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ABSTRACT
Manipulation of binding affinity between monoclonal antibodies (mAbs) and the neonatal Fc receptor
(FcRn) has been leveraged to extend mAb half-life; however, the steps required for success remain
ambiguous and experimental observations are inconsistent. Recent models have considered the time
course of endosomal transit a major contributor to the relationship between FcRn affinity and antibody
half-life. Our objective was to develop a minimal physiologically based pharmacokinetic model to
explain how changes in IgG-FcRn association rate constant (Kon), dissociation rate constant (Koff), and
endosomal transit time [T(w)] translate to improved IgG clearance across mice, monkeys and humans. By
simulating mAb clearance across physiological values of Kon, Koff, and T(w), we found that lowering Koff
improves clearance only until the dissociation half-life reaches endosomal transit time. In contrast, Kon
influenced clearance independently of T(w).The model was then applied to fit 66 mAb plasma profiles
across species digitized from the literature, and clearance of mAb (CLIgG) and vascular fluid-phase
endocytosis rate (CLup) were estimated. We found that CLIgG scaled well with body weight (allometric
exponent of 0.90). After accounting for mAbs with significant FcRn binding at physiological pH, CLup was
allometrically scalable (exponent 0.72). For the antibodies surveyed, Kon was more highly correlated with
CLIgG across all species. The relationship between Koff and KD with CLIgG was largely inconsistent. Taken
together, this model provides a parsimonious approach to evaluate endosomal transit kinetics using
only mAb plasma concentrations. These findings reinforce the idea that endosomal transit kinetics
should be considered when modeling FcRn salvage.
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Introduction

Sales revenue of monoclonal antibodies (mAbs) repre-
sented half of that of all biopharmaceuticals in 2013, and
their global sales are expected to reach $125 billion by
2020.1 The most common isotype of therapeutic antibo-
dies is immunoglobulin G (IgG).2 Its extended half-life
(~ 21 days) compared to other isotypes allows for less
frequent dosing in patients. The primary reason for IgG
plasma persistence is its ability to bind to the neonatal Fc
receptor (FcRn, or Brambell receptor).3 The major route
of elimination for IgG is non-specific intracellular
catabolism.4 FcRn binds to IgG in a pH-dependent man-
ner to protect it from lysosomal degradation and subse-
quently recycles it back to blood circulation. IgG is taken
up into cells by non-specific fluid-phase pinocytosis and
trafficked to the early endosome.5 At physiological pH,
IgG has a low affinity for FcRn, but as the endosome
acidifies, IgG binds to FcRn with relatively higher affinity
via a specific site on the Fc domain. Unbound IgG under-
goes degradation in the lysosome, while IgG-FcRn com-
plexes are efficiently recycled back to the cell surface

where the complex dissociates at a physiological pH and
releases IgG back to circulation.

This mechanism has been leveraged to increase the half-life
of therapeutic mAbs by optimizing the strength at which IgG
binds to FcRn in the acidic endosomal environment to rescue
more antibody from intracellular degradation.6,7 Some studies
have shown a positive relationship between IgG half-life and
increased FcRn binding at pH 6,8,9 while results from other
studies have yielded conflicting results.3,5,10 Evidence also
suggests that IgG-FcRn binding affinity at physiological pH
is an important factor in driving antibody clearance.11–13

FcRn-IgG binding affinity is linearly correlated with pH,8

and achieving an appropriate affinity to balance lysosomal
rescue without hindering release at physiological pH is
important.14 However, several other factors are thought to
contribute to the relationship between FcRn affinity and IgG
half-life, including species differences, FcRn tissue distribu-
tion, and endosomal binding kinetics.5,14

Many models describe IgG-FcRn interactions in terms of
equilibrium binding coefficients (KD). It has been proposed
that the lack of correlation between equilibrium affinity and
mAb pharmacokinetics (PK) occurs because the time course
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of endosomal transit is too brief to allow binding to reach
equilibrium.15 The dissociation (Koff) half-life of antibodies
ranges from 6 to 58 minutes, while endosomal trafficking
duration half-life has been approximated at 7.2 minutes.16–18

The actual time that FcRn and IgG have to bind under acidic
conditions is likely even shorter, due to the gradual acidifica-
tion within the maturing endosomes.15

