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ABSTRACT
Monoclonal antibodies (mAbs) are a rapidly growing drug class for which great efforts have been made to
optimize certain molecular features to achieve the desired pharmacokinetic (PK) properties. One approach
is to engineer the interactions of the mAb with the neonatal Fc receptor (FcRn) by introducing specific
amino acid sequence mutations, and to assess their effect on the PK profile with in vivo studies. Indeed,
FcRn protects mAbs from intracellular degradation, thereby prolongs antibody circulation time in plasma
and modulates its systemic clearance. To allow more efficient and focused mAb optimization, in vitro input
that helps to identify and quantitatively predict the contribution of different processes driving non-target
mediated mAb clearance in vivo and supporting translational PK modeling activities is essential. With this
aim, we evaluated the applicability and in vivo-relevance of an in vitro cellular FcRn-mediated transcytosis
assay to explain the PK behavior of 25 mAbs in rat or monkey. The assay was able to capture species-
specific differences in IgG-FcRn interactions and overall correctly ranked Fc mutants according to their in
vivo clearance. However, it could not explain the PK behavior of all tested IgGs, indicating that mAb
disposition in vivo is a complex interplay of additional processes besides the FcRn interaction. Overall, the
transcytosis assay was considered suitable to rank mAb candidates for their FcRn-mediated clearance
component before extensive in vivo testing, and represents a first step toward a multi-factorial in vivo
clearance prediction approach based on in vitro data.
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Introduction

Monoclonal antibodies (mAbs) have developed into one of
the fastest growing drug classes. Considering the competi-
tive environment within the pharmaceutical sector and the
demand for mAbs against new targets, novel discovery plat-
forms and antibody engineering are rapidly evolving, allow-
ing the generation of molecules with engineered variable
mAb domains to decrease immunogenicity,1 bispecific
mAbs targeting more than one antigen with optimized
affinity,2 fragment antigen-binding (Fab) domains3 and
fragment crystallizable (Fc)-fusion proteins.4,5 In addition,
great efforts have been made to optimize mAb clearance in
vivo by e.g., modulating the Fc interaction with the neonatal
Fc receptor (FcRn)6,7 or by adapting mAb physicochemical
properties to prevent increased unspecific cellular uptake
via pinocytosis.8,9 To develop effective and safe biologic
drugs with reduced efficacious dose and more convenient
administration route/frequency, mAbs must have suitable
pharmacokinetic (PK) properties. Thus, preclinical optimi-
zation and characterization of mAb PK/pharmacodynamics
(PD) profile and its translation to human is an essential
step in biologics drug discovery.10

The Fc region of immunoglobulin G (IgG)-based antibodies
plays an important role in determining their in vivo PK profile.
One major process is their pH-dependent binding to FcRn, for
which the Fc region has strong affinity at pH 6.0, but weak
affinity at pH 7.4. FcRn is located within endosomes in endo-
thelial cells lining blood vessels and haematopoietic cells. In
addition to IgG molecules, it interacts with serum albumin
using a different binding site.11 FcRn ligands (i.e., IgG and albu-
min) in circulation are taken up by cells via non-specific fluid-
phase pinocytosis, followed by binding to FcRn in the acidic
environment (pH »6.0) of the endosome.12,13 This complexa-
tion protects the ligand from lysosomal degradation, enabling
the ligand-FcRn complex to be recycled back to the cell surface.
At pH 7.4, the “protected” ligand bound to FcRn is then
released from the complex to the extracellular space. Thereby,
FcRn maintains IgG and albumin homeostasis in human and
animal serum, and transfers maternal IgGs from the mother to
the fetus over the placental barrier.13

The effect of mAb-FcRn interactions on plasma systemic clear-
ance of mAbs has been extensively studied in preclinical species
and in man, using various mutant mAbs with abolished14,15 or
enhanced16–18 FcRn affinity. These studies confirmed that the
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interaction with FcRn strongly affects the PK properties of thera-
peutic mAbs. Therefore, its accurate in vitro assessment, with a
readout suitable for the quantitative prediction of FcRn-mediated
PK properties in vivo,would be of great help to support drug candi-
date optimization/selection and to ensure an appropriate PK pro-
file according to the desired drug product profile, as well as to
minimize animal testing early in discovery.19

Preclinical PK properties of biologic drug candidates are
currently assessed in vivo mostly in mice and in non-human
primates. The preclinical PK parameters are typically translated
to human using allometric scaling,20 with or without the inclu-
sion of “target-mediated drug disposition” (TMDD), depending
on the specific case and the availability of kinetic information
on the target. For mAbs exhibiting TMDD, the PK profile is
often described by a 2-compartmental model with linear and
nonlinear elimination. Both the linear clearance (CL) and non-
linear CL (Vmax) of mAbs are typically scaled allometrically,
with the Michaelis-Menten constant (Km) assumed to be equal
in monkeys and humans based on similar in vitro target bind-
ing characteristics or identical target protein sequences.21 How-
ever, in vitro tools that help to quantitatively scale all the
different processes contributing to mAb disposition in vivo
from animals to human are currently not available.

A routinely used in vitro approach for the qualitative study
of mAb-FcRn interaction is the surface plasmon resonance
(SPR) technique, which allows affinity measurement of a mAb
for the FcRn at different pH conditions.22 However, in certain
cases, affinity-based physicochemical FcRn methodologies
failed to correlate with the observed clearance in vivo.23 These
limitations are likely due to additional biochemical and bio-
physical properties of the mAbs, along with their FcRn affinity,
that influence the in vivo PK, such as “unspecific”/charge-
dependent binding characteristics of the mAbs during the cel-
lular uptake process via pinocytosis, the pH-dependent dissoci-
ation of the FcRn-IgG complexes and the effect of TMDD at
non-target saturating dose levels.24 More recently, new meth-
odology using an FcRn-coated affinity column was introduced
by Schlothauer et al.,14 where mAb-receptor binding and
release was measured in a pH-dependent fashion and was cor-
related with the in vivo half-life of 3 mAbs.

Due to the complexity of the FcRn-mediated mAb recycling
phenomenon in vivo, comprising interactions of the antibody
with the cell membrane, mAb uptake via fluid-phase pinocyto-
sis, FcRn-mediated intracellular sorting/trafficking/salvage
from lysosomal degradation and finally mAb release at the cell
membrane, we aimed to evaluate an in vitro tool mimicking the
entire IgG-FcRn-interaction cycle in living cells, which is a
more physiologically-like system.

