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Quantitative Prediction of Human Pharmacokinetics for mAbs Exhibiting
Target-Mediated Disposition

Aman P. Singh,1 Wojciech Krzyzanski,1 Steven W. Martin,2 Gregory Weber,3 Alison Betts,3 Alaa Ahmad,4

Anson Abraham,3 Anup Zutshi,3 John Lin,5 and Pratap Singh3,6,7

Abstract. Prediction of human pharmacokinetics (PK) can be challenging for monoclonal antibodies
(mAbs) exhibiting target-mediated drug disposition (TMDD). In this study, we performed a quantitative
analysis of a diverse set of six mAbs exhibiting TMDD to explore translational rules that can be utilized
to predict human PK. A TMDD model with rapid-binding approximation was utilized to fit PK and PD
(i.e., free and/or total target levels) data, and average absolute fold error (AAFE) was calculated for each
model parameter. Based on the comparative analysis, translational rules were developed and applied to a
test antibody not included in the original analysis. AAFE of less than two-fold was observed between
monkey and human for baseline target levels (R0), body-weight (BW) normalized central elimination
rate (Kel/BW

−0.25) and central volume (Vc/BW
1.0). AAFE of less than three-fold was estimated for the

binding affinity constant (KD). The other four parameters, i.e., complex turnover rate (Kint), target
turnover rate (Kdeg), central to peripheral distribution rate constant (Kpt) and peripheral to central rate
constant (Ktp) were poorly correlated between monkey and human. The projected human PK of test
antibody based on the translation rules was in good agreement with the observed nonlinear PK. In
conclusion, we recommend a TMDD model-based prediction approach that integrates in vitro human
biomeasures and in vivo preclinical data using translation rules developed in this study.

KEY WORDS: ADME of biologics; human translation; monoclonal antibodies; PK/PD modeling;
TMDD.

INTRODUCTION

Biotech revolution over the last three decades has
created substantial interest and opportunities in the develop-
ment of proteins, peptides and antibody therapeutics. More
than 30 monoclonal antibodies (mAbs) have already been
approved by the US FDA with hundreds more in queue (1).
However, clinical development of mAbs can be challenging
due to safety risks arising from exaggerated pharmacology
and exposure nonlinearities caused by target-mediated drug

disposition (2–5). Several recent cases highlight this challenge
such as progressive multifocal leukoencephalopathy (PML)
observed with natalizumab (6), reactivation of Epstein-Barr
virus (EBV) with anti-CD3 mAb (7), and the occurrence of
cytokine storm with an anti-CD28 super agonist (8). Thus,
successful testing of novel biotherapeutic in clinic requires the
selection of an optimum dose range that maximizes the
probability of observing pharmacological effects while mini-
mizing the unintended safety consequences. Design of such
optimum dose range requires accurate prediction of human
PK parameters, e.g., maximum drug concentration (Cmax) and
area under the curve (AUC). These PK parameters enable
the determination of safety margins and the selection of a
starting dose that is low enough to avoid exaggerated
pharmacology but high enough to allow efficient escalation
of clinical doses to the top dose, resulting in faster regulatory
approvals with lower development costs.

For antibodies and protein with linear PK characteristics,
simple allometric power models have extensively been used
to predict human PK (2). Use of power models was first
applied by Mordenti et al. (9) to scale up human clearance
(CL) and volume of distribution at steady state (Vss) for five
therapeutic proteins. Subsequently, Mahmood et al. (10)
expanded the allometric scaling to 15 protein drugs. Wang
et al. (11) performed a meta-analysis on 34 therapeutic
proteins and scaled the clearance values using three different
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approaches; i.e., simple allometry, allometry with brain weight
correction, and fixed exponent method. Similarly, Ling et al.
performed an analysis of 14 mAbs where clearance was
scaled from nonhuman primates as preclinical species using
fixed exponent method (12). Deng et al. have also showed
recently that simple allometry of monkey CL alone with an
exponent of 0.85 provided a preferable prediction of human
clearance (13). More recent work by Oitate et al. (14,15)
using data from 24 mAbs showed that the human CL and Vss

were predicted reasonably well only from the monkey data
alone with estimated exponents of Vss and CL.

