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ABSTRACT

Constant technological advancement enabled the production of therapeutic monoclonal antibodies
(mAbs) and will continue to contribute to their rapid expansion. Compared to small-molecule drugs,
mAbs have favorable characteristics, but also more complex pharmacokinetics (PK), e.g., target-mediated
nonlinear elimination and recycling by neonatal Fc-receptor. This review briefly discusses mAb biology,
similarities and differences in PK processes across species and within human, and provides a detailed
overview of allometric scaling approaches for translating mAb PK from preclinical species to human and
extrapolating from adults to children. The approaches described here will remain vital in mAb drug
development, although more data are needed, for example, from very young patients and mAbs with
nonlinear PK, to allow for more confident conclusions and contribute to further growth of this field.
Improving mAb PK predictions will facilitate better planning of (pediatric) clinical studies and enable
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progression toward the ultimate goal of expediting drug development.

Introduction

Technological advancement in the past few decades enabled
engineering and manufacturing of therapeutic monoclonal anti-
bodies (mAbs), which gained attention due to their favorable
characteristics in comparison to typical small-molecule drugs.
For example, mAbs exhibit high target specificity, and, due to
their limited off-target toxicity, they are usually relatively safe."
Therapeutic mAbs are a rapidly expanding drug class, and by the
end of 2019 over 80 antibody-based therapeutics have been
approved in the EU or US (mainly in cancer indications and
for autoimmune diseases); with approximately 80 in late-stage
clinical studies and at least 550 in early drug development.”
Although the pharmacokinetics (PK) and pharmacodynamics
(PD) of mAbs in preclinical species and adults have been pre-
viously described, knowledge about the characteristics of mAbs
in the pediatric population is lacking. The recent increase of
pediatric drug development (also owing to recent regulations
promoting pediatric development® ) could help, as it has con-
tributed to more pediatric mAb PK (and PD) data becoming
available."*” Until recently, over 15 mAbs were licensed for use
in the pediatric population, with palivizumab even approved in
neonates from 35 gestation weeks onwards.®® Still, challenges,
specific to pediatric trials, such as ethical concerns, scarcity of
available patients, and operational/practical difficulties (e.g.,
slow and lengthy recruitment) may all contribute to a delay in
mAb treatment being approved for pediatric diseases, with med-
ian delays around 6 years.® To facilitate the design of the studies
and so decrease the delay in the availability of treatments,

a better understanding of the mAb PK, PD, and how they are
related, is vital, especially for pediatric patients. Once these are
well understood, the methodologies to describe and extrapolate
their PK (and PD) can be further developed and evaluated. Then,
allometric scaling approaches can be used more efficiently to
facilitate drug development.'®""

Allometric scaling is a commonly used approach for trans-
lating animal PK knowledge to human (adults) and for extra-
polating PK from adults to pediatrics. For small-molecule
drugs, standard allometric approaches have been established,
and mostly agreed on.”'*>'? Despite the relatively complex PK
behavior of mAbs (e.g., they undergo target-mediated non-
linear elimination and recycling by neonatal Fc-receptor), sev-
eral methodologies have been proposed and rather successfully
used throughout the years for scaling from preclinical species
to human,'* although there is still no agreement on how exactly
to best scale. An approach that would also allow using fewer
animals, accelerate early mAb development, and be more cost-
effective, would be beneficial. For the pediatric population,
experience and guidance on scaling approaches are lacking,
although the field is developing fast.*'®'> Additionally, there
is limited information available on what allometric exponent to
use, especially for the youngest pediatric patients, and whether
to estimate it, or use a fixed value. Interestingly, there are also
different values of exponents suggested and used in preclinical
and clinical settings, and authors may refer to the same
approach (e.g., simple allometry), but mean different
things,'®"*° which can cause confusion.

CONTACT Eva Germovsek @ eva.germovsek@boehringer-ingelheim.com @ Translational Medicine and Clinical Pharmacology, Boehringer Ingelheim Pharma GmbH

& Co. KG, Ingelheim, Germany

Supplemental data for this article can be accessed on the publisher's website.

© 2021 Taylor & Francis Group, LLC

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0003-2935-0090
https://doi.org/10.1080/19420862.2021.1964935
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19420862.2021.1964935&domain=pdf&date_stamp=2021-09-13

19649352 (&) E.GERMOVSEK ET AL.

