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ABSTRACT
Therapeutic antibodies continue to develop as an emerging drug class, with a need for preclinical tools to
better predict in vivo characteristics. Transgenic mice expressing human neonatal Fc receptor (hFcRn)
have potential as a preclinical pharmacokinetic (PK) model to project human PK of monoclonal antibodies
(mAbs). Using a panel of 27 mAbs with a broad PK range, we sought to characterize and establish utility of
this preclinical animal model and provide guidance for its application in drug development of mAbs. This
set of mAbs was administered to both hemizygous and homozygous hFcRn transgenic mice (Tg32) at a
single intravenous dose, and PK parameters were derived. Higher hFcRn protein tissue expression was
confirmed by liquid chromatography-high resolution tandem mass spectrometry in Tg32 homozygous
versus hemizygous mice. Clearance (CL) was calculated using non-compartmental analysis and
correlations were assessed to historical data in wild-type mouse, non-human primate (NHP), and human.
Results show that mAb CL in hFcRn Tg32 homozygous mouse correlate with human (r2 D 0.83, r D 0.91,
p < 0.01) better than NHP (r2 D 0.67, r D 0.82, p < 0.01) for this dataset. Applying simple allometric scaling
using an empirically derived best-fit exponent of 0.93 enabled the prediction of human CL from the Tg32
homozygous mouse within 2-fold error for 100% of mAbs tested. Implementing the Tg32 homozygous
mouse model in discovery and preclinical drug development to predict human CL may result in an overall
decreased usage of monkeys for PK studies, enhancement of the early selection of lead molecules, and
ultimately a decrease in the time for a drug candidate to reach the clinic.

Abbreviations:mAb, Monoclonal antibody; PK, Pharmacokinetic; IV, Intravenous; CL, Clearance; FcRn, Neonatal Fc
Receptor; hFcRn, human FcRn; mFcRn, mouse FcRn; mAb-FcRnC, mAb engineered for enhanced binding to FcRn;
KO, knock out; NHP, non-human primate; FIH, First-in-human; TMDD, Target-mediated drug disposition; LBA, Ligand
Binding Assay; TCA, trichloroacetic acid; LC-HRMS, Liquid chromatography-high resolution tandem mass spectrome-
try; WT, wild type; ADME, Absorption, distribution, metabolism and excretion; PBPK, Physiologically based PK
model; ADC, Antibody-drug conjugate; CCC, Concordance correlation coefficient
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Introduction

Monoclonal antibodies (mAbs) continue to proliferate as a
therapeutic drug class, with over 30 mAbs marketed for com-
mercial use and over 300 estimated to be in development.1

Establishing preclinical tools to better profile these molecules
could ultimately reduce the time needed for drug discovery and
development by improving the lead molecule selection pro-
cess.2 Obtaining preclinical pharmacokinetics (PK) is a critical
component to predicting human PK and projecting first-in-
human (FIH) doses. The current gold standard for preclinical
PK assessment of mAbs is the non-human primate (NHP),
commonly the cynomolgus monkey. PK studies in NHP pro-
vide a reasonable and early assessment of human PK;3-7

however, NHP studies are costly and challenging to implement
in the discovery and early preclinical phases of drug develop-
ment, and there are ethical issues with the use of the animals
for medical research. The potential for a rodent model to accu-
rately estimate the PK behavior of mAbs in higher species could
dramatically improve the throughput for lead drug candidate
selection, and potentially increase the overall success while
decreasing the time for non-clinical development of mAbs.

Therapeutic mAbs are usually immunoglobulin G (IgG) sub-
classes, and the majority of drug candidates are of the IgG1 or
IgG2 isotype. Multiple factors, such as charge, size, target binding
affinity and interaction, pH dependent neonatal Fc receptor
(FcRn) binding affinity, degree and type of glycosylation, are
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thought to affect the PK of these large macromolecular therapeu-
tics, which in turn could influence their efficacy and safety.2 PK of
mAbs can be described as a linear process in which clearance
(CL) is constant, or a non-linear process in which the CL varies
across the dose range. Non-linear PK can be due to target-medi-
ated drug disposition (TMDD),8 where at low doses target-medi-
ated CL is the dominating contributor to PK until the target is
saturated at higher doses. Non-linear PK can also be observed
when anti-drug antibodies (ADA) are induced by an immune
response to the mAb. FcRn-mediated protection and recycling is
well documented as one of the most important mechanisms in
modulating mAb CL. FcRn is a major histocompatibility complex
(MHC) class I like heterodimer, consisting of an Fc binding
a-chain and a b2-microglobulin subunit, which is believed to play
a central role in the persistence and disposition of IgG in a pH
dependent manner.9-11 FcRn binds with high affinity to the CH2-
CH3 interface of the IgG Fc domain in the acidic environment
(pH � 6.5) of endosomes following endocytosis, where non-
FcRn-bound IgG can be processed for degradation by the lyso-
some, and FcRn-bound IgG can be recycled to the extracellular
surface and then dissociate from FcRn at physiological pH
(7.4).12-15 As a result of the important role of FcRn-mediated recy-
cling of IgG and its relationship to PK, FcRn has become a com-
mon target of mAb engineering efforts aimed at improving mAb
PK characteristics.16-19 FcRn is widely distributed among various
tissues and FcRn mRNA and protein expression have been
reported in endothelial, epithelial and circulating cells.20-24 To
date, a comprehensive, quantitative understanding of the tissue-
specific expression of FcRn, which is necessary to understand the
effect FcRn has on mAb disposition in various organs or tissues,
has not been well established in human. Early reports have dem-
onstrated expression of FcRn protein in human fetal intestine
using an immunoblotting approach,25 while later an ELISA was
used to quantify FcRn protein in human and NHP intestinal tis-
sues.26 It has been previously documented from mAb biodistribu-
tion studies in mice using a radiolabeled mAb that the liver and
spleen are the primary sites for IgG catabolism.27,28 Measuring the
concentration of FcRn protein in liver and spleen relative to other
organs will help elucidate the role of FcRn in the distribution and
catabolism of mAbs.

Studies that evaluated the potential for the human FcRn
(hFcRn) expressing transgenic mouse to correlate to human
PK have been reported.17,29-32 While human IgG is able to
bind to both mouse FcRn (mFcRn) and hFcRn, species dif-
ferences in the binding of FcRn have been demonstrated in
vitro, and may contribute to the variability and an overall
poor PK predictability of wild type (WT) mouse to human
PK.33 The hFcRn transgenic mouse from The Jackson Labo-
ratory32 is null for a-chain mFcRn and contains either one
or 2 transgenes of hFcRn, hemizygous and homozygous,
respectively. Two hFcRn transgenic mouse strains are cur-
rently available; the Tg32 strain (hFcRn promoter) and the
Tg276 strain (chicken b-actin promoter).10 Since endogenous
mouse IgG binds to hFcRn with weaker affinity relative to
mFcRn and is not protected as efficiently, the Tg32 and
Tg276 strains demonstrate decreased serum concentrations
of endogenous mouse IgG compared to WT C57Bl/6
mouse.29 In addition to IgG binding, FcRn has a discrete