Although these reports suggest that simple allometry is a
promising tool for antibodies with linear PK profile, principles
of allometric power models alone are inadequate for biologics
exhibiting nonlinear PK. Many of the mAbs currently on the
market or in the development pipeline exhibit TMDD
wherein a significant fraction of drug amount is cleared
through high affinity interaction with the intended target.
Such mAbs exhibit nonlinear PK as a function of dose that
becomes linear at a dose high enough to saturate the TMDD
process. For such antibodies, concentrations in the plasma are
not in rapid equilibrium with the concentrations in the tissue
and hence one cannot calculate and scale up Vss for these
compounds (2,3). In a recent modeling study with six mAbs
exhibiting nonlinear PK, Dong and coworkers showed that
predictions of human PK parameters such as Cmax and AUC
is challenging within the dose range where significant
nonlinearities are seen (16). Thus, a successful prediction of
human PK for mAbs with TMDD requires a mechanistic
model-based approach that explicitly incorporates target-
specific parameters such as baseline target levels (Ro), free
target turnover rate (Kdeg), complex turnover rate (Kint), and
equilibrium binding constant (KD). One example of this
approach is the study by Kagan et al. (17) that involved
interspecies scaling of IFN-β1a, IFN-β1b, and IFN-α2a based
on the quasi-equilibrium approximation of TMDD model.
Authors reported that the human PK/PD profiles of IFN-
β1a can be predicted using the same target-specific rate
constants derived for monkeys. Luu et al. (18) also
demonstrated an application of TMDD modeling for an
IgG2 antibody directed against human ALK1 (activin
receptor-like kinase 1).

Despite the publication of few TMDD model-based
studies as mentioned above, no systematic evaluation has
been done to explore the monkey-to-human translation of
target-specific parameters incorporated in a TMDD model.
There is a significant lack of scholarship around general
translational rules for target-specific parameters that are
valid across a diverse range of targets. The objective of
current analysis was to systematically apply TMDD
modeling and explore the translatability of estimated
parameters from monkey to human for mAbs exhibiting
TMDD. Our analysis involved a diverse set of six mAbs
with preclinical (nonhuman primates (NHPs)) and clinical
(phase 1 and/or phase 2a) PK and/or PD data. Monkey
and human specific parameters were estimated using the
rapid-binding approximation of TMDD models, and a
comparative analysis was performed to establish transla-
tional rules. In a prospective fashion, these rules were
applied to predict nonlinear human PK of a new antibody
not included in original analysis.

MATERIALS AND METHODS

Datasets

PK/PD data of the following six mAbs was included in the
modeling and correlation analysis: mAb-1 (Efalizumab, anti-
CD11a), mAb-2 (TRX-1, anti-CD4), mAb-3 (MTRX-1011A,
anti-CD4), mAb-4, mAb-5, and mAb-6. One additional mAb,
mAb-7, was used for the validation. Table I presents a brief
description of the different mAbs and study designs included in
this meta-analysis. In the case of Efalizumab, TRX-1, MTRX-
1011A andmAb-6, both the PK and target expression data were
available, and utilized to estimate the model parameters. PK
data sets for mAb-4, mAb-5, and mAb-6 came from Pfizer in-
house programs. Data for remaining mAbs were extracted from
the literature and digitized using Engauge Digitizer (http://
digitizer.sourceforge.net/). The data was transformed into molar
units across different case-studies.

TMDD Model

Data fitting and parameter estimation was performed
using rapid-binding (RB) approximation of the TMDD
model (Fig. 1) (19,20). Analysis was done on naïve-pooled
and naïve-averaged data rather than population approach
to estimate TMDD parameters. The model was imple-
mented in Monolix 4.12s using the SAEM algorithm (21).
The M3 method described by Beal et al. was employed to
handle the data below the limit of quantification (BLQ)
(22). This method is based on simultaneous modeling of
continuous and categorical data where the BLQ observa-
tions are treated as categorical data. The likelihood for
BLQ observations is maximized with respect to the model
parameters.