Chen and colleagues designed a catenary physiologically
based pharmacokinetic (PBPK) model15 that incorporates the
time-course of FcRn binding and endosome transit, which
more accurately predicted IgG PK than similar published
equilibrium models.19,20 This model suggested that modulat-
ing the association rate constant (Kon) rather than decreasing
Koff has a larger effect on mAb systemic clearance. To further
investigate the factors most influential in affecting mAb PK,
we developed a minimal PBPK (mPBPK) model by grouping
components of the full PBPK model previously established for
IgG, and surveyed the PK of mAbs that have measured in
vitro FcRn binding parameters. We aimed to build on pre-
vious findings by employing a more parsimonious approach
to estimate critical model parameters for several species using
in vivo PK data from the literature, while accounting for IgG-
FcRn binding differences at acidic and physiological pH.
Herein, we present a mPBPK model that accounts for mAb-
FcRn binding, endosomal trafficking, and species differences
to improve the understanding of important factors in translat-
ing FcRn binding affinity to mAb half-life.

Results

The mPBPK model takes a reductionist approach to simplify
full PBPK models, using factors that are most relevant to mAb
PK. It retains basic physiological information (e.g., plasma/
tissue volumes, systemic lymph flow) in model assumptions to
provide more physiologically relevant parameters than mam-
millary models. It also provides concentrations of mAbs in
two groups of tissues by solely analyzing plasma concentra-
tion-time data. The average tissue concentrations often repre-
sent mAb concentrations at sites of action. This is especially
critical in clinical situations when only plasma concentrations
data is available. This analysis was conducted by extending
our previous mPBPK model with considerations for endo-
some trafficking dynamics and recycling. The concentrations
of FcRn in endosomes are much higher than the

concentrations of therapeutic antibodies, which supports a
constant FcRn concentration assumption and linearization
of the FcRn-antibody binding system. Linear approximation
of IgG-FcRn binding kinetics enables an explicit review and
evaluation of critical factors contributing to IgG systemic
clearance.

First, a local sensitivity analysis was conducted to assess
model behavior and stability. Equation (1) was used to simu-
late CLIgG across plausible ranges of Kon (550 to 2 × 106 1/Ms),
Koff (1 × 10−5 to 1.0 1/s), and transit time (20 to 800 sec). The
simulated ranges for binding constants were selected from
literature reported ranges for antibody-antigen association
and dissociation rate constants,21 which included measured
ranges of IgG-FcRn binding constants.

CLIgG¼ CLup � ½ C
Bþ C

þ B
Bþ C

� e�ðBþCÞ �TðWÞ� (1)

where CLup is the uptake rate of IgG into the endosome by
fluid-phase endocytosis. B = Kon FcRn½ �TA and C = Koff ,
[FcRn]TA is effective FcRn concentration available for thera-
peutic antibodies

Figure 1A shows that a decline in Koff would decrease mAb
clearance until the dissociation half-life reaches endosomal
transit time. Further decreases in Koff beyond this point failed
to affect mAb clearance, particularly at brief endosomal dura-
tions. Figure 1B suggests that increases in Kon would decrease
the clearance of antibody, regardless of the endosomal transit
duration. Figure 1C shows that when the effect of Koff on mAb
clearance has plateaued, Kon becomes the primary driver of
clearance, and further increasing of it produces reductions in
antibody clearance.

Next, the literature was surveyed and a total of 86 mAb PK
profiles with paired FcRn binding affinities from 16 publica-
tions were identified. Twenty profiles (Supplement Table 1)
used radioactivity to measure whole body mAb exposure as
opposed to plasma concentrations and could not be analyzed
to extract accurate estimates of clearance. The remaining 66
plasma PK profiles (Supplemental Table 2) were digitized and
fit to the developed mPBPK model, and a total of 43 profiles
(10 mouse, 20, monkey, and 13 human) were well-described
by the model. All parameters were estimated with good pre-
cision (CV < 25%). Non-compartmental analysis (NCA) was
further performed on profiles that were not adequately
described by the model or were described with unreasonable