albumin binding site. Endogenous serum albumin concentra-
tions are similar in the Tg32 and Tg276 mouse compared to
the WT C57Bl/6 strain, demonstrating that the functionality
of the hFcRn heterodimer in the mouse model may hinder
endogenous IgG recycling, but not albumin.29 Several studies
have begun to characterize the PK of mAbs in hFcRn trans-
genic mice. Petkova et al.17 examined both the Tg32 and
Tg276 strains and their ability to distinguish PK differences
of a mAb and 3 different framework mutants engineered to
have either diminished binding to hFcRn (decreased half-
life) or enhanced binding to hFcRn (increased half-life).
Interestingly, the Tg276 (hemizygous and homozygous)
demonstrated a more rapid CL of the mAbs tested, while the
Tg32 hemizygous showed a slower CL of each mAb and was
the only mouse model tested that was able to differentiate
the 4 mutant mAbs based on PK. Of note, Tg32 homozygous
mouse was not examined in this study. Tam et al.29 and Roo-
penian et al.32 examined the PK of a single mAb in the dif-
ferent strains and similarly noted a decreased exposure in
the Tg276 mouse compared to the Tg32 mouse, as well as a
decreased exposure in the hemizygous compared to the
homozygous mouse. In addition, Tam et al. examined a
panel of 9 mAbs in the Tg32 hemizygous mouse having a
human CL ranging from approximately 0.1-0.5 mL/hr/kg,
and demonstrated a robust correlation of CL in the Tg32
hemizygous mouse to human CL. While the Tg32 homozy-
gous mouse was still not examined for human CL correlation
in this study, the authors did demonstrate that co-adminis-
tration of IVIG with test mAb did not alter the resulting PK
correlation.29

In this study we investigated the potential application of the
hFcRn Tg32 transgenic mouse model to effectively predict mAb
human PK, and set out to understand what role FcRn expression
may play in interpreting the preclinical utility of this mouse
model. Our approach was to utilize a broad range of 21 Pfizer
mAbs and 6 marketed mAbs with varying CL values in human
(0.06-0.45 mL/hr/kg) and in NHP (0.04-4.9 mL/hr/kg), including
IgG1 and IgG2 isotypes, mAbs that bind different target types
(e.g., soluble or cell membrane targets), and encompassing differ-
ent framework classifications to examine the spectrum of utility
and sensitivity of the hFcRn Tg32 hemizygous and homozygous
strains to predict human PK. A subset of mAbs were also exam-
ined in the hFcRn Tg276 mouse, WT C57Bl/6 mouse and FcRn
knock-out (KO) mouse for comparison of the PK characteristics
with hFcRn Tg32 mice. In addition, a series of matched WT and
Fc framework mutation mAbs engineered for enhanced FcRn
binding were included to understand the degree of PK differenti-
ation achievable with the hFcRn Tg32 mouse strain. This study
considers hFcRn protein expression differences in tissues and the
potential effect on PK characteristics of mAbs, as well as demon-
strates the ability to use this mouse model to scale PK allometri-
cally to predict mAb CL in human. With all of these factors
considered, we sought to characterize the utility of the Tg32
mouse in the discovery and preclinical drug development of
mAbs to predict human PK, enhance the ability to select lead
molecules earlier in discovery, more accurately predict human
PK and ultimately decrease the time needed for a drug candidate
to reach the clinic.
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Results

PK data from historical PK studies

For a retrospective analysis on the PK of mAbs across species,
historical PK data in WT mouse, NHP and human were col-
lected (supplemental Table 1). Of the 27 mAbs included in this
study, 24 were IgG1 and 3 were IgG2; 16 bind to soluble ligand
targets, 9 bind to membrane bound targets, and 2 bind to both
soluble and membrane bound receptor targets; 12 were human,
13 were humanized, and 2 were chimeric. The linear CL values
(apparent linear and definitive linear) of these mAbs ranged
from 0.13-2.19 mL/hr/kg in WT mouse (n D 17), 0.04-
1.16 mL/hr/kg in NHP (n D 25, excludes non-linear mab17)
and 0.06-0.45 mL/hr/kg in human (n D 15) (Fig. 1A–C, respec-
tively). The median mAb linear CL values in WT mouse, NHP
and human were 0.36, 0.22 and 0.12 mL/hr/kg, respectively. CL
values depicted in Fig. 1 represent the CL designation (defini-
tive linear, apparent linear, or non-linear) for each mAb. As

described in the methods section, historical mAb CL values in
each species were assessed using strict criteria to define each
CL value as definitive linear, apparent linear, or non-linear.
Definitive linear CL was selected as a mean CL value over a lin-
ear dose range from a dose escalating study. Apparent linear
CL values were determined from a dose escalation study where
only the highest dose cohort is observed to approach linearity,
or from a single dose study with a dose greater than 10 mg/kg,
believed to saturate the target. Non-linear CL values (target-
mediated CL, or CL affected by presumed ADA) were excluded
from all PK correlative analyses.

Initial PK data from hFcRn transgenic mouse strains –
selection of Tg32 mouse model

To understand the role of human vs. mouse FcRn protection
and assess the 2 hFcRn transgenic mouse strains (Tg32 and

Figure 1. Panel of mAbs Used in Study. Interspecies CL for therapeutic mAbs. Panels A, B and C depict the 27 mAbs examined in this study, including 21 Pfizer mAbs (�)
and 6 marketed mAbs ( ) and the CL values (mL/hr/kg) for human (15/27), NHP (26/27), and WT mouse (17/27), respectively. Mean CL value are depicted for each species.
Symbols depict definitive linear CL values (�), apparent linear CL values (&) and non-linear (~). Of the 27 collected mAbs: 24 are IgG1 and 3 are IgG2; 16 have soluble
ligand targets, 9 have membrane bound targets, and 2 target both soluble and membrane bound receptor targets; 12 are fully human, 13 are humanized, and 2 are
chimeric.
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Tg276), PK studies were conducted and compared to WT
mouse (C57Bl/6, mFcRn) and FcRn KO mice.

The first mAb evaluated was mAb14 with a known CL in
NHP of 0.53 mL/hr/kg, and was administered to Tg32 hemizy-
gous and homozygous, Tg276 homozygous and WT C57Bl/6
mice. Compared to the CL observed in WT C57Bl/6 mice,
mAb14 showed an 8.9-fold faster CL in Tg276 homozygous,
and 2.2-fold slower CL in Tg32 homozygous mice (Fig. 2A).

Two mAbs with contrasting PK characteristics, mAb04 and
mAb17 with observed CL in NHP of 0.15 (definitive linear)
and 4.87 (non-linear) mL/hr/kg, respectively, were adminis-
tered intravenously (IV) to Tg32 hemizygous and homozygous,
WT C57Bl/6, and FcRn KO mice. MAb04 exhibited a compara-
ble and slow elimination in the Tg32 hemizygous, Tg32 homo-
zygous and WT C57Bl/6 mouse (Fig. 2B). MAb17 exhibited a
1.9-fold more rapid elimination in WT C57Bl/6 mice compared
to Tg32 homozygous mice and a 2.4-fold more rapid elimina-
tion compared to Tg32 hemizygous mice (Fig. 2C). In both his-
torical NHP data and PK studies conducted in mice, mAb17
appears to exhibit a TMDD effect at the terminal phase (i.e.,
non-linear CL) at low concentrations. It was therefore excluded
from any subsequent correlative analyses in this study, and
only the estimated linear portion of CL was used for the com-
parison of mouse strains. Both mAb04 and mAb17

demonstrated rapid elimination in FcRn KO mice with mAb
CL of 4.09 and 10.37 mL/hr/kg, respectively, despite a > 30-
fold CL difference observed for these mAbs in NHP (Fig. 2D).
The mAb PK parameters in each mouse strain and NHP are
summarized in Fig. 2E. The Tg32 mouse strain most closely
paralleled the PK observed in NHP and contributed to the
selection of the Tg32 mouse as the animal model to further
characterize.