The equations for TMDD model with rapid-binding
approximation are written below. It is assumed that the
association (Kon) and dissociation (Koff) rate constants are
significantly faster than other kinetic rates such that the free
drug, free target, and complex are in rapid equilibrium
determined by the equilibrium constant (KD).

dCtot

dt
¼ ln tð Þ−Kint � Ctot− Kel þKpt−Kint

� �� C þKtp �At=Vc ð1Þ

dAt
dt

¼ Kpt � C � Vc−Ktp �At ð2Þ

dRtot

dt
¼ Ksyn− Kint−Kdeg

� �� Ctot−Cð Þ−Kdeg � Rtot ð3Þ

C ¼ 1
2

� Ctot−Rtot−KDð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ctot−Rtot−KDð Þ2 þ 4�KD � Ctot

q� �
ð4Þ

RC ¼ Rtot � C
KD þ C

ð5Þ

Ctot represents the total mAb concentration (un-
bound and bound) in the central compartment and Rtot
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represents the total receptor expression levels. Kel

represents the first-order nonspecific elimination rate
constant of mAb from the central compartment “C”.
Kpt represents the first-order distributional rate constant
of mAb from plasma to tissue compartment “At”
whereas Ktp represents the first-order distributional rate
constant of mAb from tissue to plasma compartment. Vc

represents the volume of distribution of mAb in the
central compartment. Ksyn and Kdeg are the zero- and
first-order rate constants associated with the turnover of
the target whereas Kint represents the first-order degra-
dation rate constant of mAb-target complex. Initial
conditions for Eqs. (1), (2), and (3) are DoseIV/Vc, 0
and R0 (or Ksyn/Kdeg).

Monkey-to-Human Translation Analysis

Monkey-to-human translation and correlation were
explored for all 8 TMDD parameters. The point estimates
and the associated confidence intervals of Kel and the Vc

were body-weight-normalized with the commonly used
allometric exponents of −0.25 and 1, respectively prior to
the correlation analysis (16,18). Average absolute fold
error (AAFE) between monkey and human for each
parameter across all antibodies was calculated using
following equation:

AAFE ¼ 10

X
log human

monkeyj j ð6Þ

Pearson correlation coefficients (R values) were calcu-
lated using Minitab 16 software package and associated
p values were used as a metric in assessing the statistical
significance of correlation among different parameters. Each
data point represented mean parameter estimate from one of
the six mAbs.

Allometric Scaling

Where applicable, the first-order rate parameter Ki and
volume parameter Vi were allometrically scaled with expo-
nents of −0.25 and 1.0 as described below:

Ki human ¼ Ki monkey� BW human
BW monkey

� �−0:25

ð7Þ

Vi human ¼ Vi monkey� BW human
BW monkey

� �1:0

ð8Þ

Prediction of Test Antibody PK

Based on the obtained relationship of TMDD parame-
ters between the two species, translation rules were generated
and applied to predict the human PK of the test drug mAb-7
in nonlinear exposure regime. Cynomolgus PK of mAb-7 at
single IV dose of 0.3, 1, 5 mg/kg IV, and single SC dose of
5 mg/kg was modeled using the RB approximation of TMDD
model (described above) and model parameters were esti-
mated. Availability of 5 mg/kg SC dose group allowed the
estimation of SC bioavailability and first-order absorption
rate along with the eight TMDD model parameters. To
generate 90% confidence intervals related to human PK
predictions for the test drug, Monte-Carlo simulations were
conducted for both TMDD model-based approach and
empirical method using a sample size of 5000. All the
pharmacokinetic parameters were assumed to be log-
normally distributed except for bioavailability (F), which
was assumed to be logit-normally distributed. The PK
simulations for 5000 monkeys were conducted with means
equal to parameter estimates and standard deviation equal to
two-fold of standard error on that parameter estimate. Model
predictions from 5000 monkeys were then translated to 5000
human predictions using the two methods and 5th, median,
and 95th percentiles were obtained.

RESULTS

Monkey and Human Parameter Estimates

PK and PD (i.e., free and/or total target) data in
monkeys and humans for six mAbs were fitted using a
TMDD model with rapid-binding approximation (Fig. 1),
followed by a correlation analysis of estimated parameters
to assess monkey-to-human translation. Table I presents
the study details and dosing regimen information for each
antibody. For mAb-1 (anti-CD11a), mAb-2(anti-CD4),
mAb-3 (anti-CD4), and mAb-6, both PK and target
expression data were available from literature (23–26),
whereas only PK was available for mAb-4 and mAb-5.
The mAb-7 antibody was chosen as the “test antibody”
for the validation, and not used at the stage of translation
rule building.