Figure 1. Simulation of monoclonal antibody (mAb) clearance across physiological ranges of IgG-FcRn binding affinity and endosomal transit time. (A) mAb clearance
vs. Koff and T(w). (B) mAb clearance vs. Kon and T(w). (C) mAb clearance vs. Koff and Kon. Colored regions represent parameter ranges from mAb survey from the
literature. Abbreviations: Kon association rate constant; Koff dissociation rate constant; T(w) endosomal transit time; CLIgG clearance of immunoglobulin G.
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parameter estimates to ensure exclusion of those profiles did
not affect our findings. Results from our analysis using an
NCA-based approach to impute missing clearance estimates is
provided in the supplementary material. Estimates of vascular
reflection coefficient σ1 averaged 0.96 (range 0.93 to 0.99) and
estimates of σ2 averaged 0.81 (range 0.26 to 0.97), both of
which agree with previous publications.22 When digitized data
did not support a reasonable estimation of σ1, it would be
fixed to a commonly reported value of 0.95 or 0.99,23 based on
best model fit. Mean ± standard deviation (SD) estimates for
CLIgG (mL/hr/kg) were 0.436 ± 0.332 for mouse, 0.183 ± 0.145
for monkey, and 0.168 ± 0.068 for human. Values for CLup
were calculated according to Equation (1) using CLIgG esti-
mates and known IgG-FcRn binding affinities. Mean ± SD
values for CLup (mL/hr/kg) were 11.8 ± 16.8 for 25 g mouse,
142 ± 312 for 3.3 kg monkey, and 1.43 ± 3.81 for 70 kg
human.

Since IgG-FcRn binding is not appreciable at physiolo-
gical pH, measurements of binding affinity are often not
reported. Knowing that FcRn-IgG binding affinity is line-
arly correlated with pH,8 KD values across a range of pH
values were digitized from the literature,8,12 log-trans-
formed, and normalized to their KD value at pH of 6. A
simple linear regression model was fit to determine the
slope of the relationship.

ln KD 7:4ð Þ ¼ 3:22 � pH � 19:2 (2)

For each antibody surveyed, KD at pH 7.4 was projected using
the fitted slope and the known KD value at pH 6. This
relationship was used to identify antibodies from the dataset
with substantial FcRn affinity at pH 7.4, which may impede
their effective release back into circulation after FcRn salvage.
Figure 2 shows the estimates of CLup for antibodies above and
below the binding threshold of 860 nM at physiological pH.
Six antibodies had predicted KD values above this threshold
and demonstrated considerably higher estimates for CLup
within the monkey species. These six antibodies estimates
were subsequently excluded from calculation of the CLup
summary statistics. Exclusion of these antibodies from the
estimates of CLup yielded a mean of 2.09 mL/h/kg and a SD
of 2.87 in monkey.

To assess allometric scalability, estimates for CLIgG and
CLup were fit to the equation y ¼ bxþ a, where y is the log-
transformed clearance estimate, x is the log-transformed spe-
cies weight, b is the allometric exponent, and a is the inter-
cept. CLIgG estimates scaled well with body weight, yielding an
allometric exponent of 0.90 (Figure 3A). CLup values did not
initially scale with body weight due to the large variability
within the monkey species (Figure 3C), but were scalable
(allometric exponent of 0.72) after exclusion of mAbs with
strong FcRn binding at pH 7.4 (Figure 3D).

Finally, CLIgG estimates from surveyed mAbs were exam-
ined to determine which measures of FcRn binding affinity
best explained the variability observed in the estimates.
Figure 4 summarizes relationships between estimates of
CLIgG and reported Kon, Koff, and KD. Antibodies with larger
values of Kon consistently exhibited lower rates of clearance
for all species. The correlation was stronger with monkey
(Pearson r = −0.92) and mouse (r = −0.75) than for human
(r = −0.13). Antibodies with lower Koff measurements dis-
played higher rates of systemic clearance in monkey
(r = −0.7), which was unexpected. Overall, both Koff and KD

showed poor relationships with clearance, particularly KD

(r = 0.13 for mouse, r = −0.16 for monkey, r = −0.21 human).

