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Abstract
In this manuscript, we have presented the development of a novel platform physiologically-based pharmacokinetic (PBPK)

model to characterize brain disposition of mAbs in the mouse, rat, monkey and human. The model accounts for known

anatomy and physiology of the brain, including the presence of distinct blood–brain barrier and blood–cerebrospinal fluid

(CSF) barrier. CSF and interstitial fluid turnover, and FcRn mediated transport of mAbs are accounted for. The model was

first used to characterize published and in-house pharmacokinetic (PK) data on the disposition of mAbs in rat brain,

including the data on PK of mAb in different regions of brain determined using microdialysis. Majority of model

parameters were fixed based on literature reported values, and only 3 parameters were estimated using rat data. The rat

PBPK model was translated to mouse, monkey, and human, simply by changing the values of physiological parameters

corresponding to each species. The translated PBPK models were validated by a priori predicting brain PK of mAbs in all

three species, and comparing predicted exposures with observed data. The platform PBPK model was able to a priori

predict all the validation PK profiles reasonably well (within threefold), without estimating any parameters. As such, the

platform PBPK model presented here provides an unprecedented quantitative tool for prediction of mAb PK at the site-of-

action in the brain, and preclinical-to-clinical translation of mAbs being developed against central nervous system (CNS)

disorders. The proposed model can be further expanded to account for target engagement, disease pathophysiology, and

novel mechanisms, to support discovery and development of novel CNS targeting mAbs.

Keywords Brain � Monoclonal antibody � Pharmacokinetics � PBPK model � Interspecies scaling � Blood–brain barrier �
Blood–CSF barrier

Introduction

Drug development scientists have spent significant amount

of time and resources to develop monoclonal antibodies

(mAbs) against central nervous system (CNS) disorders

(Supplementary Table 1). However, to date there is not a

single clinically approved antibody that works in brain

parenchyma [1, 2]. One of the reasons behind these clinical

failures could be our limited understanding of mAb dis-

position at the sites-of-action in the brain [1, 3]. In fact,

there are only limited methodologies available to measure

brain exposure of mAb in the clinic. While brain biopsy

and microdialysis may be performed under critical condi-

tions [4, 5], typically cerebrospinal fluid (CSF) collected

from the lumbar spine (LS) is used to measure brain

exposure of antibody in the clinic [6–9]. However, most of

the CSF is produced at the choroid plexus epithelium cells,

and hence CSF concentrations of mAb is a measure of
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mAb transport across blood–CSF barrier (BCSFB) and do

not represent the delivery of mAb across blood–brain

barrier (BBB) endothelial cells [1]. Thus, CSF concentra-

tions of mAb are more closely associated with mAb

exposure at the ependymal surface of the brain and spinal

cord, and may not accurately represent mAb exposure at

parenchyma or the site-of-action [10–12]. Preclinically,

mAb concentrations in brain homogenate is routinely used

as a surrogate for concentrations at the site-of-action.

However, the pharmacokinetics (PK) of mAb in different

regions of the brain (including the site-of-action) can be

very different [10–13], and the use of brain homogenate

concentrations can hamper the development of a robust and

translational exposure–response relationship for mAbs.

Consequently, there is a need for novel methods that can

accurately predict the concentrations of mAb at the site-of-

action in the brain.

One such method can be development of mathematical

models that can predict the PK of mAbs in the brain. In

fact, there are a couple of PK models already published that

attempt to predict the disposition of mAb in mice and

monkey brain [14, 15]. However, these models are

empirical in nature and only predict whole brain PK of

mAb. As such, they are not capable of distinguishing

between mAb exposure in different regions of the brain,

and accounting for preferential distribution of mAb in

certain regions of the brain (e.g. anti-TfR mAb accumu-

lation in brain endothelium) [16–20]. In addition, since

these models are not physiological, their ability to translate

preclinical data to the clinic and predict the PK of mAb in

different regions of human brain remains limited. In fact,

these models have not been validated using clinical data

yet. Consequently, there is a need to develop more mech-

anistic models like physiologically-based pharmacokinetic

(PBPK) model, which can predict the exposure of mAb in

different regions of brain and facilitate preclinical-to-clin-

ical translation of mAbs.

PBPK models have been extensively used to character-

ize plasma and tissue PK of mAbs in preclinical species

and humans [21–29]. They incorporate anatomical and

physiological factors to describe mAb biodistribution, and

provide a platform for clinical translation of mAbs. Since

PBPK models can incorporate mAb-neonatal FcR (FcRn)

interaction, mAb-target interaction, target biology, and

disease pathology, they can allow prediction of first-in-

human starting dose and determination of clinically effi-

cacious dosing regimen. However, all the mAb PBPK

models published so far either omits the brain tissue

[21–25, 29] or assumes it to be similar to other peripheral

tissues [26–28]. To date, there has been no published mAb

PBPK model that accounts for unique anatomy and phys-

iology of brain. As such, there is a need for more physio-

logical brain PBPK models that can account for differential

entry of mAb across BBB and BCSFB, and unique dis-

position of mAb in different regions of the brain [13].

These models can not only help in establishing a quanti-

tative relationship between concentrations of mAb in dif-

ferent regions of the brain, but can also provide a

quantitative platform for preclinical-to-clinical translation

of CNS targeting mAbs. In this manuscript, we have pre-

sented the development of one such PBPK model.

The platform PBPK model presented here accounts for

many known physiological processes responsible for the

disposition of non-targeting mAbs in the brain, including

CSF circulation, complex movement of macromolecules

within the CNS [30–32], and FcRn mediated mAb dispo-

sition [33–37]. The model was developed using published

and in-house PK data on mAb disposition in rat brain. This

dataset included the PK of non-targeting mAb and

endogenous IgG in brain homogenate, and the PK in brain

interstitial fluid (ISF) at the striatum (ISFST), CSF at the

lateral ventricles (CSFLV), and CSF at the cisterna magna

(CSFCM), determined using our recently published state-of-

the-art microdialysis method [13]. The model was vali-

dated using published PK data on mAb disposition in

mouse, monkey, and human brain.

Methods

Datasets for modeling

MAb PK data for building and validating the brain PBPK

model were obtained from literature or in-house experi-

ments as shown in Table 1. To avoid the complexity of

target-mediated disposition or other enhanced brain deliv-

ery mechanisms, only non-targeting IgG and endogenous

IgG profiles were selected. All published datasets were

digitized using a free online tool (https://automeris.io/

WebPlotDigitizer/), and only mean data were used for the

analysis.

Data for development of rat PBPK model

Rat PK data were used for the development of the platform

PBPK model, and the data from other species were used for

validation purpose. PK of a non-cross reactive exogenous

immunoglobulin G (IgG) and endogenous IgG in plasma

and different regions of rat brain was obtained from our

previously published microdialysis investigation [13]. This

study analyzed the PK of trastuzumab (a control human

IgG1) in rat plasma, brain homogenate, striatum (ISFST),

lateral ventricle (CSFLV), and cisterna magna (CSFCM),

after intravenous administration of 10 mg/kg dose. Con-

centrations of rat endogenous IgG were also measured in

the same compartments. Of note, the brain tissue was

Journal of Pharmacokinetics and Pharmacodynamics

123

https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/


collected following perfusion. In order to gain more insight

into the role of FcRn in brain disposition of mAbs, in-house

PK data obtained using FcRn nonbinding trastuzumab

(I253A/H310A/H435A mutation) were used. The PK of

FcRn nonbinding trastuzumab in rat brain was obtained

using the same study design that is detailed above for

trastuzumab. In order to include published data on brain PK

of other mAbs in rat, plasma and CSF PK of another mAb

were obtained from Wang et al. [38]. They analyzed

CSFCM PK of an anti-JC virus mAb (399 H0/L0), which

has no binding in rat, following intravenous administration

of 10 mg/kg dose. In order to include mAb PK data

obtained following administration mAb by other routes,

and to get more granularity on distribution of mAb from

LV to CM, CSF PK data obtained by Noguchi et al. were

used [39]. They analyzed the PK of a non-specific human

IgG1, tocilizumab, in CSFCM and plasma after intracere-

broventricular (ICV) administration of 0.5 mg/kg dose. In

order to characterize mAb clearance from CSF, another PK

data obtained from Bergman et al. was included [40]. They

analyzed the PK of a murine anti-ganglioside GD2 IgG3,

3F8, in CSF obtained from the LS after Intrathecal

administration of 1 mg/kg dose.