The rapid-binding approximation of TMDD model well
characterized the PK/PD data across different datasets as
indicated by the goodness of fit plots (Fig. 2). The data fell

Fig. 1. Schematic of a target-mediated disposition (TMDD) model
with rapid-binding (RB) approximation. Antibody levels in central
and peripheral compartment is denoted by C and At respectively. Vc

represents central volume of distribution. The Kel, Kdeg and Kint are
first-order rate constants representing antibody elimination, target
turnover, and complex turnover rates, respectively. Ksyn denotes
endogenous synthesis rate of target. The drug distribution from
central-to-peripheral and peripheral-to-central compartment is rep-
resented by Kpt and Ktp respectively. KD is the equilibrium binding
constant

392 Singh et al.



around the line of unity for most of studies except for slight
deviations seen in the case of mAb-1 (human fit) and mAb-3
(monkey fit). Based on the model fits of individual antibody
datasets (Supplementary information), the TMDD structural
model was able to capture the trend of the data very well.
Table II presents the estimated values of all eight model
parameters for both monkeys and humans. In the case of
baboon data of mAb-3, R0 and KD were already available
from the published reports and used as such (25,26). Majority
of the parameter estimates were obtained with reasonable
precision (%RSE <50%) across different studies but there
were few parameter estimates with a %RSE of >50%. This is
explained by insufficient data available within the dataset to
inform about the parameter estimate in question.

Average Absolute Fold Error (AAFE) Between Monkey
and Human

AAFE between monkey and human for each parameter
across all antibodies was calculated to explore the translation
relationships between monkeys and human. Fitting of mon-
key and human PK/PD data for each antibody resulted in the
estimation of 4 drug-specific model parameters (e.g., Vc, Kel,
Kpt, Ktp) as well as four target-specific model parameters
(e.g., KD, Ro, Kdeg, Kint). The parameter estimates with

%RSE>50% were not included in the AAFE calculations
due to lack of precision. Figure 3 shows the correlation plots
of all eight model parameters with respective AAFE values.
AAFE values for R0, KD, Kel/BW

−0.25 and Vc/BW
1.0 were

estimated to be 1.4, 2.5, 1.3, and 1.6, respectively. Note that
Kel and Vc parameters were body weight (BW)-normalized
(Kel/BW

−0.25 and Vc/BW
1.0) as these parameters represent

linear component of the drug PK and have been shown to
scale allometrically with coefficients of −0.25 and 1.0,
respectively (10,16). The associated p values indicate a
statistically significant correlation between monkey and
human except for Vc where p value (0.194) was higher than
0.05. The second row in Fig. 3 shows the results for the
remaining four parameters, i.e., Kint, Kdeg, Kpt, and Ktp with
AAFE values within 3.9–10.1-fold. The parameters were not
highly correlated between monkey to human with the
respective R values of −0.21, −0.45, 0.19, and −0.30. The
associated p values (>0.05) indicate that the obtained R
values are not statistically different from zero.

In vitro to In vivo Correlation (IVIVC) for Human KD

To explore the utility of in vitro measurements to predict
in vivo estimates, a correlation analysis was conducted
between human in vivo KD (TMDD model estimated) vs.
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human in vitro KD values available for five mAbs. In vitro
data were available for only KD and similar evaluation could
not be performed for other parameters. In the case of mAb-1
(Efalizumab), in vitro KD value was obtained from purified
PMBCs (23) whereas BIAcore assays using recombinant
proteins were used to measure KD values for mAb-2, 4, 5
and 6. Figure 4 presents the comparison between the in vitro
human to in vivo human KD. An AAFE value of 12.4
indicated significant disconnect between in vitro vs. in vivo.
Especially, for antibodies with KD values obtained from
BIAcore experiments, in vitro values significantly
underpredicted in vivo KD. In contrast, in the case of mAb-
1 (Efalizumab), in vitro KD of 0.76 nM was estimated in
physiological relevant conditions (i.e., PBMCs derived from
human whole blood) and correlated well with the in vivo
estimate of 0.52 nM.