Discussion

It is known that FcRn contributes to plasma persistence of
mAbs (i.e., IgG); however, the changes in mAb half-life have
not been explained by pH-dependent IgG-FcRn binding affi-
nity alone.5 Most models attempting to describe changes to
mAb clearance have not considered endosomal trafficking in
IgG-FcRn binding kinetics, even though the brief endosomal
transit time likely does not allow for IgG-FcRn binding to
achieve equilibrium. To this point, we developed a mPBPK
model that incorporates FcRn binding affinity and endosomal
trafficking to better understand the relationships between
IgG-FcRn binding and mAb half-life across animal species.
This approach allows us to investigate the parameters most
critical to mAb clearance using only plasma concentrations
extracted from the literature. The concept of this model is
similar to the catenary model developed by Chen and

Figure 2. Estimates of CLup for mouse, cynomolgus monkey, and human species. Gray points represent antibodies with predicted KD at physiological pH of less than
860 nM. Black points represent antibodies with predicted KD at physiological pH of greater than or equal to 860 nM. Abbreviations: CLup endosomal uptake rate.
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Figure 3. Allometric scaling of CLIgG and CLup across body weight. (A) CLIgG vs. body weight. (B) CLIgG vs. body weight for mAb with predicted KD at physiological pH
≥ 860 nM. (C) CLup vs. body weight. (D) CLup vs. body weight for mAb with predicted KD at physiological pH ≥ 860 nM. Black points represent individual clearance
values and black lines show the results of simple linear regression to estimate the allometric exponent. Abbreviations: CLIgG clearance of immunoglobulin G; CLup
endosomal uptake rate.

Figure 4. Relationships between CLIgG and measures of binding affinity. Black and grey points represent surveyed mAbs with a predicted KD at physiological pH of
greater than or equal to 860 nM and less than 860 nM, respectively. Linear regression with 90% confidence intervals are shown with black lines and grey shaded
regions, respectively. Abbreviations: Kon association rate constant; Koff dissociation rate constant; KD equilibrium rate constant; CLIgG clearance of immunoglobulin G.
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colleagues,15 but this model provides a more parsimonious
and explicit approach that relies on linear approximations and
supports estimation of physiologically relevant parameters
with relatively high certainty.

The primary underlying assumption is that FcRn salvage effi-
ciency, and therefore mAb clearance, is dictated by the fraction of
IgG bound to FcRn at the time of endosomal sorting. This bound
fraction is fundamentally determined by FcRn binding parameters
Kon, Koff, and endosome transit [T(W)]. As these factors do not
influence mAb clearance independently, simulations were per-
formed across physiological ranges of these parameters at endo-
somal pH to consider their interactions. Based on our model, all
three parameters significantly affected mAb clearance. Decreasing
Koff demonstrated a reduction in mAb clearance that was depen-
dent on T(W). As the dissociation half-life approached the endo-
somal transit half-life, this effect plateaued and further lowering of
Koff beyond this point failed to have any additional benefit to
antibody clearance. Increases in Kon reduced mAb clearance in a
manner that was independent of T(W). There was a strong inter-
action between the effects of Kon and Koff on mAb clearance that
suggested both parameters are important contributors to FcRn
salvage efficiency, as has been shown previously.12 These results
are in agreement with other publications, which showed that
changes to Koff only resulted in up to a 1.5-fold improvement in
half-life.15 Historically, decreasing Koff to reduce KD has been the
standard approach taken during attempts to improve IgG half-life.
Taken together, our simulations suggest that optimizing KD will
not always produce a reduction in mAb clearance due to limita-
tions surrounding T(W), and that both Kon and Koff should be
considered. These findings are reflected in Figure 1.

The survey of mAbs from published literature was used to
validate our model, as concentration-time profiles were ade-
quately described by the model across all species. Surveyed data
also allowed the evaluation of clearance parameters (CLIgG and
CLup). CLIgG was estimated across species and was found to be
allometrically scalable with an average exponent of 0.9. This value
is consistent with our previously reported estimate for mAbs.24

CLup was calculated using estimates for CLIgG and known values
for Kon and Koff according to Equation (1). Some antibodies
yielded CLup values within the monkey species that were much
larger (approximately 100-fold) than the remainder of estimates,
resulting in a bimodal distribution. This cluster of values increased
the mean CLup in monkeys to more than 4-fold that observed in
humans, which disallowed estimation of an allometric exponent.