Data for validation of mouse PBPK model

In order to validate the mouse model, plasma and brain PK

of mAb in wild-type mice were obtained from Garg and

Balthasar [34]. They analyzed the PK of a non-specific

mouse IgG1 antibody, 7E3, in plasma and brain after

intravenous administration of 8 mg/kg dose. While the

brain samples collected in this study were not perfused, the

amount of antibody in the brain was corrected for the

residual blood volume obtained using 51Cr-labeled red

blood cells (RBCs). Another mouse plasma and brain PK

data at higher mAb dose were obtained from Atwal et al.

[41]. They analyzed the PK of a non-specific IgG1, anti-

gD, in plasma and perfused brain after single and multiple

i.v. administrations of 100 mg/kg dose.

Data for validation of monkey PBPK model

In order to validate the monkey model, serum and CSF PK

of mAb in monkey were obtained from Braen et al. [42].

They analyzed the PK of trastuzumab in monkey serum

and CSF after intrathecal injection of 15 mg dose once a

week (i.e. 0.24 mg/g brain, weekly). CSF samples in this

study were collected via a catheter placed in the CM.

Additional data on serum and CSF PK of mAb in monkey

were obtained from Yadav et al. [12]. They analyzed a non-

specific mAb, anti-gD, in serum and CSF of monkey after

ICV infusion of 1.68 mg/kg/h over 6 weeks. Another

dataset for plasma and CSF PK of mAb in monkey were

obtained from Wang et al. [38]. They analyzed plasma and

CSF PK of anti-aggregated a-synuclein mAb, BIIB054, in

healthy monkey after i.v. administration of 100 mg/kg

dose.

Data for validation of human PBPK model

In order to validate the human model, endogenous con-

centrations of human IgG1 and IgG4 in lumbar CSF

(CSFLS) were obtained from Kaschka et al. [43]. Model

predicted CSF/plasma ratio of mAb at steady-state was

compared with the clinically reported values for the

endogenous antibodies. Plasma and CSF PK of

Table 1 Datasets used to build the model

Species Antibody Administration Dose References

Mouse Non-specific mouse IgG1, 7E3 IV 8 mg/kg [34]

Anti-gD mAb IV 100 mg/kg [41]

Rat Trastuzumab IV 10 mg/kg [13]

Endogenous IgG – – [13]

FcRn-nonbinding Trastuzumab IV 10 mg/kg In house data

Anti-JC virus mAb (399 H0/L0) IV 10 mg/kg [38]

Tocilizumab ICV 0.5 mg/kg [39]

Anti-ganglioside GD2 IgG3, 3FB Intrathecal administration 1 mg/kg [40]

Monkey Trastuzumab Intrathecal administration 0.24 mg/g brain/week [42]

Anti-gD mAb ICV infusion 1.68 mg/kg/h [12]

Anti-a-synuclein mAb, BIIB054 IV 100 mg/kg [38]

Human Endogenous IgG1 and IgG4 – – [43]

IgG4 mAb, GNbAC1 IV 6,18,36 mg/kg [44]

IgG Immunoglobulin G, mAb monoclonal antibody, IV intravenous administration, ICV Intracerebroventricular administration
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exogenously administered mAb in human were obtained

from Curtin et al. [44]. In a Phase-I study, the authors

analyzed plasma and CSF PK of a humanized IgG4 mon-

oclonal antibody, GNbAC1, in healthy individuals. The

subjects received single intravenous infusion of 6, 18,

36 mg/kg dose, and the CSFLS samples were collected

using lumbar puncture.

Model structure

Schematic diagram of the proposed brain PBPK model is

shown in Fig. 1. The brain PBPK model is integrated into

the platform PBPK model for mAbs published before [27].

The complete PBPK model includes 16 tissue compart-

ments (blood, lung, heart, kidney, muscle, skin, liver,

Fig. 1 Structure of the whole-body and platform brain PBPK model

for mAb disposition. a Schematic of the whole-body PBPK model.

All organs are connected in an anatomical manner using blood flow

(solid arrows) and lymphatic flow (dashed arrows) (please refer to

[27] for more details). b Schematic of a typical tissue compartment

within the PBPK model (please refer to [27] for more details).

c Schematic of the brain PBPK model. The brain compartment is

divided into brain parenchymal compartment and CSF compartments.

For detailed description of the symbols and drug disposition process,

please refer to the model structure section in the methods section
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adipose, thymus, bone, small intestine, large intestine,

spleen, pancreas, other/carcass, and brain) and a lymph

node compartment, connected to each other in an

anatomical manner using blood and lymph flow (Fig. 1a).

Each tissue compartment, except brain, is composed of

vascular, endosomal, interstitial, and cellular sub-com-

partments (Fig. 1b). The vascular sub-compartment con-

tains plasma and blood cell compartments. MAb is

assumed to enter tissue vascular compartment via arterial

blood flow (Qi
p) and exit via venous blood flow, which is

represented as arterial blood flow subtracted by the lym-

phatic flow (Qi
p-Li). MAb is assumed to travel from

plasma to interstitial space via paracellular pores, using

convective lymph flow (Li) with the resistance described by

vascular reflection coefficient (riV ), or via pinocytosis

(CLiup) and FcRn mediated transcytosis across vascular

endothelial cells.

It is well-known that FcRn protects serum IgG from

catabolism, and this protein is expressed in variety of tis-

sues and cell types, including endothelial cells [45], ker-

atinocytes [46], hepatocytes [47], mammary epithelium

[48], and bone marrow derived phagocytic cells [49]. In

addition, bone marrow derived cells have shown signifi-

cance in extending the half-life of serum IgG during pre-

clinical investigations [49]. However, due to lack of

quantitative and reliable information about the expression

of FcRn in all these tissues from different species, in our

previously published platform PBPK model we assumed

that the site where FcRn is protecting IgG from catabolism

exist mainly within the vascular endothelial cells. We also

assumed that FcRn concentrations in the vascular endoso-

mal space are conserved among different tissues and

between different species. These assumptions led to a

single estimated value of FcRn concentrations

(4.982E-05 M), which was similar to the value reported

by Ferl et al. (4.00E-05 M) for mouse [24] and Garg and

Balthasar (3.30E-05 M) for human [50].

MAb molecules in the endosomal space of endothelial

cells are assumed to interact with FcRn using association

(kon) and dissociation (koff ) rate constants. FcRn bound

mAb molecules are assumed to recycle to either plasma

space (using fraction recycled to plasma space, FR) or to

the interstitial space (using 1-FR). Unbound mAb mole-

cules in the endosomal space are assumed to degrade via a

first order degradation rate constant (kdeg). It is assumed

that endothelial cells can also uptake the mAb molecules

from the interstitial space. MAb molecules in the Intersti-

tial space are assumed to exit the tissue compartment via

convective lymph flow (Li) with the resistance described

by interstitial reflection coefficient (riL). The cellular

membrane and cellular space in Fig. 1b can be used in the

future to characterize cellular disposition of targeting

mAbs. To characterize PK of non-targeting mAbs, these

two compartments are not currently active in our model.