Previously, Tesar et al. and Prator et al. described the
use of FcRn-transfected Madin-Darby Canine kidney
(MDCK) cells to assess FcRn-mediated transcytosis of
mAbs. They monitored the flux of IgGs and other Fc-con-
taining molecules across a tight cell monolayer plated in a
Transwell� system, using acidic pH in the donor compart-
ment and neutral pH in the acceptor compartment. This
pH gradient strongly reduced IgG recycling back into the
donor chamber and at the same time enabled FcRn-medi-
ated endocytotic cellular uptake, which altogether maxi-
mized unidirectional FcRn-mediated trafficking.25,26

Here, we describe the application of this cellular assay for
understanding the in vivo FcRn-mediated protection from lyso-
somal catabolism of chimeric, human and humanized mAbs.
Even though IgG recycling in vivo, which takes place, for exam-
ple, in vascular endothelial cells, and the transcytotic IgG
movement are not identical processes, the transcytotic IgG traf-
ficking in vitro under optimized conditions may be used as a
surrogate for IgG recycling in vivo. Using this in vitro transcel-
lular flux as primary assay readout, a selected set of mAbs was
tested in rat or human FcRn-expressing MDCK cells to differ-
entiate their properties and to quantitatively correlate the data
with their in vivo clearance values in rats and cynomolgus mon-
keys. Such a systematic evaluation of the correlation between in
vitro parameters (FcRn-mediated mAb flux) and in vivo clear-
ance, referred to here as in vitro-to-in vivo correlation (IVIVC),
has not been available until now, but is considered essential to
understand the multi-factorial mAb clearance mechanism in
vivo by applying in vitromethodologies.

Results

Assessment of FcRn-mediated transcytosis of antibodies in
rat or human FcRn receptor over-expressing cells

According to the described previously methods by Tesear et al.25

and Praetor et al.,26 MDCK cells transfected with either rat or
human FcRn were cultured as tight monolayers and the antibody
transport assay was conducted in the presence of a pH gradient
(donor/acceptor compartment buffer at pH 6.0/8.0) to maximize
uni-directional IgG transcytotic transport. The incubation with-
out a pH gradient (donor/acceptor compartment buffer at pH
8.0/8.0) should allow determination of “unspecific,” receptor-
independent antibody uptake. We conducted initial confirmatory
studies with a 3H-labeled humanized mAb bearing no mutations
in the FcRn binding region (herein named as wildtype “Wt”
IgG) and targeting an antigen absent in the cells used for this
assay. FITC-labeled dextran (MW 150 kDa), which is restricted
to paracellular permeability, was included as a marker of mono-
layer tightness under the applied assay conditions.

Fig. 1 displays the basolateral to apical transport or flux of this
3H-labeled Wt IgG across human and rat FcRn over-expressing

Figure 1. Basolateral to apical flux (Papp) of a 3H-IgG and FITC-dextran across rat and
human FcRn over-expressing MDCK cells and EV cells. The highest Papp was observed
in the cell line over-expressing FcRn and under pH 6.0/8.0, indicating a specific FcRn-
mediated antibody transport. Data is shown as mean § SD; n D 3 (separate wells).
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MDCK cells compared with “empty vector” (EV) transfected
MDCK cells without FcRn as the functional negative control. The
IgG flux at pH 6.0/8.0 across FcRn-transfected cells, displayed as
apparent permeability “Papp” in nanometers per second (nm/s),
ranged from 13 to 17 nm/s depending on the species, and was
about 10-fold higher than across EV cells (1.1 nm/s), indicating a
pronounced FcRn-mediated trafficking of the antibody. As
expected, the antibody flux at pH 8.0/8.0 was significantly reduced
due to the known weak mAb affinity for the FcRn receptor at pH
8.0, resulting in a flux of 5–6 nm/s, likely reflecting “unspecific ”
antibody uptake processes, such as pinocytosis, followed by FcRn-
mediated transcellular trafficking. The control FITC-dextran
showed negligible paracellular fluxes of»1.0 nm/s, confirming the
integrity of the cell layer under the applied assay conditions.

Species selectivity of rat and human FcRn-mediated
IgG transcytosis

Rat, mouse, or chicken IgGs do not bind to the human FcRn,
whereas IgGs from all mentioned species, apart from chicken, bind
to rat FcRn.27 To assess whether these species-selective IgG-FcRn
interactions were captured in the studied assay, the flux of FITC-
labeled mouse, rat, human and chicken IgGs was measured in both
rat and human FcRn cell systems at pH 6.0/8.0 and pH 8.0/8.0. The
chicken IgG served here as non-binding control. As depicted in
Fig. 2, human FcRn over-expressing cells enabled a high flux of the
human IgG at pH 6.0/8.0, and low fluxes of immunoglobulins
from animal species. Rat FcRn over-expressing cells transported
rat, mouse, and human IgG with a respectively increasing flux,
which was in line with the higher affinity of human IgG for rat
FcRn compared with rat or mouse IgGs.15

These data confirm the expected species-specific FcRn-
trafficking of IgGs in the rat and human FcRn cell systems. Fur-
ther investigations addressing FcRn saturation by endogenous
plasma IgGs, and their effect on therapeutic mAb flux in vitro
are described in the supplemental material.

Trancytosis assay validation with 3H-labeled
Fc-mutated IgGs

To validate the predictability of human and rat FcRn transcyto-
sis assay for FcRn-driven in vivo CL of mAbs, the cellular flux

of 3 IgG1 molecules was evaluated. These mAbs contain an
identical Fab part (anti-digoxigenin D <DIG>) but distinct Fc
mutations known to modulate the FcRn affinity. IgG Wildtype
(Wt) has unmodified FcRn binding ability (without mutation
in the FcRn-binding region of the Fc part). In the IgG AAA
(Triple A) mutant M252A/H310A/H435A, 3 of the main amino
acids associated with the Fc-FcRn interactions were replaced by
alanine, abolishing the FcRn binding completely.14 This mutant
was reported to have a very high in vivo CL (in rodents and
monkey) and a short-terminal elimination half-life.28 In the
IgG YTE mutant M252Y/S254T/T256E, 3 amino acids were
replaced, enabling the IgG to form additional hydrogen bonds
with FcRn that enhance binding at pH 6.0 which in monkey
and human leads to an increased terminal half-life16 In addi-
tion, we included a 3H-labeled chicken IgY as a non-binding
control.

Human FcRn Trancytosis assay
As depicted in Fig. 3, the paracellular marker showed a negligi-
ble flux (Papp of 0–2 nm/s) across monolayers of both cell lines,
demonstrating the tightness of the cell layer under the applied
assay conditions. Chicken IgY and AAA IgG mutant, which do
not bind to human FcRn, showed equally low transcytosis val-
ues in human FcRn cells. The Wt IgG reached a 2-fold higher
flux than the 2 non-binders and the FcRn-binding-enhanced
YTE IgG mutant displayed a transcytosis rate of »20 nm/s.
The flux differences of the 3 Fc mutants (AAA vs. Wt vs. YTE)
were statistically significant from each other (P value � 0.04 in
paired t-test).