We aimed to provide an overview of the current state of mAbs
PK scaling in both preclinical and clinical settings, and also
summarize and compare the allometric scaling approaches in
both settings head-to-head. Moreover, suggestions and recom-
mendations for how allometric scaling could be improved/applied
in the future are given, with knowledge gaps identified. We first
introduce mAb PK and PD processes and their biology, then
summarize different allometric scaling approaches used in pre-
clinical and clinical mAb drug development, and conclude with
a detailed overview of the current state in both. Despite the term
children being strictly defined as pediatric subjects between ages
of 2to 11 years,21 hereafter this term will be used in the broader
sense, i.e., the entire pediatric population.

Specific characteristics of mAbs
Structure and biology of mAbs

A mAb is a large protein molecule with a molecular weight of
approximately 150 kDa, composed of two identical heavy and
two light chains that are covalently linked by a disulfide bond,
with an overall shape resembling the letter Y. Two antigen-
binding fragments (Fabs) on the “head” of a mAb are responsible
for binding to a specific antigen target. A crystallizable fragment
(Fc) in the “tail” region binds to Fc receptors on effector cell
types, and is responsible for disposition through the interaction
with the neonatal Fc receptor (FcRn) on various cell types.*

In vitro generation of mAbs became possible after the hybri-
doma technology was invented in 1975, with the first mAbs being
mainly murine antibodies. Recently, benefiting from the advance-
ment in technologies that allow incorporation of human sequences,
humanized and human mAbs have become the main focus, as they
are less immunogenic compared to murine mAbs.** Large-scale
manufacturing of antibody therapeutics takes place primarily in
bacterial or mammalian cells and yeast systems. Chinese hamster
ovary cells are most often used as a platform for mass production
of mAbs, due to their capacity to produce correctly folded and
complex post-translational modification that is compatible to
human.” The mAb manufacturing process is complex and needs
to be carefully controlled to ensure product consistency.

Recently, novel derivatives of mAbs have been developed,
including bi- (BsAbs) and multi-specific antibodies (MsAbs),*
antibody fragments, antibody-drug conjugates (ADCs),”” and radi-
olabelled antibodies,”® with several of them approved for clinical
use.” The novel mAb formats were designed to increase drug
specificity, and potentially lead to higher efficacy and increased
safety. For example, an ADC comprises a highly specific mAb
connected with a linker to a small molecule (e.g., potent cytotoxic
drug), which is released once an ADC is internalized in a tumor,
thereby killing the tumor cells with a much higher specificity.””
BsAbs/MsAbs have two/more antigen-binding regions that bind to
two/more different targets, or different epitopes on the same target,
which also increases their specificity and therapeutic potential.*®

Pharmacokinetics of mAbs

Due to their large molecular size, relative polarity - resulting in
low permeability through gastrointestinal mucosa - and high
susceptibility to enzymatic degradation in the gastrointestinal

tract, mAbs are typically administered via parental administra-
tion. While intravenous (i.v.) administration is the most com-
mon, subcutaneous (s.c.) and intramuscular (i.m.)
administration are more convenient for patients and thus are
also widely used.”® Following s.c. or i.m. injection, a mAb is
taken up via the lymphatic system, with the bioavailability
generally in the range 40-80%,”"*” and then slowly absorbed
into the systemic circulation, i.e., the typical time to the max-
imal concentration (T,,,,) is around 1 week.*®> For mAbs given
s.c., a mono-exponential decay is usually observed (as com-
pared to a bi-exponential decay with the i.v. administration), as
the first (fast) distribution phase is often difficult to observe.**

Large molecular size and hydrophilic character of mAbs not
only affect their absorption, but also their distribution into
tissues, limiting and slowing down their transfer across cell
membranes.””> Antibodies distribute from the blood to the
interstitial space of tissues mainly through convective trans-
port, and not diffusion like small-molecule drugs. Due to their
physicochemical characteristics, mAbs are mainly confined to
the vascular and extracellular fluids, and therefore exhibit
relatively small volumes of distribution,”* with the volumes
of the central compartment (Vc) (in adults) for most mAbs
around 2-3 L.>'* The typical volume of the peripheral com-
partment (Vp) is often reported of the similar size as Vc,”**
and the steady state volume of distribution (Vss) in the range of
~4-12 L.>'* MAbs that have a target in the tissue compartment
can have a larger volume of distribution, particularly if they
exhibit high affinity for a specific target.”