Total hFcRn protein expression in Tg32 hemizygous and
homozygous mice

To interpret the role of genotype on the PK differences
observed for mAbs administered to Tg32 hemizygous and
homozygous, the total protein expression of hFcRn in each
mouse genotype was quantified using an online Liquid chroma-
tography-high resolution tandem mass spectrometry (LC-
HRMS) immunoaffinity approach. Fig. 3 depicts the quantita-
tive concentration of total hFcRn across a panel of tissue homo-
genates extracted from Tg32 hemizygous and homozygous
mice. Harvested tissues were examined from n D 5 mice each
where the inter-individual variability is depicted by the stan-
dard deviation error bars. As anticipated, increased expression
of hFcRn protein was observed in the Tg32 homozygous

Figure 2. hFcRn Tg Mouse Strain Comparisons. PK profile results of Tg32 hemizygous and homozygous, Tg276 homozygous, WT C57Bl/6 and FcRn KO mice following
administration of (A) mAb 14, (B) mAb 04 and (C) mAb17. (D) PK profile overlay in FcRn KO mice for mAb04 and mAb17. (E) PK parameters for mAb14, mAb04 and
mAb17 in NHP and each mouse model. Data is depicted as the mean § standard deviation for 3-6 animals/group for panels A-D.
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compared to hemizygous mice for all tissues examined. The
most significant increases (p < 0.05, Mann-Whitney test) were
observed for lymph node, lung, skin, stomach, heart, kidney,
skeletal muscle, and brain. A less significant increase (p < 0.1,
Mann-Whitney test) was observed for large intestine. No sig-
nificant difference was observed in liver, small intestine, spleen
and fat when comparing Tg32 homozygous to Tg32 hemizy-
gous mice. Interestingly, the tissues that did not show signifi-
cant differences between the 2 genotypes of mice are the ones
with the greatest intra-individual variability (CV range of 8.4-
112.0% compared to 9.5-42.3% for those tissues with significant
differences).

PK studies conducted in Tg32 transgenic mouse

A panel of mAbs (Table S1) was administered to Tg32 hemizy-
gous and homozygous mice for PK analysis and comparison.
Two of 27 mAbs (mAb09 and mAb13, both with NHP CL <

0.4 mL/hr/kg) were not administered to Tg32 homozygous
mice because they did not have corresponding human PK data,
and sufficient data had been obtained from the 25/27 mAbs
over the full range of PK to interpret the correlation of the
Tg32 mouse to NHP.

Use of hFcRn Tg32 mouse model to distinguish PK of mAb
framework variants

We sought to further characterize and elucidate the threshold
of PK differentiation for each Tg32 mouse genotype, using 4
matched pairs of parent WT mAbs vs. mAbs engineered for
enhanced binding to FcRn (mAb-FcRnC) administered to the
Tg32 hemizygous and homozygous mice. Of note, only NHP
PK was available for comparison (with the exception of
mAb02). Fig. 4 depicts the relationship in CL values of each
mAb between Tg32 hemizygous and NHP (Fig. 4A) or between

Tg32 homozygous and NHP (Fig. 4B). The PK parameters are
summarized in Fig. 4C. Similar to NHP, the Tg32 homozygous
mouse was able to differentiate the WT mAb vs. mAb-FcRnC
mutation for 3/4 mAb pairs based on CL and 4/4 mAb pairs
based on half-life, whereas the Tg32 hemizygous mouse was
only able to differentiate 2/4 mAb pairs based on CL and 1/4
mAb pairs based on half-life, respectively.

Correlation of mAb CL in rodents to NHP

The correlation of mAb CL in WT mouse, Tg32 hemizygous
and Tg32 homozygous to NHP yield r2 values of 0.18, 0.82 and
0.75 (r D 0.43, 0.91, and 0.87), respectively, for the full data sets
(Fig. 5). 25/27 mAbs have definitive linear or apparent linear
CL in NHP for comparison, whereas only 15/27 mAbs have
been administered to humans for comparison. mAb17, having
non-linear CL in both mice and NHP, was excluded from all
correlative analyses. The Pearson correlation test showed that
the relationship between mAb CL in NHP and WT mouse was
not significant (p D 0.11), but correlated similarly with Tg32
hemizygous and homozygous (p < 0.01) albeit better with
Tg32 hemizygous mouse.

Correlation of mAb Cl in rodents vs human and NHP vs
human

The relationship of the 15/27 mAbs having human CL values
for comparison to WT mouse, NHP, Tg32 hemizygous and
homozygous mice is illustrated in Fig. 6. Of note, only 11/15
mAbs had WT mouse PK data, while 15/15 mAbs had PK
data for NHP, Tg32 hemizygous and homozygous mice. The
correlation of mAb CL in each animal model to human CL
yielded r2 of 0.61, 0.67, 0.87 and 0.83 (r D 0.78, 0.82, 0.79,
0.91) for WT mouse, NHP, Tg32 hemizygous and homozy-
gous mice, respectively (p < 0.01), for the full data sets. Inter-
estingly, Tg32 hemizygous mouse showed saturation at the
higher range of CL, while all the other strains show a linear
correlation to mAb CL in human. mAb16, with very high CL
in Tg32 hemizygous mouse, heavily influenced the non-linear
relationship observed to mAb CL in human, and removing it
yielded a weaker linear relationship (r2 D 0.79, r D 0.89, and p
< 0.01) (Fig. 6C inset). By contrast, removal of mAb16 from
the CL correlation of Tg32 homozygous mouse compared to
human did not affect the overall correlation and yielded the
identical r2 of 0.83 (r D 0.91) (Fig. 6D inset). Taken together,
these results revealed the Tg32 homozygous mouse as having
the strongest correlation of mAb CL to human.

Single species allometric scaling of mAb CL from WT
mouse, NHP or hFcRn Tg32 mouse model to predict human
CL

Allometric scaling methodology from a single species was used
to assess prediction accuracy (percent of mAbs within 2-fold
error from the line of unity) of human CL from each animal
model. Fig. 7 depicts the allometric scaling results of human CL
prediction for each mAb from preclinical species CL (definitive
linear and apparent linear CL) observed in WT Mouse, NHP,
Tg32 hemizygous and homozygous mice using either the

Figure 3. hFcRn Tissue Expression Profile in Tg32 Hemizygous and Homozygous
Mice. Significant expression differences between homozygous and hemizygous
genotypes were analyzed using an unpaired Mann-Whitney test where significance
is indicated as single asterisk (�) for p < 0.1 and double asterisk (��) for p < 0.05.

1068 L. B. AVERY ET AL.



standard exponent of 0.75 (top row) or an empirically derived
best fit exponent applied to each animal model (middle row).
Application of an exponent of 0.75 in this data set resulted in
under prediction of human CL for all mouse models with a pre-
diction accuracy of less than 15%. Consistent with literature,6

applying the exponent of 0.75 to NHP data resulted in reason-
able prediction of human CL, for 93% of mAbs.