Development of Translation Rules

Based on the observed AAFE and correlation for eight
TMDD parameters between monkeys and human, translation
rules for each parameter were developed to guide human
prediction based on the monkey data. Table III summarizes
the translational rules for all eight TMDD parameters.
Detailed rationale specific to each parameter is provided
within the discussion section.

Application of Translation Rules to mAb-7

As a validation step, the translation rules in Table III
were applied to predict human PK of a new “test” antibody
(mAb-7) that exhibited TMDD in monkeys. The TMDD
model-based predictions were compared with observed
human data from few healthy volunteer cohorts (3–120 mg
SC) to assess the model performance. For the validation
process, we first modeled the monkey IV PK data using
TMDD model to estimate monkey parameters. The monkey
data also included a SC arm at 5 mg/kg doses. This additional
piece of data allowed estimation of SC bioavailability (F) and
first-order absorption rate constant (Ka). As shown in Fig. 5,
the model fitted the data well. All monkey parameters
including distributional rate constants (i.e., Kpt and Ktp) were
estimated with high precision (Table IV).

For TMDD model-based prediction of mAb-7 human
PK, the translation rules presented in Table III were used as a
guide to scale monkey parameters to humans. The drug-
specific model parameters (e.g., Vc, Kel, Kpt, Ktp) were
allometrically scaled to humans. The target-specific model
parameters (e.g., KD, Ro, Kdeg, Kint) were scaled 1:1 between
monkeys and healthy human volunteers due to high sequence
homology, similar target expression, and absence of any
experimental data which indicates substantial difference
between monkeys and human. Given the SC route of
administration, two additional PK parameters, SC bioavail-
ability (F) and absorption rate constant (Ka), needed to be
scaled to humans. The systemic bioavailability with SC route
was estimated to be 80.2% in cynomolgus monkeys and was
assumed to be the same for humans. The Ka was
allometrically scaled with an exponent of −0.25.

Most of the data was well predicted by TMDD model
within both the linear and the nonlinear zone (Supplementary
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Figure S11). Figure 6 presents the performance of TMDD
model in predicting human AUC/Cmax values observed in
phase 1 trials with healthy volunteers. The predicted AUC

and Cmax using the TMDD model correlate well with the
observed mean AUC and Cmax at different dose levels.

DISCUSSION

Several mAbs currently in the market or in development
phase exhibit nonlinear behavior in their pharmacokinetic
profile due to TMDD. Our ability to successfully translate this
behavior from the preclinical to clinical space is critical for the
efficient design and conduct of FIH trials and speedy
approval. Dong et al. (16) were the first group to attempt
the scaling of mAbs exhibiting nonlinear PK from NHP’s to
humans using an empirical Michaelis-Menten approach
utilizing Vmax/Km model. In their study, Vmax and CL
parameters were scaled with an exponent of 0.75, and rate
constants with an exponent of −0.25 while assuming similar
Km between human and monkeys. While this approach
performed well in the linear regime, human exposures were
predicted poorly in the nonlinear regime (e.g., Cmax was
estimated up to 5.3-fold higher than observed).

In light of shortcomings with the empirical approaches,
we performed a comprehensive analysis of a dataset contain-
ing six mAbs and a test antibody exhibiting nonlinear PK.
Monkey and human PK/PD data were fit separately to
estimate TMDD model parameters, and translation from
monkey-to-human was explored systematically for every
model parameter. Results from the AAFE calculations
and correlation analysis of each of these parameters led to
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Fig. 3. Monkey to human correlation plots for the eight TMDD parameters estimated for mAbs 1–6. Solid diagonal line is the line of unity.
The dotted lines represent two-fold range above and below the line of unity. Average absolute fold error (AAFE), correlation coefficient (R),
and associated p values are presented for each parameter. Mean estimated values are shown along with 95% confidence interval for both
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Fig. 4. In vitro to in vivo correlation plot for human KD. The human
in vitro KD was not available for mAb-4. Solid diagonal line
represents line of unity. The gray lines represent two-fold range
above and below the line of unity
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the development of translation rules (Table III) that can
be used to enable human PK predictions of a new
antibody or biologic with a potential to exhibit TMDD
profile in clinic. The following sections provide detailed
rationale behind the translation rules specific to each
model parameter.