An ‘affinity threshold’ at physiologic pH of 860 nM13 has
been described that suggests mAbs with increased IgG-FcRn
binding at physiological pH demonstrated shorter half-lives,
despite expected improvements from binding at pH 6.
Research suggests antibodies with FcRn affinities below this
threshold can efficiently be recycled back to the plasma, while
antibodies with affinities above this threshold remain tightly
bound to FcRn and are returned to the endosome for degra-
dation. The concept of an affinity threshold has also been
supported by others.12 Our model assumes that all antibody
clearance is determined entirely by the fraction of IgG bound
to FcRn at the time of sorting. Antibodies with hindered FcRn
release to plasma represent another route of clearance that
violates our assumption and may contribute to the variability
observed within the monkey CLup estimates. We hypothesize

that estimates of CLup for mAbs with strong binding to FcRn
at physiological pH are artificially high and result from the
model attempting to compensate for increases in clearance
not explained by IgG-FcRn binding kinetics in the sorting
endosome.

To test this, we compared FcRn binding affinity at pH 7.4 for
all surveyed antibodies to the affinity threshold described by
others. Since measurements for FcRn binding at physiological
pH were largely unavailable, we developed a linear regression
model using published data8,12 to predict KD values at pH 7.4
for surveyed antibodies. Closer examination revealed that the six
mAbs with unusually high estimates of CLup exhibited binding
affinities above the designated threshold. Collectively, these mAb
had amedianCLup estimate that was almost 1,000 fold higher than
that of the remaining antibodies (Figure 2). To account for this,
antibodies predicted to have a KD value of less than 860 nM at
physiological pHwere excluded from the calculation ofCLup. This
adjustment greatly reduced the variability of the CLup estimate
within the monkey species and allowed the parameter to be
properly scaled with body weight, resulting in an allometric expo-
nent of 0.72.

Clearance mechanisms that are not considered in the
developed model, such as Fcγ-dependent or target-mediated
elimination, may add to the high variability observed in mon-
key CLup estimates. Although all surveyed antibodies dis-
played linear clearance, a minor contribution of target-
mediated elimination cannot be ruled out.

Simulations suggested FcRn binding affinity in terms of KD

does not drive antibody half-life alone. These findings were
reinforced by examination of our survey results and the rela-
tionship between antibody clearance and measured Kon, Koff,
and KD values at pH 6. Across species, KD appeared to explain
the least amount of variability in antibody clearance, demon-
strating almost no relationship with CLIgG. The relationship
between CLIgG and Koff was also relatively weak and contrary
to what was expected, as antibodies with lower Koff values
tended to exhibit higher clearance for monkey and human
species. Binding affinity in terms of Kon displayed the stron-
gest relationship with CLIgG across all species studies,
although the range of Kon values for mAb data in humans
was limited. We acknowledge that each of these parameters
explains a relatively low amount of variability within CLIgG,
and it is likely that several other factors contribute to antibody
clearance, including isoelectric point, charge balance, mAb
aggregation, and target-mediated clearance.4 However, these
results still show that Kon should be an important considera-
tion when translating FcRn binding affinity to mAb clearance.

Comparing data for antibodies across several studies with
different methodologies proved challenging. The high vari-
abilities seen in the results were likely due to factors such as
different assay techniques, varying animal sizes, and incon-
sistent data reporting methods. As a consequence, a consider-
able number of surveyed mAbs could not be fit by the model
(i.e., estimation failed to converge) or produced unreasonable
parameter estimates, and were excluded from the final analy-
sis. A representative sample of fits and diagnostic plots is
provided in Supplemental Figure 1. Data should never be
discarded without reason, and we felt inclusion of poorly
fitted profiles would bias our clearance estimates and render
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our results uninterpretable. Profiles from one study25,26 were
excluded because the majority of mAbs did not allow for
model convergence. This raised concerns that the assay or
study methodology did not meet our assumptions. Some
profiles were systematically under-predicted by the model
(Supplemental Figure 1B), which may be attributed to mea-
surement error or variability in animal sizes and plasma
volumes. These unusual profiles were also observed and sum-
marized in our previous publication with sufficient
explanation.17 A complete list of digitized mAbs, including
those excluded from the final analysis, is provided is
Supplemental Table 2.