MAbs predominantly undergo intracellular proteolytic cat-
abolism via lysosomal degradation and are broken down into
peptide fragments and amino acids.'* Nonspecific mAb uptake
into cells can be via pinocytosis, or via endocytosis, following
mAD interaction with the Fc receptors on the cell surface. This
leads to a linear clearance, which is typically non-saturable at
therapeutic concentrations. The interaction with FcRn “res-
cues” the mADb from lysosomal degradation (i.e., the mAbD is
recycled), thus prolonging its half-life.*® MAbs can also be
taken up into cells by specific receptor-mediated endocytosis,
which occurs after mAbs binds to their tissue antigen target
(via the complimentary-determinant region of the Fabs); this
pathway is nonlinear, as saturation of receptors decreases mAb
clearance (CL), and is thus referred to as target-mediated drug
disposition (TMDD).*>*” At high(er) mAb concentrations,
when the target receptors are saturated, the process becomes
linear. The disposition and elimination of a mAb through
TMDD depends on the target expression level, mAb concen-
tration, affinity of the antibody for the target receptor, and the
mAb-target internalization rate.”> While nonlinear CL can be
relatively variable across mAbs, linear CL is more
comparable,>”>* with the serum half-life for a typical mAb of
around 3 weeks.”>*®

Unlike small molecules or small antibody fragments, mAbs
are too large to be filtered via the kidney (50-60 kDa cutoff)
and are therefore not eliminated in the urine, except in patho-
logic conditions.> Similarly, antibodies do not undergo cyto-
chrome P450 (CYP)-mediated hepatic metabolism due to their
large size and lack of access to intracellular enzymes; therefore,
they do not share elimination pathways with small-molecule
drugs. Hence, drug-drug interactions for concomitant



administration of mAbs and small molecules are usually not
expected and also not assessed, unless mAbs are involved in the
regulation of pro-inflammatory cytokines (which can affect the
CYP system) or are ADCs.** As nonspecific CL pathways
(via proteolysis) are generally not saturable at therapeutic
doses of mAbs, interactions with other therapeutic proteins
are also not expected. CL of mAbs may be altered, if therapeu-
tics that affect the receptor density or compete for mAb bind-
ing sites are co-administered.”

Body size (usually represented by body weight) is the most
often reported patient characteristic that affects the PK of mAbs
with linear CL, while other demographic features or organ func-
tion are seldom mentioned.* For mAbs that (also) exhibit non-
linear elimination, the additional patient factors that can affect the
CL are usually the expression of the target antigen/receptor den-
sity, receptor shedding, and the disease (status).* The size of
a mAb might also affect its CL, with larger mAbs having slower
CL.4O,41

Since mAbs are produced in biological systems, they can be
antigens themselves and have the potential to induce
immunogenicity.”> Although most antibody therapeutics cur-
rently in development are either humanized or human to reduce
immunogenicity, other factors including amino acid modification,
structural changes, mAb chemical properties, glycosylation pat-
tern, product purity, and also patient characteristics or adminis-
tration route can affect immunogenicity.** Development of anti-
drug antibodies (ADAs) can influence mAb PK by enhancing
mAb CL (and thereby shortening serum half-life) or, conversely,
prolonging serum half-life, thereby possibly affecting their efficacy
and/or safety. Immunogenicity in animal models is typically not
predictive of immunogenicity in the human situation, so animal
PK data impacted by ADA should be carefully evaluated before
translating to humans.*> One should also note that ADA results
are assay-dependent and may not be comparable across different
(clinical) studies.***?

Newer mAb formats might have more complex PK com-
pared to a traditional mAb. For example, PK properties of
a BsAbs/MsAbs can be complicated by potential contribution
of TMDD from various targets. After all targets are saturated
by the circulating BsAb/MsAb, the Fc portion plays a dominant
role in the distribution and elimination, and BsAb/MsAb will
exhibit similar PK properties to a monospecific mAb.** PK
properties of an ADC can be similarly complex: as the mAb
represents most of the weight of an ADC, its cellular Fc recep-
tor binding and target binding play a major role in determining
the PK of an ADC. Other factors, such as rate of cytotoxic
release, stability of the linker, and the conjugation site of the
cytotoxin, may also affect the PK and/or stability of an ADC.*

The main mAb characteristics, described above, compared to
typical small-molecule drugs, are summarized in Table 1. A more
detailed description of the absorption, distribution, metabolism,
and elimination processes of mAbs is outside the scope of this
review, but such information may be found elsewhere.'**>>**>%

