 

Haraldsson [15]. In several IgG PBPK models, vascular reflection coefficient is represented 

as the weighted average value for the whole tissue endothelium [5,1,4]. The net reflection 

coefficient for IgG is usually reported to be around 95% (i.e. 0.95) in most tissues [4]. 

However, in the current model, σV,L and σV,S for IgG are calculated to be around 18.0% and 

99.7%, respectively. The calculated net vascular reflection coefficient of IgG is then 

calculated to be 96.2%, which is close to the literature reported value. When it comes to 

smaller proteins, Baxter et al. reported that for Fab (~50 kDa), σV,L and σV,S are 10% and 

95%, respectively [2], which are similar to our calculated values of 8.19% and 88.5%.

Using the PBPK model, we were also able to predict relative contribution of each trans-

capillary mass transportation pathway for different size proteins. The Peclet number (Pe) 

represents the relative contribution of convective and diffusive transportation in the trans-

capillary mass exchange. In the current model, Pe can be derived for a given protein based 

on the molecular weight (MW). As shown in Figure-4, with increasing molecular weight, Pe 

of a protein in both small pore and large pore increases. Calculated Pe for IgG is 4.9, which 

indicates that for large proteins, such as IgG (~150 kDa), more than 82% of tissue 

extravasation is through convection. In contrast, for small proteins, such as scFv (~27 kDa), 

more than 91% of tissue extravasation is through diffusion. To further investigate the relative 

contribution of convection and diffusion in large and small pores, we derived the percentage 

contribution of each pathway via each set of pores. As shown in Figure-5, for small proteins 

(MW < 30 kDa), small pore diffusion is the dominant pathway. For large proteins (MW > 

100 kDa), large pore convection plays a major role, while large pore diffusion plays a minor 

role. For proteins with intermediate size (between 30 and 100 kDa), large pore convection, 

large pore diffusion, and small pore diffusion contribute to the majority of tissue 

extravasation. Interestingly, from the derived relationship, small pore convection has little 

contribution to the overall tissue extravasation throughout the whole molecular size range. 

These results are comparable to the reported values by Baxter et al [2]. However, since this 

is the first quantitative tissue extravasation pathway analysis for different-size proteins, more 

experimental data is needed to verify this relationship.

It should be noted that despite the effect of molecular size, other physiochemical factors may 

also affect the pharmacokinetics of macromolecules. The purpose of the PBPK model 

proposed here is to focus on establishing mathematical models to help understand the 

importance of protein size on its plasma PK. It is naïve to consider protein size as the only 

physiochemical parameter of importance. Several other physiochemical parameters are also 

known to be important. One example is protein charge/isoelectric point (pI). The pI values of 

most therapeutic antibodies fall in the range of 8–9. [8] It was shown that by increasing the 

pI value by one unit, antibodies bind more strongly with the negatively charged cell 
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membrane and thereby increases plasma clearance. On the other hand, changing the pI value 

by one unit to the acidic side would increase the overall whole-body clearance. [30] Another 

key physiochemical factor is the glycosylation of the Fc region. Although the exact effect of 

glycosylation on the PK of antibodies is still under debate, several recent studies have shown 

that high-mannose glycans on the Fc region may lead to high clearance, possibly mediated 

through binding to the mannose receptors on macrophages. [31,32] As such, going forward 

we plan to evolve the 2-pore PBPK model proposed here to account for other important 

physicochemical parameters.

In summary, here we have presented the development of a two-pore PBPK model, using de 

novo derived parameters, to predict plasma PK of different-size proteins in mice. The model 

was able to a priori predict plasma PK of 8 different classes of proteins without estimating 

any model parameter. The proposed model represents a true bottom-up systems PK model 

for protein therapeutics, which takes into account size selectivity of tissue extravasation and 

glomerular filtration. Going forward, we plan to evaluate the ability of this model to a priori 
predict tissue PK of different size protein therapeutics. The two-pore PBPK model presented 

here can serve as a generalized platform for the development of truly translational PBPK 

model for protein therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure-1: 
Structure of the whole-body platform PBPK model. All organs are represented by a 

rectangular compartment, and connected in an anatomical manner with blood flow (solid 

arrows) and lymphatic flow (dashed arrows). Arrows represent the direction of the flow. 

Each tissue within this model, except blood and lymph node, is divided into sub-

compartments, as shown in Figure-2.
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Figure-2: 
Structure of tissue level PBPK model. Each tissue is divided into endothelial, endosomal, 

and interstitial spaces. Solid arrows represent mass transport following plasma/lymph flow. 