Baseline Target Expression Levels (R0)

Model estimated receptor expression parameter (R0)
was found to be similar between the two species (AAFE
=1.4). Thus monkey estimate of target expression can be used
for predictions in healthy volunteers. For cases where

Table III. Translation Rules Recommended for TMDD Model Parameters Towards Predicting Human PK of Antibodies Exhibiting TMDD

Parameters Definition Translation rules to obtain human parameter

Drug-specific
Vc

Kel

Central volume of distribution
Antibody elimination rate constant

Allometric scaling of monkey estimates
Allometric scaling of monkey estimates

Kpt

Ktp

Plasma to tissue distribution rate constant
Tissue to plasma distribution rate constant

Sensitivity analysis within a range
(same as monkeys or allometric
scaling of monkey estimates)

Target-specific
Ro Baseline target expression level Use monkey estimate; Adjust for

relative expression differences
between healthy vs. disease state

KD Equilibrium binding constant Use monkey estimate; Adjust if in
vitro assays indicate significant
potency differences (e.g., BIAcore
assays)

Kdeg

Kint

Target turnover rate constant
Complex degradation rate constant

Sensitivity analysis within a range (same
as monkeys or allometric scaling of monkey
estimates); If feasible, use experimentally
derived values (e.g., human in vitro assays
using primary cells)

Fig. 5. TMDD model-based fitting of monkey PK data for test-antibody (mAb-7).
Individual panels show model fits corresponding to 0.3 mg/kg IV, 1 mg/kg IV, 5 mg/kg
IV, and 5 mg/kg SC. Observed data is depicted by solid circles whereas model fits are
shown by solid lines
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biological evidence suggests significant differences in target
expression between monkey and human (disease vs. healthy),
human specific values should be utilized for model prediction.
For some targets expressed in soluble form or solely on
circulating blood cells, it may be possible to measure baseline
levels or turnover rates in human whole blood or purified
PBMCs using techniques such as ELISA or flow cytometry
(27–30). On the other hand, for targets expressed mainly in
tissues, there are experimental limitations to accurately
determine the total target abundance in tissues.

Our recommendations are consistent with the approach
taken by two recent studies, first by Luu et al. towards human
PK prediction of mAb targeting ALK1 (18), and second by
Betts et al. towards predicting human PK of anti-DKK1
antibody (31). In the first study, the target expression (R0) of
ALK1 was assumed to be the same between the two species.
In the second study, mice data indicated five-fold higher

DKK-1 baseline levels in disease state compared to healthy
animals. Thus, soluble DKK-1 target levels were obtained in
human serum of postmenopausal women and osteoporosis
patients, and directly utilized for model predictions.

Equilibrium Binding Constant (KD)

AAFE=2.5 was observed between human and monkey
estimated KD values (Fig. 3). A less than three-fold difference
in potencies between the two species is reasonable as our
dataset included fully humanized antibodies designed to be
cross-reactive between NHPs and humans. Thus, we recom-
mend the use of monkey in vivo KD towards human
predictions for antibodies with good cross-reactivity. Gener-
ally, many targets show high sequence homology between
monkeys and humans, resulting in similar binding epitopes
and high cross-reactivity. However, monkey and human
binding epitopes can be very different for some targets. In
such cases, monkey KD should be adjusted prior to use in
human, based on the relative potency differences based on
in vitro assays such as BIAcore. However, caveats apply when
using in vitro KD values since BIAcore experiments or similar
techniques use recombinant receptor targets in soluble forms
unlike their physiologically relevant cell-surface forms. Our
own results suggest lack of correlation between human
in vitro KD to human in vivo KD (Fig. 4). As a best practice
approach, KD should be measured under physiological
conditions such as purified PBMCs or primary tissue cells
derived from healthy volunteers or patients.

Target (Kdeg) and Complex (Kint) Turnover Rates

AAFE values of 4.1 and 10.1 were estimated for Kdeg

and Kint, respectively. Additionally, there was no correlation
observed for Kdeg and Kint between the two species (Fig. 3).
Large AAFE values and a lack of unifying correlation
between six mAbs do not allow us to make firm
recommendations on scaling monkey Kdeg and Kint to
human. Literature precedence suggests using same as
monkeys (18) or their allometrically scaled values (31).
Taking a cautious approach, our recommendation is to

Table IV. Estimated Monkey Parameter for Test Antibody (mAb-7)
and Corresponding Human Parameters Derived Using Translation