The transcytosis of all compounds across EV MDCK cells
was consistently in the background range and similar to the
dextran flux as expected due to the lack of human FcRn expres-
sion. Overall, the measured transcytotic flux increased with
increasing mAb affinity to the FcRn receptor.

To maximize the resolution of the assay, the effect of differ-
ent incubation times (3 vs. 5 hrs) and pH gradients (pH 6.0/
8.0 vs. pH 6.0/7.4) were assessed with the same Fc mutants and
the chicken IgY as a non-binding control (Fig. 4). The pH 6.0/

Figure 2. Basolateral to apical flux (Papp) of FITC-labeled rat, mouse, human IgGs
and chicken IgY across human FcRn and rat FcRn MDCK cells with a pH gradient
(6.0/8.0). The inability of rodent IgG to bind to human FcRn was confirmed. Data is
shown as mean § SD; n D 3 (separate wells).

Figure 3. Transcytosis of different 3H-labeled IgG Fc mutants and non-binding con-
trol (chicken IgY) at pH 6.0/8.0 in human FcRn MDCK cells and EV MDCK cells as
negative control. AAA, Wt, and YTE IgG clearly differed by their flux (Papp). Paired
t-test P value (AAA vs. Wt IgG) D 0.024; P value (YTE vs. Wt IgG) D 0.041;
P value (AAA vs. YTE IgG) D 0.002; Data is shown as mean § SD; n D 3 (separate
wells).
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7.4 gradient is more physiologically relevant because the pH of
the donor compartment matches that of early endosomes (pH
6.0), while the acceptor compartment pH resembles the blood
(pH 7.4). These adjustments led to a better differentiation
between the test molecules and the controls. Also, to allow eas-
ier comparison among the mAb transcytosis levels within one
experiment, trancytosis data in Fig. 4 were reported as “normal-
ized flux” (NF), where the Papp values are divided by the Papp
of the chicken IgY, which represent no FcRn-mediated flux and
were arbitrarily set to a flux of 1.0.

Rat FcRn Trancytosis assay
The same Fc mutants and control molecules were additionally
tested in the same assay set up with rat FcRn-over-expressing
MDCK cells. Molecules are often screened in rodents for their PK
properties, making the comparison of rat and human FcRn recep-
tors of interest. Table 1 lists the flux values of the different mutants
obtained in the rat FcRn system against the results from the human
FcRn system (see also Fig. 3). For easier comparison, both data sets
were normalized to the respective transcytosis rates of IgY. AAA
IgG and IgY had similarly low fluxes across rat and human FcRn
MDCK cells, whereas the Wt IgG was transported approximately
twice as efficiently. The YTE IgG mutant, however, reached the
same transcytosis rate as the Wt IgG in the rat FcRn system, even
though in the human FcRn assay the YTE IgG flux markedly
exceeded theWt IgG. Thus, apparently the YTEmutation interacts
differently with the FcRn of these 2 species.

In vivo PK evaluation of 3H-labeled Fc mutants in Wistar
rats

To evaluate the relationship between in vitro Papp and in vivo
clearance, the 5 previously introduced 3H-labeled molecules with
different FcRn binding affinities (IgY, anti-Digoxigenin-hu AAA
IgG, anti-Digoxigenin-hu IgG Wt IgG and anti-Digoxigenin-hu
YTE IgG) were administered as single intravenous dose (i.v.) to
male Wistar rats. The plasma concentrations of these molecules
were monitored up to 336 or 540 h post dose (Fig. S1 in supple-
mental material) and their respective PK parameters were deter-
mined via non-compartmental PK analysis (Table S1 in
supplemental material). The plasma exposure of IgY and AAA IgG
dropped rapidly after administration, leading to a very high sys-
temic total CL of 36.4 mL/day/kg for the AAA mutant and
52.5 mL/day/kg for the IgY. As expected, the Wt IgG and the YTE
IgG showed 6.5-fold and 7.9-fold lower CL than the AAA-IgG,
respectively, as a result of the FcRn-mediated protection from
mAb degradation in vivo. Interestingly, the YTE and Wt IgG
showed a very similar PK profile. This confirmed that the YTE
mutation does not lead to a half-life-extending effect in rodents, in
contrast to the effect seen in monkey or human,16 and revealed one
limitation of the use of rodents as a suitable model to evaluate PK
of particular Fc-engineered biologics.

Correlation of antibody FcRn-mediated transcytosis in
vitro to in vivo systemic clearance in rat

To evaluate the in vivo relevance of the FcRn transcytosis assay,
the flux obtained in rat FcRn-over-expressing cells for the IgY,
AAA IgG, wt IgG and YTE IgG was compared with their corre-
sponding systemic clearance derived from single dose PK stud-
ies in rats (Table S1 in supplemental material).

As FcRn-mediated Ab binding is in vivo a salvage mecha-
nism reducing antibody clearance, higher transcytosis-medi-
ated flux is expected to result in a lower in vivo clearance.
Indeed, the IVIVC followed an inverse relationship to the in
vitro flux (Fig. 5). Although the data set is limited, the rat in

Figure 4. Effect of incubation time and donor/acceptor chamber pH on transcyto-
sis of IgG mutants by human FcRn-over-expressing cells. The application of 5 h
incubation time and a pH gradient of 6.0/7.4 differentiated the various molecules
best. The fluxes were normalized to the flux of chicken IgY. Data is shown as
mean § SD; n D 3 (separate wells).

Table 1. In vitro flux of IgG mutants across human and rat FcRn MDCK cells at pH
6.0/7.4.

Tested antibody Flux across rat FcRn cells Flux across human FcRn cells

IgY 1.0 § 0.11 1.0 § 0.03
AAA IgG 1.34 § 0.26 0.70 § 0.02
Wt IgG 2.72 § 0.31 1.95 § 0.12
YTE IgG 2.41 § 0.38 3.11 § 0.06

Only the YTE mutant showed a species difference in FcRn interaction leading to
enhanced flux across human FcRn, but Wt-IgG-like flux across rat FcRn cells. The
fluxes were normalized to the IgY flux obtained in the same experiment. Data is
shown as mean § SD; n D 3 to 6 (separate wells).

Figure 5. Mean systemic clearance observed in rat after single mAb intravenous
administration plotted against the reciprocal normalized flux obtained from the
rat FcRn cellular transcytosis assay. IgY-normalized in vitro flux of 5 mAbs were
inversely proportional with the corresponding in vivo CL values in rat. Data is
shown as mean § SD.
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vitro FcRn assay was able to correctly rank mAbs with respect
to their FcRn-mediated salvage from degradation in vivo.