Empirical exponents were then assessed from a training
dataset of the 9 Pfizer mAbs with human PK available (Fig. 7,
black circles) using a linear regression and statistical concor-
dance correlation coefficient (ccc). The empirically derived
exponent with the highest ccc values, i.e., with the best overall
precision and accuracy relative to the line of unity, was deter-
mined as the best fit exponent. Resulting best fit exponents
were 0.89, 0.80, 0.85 and 0.93 with ccc values of 0.86, 0.79, 0.76
and 0.93, for WT mouse, NHP, Tg32 hemizygous and homozy-
gous mouse, respectively, and were then verified by application
to a test set of mAbs, which consisted of the 6 marketed mAbs.
For the test set of mAbs (Fig. 7, red circles), the same best fit
exponents resulted with the highest ccc values of 0.78, 0.80,
0.75 and 0.91, respective to the same animal models listed
above, confirming the best fit exponent selection and overall
prediction and accuracy of the fit to the line of unity. Use of the
best fit exponents for the combined data sets (training and test
sets of mAbs) yielded prediction accuracies of 82%, 93%, 93%
and 100% for WT Mouse, NHP, Tg32 hemizygous and homo-
zygous mice, respectively. Further, addition of available litera-
ture data (Fig. 7, bottom row) for WT Mouse CL5,34 and NHP
CL 4-7 and applying our best fit exponents of 0.89 (WT mouse)
and 0.80 (NHP) could predict human CL with prediction accu-
racy of 73% and 90%, respectively, compared to 18% and 85%

using the traditional exponent of 0.75 (not shown). Application
of a best fit exponent 0.80 for scaling NHP CL provided similar
results to the traditional exponent 0.75 for the training and test
set of mAbs; however, addition of literary data further sup-
ported use of exponent 0.80 for improved CL projections from
NHP PK.

Discussion

Prior to clinical testing, animal models have historically been a
valuable tool in predicting human PK of drug candidates,
where selection of the appropriate animal model is based on
essential absorption, distribution, metabolism and elimination
(ADME) properties of the drug that results in scalable parame-
ters to accurately estimate human PK. Transgenic mouse mod-
els for human FcRn have been of recent interest for their
potential to scale to human PK for mAbs, an established class
of important biotherapeutics. We sought to characterize this
preclinical model as a tool to provide guidance for its applica-
tion in the preclinical development of mAbs. Using a study
panel of 27 mAbs and a mouse serial sampling approach, we
demonstrated a stronger correlation of mAb CL in the Tg32
homozygous than hemizygous mouse or wild type mouse to
human CL. The serial sampling approach allows the opportu-
nity to capture a single PK profile from one mouse as compared
to composite sampling of a terminal time point for each
mouse.35 In addition, we provided the first recommendation
for use of this model to allometrically scale and predict human
CL. Our results establish that the Tg32 homozygous mouse
model can distinguish PK differences in mAbs containing Fc
framework mutations to increase serum half-life from their

Figure 4. hFcRn Tg32 PK Differentiation in Framework Mutations. CL correlation between (A) Tg32 hemizygous and (B) homozygous mouse to NHP for 4 pairs of parent
and FcRnC mAbs (mAb01, mAb02, mAb07, mAb14) and (C) Summary of CL and T1/2 PK parameters for each parent and FcRnC mAb in Tg32 hemizygous and homozy-
gous mice and NHP. Statistical significance determined using a Student’s paired t-test (�p < 0.05 and �� p < 0.01).
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WT mAb counterparts. NHP has proven to be a reliable model
for the prediction of human PK; however, the early utility is
often hindered by substantial expense, ethical concerns sur-
rounding frequent use and added quantity of drug necessary to
conduct a study. The Tg32 homozygous mouse model provides
valuable utility in predicting mAb PK earlier in drug discovery,
which may ultimately reduce the need for NHP PK studies and
potentially be used as a selection tool, decreasing the time and
costs needed to select an optimum lead mAb candidate with
desired PK properties for success in the clinic.

Mouse models come in a wide range of background strains
and genetic modifications, which results in biological differen-
ces36 that may in part contribute toward the large degree of var-
iability noted when correlating mouse PK to human PK. Where
FcRn has been widely identified as the predominant pathway
for protection and regulating mAb CL, the species homology
and physiological binding affinity of FcRn may play a signifi-
cant role in the ability to scale animal to human PK. Human
IgG, the backbone for mAb therapeutics, has been shown
through in vitro binding studies to bind mFcRn with higher
affinity than to hFcRn.33 This discrepancy in binding to FcRn

in different species is likely variable across mAbs, and may
result in large differences across animal models regarding the
recycling efficiency and elimination rate of human IgG. Our
results support this hypothesis where administration of mAb14
to WT (C57Bl/6) mice shown in Fig. 2A results in a decreased
exposure compared to Tg32 mice, and administration of a dif-
ferent mAb with slower CL (mAb04), shown in Fig. 2B, results
in an increased exposure in WT (C57Bl/6) compared to Tg32
mice, suggesting the 2 different mAbs have variable interactions
with mFcRn compared to hFcRn. The in vitro binding affinity
of mAbs was examined using a Biacore assay consisting of
recombinant hFcRn-avitag-biotin conjugated to a streptavidin
chip; however, a correlation was not observed to in vivo PK for
human, NHP, or Tg32 mice (data not shown). There continues
to be a need to understand the relationship between in vitro
FcRn binding affinity and in vivo PK where the available liter-
ary data to date suggests mixed results toward a correla-
tion.16,18,30,37,38 Of the 2 available hFcRn transgenic mouse
strains (Tg32 and Tg276), there appear to be large differences
in mAb PK from each mouse model, and the difference in the
promoter-driven regulation of the hFcRn transgene likely
affects protein expression or function. Our results are in line
with literary observations where the Tg276 strain showed a
more rapid mAb CL than the Tg32 strain,17,29,32,39 and that the
Tg32 homozygous mice demonstrated a greater overall plasma
exposure of mAb than the Tg32 hemizygous mice.29 Use of the
Tg32 hemizygous mouse for PK analysis may be conducted in
a shorter time course than the homozygous mouse due to
decreased mAb exposure; however, the accuracy in CL predic-
tion to human will be limited. Based on the range of CL values
observed for the same set of mAbs in the Tg32 hemizygous
mice compared to Tg32 homozygous mice (Figs. 5B, 5C vs and
Figs. 6C inset versus 6D), the PK differences observed in the 2
Tg32 mice genotypes are likely attributed to the gene copy and
observed protein expression differences of hFcRn (Fig. 3).

Unlike small molecules where passive diffusion and sometimes
transporters are the major mechanisms of distribution, FcRn pro-
tection is critical in CL and distribution of IgGs in tissues through-
out the body, including sites of distribution that may not be in
rapid equilibrium with the plasma compartment. To date, most
PK calculations of mAbs have employed non-compartmental
analysis. These approaches assume that the site of drug elimina-
tion is in the central compartment. However, these approaches
may not provide accurate assessment of the disposition of many
mAbs in tissues. Appropriate assessment of mAb disposition ide-
ally relies on a direct measure of the tissue concentrations, and it
has been suggested that physiologically-based pharmacokinetic
(PBPK) models may facilitate the appropriate characterization of
mAb tissue disposition.40,41 FcRn protein concentrations (periph-
eral cells and tissue source) are an important parameter to con-
sider in the construction of a mAb PBPK model. Shah and Bett’s
model incorporated FcRn–mAb interactions in all tissues consid-
ered in the model assuming that the concentration of FcRn in the
vascular endothelial cells is conserved between different species.40

Quantitating individual tissue FcRn concentrations in different
species would greatly improve the accuracy of a PBPK model;
however, to date a quantitative analysis across a comprehensive
tissue panel for FcRn expression has yet to be demonstrated, par-
ticularly for the hFcRn Tg32 mouse. A new mass spectrometry-