In an effort to ensure exclusion of mAb profiles did not affect
our results, we conducted NCA to obtain mAb CL estimates for
mAbs that could not be characterized by the model. Clearance
estimates from NCA were then imputed for mAbs previously
excluded, and the analysis was repeated for all 66 antibodies
surveyed. Increased variability was observed in CLIgG estimates
obtained by NCA, supporting the advantage of estimating mAb
CLwith amodel-based approach.While the exact cause of poorly-
fitting profiles could not be identified, theymay be associated with
factors that are not yet considered by the developedmodel, such as
disease, immune status, and body size.27 Nevertheless, incorpora-
tion of excluded antibodies did not substantially affect the scal-
ability of CLIgG and CLup (Supplemental Figure 2) or the
relationship between FcRn binding affinity at pH 6 and CLIgG
across species (Supplemental Figure 3). Some sources of variability
were more predictable. Although surface plasma resonance (SPR)
was used to measure FcRn-IgG interactions in all cases, variations
in the format of the assay (i.e., stoichiometry and orientation) can
yield different binding affinity results.28 The focus of this model
was to explore IgG-FcRn binding kinetics in the endosomes, and
it had no mechanism to account for pH-dependent binding.
Consequently, surveyed antibodies with appreciable FcRn binding
at physiological pH were excluded from the final analysis. This
was done to isolate the effect of FcRn binding kinetics and
endosomal transit on half-life without mAb clearance being
affected by hindered release into plasma. The bimodal distribution
observed in CLup estimates in monkey was well-described by
differences in binding affinity at physiological pH.

By surveying several mAbs from the literature, we developed
an extended mPBPK model that describes the disposition of IgG
in the body, taking into account endosomal transit and FcRn
binding kinetics. The rate of endosomal uptake was estimated
across species and scaled well with bodyweight, and Kon has been
identified as an important factor for increasing the persistence of
IgG. This model provides a valuable framework to better under-
stand determinants ofmAb clearance and aids in the development
of antibodies with more optimal pharmacokinetic properties.
Future work will aim to add further considerations for pH-depen-
dent IgG-FcRn binding kinetics and target-mediated drug
distribution.

Materials and methods

Extended minimal PBPK model

The structural model used for this investigation was based on the
previously published second-generation mPBPK model for

mAbs.17,23 This model retains basic physiological information
(e.g., plasma/tissue volumes, systemic lymph flow) and provides
more physiologically relevant parameters than mammillary mod-
els. The mPBPK model also makes reasonable approximations of
tissue concentrations of mAb by solely analyzing plasma concen-
trations-time data. The mPBPKmodel allows for a simplified and
physiologically based PK analysis when the granularity of a full
PKPB model is not necessary or not feasible. Modifications were
made to include an endosomal compartment in parallel with the
plasma compartment to study the influence of FcRn salvage
kinetics on mAb clearance (Figure 5A). The differential equations
of this model are provided in Supplemental material. The total
amount of antibody within the endothelial endosome at a given
time is relatively small and the transcytosis between the plasma
and endothelial endosomes is thought to be rapid.23 Therefore, the
existence of this parallel compartment should not affect the dis-
tribution of antibody within the plasma compartment, and lyso-
somal degradation within this compartment should mimic
clearance from the plasma. The predictability of a similar
mPBPK model has been evaluated29 and showed that inclusion
of an endosomal compartment into a mPBPK model adequately
predicted mAb PK with a broad range of clearances and without
substantial influence on antibody distribution.

The proposed mechanism for IgG salvage by FcRn within
the endosomal space is depicted in Figure 5B. IgG is taken up
into the early endosomes from the plasma via non-specific
fluid-phase pinocytosis at an uptake clearance (CLup) rate.
Following this, the endosome acidifies and IgG binds to
FcRn. At the time of endosomal sorting, the fraction of IgG
that remains unbound (FELI) is delivered to the lysosome and
cleared from the body (CLIgG). The bound fraction of IgG
(FSAL) is recycled back into the plasma by FcRn.4