Correlation of antibody FcRn-mediated transcytosis in
vitro to in vivo systemic clearance in cynomolgus monkeys

Cynomolgus monkey (henceforth referred to as “monkey”) is
the most predictive preclinical species for the assessment of
mAb PK in human, since monkey FcRn shares a 96% sequence
identity (98% homology) with human FcRn.20 Additionally, the
effect of Fc engineering on mAb PK in human was described to
be well reflected in this species.17 Therefore, in vivo monkey
data were used to establish a correlation to in vitro human
FcRn transcytosis data. The in vitro transcytosis data from the
human FcRn system was compared with systemic clearance
data observed in monkey PK studies performed for 24 mAbs.
To avoid contribution of non-FcRn-mediated CL in the IVIVC,
such as target-mediated antibody disposition and immunoge-
nicity, only PK studies performed at target-saturating mAb

doses were included and we excluded the data from animals
displaying circulating anti-drug antibodies.29

The in vitro flux from the human FcRn cellular system and
the in vivo PK parameters derived in monkey are summarized
in Table 2. Flux values were normalized to the Papp value of
the wildtype (Wt) <DIG> IgG1 “mAb 2,” the control mAb
used in assay validation experiments (Fig. 3 to 5). This enabled
a quantitative comparison of Papp values across different
experiments reducing potential interference by fluctuation of
cellular FcRn expression and functionality.

Fig. 6A depicts the Wt-normalized in vitro flux (Wt-NF) of
these 24 mAbs across human FcRn-over-expressing MDCK cells
plotted against their respective in vivoCL in cynomolgusmonkeys.

For easier visualization, we plotted the reciprocal Wt-nor-
malized in vitro flux (Wt-NF) values across human FcRn-over-
expressing MDCK cells against a mAb’s respective in vivo CL
in cynomolgus monkeys. Fig. 6A only shows the data from
mAbs mutated in their FcRn binding region and their corre-
sponding Wt mAbs: AAA IgG No. 1 vs. Wt IgG No. 2 (star),
AAA IgG No. 6 vs. Wt IgG No. 5 (cross), FcRn-enhanced IgG

Table 2. Human in vitro and cynomolgus monkey in vivo data used for the in vitro-in vivo correlation

In vivo data

In vitro data

Tested
antibody Description Dose (mg/kg)

Terminal
half life (h)

Total CL
(mL/day/kg)

Number of
animals

Wt IgG-normalized
in vitro flux
pH 6.0/7.4

mAb 1 hu IgG1, AAA mutant;
FcRn non-binder

0.3 53 16.1 2 0.31 § 0.01

mAb 2 hu IgG1, FcRn Wt binder 0.3 79 6.49 2 1.00 § 0.09
mAb 3 hz IgG1, FcRn Wt binder 10 310 § 57 3.12 § 0.55 4 1.64§ 0.23
mAb 4 hu IgG1, FcRn Wt binder 75 269 5.23 2 0.97 § 0.07
mAb 5 hu IgG1, FcRn Wt binder 0.3 108 3.84 2 0.63 § 0.09
mAb 6 hu IgG1, AAA; FcRn non-

binder
0.3 32 15.4 2 0.25 § 0.01

mAb 7 hu IgG1, FcRn Wt binder
with FcRn-unrelated CL
component

1 178 24.7� 3 0.84§ 0.1

mAb 8 chimeric IgG (hu Fc), FcRn
Wt binder

5 NC� 3.60� 2 0.91§ 0.1

mAb 9 chimeric IgG (hu Fc), FcRn
Wt binder

0.8 380 § 89 2.46 § 0.35 3 0.95§ 0.18

mAb 10 hu IgG1, enhanced FcRn-
binding; positive
charge patches

20 288 2.86 2 4.14 § 0.82

mAb 11 hz IgG1, FcRn Wt binder
(bevacizumab, Avastin)

5 Deng et al20 3.97 Deng et al20 0.83§ 0.07

mAb 12 hu IgG1, FcRn Wt binder 20 235 § 156 4.52 § 1.07 3 1.27§ 0.1
mAb 13 hu IgG1, enhanced FcRn-

binding
20 137 § 73 3.51 § 0.8 3 3.42§ 0.15

mAb 14 hz IgG1, FcRn Wt binder
(trastuzumab,
Herceptin)

5 Deng et al20 5.52 Deng et al20 1.77§ 0.03

mAb 15 hu IgG4, FcRn Wt binder 2.5 355 § 34 2.56 § 0.33 3 1.10§ 0.2
mAb 16 hu IgG1, FcRn Wt binder 10 59 9.81 2 1.03 § 0.09
mAb 17 hz IgG1, FcRn Wt binder 10 194 5.88 2 1.06 § 0.05
mAb 18 hz IgG1, FcRn Wt binder 0.15, 1.5, 15, 150 150� 5.86� 8 1.41§ 0.06
mAb 19 hu IgG1, FcRn Wt binder 100 282 4.49 2 1.49 § 0.26
mAb 20 hz IgG1, FcRn Wt binder 50 NC� 3.34� 3 2.13§ 0.35
mAb 21 hu IgG1, FcRn Wt binder 1 218 § 74.6 3.74 § 0.32 4 1.07§ 0.34
mAb 22 hz IgG1, FcRn Wt binder 30 240 4.61 2 0.95 § 0.07
mAb 23 hz IgG1, FcRn Wt binder 30 94.2 3.57 2 1.11 § 0.16
mAb 24 hu IgG1, FcRn Wt binder 150 242 8.16� 6 2.75§ 0.19

�PK parameters estimated by population approach, no SD applicable mAb systemic clearance from non- compartmental (NCA) PK analysis and terminal half-life after intra-
venous dose to monkeys is reported together with the respective mAb wt-normalized Papp from human cellular FcRn assay (pH 6.0/7.4). Data are given as mean values
§ standard deviation in case of > 2 subjects or measurements.
hu: human; hz: humanized; Wt: wildtype mAb without mutations of the FcRn-binding sites; TMDD: target-mediated drug disposition.
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No. 13 vs. Wt IgG No. 12 (closed triangle) and the FcRn-
enhanced IgG No. 10 (corresponding Wt IgG n.a.). Similar to
the rat IVIVC (Fig. 5), the plot revealed an inverse relationship
between these 2 parameters.

The 2 AAA-mutated mAbs (mAb 1 and 6) showed a
very high systemic CL in monkeys of about 15 mL/day/kg,
due to the lack of FcRn-mediated recycling. This also led to

low in vitro flux values in FcRn transcytosis assay compared
with their respective Wt IgGs.