While the model structure of all tissues is kept the same

as before, the augmented brain compartment is divided into

two separate sub-compartments: CSF circulation system

and brain parenchyma. Once in the brain vascular space,

mAb is assumed to enter the brain via bulk flow through

BBB or BCSFB. This bulk flow is responsible for the

formation of CSF and ISF. Two reflection coefficients

(rBBBV and rBCSFBV ) were chosen to account for limited

paracellular transport of mAbs across the two barriers.

When rBBBV or rBCSFBV equals 1, the entry of mAb through

paracellular pathway is completely shut down. Considering

the difference in the tightness between BCSFB and BBB

[1, 51], we assumed that there is no paracellular transport

of IgG across BBB, and rBBBV was assumed to be 1. The

leakiness of BCSFB was estimated by the parameter rBCSFBV

using the data. It was assumed that the endosomal space of

BBB and BCSFB could allow non-specific pinocytosis

(CLbrainup ) and transcytosis of mAb across the barriers, which

may result in a slow entry of IgG into brain parenchyma

and CSF [52]. FcRn mediated efflux, recycling, and tran-

scytosis of mAb across BBB and BCSFB was also incor-

porated into the brain capillary endosomal spaces. It was

also assumed that free mAb molecules in the endosomal

space can either bind to free FcRn or travel to lysosomal

space for degradation. FcRn bound mAb molecules in the

endosomal space were assumed to either recycle back to

the plasma space or to the interstitial/CSF space. The

fraction of FcRn bound mAb molecules that recycle to the

plasma space (FR) is higher than 0.5 (0.715 to be exact)

[53], which leads to preferential efflux of FcRn bound mAb

molecules towards the plasma space. Since it is reported

that FcRn is expressed in both brain endothelium cells and

choroid plexus epithelium cells [35], but the difference in

the level of expression between these cell types is not

known, here we have assumed that both cell types have the

same concentration of FcRn in the endosomal space

(Table 2) [27].

CSF circulation in the brain was incorporated using the

state-of-the-art information published on the subject matter

[30–32, 51]. Choroid plexus was assumed to secret CSF

into both lateral ventricles (LV) and third-forth ventricle

(TFV). The formation of CSF from choroid plexus was

divided into LV and TFV based on the volume ratio of

these ventricles (e.g. 1:1 in rats). In addition, 10% of CSF

was assumed to produce from brain ISF at the brain

ependymal cellular layer (EPCL) [54]. This brain extra-

cellular flow was also divided between LV and TFV.

Cisterna magna (CM) and subarachnoid space (SAS) do

not have choroid plexus that secretes CSF, and SAS is

considered as a clearance site for CSF. A small portion of
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CSF from SAS is reported to be reabsorbed via arachnoid

villa. However, we did not include this pathway in the

model, due to controversial findings about the existence of

this CSF reabsorption pathway under normal CSF pressure.

A portion of CSF from SAS may also go to brain par-

enchyma via perivascular space as glymphatic flow, which

eventually enters the lymphatic system. Intracisternal

administration of mAbs has confirmed the existence of this

pathway [55]. However, due to the lack of physiological

measurements and experimental data related to this path-

way, here we have assumed clearance of mAb via this

pathway is equal to CSF flow rate, which was multiplied by

the lymph reflection coefficient rL.

Table 2 Values of physiological parameters for different species used to build the platform brain PBPK model for mAbs

Parameter Mice value Rat value Monkey value Human value

CSF volume (mL) 0.035 [1] 0.04 [75] 0.25 [76] 13 [1] 100 [1] 150 [76] 160 [88] 150–160

[89]

Qbrain
CSF CSF production (mL/h) 0.0192 [1] 0.0198

[78]

0.132 [76] 2.46 [1] 21 [1][76] 24 [81] 24–36 [80]

CSF turnover (times/day) 13.333 [1] 11 [76] 4.615 [1] 4[76] 5 [1]

Cerebral ISF volume (mL) - 0.29 [76] - 240 [76] 240–280 [80]

Qbrain
ECF Cerebral ISF production (mL/h) 0.00192b 0.012–0.03 [76] [79]

0.012 [81]

0.0216 [82]

0.02–0.31 [83]

1.23c 9–12 [76] 10.5 [81]

Brain total volume (mL) 0.485 [27] 0.303 [84] 2.28 [27] 1.88 [85] 94.0 [27] 1450 [27] 1400 [79]

Vbrain
plasma Cerebral plasma volume (mL) 0.0107 [27] 0.0502 [27] 0.06 [85] 2.07 [27] 31.9 [27]

Vbrain
bloodcells Cerebral blood cell volume (mL) 0.00873 [27] 0.0410 [27] 1.69 [27] 26.1 [27]

Vbrain
interstital Cerebral interstitial volume (mL) 0.0873 [27] 0.410 [27] 0.29 [81] 16.9 [27] 261 [27] 240 [81]

Vbrain
endosomal Cerebral endosomal volume (mL) 0.00243 [27] 0.0114 [27] 0.470 [27] 7.25 [27]

Vbrain
cell Cerebral cellular volume (mL) 0.376 [27] 1.77 [27] 1.44 [81] 72.9 [27] 1124 [27] 960 [81]

Vbrain
LV Lateral ventricle volume (mL) 0.0039–0.0041 [86] 0.05 [81] 1.463e 22.5 [81]

Vbrain
TFV Third-Forth ventricle volume (mL) 0.0024–0.0025 [86] 0.05 [81] 1.463e 22.5 [81]

Vbrain
CM Cisterna magna volume (mL) 0.0011d 0.017 [81] 0.488e 7.5 [81]

Vbrain
SAS Subarachnoid space volume (mL) 0.0117d 0.18 [81] 5.85e 90 [81] 90–125 [79]

Surface area (meters2)

Blood–brain barrier 0.0140 [77] 0.0155 [87] 0.0263

[85]

17 [1] 12–18 [79]

Choroid plexus 0.0025 [87] 1.7 [1] 6–9 [79]

SABBB

SABCSFB
BBB to CP SA ratio 6.2f 6.2 [88] 10.12 [85] 10f 10 [1]

Brain weight (g) 0.3 1.8 [76] 1400 [1][1]

Qbrain
plasma Cerebral blood flow (mL/h) 11.8 [27] 65.3 [27] 66 [76] 1508 [27] 21453 [27] 42000 [76] 63000 [1]

36,600–51600 [79]

Choroid plexus blood flow (mL/h) 480 [1][1]a

Qbrain
blood Blood cell flow (mL/h) 9.64 [27] 53.5 [27] 1234 [27] 17553 [27]

aBlood flow based on 4 mL/min/g for choroid plexus and 0.75 mL/min/g for brain [1]
bAssumes the brain ISF production rate is 10% of CSF formation rate in rodents [54]
cAssumes the brain ISF production rate is a fraction of CSF formation rate in monkey and human
dAssumes the ratio of Vbrain

CM / Vbrain
SAS is a constant in mice and rat and calculates mouse Vbrain

SAS using the following equation:

mouse = Vbrain
SAS rat Vbrain

SAS /(rat ? Vbrain
TFV rat Vbrain

LV )* (mouse ? Vbrain
TFV mouse Vbrain

LV )
eAssumes the ratio of the ventricle volume to brain total volume is a constant in monkey and human
fAssumes the SA ratio is constant in rodents, and the SA ratio is a constant in monkey and human

Underlined parameter values were used in the PBPK model

BBB blood–brain barrier, CP choroid plexus, SA surface area
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Model equations

Our platform brain PBPK model is an augmented version

of previously published platform PBPK model for mAbs

[27]. Below are the equations for this model. Please refer to

the glossary in the ‘‘Appendix’’ section for detailed

description and units of the symbols used in the following

equations. The initial condition for all the compartments is

0, except for FcRnfree (4.982 9 10-5 M) and the com-

partment receiving the administered drug.