Rules Presented in Table III

Parameters Units
Cynomolgus monkeys,
mean (%RSE)

Translated human
parameter (mean)

TMDD model
R0 nM 1.17 (1) 1.17
Kdeg day−1 15.5 (8) 15.5
KD nM 9.37 (4) 9.37
Kint day−1 5.07 (3) 5.07
Kel day−1 0.14 (11) 0.066
Kpt day−1 1.25 (10) 0.625
Ktp day−1 0.941 (1) 0.471
Vc L 0.132 (4) 2.64
Ka day−1 0.657 (7) 0.311
F – 0.802 (5) 0.802

R0 baseline target levels, KD equilibrium binding constant, Kel central
elimination rate constant, Vc central volume of distribution, Kpt

central to peripheral distribution rate constant, Ktp peripheral to
central rate constant, Kdeg target turnover rate constant, Kint complex
turnover rate constant, Ka absorption rate constant for SC route, F
bioavailability for SC route, CL central clearance rate

Fig. 6. Application of translation rules to predict human PK of test antibody (mAb-7). Predicted AUC (a) and Cmax (b) at
each dose (3–120 mg SC) are shown and compared against the observed data. Solid diagonal line represents perfect
agreement
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perform human predictions using a sensitivity analysis for
Kdeg and Kint within a range (same as monkeys vs.
allometrically scaled). If feasible, experiments should be
performed to generate human-specific values using assays
under physiological conditions such as purified PBMCs or
primary tissue cells derived from healthy volunteers or
patients as appropriate.

Drug-Specific Parameters (Kel, Vc, Kpt, Ktp)

A reasonably good agreement between monkey and
human was observed for the body-weight-normalized Kel and
Vc parameters, based on the AAFE values of 1.3 and 1.6,
respectively. Thus, monkey-derived values of Kel and Vc (body-
weight-normalized) are recommended for human projection.
IgGs share general elimination processes such as proteolysis and
protein catabolism following endocytosis. Furthermore, for IgG-
based drugs such as mAbs/Fc fusion proteins, it is known that
human Fc binds with similar affinity to human and monkey
neonatal Fc receptor (FcRn) that salvages IgG from catabolism
by lysosomal enzymes and hence contributes to the nonspecific
clearance mechanism (32).

In contrast, high AAFE values and poor correlation
were observed for the two distributional rate constants (i.e.,
Kpt and Ktp). It should be noted that estimation of these
parameters is highly sensitive to the accurate sampling of the
fast distribution phase during early time points, and digital
extraction of the data for mAb-1 (Efalizumab), mAb-2
(TRX-1), and mAb-3 (MTRX-1011A) in this phase from the
published reports may not be accurate. Thus, a cautious
approach is required for interpreting current results for Kpt

and Ktp. Based on the learnings from previous studies (18,31),
it may be reasonable to use same monkey values or allometric
scaling of monkey values if precise estimates are available.

An alternative approach for Kpt and Ktp parameters is
also suggested based on the comprehensive study by Dirks
and Meibohm (5). This report presented a population
analysis of a wide range of therapeutic mAbs currently in
market, including fully humanized and chimeric mouse
antibodies. To derive fully human IgG-relevant PK parame-
ters, we further refined the population estimates by excluding
the data from chimeric mouse antibodies (manuscript under
preparation). This refinement led to a population estimate of
0.26 L/day for the central clearance (CL), 0.56 L/day for the
distributive clearance (Q), 3.1 L for the central volume of
distribution (Vc), and 3.06 L for the peripheral volume of
distribution (Vp). Using these values derived for a typical
fully human IgG antibody, the mean value of Kpt and Ktp can
be calculated to be 0.181 and 0.183 day−1 respectively.

In conclusion, the analysis presented here is the first
comprehensive study exploring translation rules for TMDD
model parameters using a range of mAbs. Based on our analysis
and results from application of the translation rules (Table III)
to a test antibody, we recommend a TMDD model-based
approach that integrates available experimental data on human
parameters in conjunction with the learnings from preclinical
species such as NHPs. Future analysis should include a
population modeling-based approach on larger datasets to
estimate interindividual variability for model parameters. Ad-
ditionally, translation of SC absorption-specific parameters such
as Ka and F should also be explored.
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