In this model, FcRn salvage efficiency is primarily determined
by the FcRn-bound fraction of IgG at the time of endosomal
sorting. The bound fraction is influenced by the rate of FcRn-
IgG binding (Kon, Koff) and the duration of endosome transiting/
sorting (T(w)). The following equations show the deviation process
of FELI and FSAL in terms of these factors. Following the rules of
binding kinetics, the concentration of IgG and IgG-FcRn complex
in the endosomes with respect to time (t), can be denoted by:

d½Ab�
dt

¼ �Kon � FcRn½ �TA � Ab½ �þKoff

� ½AF� IC½Ab� ¼CP � CLup
VEndo

¼ A (3)

d½AF�
dt

¼Kon � FcRn½ �TA � Ab½ ��Koff � ½AF� IC½AF� ¼ 0 (4)

where [IC] is the initial condition, [Ab] is IgG concentration
in endosomes, [AF] is IgG-FcRn complex concentration in
endosomes, VEndo is the volume of endosomes and [FcRn]TA
is effective FcRn concentration available for therapeutic anti-
bodies (estimated to be 1,600 nM).15

Laplace transformation of Equations (3) and (4) yields:

sAb�A ¼ �Kon � FcRn½ �TA � AbþKoff � AF (5)

sAF�0 ¼Kon � FcRn½ �TA � Ab�Koff � AF (6)

Integration of Equations (5) and (6) gives:
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Ab¼ A � ðsþKoffÞ
s2þs � Kon � FcRn½ �TAþKoff

� � (7)

Substituting α = 0 and β = Kon FcRn½ �TAþKoff provides:

Ab¼ A � ðsþKoffÞ
ðsþ αÞ � sþ βð Þ (8)

½Ab� ¼ A � ðKoff�αÞ
β� α

e�α�tþA � ðKoff�βÞ
α� β

e�β�t

¼ A � Koff

β
þA � ðKoff�βÞ

�β
e�β�t (9)

By allowing B = Kon � FcRn½ �TA and C = Koff , the equation for
concentration of unbound antibody in the endosome at a
given time is:

½Ab� ¼ A � ½ C
Bþ C

þ B
Bþ C

� e�ðBþCÞ�t� (10)

The fraction of IgG salvaged by FcRn is:

FSAL¼ 1� ½ C
Bþ C

þ B
Bþ C

� e�ðBþCÞ�t� (11)

The duration IgG residing in endosomes will be the average
lifespan of endosomes T(W). Then, the FcRn-bound fraction,
at the time of endosome sorting into lysosomes will be:

FSAL¼ 1� ½ C
Bþ C

þ B
Bþ C

� e�ðBþCÞ�TðWÞ� (12)

Per the assumption that all IgG not bound to FcRn will
undergo lysosomal degradation, the systemic clearance
(CLIgG) of IgG will be determined by Equation 1 (see Results).

Other models have suggested that endogenous antibodies
may compete with therapeutic mAbs for FcRn, altering the
PK of IgG.12 We assume that FcRn binding capacity is not
saturable at therapeutic concentrations of IgG. Several full
PBPK models have estimated total FcRn concentration to be
33.0 ~ 49.8 µM,20,30 which is approximately 1000-folder
higher than endogenous IgG concentrations in plasma (10–
15 mg/mL). Only extremely high doses of IVIG (~ 2000 mg/
kg) have noticeable effects on the half-life of IgG.31 This
suggests that the available capacity for FcRn binding, at nor-
mal endogenous IgG concentrations, is much higher than the
concentrations of therapeutic antibodies and supports our
assumption that the binding between therapeutic IgG and
FcRn could be considered a linear process.

Model simulation

Using Equation (1), a local sensitivity analysis was performed on
critical model parameters (endosomal transit time and FcRn-IgG
binding affinity at pH 6) to explore their influence on CLIgG.
Because the effect of one parameter on CLIgG may be dependent

Figure 5. Extended mPBPK model (A) mPKPK model shown with endosomal compartment. The endosomal space is parallel to the plasma compartment and has a
negligible volume. Antibody is taken up into the endosomal space at a rate of CLup and cleared out of the body at a rate of CLIgG. IgG is recycled back into the plasma
at a rate of CLup – CLIgG. CLother is assumed to be negligible in this modeling context. (B) FcRn salvage of IgG through the endosome. IgG is taken up into the early
endosomes by fluid phase pinocytosis at a rate of CLup. At the time of sorting, FcRn bound IgG will be sent to the RE and subsequently returned to the plasma.
Unbound IgG will be cleared from the body via lysosomal degradation. Abbreviations: Vp plasma volume; Vlymph lymph volume; Vleaky leaky vasculature; Vtight tight
vasculature; L lymph flow; σ reflection coefficient; IV intravenous; CLIgG clearance of IgG; CLother other clearance; CLup endosomal uptake rate.
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on the value of another, pairs of parameters were simulated
simultaneously over a physiological range – Koff and T(w), Kon

and T(w), and Kon and Koff.