On the other hand, 2 mAbs with enhanced FcRn affinity
(mAbs 10 and 13) both showed low in vivo CL of 2.9 (mAb 10)
and 3.5 mL/day/kg (mAb 13), as their FcRn-mediated recycling
and thus plasma residence time was increased. This consis-
tently translated into enhanced in vitro Wt-normalized flux
ratios (NF) of 4.1 (mAb 10) and 3.5 (mAb 13) in our cell
system.

Most of the tested molecules, however, consisted of Wt-
FcRn binders that had different complementarity-determining
regions, and thus different molecular properties. Their respec-
tive in vivo CL values in monkey were very diverse, ranging
from 2 to 25 mL/day/kg, which exceeds the range of 2–10 mL/
day/kg reported for other FcRn binding competent IgG1s.20

The respective range of in vitro Wt-NF flux at pH 6.0/7.4 was
0.6 to 2.8 (Table 2). When plotting these in vitro and in vivo
data (Fig. 6 B), however, no linear correlation could be derived.

Based on these results, the CL of a mAb whose elimination
mechanism is mainly FcRn-modulated is likely to follow this
inverse relationship with its in vitro flux. If CL is dominated by
additional “CL-accelerating” factors, mAbs may digress into
the upper left part of the 2 IVIVC plots (roughly indicated by
the white background area in Fig. 6A and B); in the case of
“CL-decelerating” influences, such as low pinocytotic uptake,
such mAbs might appear into the lower right part (greyish
background area).

Discussion

The PK of mAbs is influenced by many factors, such as the bio-
logic target(s) (including turnover, expression level and tissue
distribution), affinity to FcRn receptor, immunogenicity, the
presence of off-target binding, catabolism, and mAb physico-
chemical properties (e.g., isoelectric point and charge patch dis-
tribution).8,9,30 Several engineered antibodies bearing specific
mutations in the FcRn-binding sites have been extensively
studied with regards to their ability to prolong residence time
in circulation.7

Preclinical in vivo PK studies are in general of great help for
understanding mAb clearance mechanisms, and thus for predict-
ing human PK profiles and identifying possible PK-related liabili-
ties early in drug discovery.20 However, depending on antibody
properties/format and intended human dose/administration
route, factors like species-specific FcRn receptor and antigen(s)
expression/turnover/affinity can remarkably affect mAb PK
behavior, and consequently increase challenges and uncertainties
in translating the PK profile from animal into human.

To characterize the interplay between various mAb clear-
ance pathways and estimate which of them predominantly
drive drug candidate disposition in vivo, the availability of in
vitro tools to study and address in a quantitative manner spe-
cific clearance mechanisms may be of great help. Such in vitro
readouts should support antibody optimization and improve
the accuracy of human translations in early in drug discovery.
As already established in small molecules drug discovery, in
vitro screening of PK properties of mAbs can reduce optimiza-
tion cycles, expand the number of candidates that can be

Figure 6. (A) Correlation of reciprocal Wt IgG-normalized in vitro flux (pH gradient 6.0/
7.4) of 7mAbs across human FcRnMDCK cells with in vivo clearance in cynomolgusmon-
key. Data is plotted as mean values § SD. Corresponding pairs of Fc mutant andWt IgG
are labeled with the same symbol (closed triangle, star, cross). The greyish area roughly
indicates mAbs for which in vivo CL is hypothesized to be affected by “decelerating” pro-
cesses, for mAbs in the white area “CL-accelerating” processes are thought to be
involved. (B) Correlation of reciprocal Wt IgG-normalized in vitro flux (pH gradient 6.0/
7.4) of 20 mAbs with wildtype FcRn binding ability across human FcRn MDCK cells with
in vivo clearance in cynomolgus monkey. Data is plotted as mean values § SD for CL
and as reciprocal mean values of the Wt IgG-NF. The greyish area roughly indicates
mAbs for which in vivo CL is hypothesized to be affected by “decelerating” processes, for
mAbs in the white area “CL-accelerating” processes are thought to be involved.
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evaluated, and can be beneficial to “refine,” “reduce” and
“replace” animal studies (3Rs).31

Here, we characterized and applied a cellular FcRn transcy-
tosis assay using cells expressing either rat or human FcRn
receptor (basic assay principle previously introduced by Praetor
et al.26 and Tesar et al.25), to assess mAb in vitro transcytosis
rate and to use it as an indicator for the FcRn-mediated salvage
from intracellular degradation of IgGs, also called “recycling,”
known to occur in vivo.13

The derived in vitro transcytotic flux for 4 mAbs in the rat
FcRn assay and 24 mAbs in the human FcRn assay was then
compared with their in vivo clearance (CL) in rat or cynomol-
gus monkey, respectively, to evaluate whether this in vitro read-
out shows in vivo relevance, and consequently whether it could
be reliably used in drug discovery projects as a screening and
mechanistic tool for mAb candidate optimization and selection.

The cellular FcRn assay was clearly able to differentiate
unspecific antibody uptake from FcRn-mediated uptake and
transcytosis, as we only detected low background fluxes in
“empty vector” MDCK cells lacking human/rat FcRn expres-
sion. In addition, mAb flux across human/rat FcRn-overex-
pressing MDCK cells at pH gradient conditions (pH 6.0/8.0)
far exceeded the mAb flux obtained when pH was kept at 8.0 at
both sides of the cell layer.

The use of FcRn-overexpressing cells and the application of
a pH gradient to induce detectable FcRn-mediated endocytotic
uptake followed by transcytosis markedly differs from the pro-
cess occurring in vivo, where mAb endocytotic uptake occurs
instead via fluid-phase pinocytosis only.

Additionally, both endogenous IgGs and therapeutic mAbs
bind to FcRn, and inhibition of FcRn-IgG interactions by
administration of very high dose of intravenous immunoglobu-
lins is known to lead to accelerated pathogenic antibody CL in
vivo and disease amelioration in auto-immune patients.18 In
our FcRn in vitro assay, endogenous IgGs were intentionally
not included in the donor compartment to ensure maximal
dynamic range for the Papp values and allow mechanistic
investigations and ranking of FcRn-mediated transcytosis of
the studied mAb.

The FcRn transcytosis assay could capture species-specific
differences in IgG transcytosis rate, as well as correctly rank
wild type vs. Fc-mutated mAbs (AAA and YTE) according to
their respective observed PK behavior in vivo. The different
transcytosis rates of the diverse Fc mutants support the require-
ment of the FcRn receptor for transcellular trafficking of an IgG
in the studied cell system, since low / no binding to FcRn recep-
tor led to less transcytosis.