Figure 5. Correlation of mAb CL in Rodents to mAb CL in NHP. Linear correlation
graphs of (A) WT mouse CL to NHP CL for 15/27 mAbs, (B) Tg32 hemizygous mouse
CL to NHP CL for 25/27 mAbs and (C) Tg32 homozygous CL to NHP CL for 23/27
mAbs. Tg32 mouse CL results are shown as the mean § standard deviation for 3-6
animals/group. Symbols: �, definitive linear CL values; &, apparent linear CL in
NHP only; ~, apparent linear CL in rodent only; ^, apparent linear CL in both
NHP and rodent. �, Pfizer mAbs , marketed therapeutic mAbs.
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based assay for the quantification of human FcRn in Tg32 tissues
has been developed recently.42 Here, we demonstrated the utility
of a quantitative FcRn tissue concentration profile in the charac-
terization of the hFcRn Tg32 mouse model for early PK assess-
ment of mAbs. Fig. 3 shows significantly increased protein
expression of hFcRn in homozygous mice compared to hemizy-
gous mice for several of the tissues studied, normalized by tissue
weight. These results are in line with the double gene copy of

hFcRn in the Tg32 homozygous mice compared to hemizygous.
The observed high degree of inter-subject variability of hFcRn
in several tissues can be related in part to the tissue cellular and
vascular composition. The overall increased expression of hFcRn
protein in homozygous vs. hemizygous Tg32 mice also supports
the higher amount of circulating endogenous mouse IgG
in homozygous vs. hemizygous (0.54 and 0.23 mg/mL 29),
respectively.

Figure 6. Correlation of mAb CL in Rodents vs Human and NHP vs Human. Linear correlation graphs of (A) WT mouse CL to human CL for 11/27 mAbs, (B) NHP CL to
human CL for 15/27 mAbs, (C) Tg32 hemizygous CL to human CL for 15/27 mAbs and D) Tg32 homozygous CL to human CL for 15/27 mAbs. MAbs shown in panels B, C,
and D represent the same 15 mAbs. Tg32 mouse CL results are shown as the mean § standard deviation for 3-6 animals/group. Symbols: �, definitive linear CL values;
~, apparent linear CL in rodent or NHP; &apparent linear CL in human; ^, apparent linear CL in rodent or NHP and human. �, Pfizer mAbs, , marketed therapeutic
mAbs.

Figure 7. Single Species Allometric Scaling of CL for mAbs. Allometric Scaling for mAbs in NHP (15/27mAbs), WT mice (11/27mAbs), and hFcRn Tg32 hemizygous and
homozygous mice (15/27 mAbs), comparing a standard scaling exponent of 0.75 (top row) to an empirically derived best fit exponent (middle row) per animal model.
Results are plotted against a line of unity (solid black line) § 2-fold error (dotted gray lines) where accuracy is described as the percentage (%) of mAbs predicted within
2-fold of the line of unity. Symbols: �, definitive linear CL values;~, apparent linear CL in rodent or NHP;&, apparent linear CL in human;^ apparent linear CL in rodent
or NHP and human. �, training data set. , test set, marketed therapeutic mAbs.
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Where the Tg32 hemizygous mouse has been more preva-
lent in the literature for conducting preclinical PK studies,29 17

the human CL range that was tested was > 2.5 mL/day/kg
(0.10 mL/hr/kg). We examined mAbs CL values as low as
1 mL/day/kg (0.04 mL/hr/kg), and observed a saturating effect
in the hemizygous mouse ability to differentiate very slow clear-
ing mAbs compared to the Tg32 homozygous. Overall, superior
correlations were noted for the Tg32 homozygous mouse CL to
human CL (r2 D 0.83, r D 0.91, p < 0.01) compared to the
Tg32 hemizygous mouse (Fig. 6). For the panel of 27 mAbs
examined, there were no trends or correlations observed that
suggest mAb isotype, soluble vs membrane-bound target
ligand, or framework have an effect on the overall correlation
results for this data set (data not shown). Existence of non-dose
proportional PK can affect the analysis of CL correlation 6

because the non-linear PK can be due to TMDD or immunoge-
nicity. In this study, we focused our analysis on the linear por-
tion of CL by either selecting mAbs only exhibiting dose
proportional PK or using CL at the highest dose level where
non-linear PK should be saturated and does not contribute to
the calculated CL value.

Predicting human PK from animal models serves as the first
step toward dose selection for a FIH study, and it helps predict
achievable pharmacodynamic ranges. Early allometric scaling
efforts to predict human CL of small molecules were based on
whole body metabolic rate differences between species, defined
by an exponent of 0.75.43,44 For biotherapeutic mAbs with lin-
ear PK or saturated TMDD, it has recently been suggested that
an exponent greater than 0.75 may provide more accurate esti-
mates of human CL 4-7 from NHP PK. Results from our study
corroborate this, with improved human CL predictions result-
ing from use of an exponent of 0.80 for NHP, allowing accurate
prediction of human CL within 2-fold error for 93% of mAbs
for this data set and 90% when also including literary mAb PK
data (Fig. 7). Notably, the Tg32 homozygous mouse accurately
(defined as within 2-fold of observed CL) predicted human CL
for 100% of mAbs tested relative to 93%, 93% and 82% for
NHP, Tg32 hemizygous mice, and WT mice, respectively.
Moreover, applying the best fit exponent developed from this
study to predict the human CL of 6 marketed biotherapeutic
mAbs did not change the exponent selection or accuracy of
human CL predictions. These results are in alignment with the
premise that FcRn represents the predominant protective path-
way contributing to CL for mAbs, and further supports the util-
ity of the Tg32 homozygous model in the preclinical PK
assessment of therapeutic mAbs in drug development.

In addition to the full-length standard mAbs included in this
study, other drugs, such as Fc-fusion proteins and immunocon-
jugates, e.g., antibody-drug conjugates (ADCs), contain an Fc
modality capable of binding to FcRn to undergo systemic recy-
cling. While our investigation sought to characterize the poten-
tial of the Tg32 mouse model for the human PK prediction of
mAbs that are commonly in development, there may be a
broader application for this mouse model for additional classes
of drugs that bind FcRn. Complexities are likely to arise in the
interpretation of ADC PK in the hFcRn transgenic mouse
model because the site and drug ratio of conjugation, antibody
carrier, linker, and chemical payload may all have the possibil-
ity to influence PK.45-48 To date these drug classes have yet to

be described in the hFcRn transgenic mouse model; however,
they represent a complex next step of interest to continue to
evaluate the capacity for PK interpretation of the Tg32 mouse
and the relationship to human PK. In Fig. 8, we show a recom-
mended approach for utility of the Tg32 hemizygous and
homozygous mouse model to apply in preclinical drug develop-
ment of mAbs. Fig. 8A describes the current approach for pre-
clinical mAb PK assessment, where NHP is the gold standard
for predicting mAb PK and allometric scaling to predict human
PK and FIH dose. In Fig. 8B, we suggest an approach that uses
the hFcRn Tg32 homozygous mouse model earlier in discovery
(i.e., earlier than the common practice of using NHP PK studies
during the preclinical phase) to select lead mAb therapeutics
for ideal PK properties, and de-select compounds with non-
ideal PK properties, and use the data to scale allometrically to
predict human PK. While NHPs remain the appropriate
animal model for evaluating preclinical toxicity of mAbs, the
objective is to use the Tg32 homozygous mouse model earlier
in drug development to provide an accurate PK assessment.
Fig. 8C details the characteristics of the Tg32 hemizygous
mouse model in comparison to the homozygous model for sug-
gested applications of use in preclinical drug development of
mAbs.