Blood compartment

Plasma

Vp �
dCp

dt
¼ � Qlung

p þ Llung
� �

� Cp þ Qheart
p � Lheart

� �

� Cheart
p þ Q

kidney
plasma � Lkidney

� �
� Ckidney

p

þ Qbrain
p � Lbrain

� �
� Cbrain

p

þ Qmuscle
p � Lmuscle

� �
� Cmuscle

p

þ Qmarrow
p � Lmarrow

� �
� Cmarrow

p

þ Qthymus
p � Lthymus

� �
� Cthymus

p

þ Qskin
p � Lskin

� �
� Cskin

p þ Qfat
p � Lfat

� �
� Cfat

p

þ QSI
p � LSI

� �
þ QLI

p � LLI
� ��

þ Qspleen
p � Lspleen

� �
þ Qpancreas

p � Lpancrease
� �

þ Qliver
p � Lliver

� �
Þ � Cliver

p þ Qother
p � Lother

� �

�Cother
p þ LLN � CLN

ð1Þ

Note : Lbrain ¼ Qbrain
CSF þ Qbrain

ISF

Note : LLN ¼ Qlung
p � C LNLF

Blood cells

VBC � dC
BC

dt
¼ �Q

lung
BC � CBC þ Qheart

BC � Cheart
BC þ Q

kidney
BC

� Ckidney
BC þ Qbrain

BC � Cbrain
BC þ Qmuscle

BC � Cmuscle
BC

þ Qmarrow
BC � Cmarrow

BC þ Q
thymus
BC � Cthymus

BC

þ Qskin
BC � Cskin

BC þ Q
fat
BC � Cfat

BC þ ðQSI
BC þ QLI

BC

þ Q
spleen
BC þ Q

pancreas
BC þ Qliver

BC Þ � Cliver
BC

þ Qother
BC � Cother

BC

ð2Þ

Lymph node

Vlymphnode �
dCLN

dt
¼ 1 � rlungL

� �
� Llung � Clung

IS

þ 1 � rheartL

� �
� Lheart � Cheart

IS

þ 1 � rkidneyL

� �
� Lkidney � Ckidney

IS

þ 1 � rSASL

� �
� Qbrain

CSF
� Cbrain

SAS

þ 1 � rbrainISFL

� �
� Qbrain

ECF
�Cbrain

IS

þ 1 � rmuscleL

� �
� Lmuscle � Cmuscle

IS

þ 1 � rmarrowL

� �
� Lmarrow � Cmarrow

IS

þ 1 � rthymusL

� �
� Lthymus � Cthymus

IS

þ 1 � rskinL

� �
� Lskin � Cskin

IS þ 1 � rfatL

� �

� Lfat � Cfat
IS þ 1 � rSIL

� �
� LSI � CSI

IS

� 1 � rLIL
� �

� LLI � CLI
IS þ 1 � rspleenL

� �

� Lspleen � Cspleen
IS þ 1 � rpancreasLð Þ

� Lpancreas � Cpancreas
IS þ 1 � rliverL

� �
� Lliver � Cliver

IS þ 1 � rotherL

� �
� Lother

� Cother
IS � LLN � CLN

ð3Þ

Brain

Plasma compartment

Vbrain
p �

dCbrain
p

dt
¼ Qbrain

p � Clung
p

� �
� Qbrain

p � Lbrain
� �

� Cbrain
p � 1 � rBBBV

� �
� Qbrain

ISF � Cbrain
p

� 1 � rBCSFBV

� �
� Qbrain

CSF � Cbrain
p � CLbrainup

� Vbrain
ES � Cbrain

p þ CLbrainup � f BBB � Vbrain
ES

� FR � Cbrain
BBBbound

þ CLbrainup � ð1 � f BBBÞ
� Vbrain

ES � FR � Cbrain
BCSFBbound

ð4Þ

f BBB ¼ SABBB

SABBB þ SABCSFB

Unbound mAb in endosomal compartment at the brain–

blood barrier (BBB)

Vbrain
BBB �

dCbrain
BBBunbound

dt
¼ CLbrainup � f BBB � Vbrain

ES

� Cbrain
p þ Cbrain

IS

� �
� Vbrain

BBB � kFcRnon

� Cbrain
BBBunbound

� FcRnBBBfree þ Vbrain
BBB � kFcRnoff

� Cbrain
BBBbound

� Vbrain
BBB � kdeg � Cbrain

BBBunbound

ð5Þ
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Bound mAb in endosomal compartment at the brain–blood

barrier (BBB)

Vbrain
BBB �

dCbrain
BBBbound

dt
¼ �CLbrainup � f BBB � Vbrain

ES � Cbrain
BBBbound

þ Vbrain
BBB � kFcRnon � Cbrain

BBBunbound
� FcRnBBBfree

� Vbrain
BBB � kFcRnoff � Cbrain

BBBbound

ð6Þ

Unbound mAb in brain ISF compartment

Vbrain
IS � dC

brain
IS

dt
¼ 1 � rBBBV

� �
� Qbrain

ISF � Cbrain
p

� 1 � rbrainISFL

� �
� Qbrain

ISF � Cbrain
IS � Qbrain

ISF

� Cbrain
IS þ Qbrain

ISF � Cbrain
SAS þ CLbrainup � f BBB

� Vbrain
ES � 1 � FRð Þ � Cbrain

BBBbound
� CLbrainup

� f BBB � Vbrain
ES � Cbrain

IS

ð7Þ

Blood cells compartment

Vbrain
BC � dC

brain
BC

dt
¼ Qbrain

BC � Clung
BC � Qbrain

BC � Cbrain
BC ð8Þ

Cerebrospinal fluid (CSF)

Unbound mAb in endosomal compartment at brain–CSF

barrier (BCSFB)

Vbrain
BCSFB �

dCbrain
BCSFBunbound

dt
¼ CLbrainup � fBCSFB � Vbrain

ES � Cbrain
p

þ fLV � CLbrainup � 1 � fBBBð Þ � Vbrain
ES

� Cbrain
LV þ ð1 � fLVÞ � CLbrainup � ð1

� fBBBÞ � Vbrain
ES � Cbrain

TFV � Vbrain
BCSFB

� kFcRnon � C brain
BCSFBunbound

� FcRnBCSFBfree

þ Vbrain
BCSFB � kFcRnoff � Cbrain

BCSFBbound

� Vbrain
BCSFB � kdeg � Cbrain

BCSFBunbound

ð9Þ

Note: f LV ¼ Vbrain
LV

Vbrain
LV þVbrain

TFV

Bound mAb in endosomal compartment at brain–CSF

barrier (BCSFB)

Vbrain
BCSFB �

dCbrain
BCSFBbound

dt
¼ �CLbrainup � 1 � f BBBð Þ � Vbrain

ES

� Cbrain
BCSFBbound

þ Vbrain
BCSFB � kFcRnon

� Cbrain
BCSFBunbound

� FcRnBCSFBfree � Vbrain
BCSFB

� kFcRnoff � Cbrain
BCSFBbound

ð10Þ

Lateral ventricle

Vbrain
LV � dC

brain
LV

dt
¼ 1 � rBCSFBV

� �
� f LV � Qbrain

CSF � Cbrain
p þ f LV

� Qbrain
ISF � Cbrain

IS

� f LV � Qbrain
CSF þ f LV � Qbrain

ISF

� �
� Cbrain

LV

� f LV � CLbrainup � 1 � f BBBð Þ � Vbrain
ES � Cbrain

LV

þ f LV � CLbrainup � 1 � f BBBð Þ � Vbrain
ES

� 1 � FRð Þ � Cbrain
BCSFBbound

ð11Þ

Third forth ventricle

Vbrain
TFV � dC

brain
TFV

dt
¼ 1 � rBCSFBV

� �
� 1 � f LVð Þ � Qbrain

CSF � Cbrain
p

þ 1 � f LVð Þ � Qbrain
ISF � Cbrain

IS

� Qbrain
CSF þ Qbrain

ISF

� �
� Cbrain

TFV � 1 � f LVð Þ
� CLbrainup � 1 � f BBBð Þ � Vbrain

ES � Cbrain
TFV

þ 1 � f LVð Þ � CLbrainup � 1 � f BBBð Þ � Vbrain
ES

� ð1 � FRÞ � Cbrain
BCSFBbound

þ f LV � Qbrain
CSF þ f LV � Qbrain

ISF

� �
� Cbrain

LV

ð12Þ

Cisterna magna

Vbrain
CM � dC

brain
CM

dt
¼ Qbrain

CSF þ Qbrain
ISF

� �
� ðCbrain

TFV � Cbrain
CM Þ ð13Þ

Subarachnoid space

Vbrain
SAS � dC

brain
SAS

dt
¼ Qbrain

CSF þ Qbrain
ISF

� �
� Cbrain

CM � 1 � rSASL

� �

� Qbrain
CSF � Cbrain

SAS � Qbrain
ISF � Cbrain

SAS

ð14Þ

A typical tissue ‘‘i’’