It is well known that human and mouse FcRn have different
binding affinities for IgGs from different species. As reported
by other authors,32,33 human FcRn only binds human, guinea
pig and rabbit IgG, whereas mouse FcRn binds IgGs from
many different species with high affinity. Human IgG1 binds
cynomolgus monkey FcRn with a 2-fold higher affinity than
human FcRn, and binds both, mouse and rat FcRn with a 10-
fold higher affinity than human FcRn.15

In this work, for the YTE mutant, species-selective differen-
ces in rat and human FcRn IgG interactions were observed.
This is probably related to differences in mAb pH-dependent
binding properties for the 2 FcRn receptor homologues, and

thus different binding/release behavior at endosomal and blood
pH, respectively. Theoretically, an increased FcRn receptor
binding affinity of a mAb at pH 6.0, as reported for the YTE
mutant, should help the recycling of the mAb and thus reduce
its clearance in vivo.16 However, as also descibed by Vaccaro
et al. for a different Fc mutation,34 the YTE mutant might also
possess enhanced binding affinity to murine FcRn at pH 7.4,
resulting in a reduced release of the IgG to the blood stream
and thus increased cellular degradation. Conversely, the bind-
ing of the YTE mAb to the human FcRn at pH 7.4 was low,
resulting in an increased in vitro flux in the human FcRn cellu-
lar system, exceeding that of the wt-IgG. This indicates that the
studied assay not only identifies differences in FcRn affinity at
pH 6.0 across animal species, but can help to reveal the overall
effect of the mutations on the various processes, including
receptor binding, FcRn-IgG-complex trafficking and IgG
release.

Given the additive nature of mAb systemic clearance pro-
cess,9 expected to occur also for large molecules, and the lack of
target antigen expression in our cellular system, a direct corre-
lation between in vitro transcytotic flux and in vivo CL can be
expected only for biologics whose clearance mechanism at the
studied dose levels is modulated predominantly by its interac-
tions with the FcRn receptor, and not in cases where CL is
affected by other processes, such as the formation of anti-drug
antibodies or other immunogenic reactions, by TMDD when
non-saturating drug doses are studied, by specific sequence
instability and catabolism, or by an enhanced non-specific cel-
lular pinocytotic uptake.35

The rat FcRn in vitro flux to in vivo rat CL correlation shown
here indicated an inverse relationship of the 2 parameters.
When comparing the human FcRn in vitro flux to the observed
in vivo CL in cynomolgus monkeys, again the AAA mutants
with high CL displayed a low in vitro flux, whereas mAbs with
enhanced FcRn affinity and consequently low CL showed a
stronger transcytosis in the cellular assay. The Wt-FcRn binders
with CL values from 2 to 25 mL/day/kg showed an in vitro “Wt
IgG-normalized flux” (NF) range from 0.6 to 2.8. Therefore,
mAbs within this range could be considered to have “normal”
FcRn interaction properties. For this mAb cluster, no obvious
quantitative correlation between the in vivo CL and the FcRn-
mediated flux in vitro was observed, despite the absence of
TMDD at the tested dose levels and immunogenicity in vivo.

The fact that mAbs with very similar in vitro flux, still
showed considerable differences in in vivo CL could be
explained by additional CL processes, apart from FcRn recy-
cling, not present in the cellular assay. One example is mAb 7,
which showed an extremely high systemic CL in monkey
(25 mL/day/kg) even though it had a non-mutated Fc scaffold
and its in vitro flux was similar to a mAb with normal in vivo
CL < 10 mL/day/kg.20 The more mAbs digress from a linear
relationship between in vitro FcRn-mediated transcytosis and
in vivo CL, the more their PK is expected to be affected by addi-
tional “CL-accelerating” processes, such as enhanced pinocyto-
sis or off-target binding, or “decelerating” processes, such as
low unspecific uptake.

It should be noted that, in contrast to the PK data available
for rat where most mAbs shared the same Fab structure and
epitope (anti-DIG) and were evaluated in the same in vivo
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experiment, the clearance data set used for the human FcRn
flux/monkey CL-IVIVC were obtained at different dose levels,
with different study designs and bioanalytical assays, and using
different monkey colonies (thus animals of various ages/ori-
gins), which can increase data variability and reduce the accu-
racy of the IVIV correlation. In addition, the mAbs tested in
monkey PK studies have different scaffolds and are not directed
against the same target epitope, resulting in large differences in
physicochemical properties and 3D structures, whose effect on
FcRn-mediated recycling and cellular trafficking occurring in
vivo might not be captured in this cellular system. Additionally,
cynomolgus monkey and human FcRn receptor sequence/
expression are very similar but not entirely identical.20 To fur-
ther evaluate this aspect and to calibrate the IVIVC with clini-
cal data, we are currently selecting more mAbs for in vitro
testing for which systemic clearance in man is available from
Roche clinical trials or reported in literature. For mAbs with
monkey PK that does not translate well into man due to spe-
cies-dependent FcRn differences, the IVIVC is expected to
improve. However, the correlation could also get worse if addi-
tional FcRn-unrelated clearance processes take place in man
which are absent in monkey, such as a human-specific off-tar-
get binding.

After intracellular uptake in vivo, an antibody can either
enter the “recycling pathway” occurring via FcRn-receptor
interactions, or the “degradative (lysosomal) pathway.”36 This
is dependent on the degree of interaction with the FcRn recep-
tor and the level of occupancy of the FcRn receptors in the
endosomes, which is a saturable process.

In vitro, due to the high expression level of FcRn in the
transfected MDCK cells we used, which is much higher than
under physiologic conditions, it is likely that most/all of the
IgG molecules internalized under pH gradient conditions at
pH 6.0/7.4 are further trafficked intracellularly by FcRn and no
saturation occurs. At the same time, an unspecific cellular
uptake of a mAb, which might be enhanced by certain physico-
chemical properties, e.g., large positive charge patches, can also
occur under pH gradient conditions and contribute to the flux
measured in this work at pH 6.0/7.4. It should be noted that an
antibody molecule showing a high degree of unspecific cellular
uptake (i.e., non-target- and non FcRn-mediated) occurring via
fluid-phase pinocytosis is expected to be more prone to
undergo intracellular degradation. Indeed, a higher fraction of
the total antibody amount is internalized independently of its
binding to FcRn and is thus not protected by lysosomal degra-
dation.8 Therefore, increased unspecific cellular uptake of a
mAb might counteract the prolongation of in vivo residence
time expected by an increased FcRn binding affinity.37

These considerations are well in line with the observations
for mAb 10, which was specifically designed to display
enhanced FcRn affinity and a certain positive charge patch dis-
tribution to increase pinocytotic cellular uptake.8,38 This combi-
nation resulted in increased flux in the transcytosis assay, but a
residence time in monkeys comparable to non-mutated IgG1,
as pinocytosis and FcRn-mediated effects highly likely compen-
sate each other in vivo.