Our work has expanded upon previous literature studies of
mAb PK in the Tg32 mouse, further defining the mouse model
genotypes and characterizing the utility of this mouse model to
directly apply to early drug discovery and development pro-
cesses. In preclinical drug development, researchers need to be
able to select mAbs with favorable PK properties early in devel-
opment, and to de-select earlier in development mAbs with PK
properties that are unfavorable based on therapeutic need. This
ability is particularly important to quantify PK with reasonable
certainty when projecting human PK for potential lead drug
candidates. Our results support the utility of the Tg32 homozy-
gous mouse model in this regard. The Tg32 homozygous
mouse is a particularly valuable tool to predict human PK alter-
natively to NHP for a number of reasons including: (1) eco-
nomical and ethical concerns; (2) ease of handling; (3) lower
costs and (4) lower drug material requirements. This mouse
model therefore can be implemented in discovery and preclini-
cal drug development areas to predict human PK, which can
result in an overall decreased usage of monkeys for PK studies,
enhance the ability to select lead molecules early in discovery,
and ultimately decrease the development time needed for a
mAb drug candidate to reach the clinic.

Materials and methods

Antibodies

In this study, a total of 27 mAbs were evaluated in the hFcRn
transgenic mouse model, which included 21 Pfizer mAbs and 6
marketed mAbs (Rituximab-US, Infliximab-US, Trastuzumab-
US, Adalimumab-US, Bevacizumab-US, Ustekinumab-US).
The 21 Pfizer mAbs were generated as recombinant proteins
using a Chinese hamster ovary cell platform. Test set mAbs are
all commercially available compounds and were obtained as US
pharmaceutical-grade drug product.
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Historical PK data
For the 21 Pfizer mAbs evaluated in this study, a retrospec-
tive analysis of historical PK studies in WT mouse, NHP or
human was conducted and CL determined (Supplemental
Table 1). For the marketed mAbs CL data was obtained
from literature sources.4-7,34,49

WT mouse
Historical WT mouse PK information was available for 13/21
Pfizer mAbs from single IV dose studies conducted in C57Bl/6,
BALB/C, CD-1, DBA and target knockout mice for PK analysis.

NHP
Historical NHP PK information was available for 20/21 Pfizer
mAbs. The PK studies were conducted in cynomolgus mon-
keys, administered as a single IV dose for PK analysis.

Human
Historical human PK information was available for 9/21 Pfizer
mAbs. The single dose IV PK studies were conducted in healthy
subjects or patients.

Quantitation of hFcRn in Tg32 mouse tissue via LC-HRMS

Five polyclonal antibodies against hFcRn immunogen peptides
were generated in rabbits and ligand affinity purified to their
respective individual peptide prior to use. A 2.1 £ 30 mm PEEK
cartridge was packed with 200ml slurry of POROS protein G beads

(Applied Biosystems, Life Technologies, Foster City, CA). The five
independently ligand affinity-purified anti-peptide antibodies were
mixed at 200 mg each, and loaded to the packed column in
100 mM sodium acetate, pH 5.7 in a closed loop. Antibodies were
cross-linked to protein G with 7.78 mg/mL dimethyl pimelimidate
(DMP) (Sigma, St. Louis, MO) in 100 mM triethanolamine, pH
8.2. This multiplex antibody column was used for hFcRn peptide
immuno-affinity sample enrichment. Tissues from hemizygous
and homozygous Tg32 mice were collected between weeks 15-18
at the end of their respective PK studies (nD 5 of each), including
epididymal fat, spleen, brain, heart, stomach, small and large intes-
tine, lymph node, kidney, liver, lung, skeletal muscle, pancreas, and
skin.

Prior to tissue collection, whole body perfusion was con-
ducted using heparinized phosphate-buffered saline (PBS). Tis-
sues (50 mg) were bead homogenized in 1 mL of cold TER-I
buffer (FNN0071, Invitrogen Life Technologies) with freshly
added 1X Halt Protease Inhibitor Cocktail (78430, Thermo Sci-
entific). Homogenates were clarified by centrifugation at 4�C,
10,000 £ g for 15 min. Calibration standards were prepared by
adding recombinant full-length human FcRn protein (Ori-
Gene) into control mouse liver lysate prepared from BALB/C
mice (CmFcRn, -hFcRn) that served as calibration matrices for
all tissues. Twelve calibration standards were prepared, ranging
from 1.76–900 ng/ml.

Detergents were removed by protein precipitation with
cold acetone (1:4, v/v) at ¡20�C for 1 hour. To solubilize pre-
cipitated protein pellets, 250 mg of TPCK-treated trypsin

Figure 8. Utility of hFcRn Tg32 Mouse Model. (A) Current timeline for utility of NHP PK studies in preclinical development. (B) Suggested timeline for utility of hFcRn Tg32
PK studies, showing earlier use in discovery and application of allometric scaling using the exponent 0.93 to scale to human PK. (C) Use and selection of hemizygous vs
homozygous Tg32 model.
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(T1426, Sigma) was added to each sample and incubated over-
night at 37�C. After protein pellet solubilization, 500 fmol of
stable isotope-labeled (SIL) peptides was added to the lysate,
followed by 1 hour reduction with 5 mM dithiothreitol at
37�C, 1 hour alkylation with 10 mM iodoacetamide at room
temperature (RT) in the dark and overnight digestion with
30 mg of fresh TPCK-treated trypsin. Digested peptides were
diluted with 1 M urea in 25 mM ammonium formate (1:9, v/
v), and loaded onto FcRn peptide immuno-affinity column.
The antibody column was equilibrated with 25 mM ammo-
nium formate, pH 7, followed by a wash with 500 mM ammo-
nium formate. Bound peptides were eluted by 0.4%
trifluoroacetic acid and trapped onto PepMap300 C18 trap
column (5 £ 0.3 mm, 5 mm, 300 A

�
, Thermo). The antibody

column was then washed with 0.75% formic acid in 3% iso-
propanol, and re-equilibrated with 25 mM ammonium for-
mate. Similar anti-peptide enrichment approach has been
applied to soluble biomarker analysis in serum and tissue.50,51

Peptides on the C18 trap column were chromatographically
separated by PepMap C18 (15 cm £ 75 mm, 3 mm, 100 A

�
,

Thermo). Analyte peptides were introduced into a Q Exactive
quadrupole orbitrap mass spectrometer using an EasySpray
Source (Thermo Scientific, USA). Targeted selected ion moni-
toring method was employed with a multiplexing degree of 4.
Each target was monitored with a § 1.5 min retention time
window, 3-amu mass isolation window, AGC target value of 1
£ 105, resolution of 140,000 FWHM at m/z D 200, and maxi-
mum ion injection time of 160 ms. Total hFcRn concentra-
tions are determined via interpolation of a standard curve
measured against purified recombinant hFcRn and normal-
ized by tissue weight (mg).