Dashed arrows represent mass transport following diffusion. Gray arrow represents 

glomerular filtration in kidney. Detailed description of the tissue level model is presented in 

the Methods section.
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Figure-3: 
PBPK model predicted vs. observed plasma PK profiles of different-size proteins. The solid 

lines represent model predictions, and solid symbols represent pool observed data from one 

or more studies. The dataset include: nanobody (13 kDa, n=3), scFv (27 kDa, n=13), 

diabody (50kDa, n=2), Fab (50kDa, n=6), scFv2 (55 kDa, n=2), minibody (80 kDa, n=3), 

F(ab)2 (100 kDa, n=6), scFv-Fc (105 kDa, n=2), and IgG in FcRn KO mice (150 kDa, n=1).
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Figure-4: 
(A) ae / r vs. molecular weight, (B) vascular reflection coefficient vs. molecular weight, (C) 
peclet number vs. molecular weight, and (D) permeability-surface area product for a 

representative tissue (heart) vs. molecular weight relationships. Solid line represents small 

pore, and dashed line represents large pore.
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Figure-5: 
Pathway analysis of trans-capillary mass transportation through large and small pores for 

different size proteins. Solid line represents convection through large pores, dashed and 

dotted line represents diffusion through large pore, dotted line represents convection through 

small pores, and dashed line represents diffusion through small pores.
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Figure-6: 
Model simulated clearance (CL) vs. molecular weight relationship. Solid line represents the 

clearance values simulated using the PBPK model. Dashed line represents our previous 

reported CL vs. MW relationship based on compartmental modeling [11]. Each closed circle 

represents NCA calculated CL value for a given protein. Open squares represents NCA 

calculated CL values for scFv-Fc or IgG in normal mice.
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Figure-7: 
Model simulated relationship for relative (percentage) contribution of renal filtration and 

lysosomal degradation pathways towards the elimination of different size proteins. Solid line 

represents renal filtration and dashed line represents lysosomal degradation.
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Table-1.

Mouse (28 g) physiological parameters used to build the PBPK model.

Total Volume (mL) Plasma Volume (mL) Interstitial Volume (mL) Endosomal Volume (mL) Plasma flow (mL/hr)

Heart 0.152 0.00585 0.0217 0.00076 36.5

Lung 0.204 0.0295 0.0384 0.00102 373

Muscle 11.3 0.249 1.47 0.0566 86.1

Skin 5.02 0.188 1.66 0.0251 27.8

Adipose 1.98 0.0218 0.337 0.00991 13.4

Bone 2.82 0.0621 0.525 0.0141 15.2

Brain 0.485 0.0107 0.0873 0.00243 11.8

Kidney 0.525 0.0289 0.0788 0.00263 68.5

Liver 1.93 0.164 0.385 0.00963 10.3

S.Intestine 0.728 0.0116 0.127 0.00364 58.1

L.Intestine 0.314 0.005 0.0545 0.00157 17.3

Pancreas 0.097 0.00534 0.0169 0.000485 6.24

Thymus 0.009 0.0005 0.00153 0.00005 1.19

Spleen 0.127 0.0154 0.0254 0.000635 8.18

Ly. Node 0.113 – – – 1.65

Other 0.465 0.0195 0.0797 0.00233 10.9

Plasma 0.944 – – – 373
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Table-2.

PBPK model parameters that do not change based on protein size.

Parameter Description value

rL (nm) Large pore radius 22.85 [14]

rS (nm) Small pore radius 4.44 [14]

αL Fractional hydraulic conductance of large pores 0.042 [3,18]

αS Fractional hydraulic conductance of small pores 0.958 [3,18]

Clup (L/hr/L) Pinocytosis rate of vascular endothelial cells 0.55 [5]

GFR (mL/min) Glomerular filtration rate in mouse 0.278 [26]

kdeg (1/hr) First order lysosomal degradation rate 32.2 [5]

σi Lymphatic reflection coefficient 0.2 [5]
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Table-3.

Percentage prediction error (%PE) values for different size proteins.

%PE based on AUC0-t

Nanobody (13 kDa) 22.7

scFv (27 kDa) 54.9

Fab (50 kDa) 130

Diabody (50 kDa) −21.9

ScFv2 (55 kDa) −9.06

Minibody (80 kDa) −15.9

F(ab)2 (100 kDa) 135

IgG in FcRn KO mice (150 kDa) −53.7
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