This counter-activity of pinocytosis and FcRn-mediated sal-
vage in vivo is also the reason why we chose the pH gradient
conditions for the IVIVC. When applying pH 7.4 in both

chambers, mAb uptake will solely happen via pinocytosis.
Thus, we can assume that a mAb with high FcRn affinity, but
low pinocytotic uptake, would reach a similar or even lower
transcytotic flux than a mAb with average FcRn affinity and
high pinocytotic uptake. As described above, a mAb with high
pinocytotic uptake behavior undergoes a more rapid clearance
as opposed to a mAb with low non-specific cellular uptake
potential. Thus, the pinocytotic uptake component is consid-
ered to be a confounding element for our in vitro readout,
where an enhanced transcytotic flux is in general interpreted as
a hint for low in vivo CL due to proper FcRn salvage.

In summary, our cellular FcRn assay was able to detect and
quantitatively measure the FcRn-mediated transcytosis occur-
ring in vitro for various therapeutic IgGs. Beside describing fur-
ther validation of the in vitro FcRn assays initially reported by
Praetor26 and Tesar,25 this work evaluates for the first time the
correlation between in vitro transcytosis and in vivo preclinical
PK data for 25 antibody-based molecules. Despite the discussed
limitations and need for further mechanistic investigations
before quantitatively using the in vitro flux for, for example,
physiologically based PK modeling purposes, this cellular assay
looks promising for a first in vitro evaluation of potential liabili-
ties in antibody FcRn-mediated clearance, with the aim to rank
candidates and reduce the number of molecules tested in vivo.
Although it does not cover all the biologic processes involved
in mAb recycling and degradation in vivo, it helps to under-
stand the contribution of the FcRn-mediated recycling to mAb
PK and highlights that mAb disposition in vivo is a phenome-
non likely more complex and more peculiar for each antibody
than has been considered so far.

Material and methods

Antibodies

Fluorescein isothiocyanate (FITC)-labeled antibodies (rat IgG,
mouse IgG and chicken IgY) were purchased from Jackson
ImmunoResearch (Cat.No. 012-090-003, 015-090-003 and 003-
090-003, respectively), FITC-human IgG from Sigma-Aldrich
(Cat.No. F 9636). The paracellular marker FITC-dextran
(150 kDa) was obtained from Sigma-Aldrich. Chimeric, human
or humanized unlabeled antibodies with/without Fc mutations
were generated at Hoffmann- La Roche as part of various dis-
covery and development projects; due to company policy on
chemical name disclosure, structures and targets for Roche
mAbs are not reported here. Fc mutants were designed in a
way to specifically alter the FcRn-binding affinity of the mole-
cule. All other antibodies were considered as «wildtype» FcRn-
binders. All tested unlabeled mAbs are listed in Table 2.

3H-labeling of antibodies

Five molecules (anti-Digoxigenin-YTE (M252Y/S254T/T256E)
IgG; anti-Digoxigenin AAA (M252A/H310A/H435A) IgG; anti-
Digoxigenin Wildtype IgG; chicken IgY; human Wt IgG Fc
fragment) were 3H-labeled according to the following protocol
in a representative example. Chicken IgY was purchased from
Jackson ImmunoResearch, the anti-DIG IgGs had been gener-
ated internally.
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Four mg (0.0274 mmol) of antibody in 377 mL formulation
buffer (20 mM His, 140 mM NaCl, pH 6) was diluted with
100 mL labeling buffer (DPBS pH 8.5, pH was adjusted with
1 N aq. NaOH) and placed into a 3500 MWCO Midi
D-TubeTM Dialyzer. The solution was dialyzed against labeling
buffer; the buffer was changed 3 times each after 45 minutes
and stored in the refrigerator overnight. 13.1 mg (6.6 mCi,
0.074 mmol) of [3H]-N-succinimidyl propionate (NSP) was
transferred into a 1.5 mL Eppendorf LoBind tube and dissolved
in 15 mL dimethylsulfoxide. Antibody solution was added to
the Eppendorf vial and the solution was shaken for 15 minutes
at room temperature. After this time, 1 mL of 1 M lysine, dis-
solved in labeling buffer, was added to stop the reaction. The
reaction solution was transferred into a 3500 MWCO Midi
D-TubeTM Dialyzer and dialyzed against the formulation
buffer. The buffer was changed 3 times each after 45 minutes
and stored in the fridge overnight. The protein concentration
was determined by UV at 280 nm (Eppendorf BioSpectrome-
ter). The radioactivity was determined by liquid scintillation
counting (Hidex 300SL and ULTIMA GOLDTM cocktail). Spe-
cific activities were achieved in the range of 900 mCi/mg to
1200 mCi/mg. The radiochemical purity of > 95% was deter-
mined by size-exclusion chromatography.

Cell culture

MDCK cells transfected with rat FcRn and rat b2m were kindly
provided by Prof. Pamela Bjorkman (CalTech, Los Angeles,
US) and were maintained according to Tesar et al.25 in SMEM
(Gibco, Life Technologies), supplemented with 10% fetal
bovine serum (FBS, Sigma-Aldrich), 100000 IU/mg/mL penicil-
lin-streptomycin (Gibco, Life Technologies), 2mM L-Gluta-
mine (Gibco, Life Technologies) and 0.2 mg/mL geneticin
(Gibco, Life Technologies) at 37�C, 5% CO2. MDCK cells trans-
fected with human FcRn and empty vector (EV) were kindly
provided by Prof. Walter Hunziker, (Singapore University) and
were maintained according to Praetor et al. in DMEM (Gibco,
Life Technologies), supplemented with 10% FBS (Sigma-
Aldrich), 100000 IU/mg/mL penicillin-streptomycin, 20 mM
HEPES (Gibco, Life Technologies) and 0.5 mg/mL geneticin at
37�C, 5% CO2. All the cells were passaged twice per week.

For experiments requiring polarized cell monolayers, cells
were seeded at superconfluent density (0.25 £ 106 cells/mL)
onto 6.5 mm diameter 24-well Transwell� polycarbonate fil-
ters, 0.4 mm pore size (Corning Costar), with 0.3 and 1.0 mL of
media in the apical and basolateral reservoirs, respectively. In
the Transwell� system, rat FcRn MDCK cells were maintained
in MEM (Sigma-Aldrich) supplemented with 10% FBS,
100000 IU/mg/mL penicillin-streptomycin and 0.2 mg/mL
geneticin at 37�C, 5% CO2, were fed on day 3 after initial seed-
ing and used for experiments on the fourth day post plating.
Human FcRn and EV MDCK cells were maintained in the
same medium and conditions as in the flask were fed the sec-
ond or third day after initial seeding and used for experiments
on the third or fourth day post plating, respectively.