Blood cells compartment

Vi
BC � dC

i
BC

dt
¼ Qi

BC � C j
BC � Qi

BC � Ci
BC ð15Þ

Plasma compartment

Vi
p �

dCi
p

dt
¼ Qi

p � C j
p � Qi

p � Li
� �

� Ci
p � 1 � riV

� �
� Li � Ci

p

� CLiup � Ci
p þ CLiup � FR � Ci

Ebound

ð16Þ
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Note: CLiup ¼ CLup � Vi
ES

Unbound mAb in endosomal compartment

Vi
ES �

dCi
E unbound

dt
¼ CLiup � Ci

p þ CLiup � Ci
IS � Vi

ES � kon
� Ci

E unbound � FcRnifree þ Vi
ES � koff

� Ci
E bound � kdeg � Ci

E unbound � Vi
ES

ð17Þ

Bound mAb in endosomal compartment

Vi
ES �

dCi
E bound

dt
¼ Vi

ES � kon � Ci
E unbound � FcRnifree � Vi

ES

� koff � Ci
E bound � CLiup � Ci

E bound

ð18Þ

Fig. 2 PK of nonspecific mAbs in rats. The figure shows observed

(solid dots) and model fitted (solid lines) PK profiles of mAbs in rats.

a PK of nonspecific mAb in plasma, brain ISF, CSF (lateral ventricle

and cisterna magna), and whole brain, after i.v. administration of

10 mg/kg dose. b PK of FcRn nonbinding mAb in plasma, brain ISF,

CSF (LV and CM), and whole brain, after i.v. administration of

10 mg/kg dose c PK of nonspecific mAb in plasma and CSFCM after

i.v. administration of 10 mg/kg dose. d PK of nonspecific mAb in

CSFCM after intracerebroventricular administration of 0.5 mg/kg

dose. e PK of anti-ganglioside GD2 mAb in CSFLS after intrathecal

administration of 1 mg/kg dose, and f Rat endogenous IgG concen-

tration in plasma and different regions of the brain (error bars

represent standard deviation)

Table 3 Final parameter estimates

Parameter Final estimate (CV%) Units Description

kdeg 26.6 (12.7) 1/h Degradation rate constant of unbound mAb in the endosomal space

CLbrainup
0.03 (38.2) L/h/L Pinocytosis rate constant of mAb molecules per unit endosomal volume of brain capillaries

rBCSFBV
0.9974 (0.039) – Reflection coefficient for blood–CSF barrier

CV Coefficient of variation, BCSFB blood–CSF barrier, CSF cerebrospinal fluid
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Interstitial Compartment

Vi
IS �

dCi
IS

dt
¼ ð1 � riVÞ � Li � Ci

p � ð1 � riLÞ � Li � Ci
IS þ CLiup

� ð1 � FRÞ � Ci
E bound � CLiup � Ci

IS

ð19Þ

FcRn equation

Vi
ES �

dFcRnifree

dt
¼ k0ff � Ci

E bound � Vi
ES � kon � Ci

E unbound

� FcRnifree � Vi
ES þ CLiup � Ci

E bound

ð20Þ

Above, Eqs. 15–19 describe a typical tissue compart-

ment, and the subscript ‘‘i’’ refers to the individual tissue

being considered for the analysis. For all the tissues except

lung and liver the subscript ‘‘j’’ in Eqs. 15 and 16 refers to

the lung concentration, whereas for the lung subscript ‘‘j’’

refers to plasma/blood cell concentrations. Due to the

unique anatomical arrangement of the liver the vascular

space in this tissue compartment is described differently

using the following equations.

Liver compartment

Vascular space plasma

Vliver
p �

dCliver
p

dt
¼ Qliver

p � Clung
p þ Qspleen

p � Lspleen
� �

� Cspleen
p

þ Qpancreas
p � Lpancreas

� �
� Cpancreas

p þ QSI
p � LSI

� �
� CSI

p

þ QLI
p � LLI

� �
� CLI

p � Qliver
p � Lliver

� ��

þ Qspleen
p � Lspleen

� �
þ Qpancreas

p � Lpancreas
� �

þ QSI
p � LSI

� �
þ QLI

p � LLI
� �

Þ � Cliver
p � 1 � rliverV

� �

� Lliver � Cliver
p � CLliverup � Cliver

p þ CLliverup � FR � Cliver
Ebound

ð21Þ

Vascular space blood cells

Vliver
BC �dC

liver
BC

dt
¼Qliver

BC �Clung
BC þQ

spleen
BC �Cspleen

BC þQ
pancreas
BC

�Cpancreas
BC þQSI

BC �CSI
BCþQLI

BC �CLI
BC

� Qliver
BC þQ

spleen
BC þQ

pancreas
BC þQSI

BCþQLI
BC

� �

�Cliver
BC

ð22Þ

Model parameters Values of brain specific model

parameters along with references associated with those

parameters are listed in Table 2. Values of all other model

parameters are listed in Supplementary Tables 2, 3, 4, 5,

and 6. Whenever multiple different values were reported

for brain related physiological parameters (e.g. ISF pro-

duction rate and cerebral blood flow), the median value

was used for the PBPK model (shown as underlined values

in Table 2). Lymph flow for each tissue was fixed to 0.2%

of plasma flow. The vascular reflection coefficient (riV ) was

Table 4 Median percentage prediction error

Species Dataset AUC0-tlast %PE vlue

Rat Fig. 2a Brain homogenate -48

CSFCM -47.4

CSFLV -42.5

ISFST -65.6

Plasma -12.3

Fig. 2b Brain homogenate -67.4

CSFCM -46.3

CSFLV 48.9

ISFST -61.6

Plasma -28.1

Fig. 2c Plasma -13.2

CSFCM 36.1

Fig. 2d Plasma -40.6

CSFCM 81.3

Fig. 2e CSFSAS/LS -23.7

Mice Fig. 3a Plasma 30.6

Brain homogenate 65.4

Fig. 3b Plasma 65.8

Brain homogenate 92.1

Monkey Fig. 4a (1st dose) Plasma 8.5

CSFCM -60

Fig. 4a (4th dose) Plasma -26.2

CSFCM -58.2

Fig. 4b Css of plasma -2.4

Css of CSFCM -5.5

Fig. 4c Plasma -30.7

CSFCM 43.2

Human Fig. 5a Plasma 14.1

CSFSAS/LS 47.5

Fig. 5b Plasma 18

CSFSAS/LS 117.7

Fig. 5c Plasma 0.2

CSFSAS/LS 88.1

AUC Area under a curve, Css concentration at the steady state,

CSFCM cerebrospinal fluid at the cisterna magna, CSFLV cerebrospinal

fluid at the lateral ventricle, ISFST brain interstitial fluid at the stria-

tum, CSFSAS/LS cerebrospinal fluid at the subarachnoid space/lumbar

spine, %PE percentage of prediction error
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set to 0.95 for lung, heart, muscle, skin, adipose, large