Animal PK studies conducted

Supplementary Table 1 details all mouse PK studies conducted
in this investigation: dose administered, strain of mice and
method of mAb quantitative analysis. Mice used in this study
included hFcRn Tg32 strain (cat#014565, hemizygous and
homozygous), hFcRn Tg276 strain (cat#004919, homozygous),
null for mouse FcRn (cat#003982), and WT C57Bl/6
(cat#000664), obtained from The Jackson Laboratory (Bar Har-
bor, ME). All mice were treatment-na€ıve male mice between
the ages of 6 to 10 weeks at study start. PK studies were con-
ducted at Pfizer Inc., and were designed and executed within
accordance of the Animal Use Protocol (AUP) and adherence
to the Pfizer institutional animal care and use committee
(IACUC) regulations. MAbs were dosed at 5 mg/kg with a dose
volume of 4 mL/kg (with the exception of Rituximab-US dosed
at 10 mg/kg; mAb14 and mAb14-FcRnC dosed at 2 mg/kg). A
dose of 5 mg/kg was selected to saturate target binding in the
event of cross reactivity to mouse target, thus mitigating any
TMDD to obtain linear PK parameter estimates. For mAb14
and mAb14-FcRnC dosed at 2 mg/kg, it had been previously
determined that there was no cross reactivity in the mouse, and
therefore results were considered to represent linear CL. A total
of 4-6 animal replicates were evaluated for each mAb with
study durations ranging from 4 to 12 weeks depending on the
test mAb.

Selection of hFcRn transgenic mouse model
PK studies were conducted in Tg32 and Tg276 mouse strains
and compared to WT mouse (C57Bl/6, mFcRn) and FcRn KO
mice for mAb14, mAb04 and mAb17. The resulting mAb CL
from the mouse strain that most closely correlates with NHP
CL will be selected for further characterization and prediction
of mAb human CL.

Use of hFcRn Tg32 mouse model to distinguish PK of mAb
framework variants
To further understand the sensitivity of PK differentiation for
each Tg32 mouse genotype, 4 matched pairs of WT mAb
(mAb01, mAb02, mAb07, mAb14) compared to Fc framework
mutation mAbs for enhanced FcRn binding (mAb-FcRnC)
were administered to both the Tg32 hemizygous and homozy-
gous mice. MAb CL was compared between the WT mAb and
the FcRnCmAb for each animal model.

Correlation of mAb CL to NHP and human
17/27, 25/27 and 15/27 mAbs had PK data for correlative anal-
ysis for WT mouse, NHP and human, respectively. 27/27 and
25/27 mAbs were administered to Tg32 hemizygous and
homozygous mice, respectively, and the resulting mAb CL val-
ues were correlated to NHP and human CL. Each correlation
was assessed using a regression fit and Pearson correlation coef-
ficient as described in statistical analysis section.

Dose preparations

Dose preparations were made appropriately for 2 PK study and
analytical approaches: 1) quantitative mAb concentration anal-
ysis using a ligand binding assay (LBA); or 2) administration of
125-iodine radiolabeled mAb (125I-mAb) and analysis measur-
ing radioactivity counts. Study approach was determined based
on available resources (Supplemental Table 1 details dose and
method of analysis for each mAb administered). Previous
reports have demonstrated the 125I-mAb vs. LBA method of
analysis does not affect the resulting PK analysis.52

PK Studies using LBA analysis
22/27 mAbs were administered IV and analyzed by LBA. MAbs
were prepared in 10 mM histidine, 5% sucrose, pH 6.0 buffer,
to a final concentration of 1.25 mg/mL (2.5 mg/mL for Rituxi-
mab-US and 0.5 mg/mL for mAb14 and mAb14-FcRnC). Dose
concentration was confirmed using a Nanodrop 8000 (Thermo
Scientific, Waltham, MA) and standard IgG (150 KDa) molar
extinction coefficient of 210,000 M¡1cm¡1. A previously
described serial sampling approach35was used, where 10-12
serial tail stick bleeds were obtained per animal over a sched-
uled time course.

PK Studies using 125I-mAb
5/27 mAbs were administered as 125I-mAb. Radio-iodination
(125I) of mAbs for PK studies was performed using the succini-
midyl iodobenzoate (SIB) iodination method.52 Briefly, 2-3
mCi of Na125I (Perkin-Elmer, Billerica, MA) was reacted with
5-8 mg N-succinimidyl-3-(tri-n-butylstannyl) benzoate (Amer-
ican Advanced Scientific, College Station, TX) to generate [125I]
SIB, which in turn was reacted with 1-2 mg of each test mAb,
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essentially as described.52 The labeled proteins were purified by
gel filtration over PD-10 desalting columns (GE Healthcare,
Piscataway, NJ) to remove unconjugated [125I]SIB and protein
concentrations verified by UV spectroscopy. Dosing solutions
were prepared by mixing unlabeled mAbs with the correspond-
ing 125I-mAb to a final concentration of 1.25 mg/mL in buffer
(PBS-CMF, 1% bovine serum albumin (BSA) or 10 mM histi-
dine, 5% sucrose, 1% BSA, pH 6.0). BSA (US Biological, Salem,
MA) was added to protect the test article against radiolysis due
to free radicals generated by gamma radiation. The radioactive
specific activity of the dosing solutions was 70-100 mCi/mg for
2 mAbs that utilized a composite plasma sampling approach
(mAb04 and mAb17), and 400-500 mCi/mg for all other mAbs
using a serial plasma sampling approach. Radiochemical purity
of dosing solutions was characterized by trichloroacetic acid
(TCA; Sigma-Aldrich, St. Louis, MO) precipitation52 and size-
exclusion HPLC using an Agilent Bio SEC-3 column (Agilent
Technologies, Santa Clara, CA). The percentage of free 125I was
less than 1% in all dosing solution preparations. Animals
receiving 125I -mAbs were pre-treated with 20 mM potassium
iodine water for 3 d prior to study start to reduce the thyroid
uptake of any unbound free 125I generated in vivo.

mAb quantification by radioactivity

For samples analyzed by serial sampling following 125I-mAb
administration, 20 mL of whole blood was collected at each
time point via a heparinized capillary tube and mixed with
80 mL of rabbit serum (Sigma Aldrich, St. Louis, MO), centri-
fuged at 1,100 £ g for 10 minutes at RT and the diluted plasma
supernatant aliquoted into a clean tube for analysis of radioac-
tivity. For samples analyzed by composite sampling, whole
blood was collected via sub-mandibular (non-terminal time-
point) or cardiac puncture (terminal) and processed directly to
plasma following centrifugation at 1,100 £ g for 10 minutes at
RT and the plasma supernatant aliquoted into a clean tube for
analysis of radioactivity.

Soluble 125I counts were determined by TCA precipitation to
quantify the amount of free 125I (soluble) in the plasma samples
and establish the integrity of mAb in vivo throughout the PK
sampling time course compared to the precipitable (intact
mAb) counts. An equal part of cold (4 �C) 4% TCA solution
was added to each plasma sample, mixed, and centrifuged at
12,000 rpm for 15 minutes at 4 �C. The supernatant was trans-
ferred to a clean tube and analyzed for soluble 125I counts
accounting for the time of analysis and for the 60.2 day half-life
for the decay rate of 125I. Plasma concentrations were measured
using a gamma counter (Wallac Wizard 1480, Perkin Elmer,
Waltham, MA) and calculated accounting for hematocrit and
sample dilution as appropriate.