Prior to incubations with the test compounds, the desig-
nated receiver plate was blocked for 24 h with 1% bovine serum
albumin (BSA) at 4�C to prevent mAb adsorption to the plate
surface. Cells were serum-starved for 2 to 2.5 h in their

respective medium without FBS, washed once with HEPES
(Sigma-Aldrich)-buffered Hanks’ balanced salt solution with
Ca2C and Mg2C (HBSSCC; Gibco, Life Technologies) pH 7.4
and finally pre-incubated for 30 minutes with MES (Sigma-
Aldrich)-buffered HBSSCC pH 6.0 (donor compartment) or
HEPES-HBSSCC pH 7.4 (acceptor compartment) or with
HEPES-HBSSCC pH 7.4 in both compartments as a control.

Quantitative transcytosis assay

Test antibody (3H-labeled, fluorescently labeled or unlabeled)
was added at the indicated final concentration in HBSSCC pH
6.0, pH 7.4 or 8.0 (the 2 latter for control experiments) and
0.1% BSA in 0.6 mL in the basolateral chamber, which served
as donor compartment. The apical chamber was filled with
0.2 mL of HBSSCC pH 7.4 or pH 8.0 containing as well 0.1%
BSA. FITC-dextran (150 kDa) at 100 nM was incubated as par-
acellular marker in separate wells for each experiment. Plates
were then incubated at 37�C or 4�C (for control measure-
ments), 5% CO2, for the indicated durations. At the end of the
experiment, samples were taken from the acceptor and donor
compartment and for 3H-labeled compounds, concentration
was measured via liquid-scintillation counting (LSC) in Luma-
Plate-96, White Opaque Microplate with Scintillate Coated on
the Bottom (Perkin Elmer) in a Top Count Plate reader NXT
(HTS) on the following day. Fluorescently labeled molecules
were measured in 384-wells black plate (Greiner) in a Multi-
plate reader system for fluorescence (Perkin Elmer) and con-
centration calculation was based on calibration curves for each
compound in the given buffer system. Unlabeled human IgGs
were analyzed by quantitative ELISA.

ELISA (enzyme-linked immunosorbent assay)

Concentrations of unlabeled human(ized) IgGs were deter-
mined by appropriate enzyme-linked immunoassays. Anti-
human-IgG, Fcg-specific and Anti-human F(ab)2-F(AB2)-Bio-
tin (Jackson Immunoresearch), were used for capturing and
detection, respectively, in combination with Poly-HRP40-
Streptavidin (Fitzgerald) and Supersignal chemiluminescent
(Thermo scientific). PBS C0.1% Tween 20� was used as wash
buffer and PBS C0.5%BSA C0.05% Tween 20� was used as
blocking and assay buffer. All washing steps were performed in
the Biotek ELx405 washer: 4 times after blocking and incuba-
tion with the samples, and 6 times after incubation with the
detection Ab and the HRP-conjugate. All incubation steps with
exception of the coating period (4�C overnight, no shaking)
were performed at room temperature (RT) with shaking at
450 RPM.

ELISA plates (Nunc ImmunoMaxiSorp) were coated with
0.1 mg/mL of capturing antibody in PBS followed by at least
1 hour of blocking. Then, serially diluted assay samples (1:8,
1:32 and 1:128) and a calibration curve (range detection: 34 pg/
mL ¡25 ng/mL) for each test compound prepared in assay
buffer were added and incubated for 1.5 to 2 hours. Subse-
quently, bound test IgG was detected by incubating with 50
ng/mL of detection antibody for 1.5 to 2 hours, followed by
incubation with 1 ng/mL of HRP-conjugate for 20 to maximally
30 minutes. Finally, the chemiluminescence substrate was
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added and the signal was measured in the Multiplate reader
system for luminescence (Perkin Elmer). The data was proc-
essed with SoftMax Pro Data Acquisition and Analysis Soft-
ware (Molecular Devices).

Single-dose Pharmacokinetic Studies with 3H-antibodies
in rats

Adult male Wistar rats weighing »250 g were obtained from
Harlan Laboratories (Horst, Netherlands) and housed at F.
Hoffmann La-Roche, Basel, in a controlled environment (tem-
perature, humidity, and 12 h light/dark cycle) with ad libitum
access to food and water. All rodent studies were conducted
with the approval of the local veterinary authority in strict
adherence to the Swiss federal regulations on animal protection
and to the rules of the Association for Assessment and Accredi-
tation of Laboratory Animal Care International. The tested
antibodies were the following: chicken IgY, anti-Digoxigenin-
hu IgG-AAA mutation (AAA IgG), anti-Digoxigenin-hu Wt
IgG (Wt IgG); anti-Digoxigenin-hu IgG-YTE mutation (YTE
IgG).16 All molecules were administered in their 3H-labeled
form.

Four rats per compound received 30 mCi 3H-antibody in
500 mL histidine buffer (20 mM histidine, 140 mM NaCl,
pH 6) by i.v. tail vein injection.

Blood samples were collected from the tail vein under mild
isoflurane anesthesia into K2EDTA coated polypropylene tubes
at 0.83, 1, 3, 7, 24, 48, 72, 96, 168, 240, 336, 408, 504, 576, 672,
744, and 840 hours after administration. Plasma was prepared
within 30 min by centrifugation at 3000 g for 5 min at 4�C and
frozen immediately. Then 10 mL of plasma and 3.5 mL of
Ultima Gold� (Perkin-Elmer) were then mixed in 6 mL poly-
ethylene tubes (Perkin Elmer) and the radioactivity counts
were measured by a liquid scintillation analyzer (Tri-Carb 3100
TR, Packard Instruments).

Single-dose Pharmacokinetic Studies with cold antibodies
in monkeys

Adult cynomolgus monkeys were used for the PK studies.
All monkey studies were approved by the Roche Ethical
Committee on Animal Welfare and conducted with the
approval of the local veterinary authorities and conducted
an Roche Innovation Center Basel or at audited Contract
Research Organizations. Most of the tested antibodies origi-
nated from various internal Roche R&D projects; due to
company policy on chemical name disclosure, structures
and targets for 22 Roche mAbs are not reported here. The
tested compounds were administered as single i.v. injection
and the antibody concentrations in plasma or serum were
determined by ELISA methodologies. Details of the individ-
ual studies are reported in Table 2.

Data analysis

In vitro data was evaluated with Microsoft Excel 2010 (Micro-
soft). Plotting was performed with Microsoft Excel 2010 and
GraphPad Prism 6. Analysis of in vivo PK data was performed
with Phoenix WinNonlin by NCA (Certara).
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