intestine and others compartment; 0.9 for kidney, thymus,

small intestine and pancreas; and 0.85 for spleen, liver and

bone [56]. The lymphatic reflection coefficient (riL) was set

to 0.2 for all tissues [25]. The fraction of FcRn bound

antibody that recycles to vascular space (FR) was set to

0.715 [53]. Association rate constant between IgG and

FcRn (kon) were 8.06 � 107, 8.00 � 108, 7.92 � 108 and 5.59 �
108M�1h�1 for mouse, rat, monkey and human; and dis-

sociation rate constant (koff ) were 6.55, 144, 46.8 and

23.9 h-1, respectively. The concentration of FcRn in the

endosomal space (FcRnifree) and the proportionality con-

stant (C LNLF) between the lymph node flow (LLN) and

the plasma flow (Qlung
p ) were 4.982 � 10-5 M and 9.1,

respectively [27]. The rate of pinocytosis per unit endo-

somal space (CLup) was set to 0.55 L/h/L for all the tissue,

except for brain.

Parameter estimation and model evaluation Plasma,

brain, CSF, and ISF PK of mAbs in rat obtained from

different published and in-house studies were simultane-

ously fitted with the brain PBPK model to estimate 3

unknown parameters. Two parameters associated with

antibody disposition in the brain and one parameter asso-

ciated with systemic disposition of mAb were estimated.

These parameters include: (a) the pinocytosis rate of mAb

per unit endosomal volume of brain vascular endothelium

and choroid plexus epithelium cells (i.e. CLbrainup ) (b) the

degree of impermeability of BCSFB (i.e. rBCSFBV ), and (c)

antibody degradation rate in endosome (i.e. kdeg). The

model was fitted to the data using the maximum likelihood

estimation method in ADAPT-5 software (BMSR, CA), as

previously described [27]. The following variance model

was used:

Var tð Þ ¼ rIntercept þ rSlope � Y tð Þ
� �2

where the variance Var(t) is associated with the model

output Y(t) using two variance parameters, rIntercept and

rSlope. The final model structure and parameter estimates

were determined using standard model fitting criteria:

visual inspection, observed versus predicted plot, predicted

versus residual plot, and coefficient of variation (CV%) of

the estimated parameters.

In order to evaluate the quality of translated mouse,

monkey, and human brain PBPK models, the model pre-

dicted PK profiles were superimposed over the observed

data. In addition, for a quantitative comparison of observed

and model predicted data, median percentage prediction

error (%PE) was computed for each profile using the fol-

lowing equation: %PE ¼ AUCpred�AUCobsj j
AUCobs

� 100%. In this

equation, AUCPred is the AUC of model predicted PK

profile and AUCObs is the AUC of observed PK profile.

Global sensitivity analysis (GSA) In order to understand

the importance of certain model parameters toward brain

disposition of mAbs, a global sensitivity analysis was

performed as described before [57]. Five parameters were

chosen for GSA, which included three estimated model

parameters (kdeg, CLbrainup ,rBCSFBV ) and two physiological

parameters (QCSF, QISF) that might alter under pathological

conditions. In order to ensure the value of rBCSFBV do not

exceed 1 during the analysis, the value of ‘1 - rBCSFBV ’ was

altered during GSA. The total sensitivity index was esti-

mated by the SOBOL method [58] using IQM toolbox in

Matlab. The model was simulated by perturbating

Fig. 3 PK of nonspecific mAbs in mice. The figure shows observed

(solid dots) and model predicted (solid lines) PK profiles of mAbs in

mice. a PK of nonspecific mAb in plasma and brain after i.v.

administration of 8 mg/kg dose, and b PK of nonspecific mAb in

plasma and brain after i.v. administration of 100 mg/kg dose
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parameter values generated by Latin hypercube sampling,

using a sample size of 100,000. An integrated algorithm of

SOBOL method was applied to evaluate the total effect of

parameters on the output, by considering the higher order

interaction effects. MAb PK in plasma, ISF, CSFCM, and

whole brain were chosen as model outputs for GSA.

Results

Development of rat PBPK model

As shown in Fig. 2 the brain PBPK model was able to

simultaneously characterize all plasma, brain, ISF, and

CSF PK profiles of mAbs in rats reasonably well. Esti-

mated parameter values are provided in Table 3, and %PE

values for all datasets are provided in Table 4. Three model

parameters were also estimated with good confidence. The

parameter characterizing the degradation of unbound mAb

in the endosomal space (kdeg) was estimated to be 26.6 h-1

with %CV of 12.7. The parameter characterizing

Fig. 4 PK of nonspecific mAbs in monkeys. Figure shows observed

(solid dots) and model predicted (solid lines) PK profiles of mAbs in

monkeys. a PK of nonspecific mAb in plasma and CSFCM after

intrathecal injection of 15 mg dose once per week (0.24 mg/g brain

weekly). b PK of nonspecific mAb in plasma and CSFCM after

intracerebroventricular infusion at a rate of 1.68 mg/kg/h over

6 weeks, and c the PK of anti-aggregated a-synuclein mAb in plasma

and CSF after i.v. administration of 100 mg/kg dose
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pinocytosis rate of mAb molecules per unit endosomal

volume of brain capillaries (CLbrainup ) was estimated to be

0.03 L/h/L with %CV of 38.2. The reflection coefficient for

BCSFB ðrBCSFBV Þ was estimated to be 0.9974 with %CV of

0.039.

Figure 2a shows observed and model predicted plasma,

whole brain, ISFST, CSFLV, and CSFCM PK profiles

obtained after i.v. administration of 10 mg/kg trastuzumab

in wild-type rats. The %PE values for plasma, brain

homogenate, ISFST, CSFLV, and CSFCM were found to be

12.35, 48.0, 65.7, 42.5, and 47.4, respectively. Figure 2b

shows the observed and model predicted PK profiles for

FcRn nonbinding trastuzumab after 10 mg/kg i.v. dose. As

evident from Fig. 2, removal of FcRn mediated recycling

process resulted in enhanced clearance of trastuzumab. The

model was able to characterize plasma and brain PK of

FcRn nonbinding trastuzumab reasonably well. The %PE

values for plasma, brain homogenate, ISFST, CSFLV, and

CSFCM were found to be 28.1, 67.4, 61.6, 48.9, and 46.3,

respectively. Figure 2c shows observed and model pre-

dicted plasma and CSFCM PK profiles for another non-

specific antibody (399 H0/L0) in rats after 10 mg/kg i.v.

dose. Both CSFCM (%PE = 36.14) and plasma (%PE =

13.20) PK profiles were characterized well. Two addi-

tional datasets with different routes of administration were

also included for better optimization of the model.

Figure 2d Shows observed and model predicted plasma and

CSFCM PK profiles for a non-specific mAb in rat after ICV

administration of 10 mg/kg dose. The %PE values for

plasma and CSFCM were found to be 40.6 and 81.3,

respectively. Figure 2e shows observed and model pre-

dicted CSFLS PK profile for another non-specific mAb in

rat after intrathecal administration of 0.1 mg/kg dose. The

model was able to characterize this profile as well, with a

%PE value of 23.7. The brain PBPK model was also

simultaneously fitted to endogenous IgG concentrations in

different regions of rat brain (Fig. 2f). Plasma endogenous

IgG concentrations were fixed to the reported value of 1534

lg/mL [13], and ISF, CSFLV, CSFCM, and brain homo-

genate concentrations were used to estimate the model

parameters. While the model underpredicted CSFCM con-

centrations (CSFCM_pred 3.8 lg/mL and CSFCM_obs

6.8–14.7 lg/mL), ISF (ISFpred 3.1 lg/mL and ISFobs

3.7 lg/mL), CSFLV (CSFLV_pred 3.8 lg/mL and CSFLV_obs

3.7 lg/mL), and brain homogenate (Brainpred 2.3 lg/mL

and Brainobs 1.7 lg/mL) concentrations were reasonably

well predicted.