Survey of antibody clearance

A literature search for PK profiles of IgG in mice, monkeys, and
humans was conducted. Profiles from antibodies that displayed
linear PK at observed doses and had FcRn binding affinity data
reported in terms on Kon and Koff from SPR were included. These
concentration-time profiles were digitized using WebPlot
Digitizer v3.11 (Austin, Texas) and fit to our model using
ADAPT5 (BMSR, Los Angeles, CA).

Physiological parameters and their values are listed in Table 1
and were fixed in the model. CLIgG, σ1, and σ2 were estimated for
each antibody based on extracted PK data. In cases where both
reflection coefficients could not be accurately estimated, σ1 was
fixed to 0.95 or 0.99, two commonly used values found in
literature.23 Estimated values of CLIgG and reported mAb-FcRn
binding affinities were used in Equation (1) to determine CLup.
Values of CLup were compared across species to assess whether
this parameter scaled allometrically with body weight.

Relationships between CLIgG and Kon, Koff and KD

The relationship between FcRn binding affinity and antibody
clearance and was explored by comparing Kon, Koff, and KD to
CLIgG and quantified using linear regression.

The focus of this model was to explore factors related to IgG-
FcRn binding kinetics within the endosome; however, studies
have shown that FcRn binding affinity at physiological pH influ-
ences antibody salvage back to the plasma.8 This model does not
inherently account for pH-dependent binding. To investigate
whether IgG-FcRn binding at physiological pH affected model
estimates, we compared CLup estimates between antibodies with
strong and weak FcRn binding at pH 7.4. Most mAbs do not
appreciably bind to FcRn at pH 7.4 and KD values are rarely
reported. Data for IgG-FcRn binding affinity across a range of
pH values were extracted from the literature8,12 and fit to a simple
linear regression model (Figure 6). This linear model was then
used to project KD of surveyed antibodies at pH 7.4.

An IgG-FcRn affinity of 860 nM at pH 7.4 has been described
as a threshold that determines mAb recycling efficiency.13 It is
thought that antibodies with affinities below this threshold can
be efficiently released back into the plasma following FcRn
salvage, but antibodies with affinities above leads to more
rapid clearance. Antibodies that bind to FcRn with an affinity

Figure 6. Normalized FcRn equilibrium binding affinity vs. pH. Antibody FcRn binding affinities at a range of pH values were digitized from the literature, normalized,
and fit to a linear regression model. Black and grey points represent mAb digitized from Yeung, et al (2009)8 and Ng, et al (2016),12 respectively. Results from linear
regression are depicted with the black line. Abbreviations: KD equilibrium rate constant.

Table 1. Model parameters estimates. Physiological parameters across species were obtained from the literature. CLIgG was estimated from model fitting. CLup was
calculated based on known experimental values of Kon and Koff. CLother was assumed to be negligible in this context.

Parameter Definition Value Source (reference)

Vp Plasma volume 4.5% of BW, 3.0 L/70kg human 24

VL Lymph volume 5.2 L for 70kg human, varied 24

VISF, Vleaky, Vtight Interstitial fluid volume Total:15.8 L; Vleaky 65%; Vtight 35%
24

L, L1, L2 Lymph flow 2.9 L/day; L1 33%; L2 67%
24

σ1, σ2, σL Vascular and lymphatic reflection coefficients σL = 0.2;
σ1 = 0.950 for Vtight;
σ2 = 0.710 for Vleaky

22

Kon, Koff IgG:FcRn binding kinetics Experimental Values Literature (Table S1 and S2)
T(W) Duration of Endosomal trafficking 7.2 min 16–18

FcRnTA Total Available FcRn 1,660 nM 15

CLup Fluid-phase endocytosis CLup = CLIgG/(1-FSAL) Calculated (Table S2)
CLIgG Antibody lysosome clearance Estimated Estimated (Table S2)
CLother Antibody non-lysosome clearance Fixed to 0 N/A
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stronger than 860 nM at physiological pH were excluded in the
calculation of CLup, and analyzed separately when examining the
correlation between CLIgG and FcRn binding affinity.
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