mAb quantification by LBA

For samples collected via serial sampling for LBA analysis,
10 mL of whole blood was collected at each time point via a
heparinized capillary tube and mixed with 90 mL of assay buffer
[Rexxip A Buffer (Gyros US. Inc. Warren, NJ, USA) for mAb14

and mAb14-FcRnC, and 0.2 M Tricine, pH 8.5, 1% BSA, 0.5 M
NaCl, 0.1% Zwittergent, 0.05% Proclin300 for all other mAbs]
to obtain a minimum required dilution (MRD) of 1:10. The
diluted blood sample was centrifuged at 1,100 £ g for 10
minutes at RT and the supernatant aliquoted into a clean tube
and stored at ¡80�C until analysis. To calculate plasma con-
centrations from the diluted whole blood matrix a dilution fac-
tor of 17.3635 for mAb14 and mAb14-FcRnC and of 18.18 for
all other mAbs were applied to correct for the hematocrit com-
ponent and the lysis of red blood cells respectively. Quantitative
bioanalysis was performed utilizing a Gyrolab (GyrolabTM xP,
Gyros US. Inc. Warren, NJ, USA) immunoassay platform. A
generic human IgG assay format was utilized, each mAb assay
was independently optimized and qualified to give the required
sensitivity and dynamic range. mAb reference standards and
quality controls were prepared in assay buffer. For each assay,
inter-day accuracy, precision, selectivity, specificity and dilu-
tional linearity were examined and precision and accuracy of
spiked quality controls met pre-established acceptance criteria
(%CV � 20% and %bias � 30% of nominal). The assay range
of quantitation was 23.6 ng/mL –5760 ng/mL in 100% mouse
plasma for all mAbs tested, with these exceptions: mAb06 and
mAb16, which had an assay range of quantitation of 9.4 –
5760 ng/mL; and mAb14 and mAb14-FcRnC, which had an
assay range of quantitation of 52.4–32,000 ng/mL. The qualifi-
cation data was generated using Gyrolab Evaluator Software
(Version 3.1.5.137).

A generic human IgG assay format utilized an anti-human
IgG biotin reagent captured onto streptavidin coated beads on
the affinity capture column of the Gyrolab Bioaffy microstruc-
ture (Gyrolab Bioaffy 1000 nL CD, Gyros US. Inc. Warren, NJ,
USA). Quantification of all mAbs in this study used a capture
reagent of mouse anti-human IgG biotin (Southern Biotech,
Birmingham, AL, USA). Bound mAb was detected with Alexa
647-labeled donkey anti-human IgG (HCL) (Jackson Immu-
noresearch Labs, West Grove, PA, USA). Gyrolab Rexxip F
Buffer was used for reagent dilution (Gyros US. Inc. Warren,
NJ, USA). For mAb 14 and mAb14-FcRnC only donkey anti-
human IgG (HCL) biotin (Jackson ImmunoResearch Labs,
West Grove, PA, USA) was used as capture reagent and Alexa
647-labeled mouse anti-human IgG (Southern Biotech, Bir-
mingham, AL, USA) as detector reagent. The detected fluores-
cent signal on the column was quantified by response units and
measured by the Gyrolab instrument using a 1% Photomulti-
plier tube (PMT) setting. The concentration of study samples
from each mAb were determined by interpolation from a stan-
dard curve using a 5-parameter logistic curve fit with 1/y2

response weighting using Watson LIMS Software version 7.4
(Thermo Scientific Inc. Waltham, MA USA).

PK analysis

PK was determined from individual animal data using non-
compartmental analysis in WinNonlin (Version 6.3.0.395,
Pharsight, CA) using the Plasma Data Module. Concentration
values below the limit of quantitation (BLQ) were set to 0 ng/
mL for all PK calculations. PK profiles from an animal that
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showed a sharp drop in concentration, typical of anti-drug anti-
body (ADA) LBA interference, were excluded from PK calcula-
tions. Terminal data points in PK profiles that were presumed
to be affected by TMDD were excluded from CL estimation
(mAb17 only). Historical mAb CL values in each species were
assessed using strict criteria to define each CL value as defini-
tive linear, apparent linear, or non-linear. Definitive linear CL
was selected as a mean CL value over a linear dose range from
a dose escalating study. Apparent linear CL values were deter-
mined from a dose escalation study where only the highest
dose cohort is observed to approach linearity, or from a single
dose study with a dose greater than 10 mg/kg, believed to satu-
rate the target. Non-linear CL values, presumed due to either a
TMDD or ADA effect, were excluded from this study, with the
exception of mAb17, where only non-linear CL was obtained,
and was thus exempt from subsequent correlative or allometric
scaling analyses.

Allometric scaling

A simple allometric scaling approach was used to calculate pre-
dictive human PK parameters:

Y D aBMX (1)

where Y is the predicted parameter, BM (body mass) and X are
the allometric coefficient and exponent, respectively. This
approach was applied to CL estimates as follows:

CLpred humanð Þ D CLobs animalð Þ � BMhuman

BManimal

X

(2)

where CLpred(human) is the human CL predicted from the
observed animal CL (CLobs(animal)), BMhuman is the human body
mass (70 kg), BManimal is the mouse body mass (0.02 kg) or
cynomolgus monkey body mass (3.5 kg), and X is the allome-
tric scaling exponent. CL predictions were calculated using the
traditional Kleiber’s law exponent of 0.75,43,44 and compared to
CL predictions calculated using an empirical best fit approach.

Allometric scaling was performed for each animal model to
predict human CL first using a training dataset of the 9 Pfizer
mAbs (those with human PK data) and verified for each
approach using a test set of 6 marketed mAbs. A traditional
approach using an exponent of 0.75 was compared to empiri-
cally derived exponents for each animal model to predict
human CL with greatest accuracy. Empirically derived best fit
exponents derived from the training data set and verified by
the test set of mAbs were determined for each animal model
using a linear regression of observed human CL to predicted
human CL to evaluate which exponent yielded greater accuracy
and precision to the line of unity, determined by a concordance
correlation coefficient (CCC) statistical analysis,53 detailed in
the statistical analysis methods section. Percentage (%) accu-
racy in CL projections for each animal model at a given scaling
exponent is determined as the number of predictions that fall
within a 2-fold error from the line of unity relative to predic-
tions that fall outside of the 2-fold error limits.

Statistical analysis

Analysis of CL correlations from each animal model to mAb
CL in either NHP or human was performed using GraphPad
Prism (version 6.03) to determine goodness of fit (r2), as well as
Pearson correlation coefficient (r) where statistical significance
level is set at 0.05. All correlations were fitted using a linear
regression fit with the exception of the non-linear correlation
of Tg32 hemizygous to human CL (Inset of Fig. 6C), which was
fit using a one site specific binding regression with a Hill slope.

A Student’s unpaired t-test analysis was performed to com-
pare CL values for mAb-FcRnC compared to parent mAb. Sig-
nificant protein expression differences of hFcRn between Tg32
homozygous and hemizygous genotypes were analyzed using
unpaired Mann-Whitney test. Differences were considered as
statistically significant if p < 0.1 (labeled as �), and very statisti-
cally significant if p < 0.05 (labeled as ��).

CCC is used to measure the agreement between the pre-
dicted human CL from each animal and the observed human
CL. Like Pearson correlation coefficient (r), CCC also ranges
from -1 to 1. However, these 2 coefficients are different correla-
tion measures. Pearson correlation coefficient (r) measures
how one variable is linearly related to the other variable. CCC
measures not only the linear relationship between 2 variables,
but also the closeness between the best-fit line and the 45
degree unity line. Therefore, CCC is affected by both the accu-
racy (reflected by the agreement) and the precision of the data.
Higher accuracy and precision correspond to higher CCC. In
this paper, CCC was calculated using the statistical package R
i386 (version no. 3.1.2). The best exponent for each animal
model was empirically chosen as the one that resulted in the
highest CCC value. A Mann-Whitney test was performed to
compare statistical difference of protein expression in Tg32
homozygous and hemizygous mice.
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