Validation of mouse PBPK model

Figure 3 shows observed and model predicted plasma and

brain PK profiles of non-specific mAbs in mice after 8

Fig. 5 PK of nonspecific mAb in human. Figure shows observed (solid dots) and model predicted (solid lines) plasma and CSF PK profiles of a

mAb in human after intravenous infusion of a 36 b 18, and c 6 mg/kg doses
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(Fig. 3a) or 100 (Fig. 3b) mg/kg i.v. dose. The model was

able to predict plasma and brain PK profiles of both mAbs

reasonably well. At very early time points though, there

was a trend towards underprediction of brain concentra-

tions. Nonetheless, %PE values for brain PK of mAbs at 8

and 100 mg/kg dose were found to be 65.4 and 92.1,

respectively.

Validation of monkey PBPK model

Figure 4a shows observed and model predicted plasma and

CSF PK profiles for a non-specific mAb in monkey after

multiple intrathecal administration of 15 mg dose per

week. Both plasma and CSF PK profiles were well pre-

dicted with %PE values of 8.5 and 60.0, respectively.

Figure 4b shows observed and model predicted plasma and

CSF PK profiles for another non-specific mAb in monkey

after ICV infusion. The model was able to accurately

predict these PK profiles as well, with %PE values of 2.4

and 5.5 for steady state plasma and CSF concentrations,

respectively. Figure 4c shows observed and model pre-

dicted plasma and CSFCM PK profiles for BIIB054 in

monkey after i.v. administration of 100 mg/kg dose. This

antibody specifically binds to aggregated a-synuclein,

which is less likely to be present in healthy monkeys. Both

plasma and CSF PK profiles of BIIB054 were predicted

accurately by the model, with %PE values of 30.7 and 43.2,

respectively

Validation of human PBPK model

Figure 5 shows observed and model predicted plasma and

CSFLS PK profiles of a non-specific mAb in human after

i.v. administration of 36, 18, and 6 mg/kg dose. All the PK

profiles were reasonably well predicted by the PBPK

model, however, there was a trend towards slight over

prediction of CSFLS concentrations at the very early time

points. Plasma PK profiles for all doses were predicted with

%PE values less than 20, and CSFLS PK profiles were

predicted with %PE values ranging from 47.5 (for 36 mg/

kg dose) to 117.7 (for 18 mg/kg dose). The model pre-

dicted plasma/CSF ratio for endogenous human antibody

of * 300 was also similar to the reported value of

350–1000 for human IgG4 and IgG1 [43]. This plasma/

CSF ratio is also similar to the clinically reported value of

292–332 for anti-HER2 mAb trastuzumab in human [6]. In

general, %PE values from all the datasets (Table 4) suggest

that the platform PBPK model is able to predict brain and

CSF exposure of mAbs in all the species within threefold

of the observed values.

Global sensitivity analysis

Figure 6 shows the results of the GSA performed on

mouse, rat, monkey, and human PBPK models. In general,

the outcome of the analysis did not change based on the

animal species. As expected, among all five parameters,

kdeg was found to be the most important for determining

plasma exposure of mAbs. The exposure of mAb in brain

ISF was found to be most sensitive to mAb uptake clear-

ance (CLbrainup ) by pinocytosis in brain capillaries. MAb

exposure in brain ISF was also sensitive to QISF. The

exposure of mAb in brain CSF (i.e. CSFCM) was found to

be most sensitive to BCSFB reflection coefficient rBCSFBV .

Discussion

In this manuscript, we have presented the first ever PBPK

model for mAb disposition in the brain by augmenting our

previously published platform PBPK model for mAbs [27].

As such, the proposed model is capable of simultaneously

characterizing plasma, brain, and whole-body PK of mAbs

in multiple animal species and human. The model is built

using published and in-house PK data obtained from brain

disposition studies of mAbs in rats. This includes

unprecedented PK data on the disposition of mAb in dif-

ferent regions of the brain obtained using our recently

developed state-of-the-art large-pore microdialysis tech-

nique [13]. The rat PBPK model is translated to mouse,

monkey, and human, and the translated models are vali-

dated using published brain disposition data for various

mAbs and endogenous IgG.

The brain PBPK model (Fig. 1) assumes that once the

mAb enters brain vascular space it needs to cross one of the

two major barriers to enter into the brain, the BBB, which

is lining the cerebral microvessels and dispersed through-

out the brain parenchyma, or BCSFB in the choroid

plexuses that is located within the ventricles. BBB is

formed cooperatively by the layer of endothelial cells,

pericytes, and astrocyte (glial) endfeet [51]. Endothelial

cells are connected to each other via very tight junctions

that effectively block paracellular transport of molecules

and ions. In fact, it has been reported that BBB vasculature

has one of the lowest paracellular diffusion and pinocytosis

rate in the whole body [59]. Accordingly, we have assumed

that rBBBV is 1, and the estimated value of brain-specific

pinocytosis rate (CLbrainup = 0.03047 L/h/L) was found to

be * 18 times lower than the pinocytosis rate for capil-

laries in other tissues (CLup = 0.55 L/h/L). The model also

incorporates FcRn mediated transcytosis and efflux of mAb

via BBB endosomal space. Since the FR value for FcRn

bound mAb in all tissues, including brain, is 0.715, the
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model inherently assumes that higher fraction of FcRn

bound mAb shuttles back to the vascular space [27, 60]. As

such, the model may be able to capture FcRn-mediated

efflux of mAb from the brain that is observed in some

unidirectional experiments following intracranial injections

[35–37]. On the other hand, FcRn may be able to facilitate

influx of mAbs across BBB as well, which remains to be

evaluated [61].

The PBPK model also incorporates FcRn mediated

processes at the BCSFB, since it is known that FcRn is

expressed in choroid plexus epithelium cells [35]. These

cuboidal epithelial cells of BCSFB forms the real barrier

between blood and CSF at the ventricles to restrict para-

cellular transport of macromolecules, since the endothe-

lium cells of brain microvessels in this region (also known

as stroma) are fenestrated. Consistent with the literature on

CSF secretion, circulation, and reabsorption

[30, 32, 51, 62], the model assumes that CSF is produced at

the apical membrane of choroid plexuses [63, 64]. Since

BCSFB is known to be leakier than BBB, it is assumed that

it may contribute to direct entry of mAb into the CNS via

CSF flow. This hypothesis is supported by our recently

published PK data, where we observed a faster entry of

mAb into the LV compared to brain ISF following

systemic administration of mAb [13]. As such, rBCSFBV was

not fixed to 1, and it was estimated to be 0.9974 by fitting

the model to the data. The model also accounts for clear-

ance of mAb from CSF via drainage to multiple peripheral

lymph nodes or vessels including meningeal lymphatic

vasculature [65, 66]. In addition, brain glymphatic system

[30–32, 66] was also accounted for in the model, which

allowed bulk flow of mAb from SAS to brain interstitial

space along the perivascular region. Since measurements of

flow rates and volumes of the proposed perivascular spaces

and CNS lymphatic vessels are not available, the model

was simplified by including bulk flow of CSF into brain

ISF and a collective lymphatic clearance of mAb from

CNS. The model also accounted for production of CSF

from ISF, and assumed that 10% of CSF is produced from

brain ISF [51]. This was incorporated as the flow of fluid

from brain ISF to LV and TFV via ependymal cellular

layer.

As shown in Fig. 2 and Table 3, the PBPK model was

able to simultaneously characterize all the published and

in-house mAb PK data in rats reasonably well, while

estimating only 3 model parameters. Considering that the

model consists of numerous parameters that are fixed a

priori, and the data used to fit the model is mean data that

Fig. 6 Global sensitivity analysis of mouse, rat, monkey, and human

PBPK models. Five parameters were selected to perform global

sensitivity. CLup_brain: pinocytosis rate at blood–brain barrier and

blood–CSF barrier, 1-RCBCSFB: the reflection coefficient at blood–

CSF barrier, Kdeg: degradation rate of free mAb in endosome, QCSF:

cerebrospinal fluid flow rate, QISF: brain interstitial fluid flow rate.

The sensitivity index was calculated by the change of the area under

the curve (AUC) in plasma, brain ISF, CSFCM, and whole brains
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comes from diverse sources, the performance of the model

in such a low degree of freedom is testament to predictive

capabilities of systems PK models. Careful comparison of

observed and model predicted PK profiles reveal that while

there was obvious over or under prediction of certain PK

profiles, there was no consistent trend towards model

deviation, and all the predicted exposures were within

threefold of the observed data. In addition, the model was

able to accurately capture PK profiles obtained following

systemic or local administration of mAbs in the brain,

which provided more confidence in the model’s ability to

capture important process responsible for the disposition of

mAbs throughout the brain. As shown in Figs. 3, 4, 5 and

Table 3, when the brain PBPK model was translated to

mouse, monkey, and human, it was able to a priori predict

the PK of various mAbs in all three species reasonably

well. Of note, since there is no data reported on the PK of

mAbs in ISF compartment of all these species, the vali-

dation of the model mainly hinges on CSF and brain

homogenate PK. Nonetheless, there was no consistent

deviation towards over or under prediction of PK for any

brain compartment, and the model was able to predict all

the PK datasets within threefold. While the final model

presented here provides an unprecedented quantitative tool

for characterization and prediction of mAb PK in the brain,

in order to make the model even more robust and predictive

there is need to generate more PK data using diverse set of

mAbs across different animal species.

The proposed model can also be made more robust by

experimentally validating or measuring unknown model

parameters. As shown in Fig. 6, all three estimated

parameters CLbrainup , rBCSFBV , and kdeg, can significantly

affect ISF, CSF, and plasma PK of mAb, respectively.

Thus, any method that can help us validate or experimen-

tally measure these parameters can instill further confi-

dence in the proposed PBPK model. It is important to note

that while we have kept many model parameters (including

the three estimated parameters) constant between animal

species, these parameters can certainly change with spe-

cies. As more and more information about these differences

becomes available, the performance of the model for each

animal species can be improved going forward. It is

equally important to note that while the parameter values

employed by us do not have variability incorporated

around them, one can certainly use a population PBPK

approach to obtain error envelop around the central ten-

dencies simulated in this manuscript. However, getting an

estimate on the extent and nature of variability around each

parameter is very challenging.

Going forward the platform PBPK model for brain

disposition of mAbs presented here could be augmented to

account for target-mediated drug disposition (TMDD) [67]

and receptor-mediated transcytosis (RMT) processes. For

instance, the mAb PBPK model can be combined with a

target disposition PBPK model [27, 29, 57] to characterize

and predict how mAb and target interaction will affect the

PK of each other. The model can also be used to account

for enhanced brain efflux or intracellular degradation of

mAb-target complex, similar to what is proposed for mAb-

Ab/tau protein complex [68–70]. MAbs that exploit RMT

pathway to enhance brain delivery of mAbs (e.g. anti-TfR

antibody) have gained tremendous attention lately [2].

These molecules have been evaluated in mice [17], rats

[71], non-human primates [72, 73], and clinic [74]. Inter-

estingly, the optimal affinity of anti-TfR mAbs required to

maximize brain exposure differs in mice (KD * 32 nM),

rats (KD * 76–108 nM), and monkeys (KD * 37 nM). It

is possible that this phenomenon may stem from different

receptor turnover rates, internalization rates, and expres-

sion levels of TfR in different species, and incorporation of

these processes in the platform PBPK model could able to

explain the observed discrepancy between different spe-

cies. Lastly, it is possible that many important model

parameters (e.g. rBBBV , rBCSFBV , and QISF) can alter in the

pathophysiological state. This can significantly affect brain

disposition of mAbs. If and when the direction and extent

of changes in these parameters become available, one can

easily incorporate them in the platform PBPK model to

simulate the changes in brain exposure of mAbs associated

with a disease state.

In summary, here we have presented a novel platform

PBPK model to characterize brain disposition of mAbs by

augmenting our previously published platform PBPK

model for mAbs [27]. The model was built to account for

state-of-the-art knowledge on the anatomy and physiology

of brain, and majority of model parameters were fixed a

priori based on the literature reported values. Unknown

model parameters were estimated by fitting the model to

published and in-house mAb PK data in rat brain. The rat

PBPK model was translated to mouse, monkey, and

human, and the translated models were able to a priori

predict brain PK of mAbs within threefold of the observed

data. The PBPK model presented here provides an

unprecedent quantitative platform for preclinical-to-clini-

cal translation of mAbs being developed for the treatment

of CNS disorders. This platform model can be further

expanded to account for target engagement, disease

pathophysiology, and novel mechanisms, to support the

discovery and development of novel CNS targeting mAbs.
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Appendix

A glossary of parameters used to build the platform brain PBPK

model for mAbs

Parameter Units Definition

Qi
p

L/h Plasma flow to the tissue ‘‘i’’

Qi
BC

L/h Blood cell flow to the tissue

‘‘i’’

Li L/h Lymph flow from the tissue

‘‘i’’

Qbrain
CSF ;Qbrain

ISF
L/h CSF and brain interstitial fluid

formation rate

Vp, VBC , VLN L Volume of central plasma,

central blood cell and lymph

node compartments

Vbrain
BBB , Vbrain

BCSFB, Vbrain
LV , Vbrain

TFV ,

Vbrain
CM , Vbrain

SASðLSÞ

L Volume of BBB endosomal,

BCSFB endosomal, LV,

TFV, CM and SAS

compartments

Vi
p, Vi

BC ;V
i
ES, Vi

IS
L Volume of vascular, blood

cell, endosomal, and

interstitial compartments for

tissue ‘‘i’’

Cp, CBC , CLN M Concentration of mAb in

central plasma, central blood

cell and lymph node

compartments

Cbrain
BBBunbound

, Cbrain
BBBbound

,

Cbrain
BCSFBunbound

, Cbrain
BCSFBbound

,

Cbrain
LV , Cbrain

TFV , Cbrain
CM ,

Cbrain
SASðLSÞ

M Concentration of mAb in BBB

endosomal (Unbound and

Bound), BCSFB endosomal

(Unbound and Bound), LV,

TFV, CM and SAS

compartments

Ci
p, Ci

BC , Ci
E unbound ,

Ci
E bound , Ci

IS

M Concentration of mAb in

vascular, blood cell,

endosomal (Unbound and

Bound), interstitial and

cellular (Bound)

compartments for tissue ‘‘i’’

FcRnifree M Concentration of free FcRn in

endosomal space

riV , riL – Vascular and lymph reflection

coefficient

rBBBV , rBCSFBV
– BBB and BCSFB vascular

reflection coefficient

kon 1/M/

h

Association rate constant

between mAb-FcRn

koff 1/h Dissociation rate constant

between mAb-FcRn

FR – Fraction of FcRn bound mAb

that recycles to the vascular

space

f BBB;f BCSFB – Surface area fractions of BBB

and BCSFB

f LV , f TFV – Volume fractions of LV and

TFV

Parameter Units Definition

SABBB, SABCSFB L Surface area of BBB and

BCSFB

CLup, CLbrainup
L/h/

L

Rate of pinocytosis and

exocytosis per unit

endosomal space for tissue

and brain

kdeg 1/h First order degradation rate

constant of FcRn unbound

mAb within the endosomal

space
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