Animal specific differences and similarities to human mAb
pharmacokinetics

Due to the sequence homology between non-human primates and
human, most mAb-based therapeutics can bind to human and
cynomolgus monkey targets similarly, i.e., their target-binding
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epitopes and in vitro binding affinities are comparable."** In

addition to target binding, binding to FcRn and tissue cross-
reactivity are also comparable. Hence, the disposition and elim-
ination pathway of mAbs are typically similar between monkeys
and human,'””® and mAbs with linear elimination in monkeys
also often exhibit the same in humans.>! However, it should be
noted that this may not be the case if, for example, the target
concentration/tissue distribution between cynomolgus monkey
and human differs, or if much higher doses are used in monkeys
(as is common in toxicology studies). Most mAbs do not bind to
rodent antigens well; thus, rodent species are less relevant for
nonclinical PK studies compared to monkeys.'* Recently, it was
found that human FcRn transgenic mice might be an exception, as
their CL was in good correlation with human mAb CL;** this is
discussed below in the section “Allometric scaling in the context of
preclinical mAb development”. An overview of typical body
weights, brain weights, and maximum life potential of preclinical
species, commonly used when scaling animal PK to human, is
given in Table 2.

Pediatric mAb pharmacokinetics

The PK of mAbs is primarily affected by body weight,**>” but
additional age-associated changes in the physiological pro-
cesses and the receptor system may further affect the disposi-
tion and elimination of mAbs. This is especially true for the
youngest children, i.e., neonates and infants, whose character-
istics, such as body composition, membrane permeability, and
plasma protein concentration, are the most different to
adult.”*>>®

Infants appear to exhibit a faster lymph flow compared to
adults, which can lead to an increased rate of absorption after s.c.
or i.m. administration of mAbs.® This was observed by Robbie
et al. studying palivizumab PK in adult and infant patients, who
found that the typical absorption rate constant after i.m. adminis-
tration was 0.373/day in adults and 1.01/day in 12.3-month
infants.”® Similar behavior was also observed in other mAb
studies.** However, despite the differences in the absorption rate,
the bioavailability was very similar between both populations, i.e.,
0.73 in adults and 0.69 in infants.”® This could be due to the greater
extent of pre-systemic mAb elimination in children,’ but more
studies are needed to confirm this assumption.

Additionally, during growth and development, the relative total
body water decreases from ~80% at birth until it reaches a plateau
at approximately 60% at around 9 months of age.”® The fraction of
the extracellular water is also higher in infants, and therefore they
can appear to have a larger volume of distribution (V), normalized
by body weight, compared to adults.*>® Furthermore, extravasa-
tion of antibodies into tissues can occur more rapidly in infants
because they have larger capillary surface area per volume unit and
alarger proportion of “leaky” tissues, where capillary permeability
is higher relative to the body size, compared to the adult
population.’ However, it is not yet clear if the theoretically
expected faster and greater mAb distribution in neonates and
infants also results in clinically meaningful differences, compared
to adults.”

Infants and young children might also have lower expres-
sion levels of FcRn, with relatively high endogenous IgG con-
centrations reported,’ additionally competing for FcRn
binding. Together, this may lead to less mAb being “recycled”
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Table 2. Preclinical species commonly used in pharmacokinetic translation to
human with their typical body weights, brain weights and maximum life potential
(MLP)53755.

Body weight Brain weight Maximum life potential®
Species (kg) (9) (years)
Mouse 0.020-0.025 0.36-0.42 ~2.7-3 years
Rat 0.25 1.74-1.8 ~4.5-4.7 years
Cynomolgus monkey 3.75 42.4-63 ~18-24 years
Rhesus monkey 5-6 76.8-90 ~20-25 years
Human 70 1400-1530 ~90 years

3MLP can also be calculated:>>*® MLP (years) = 185.4 * brain weight (kg) 3¢ *
body weight (kg) ~°2%

and increase the mAb elimination via intracellular lysosomal
degradation,® although this is also still to be observed in the
clinic.'>*?

Potential differences in the age-associated expression of
mADb targets, binding affinity and turnover rates may also affect
mAb distribution and CL.>> More clinical data and further
studies are warranted to assess these hypotheses and facilitate
a better description and prediction of mAb PK in pediatric
patients.

In order to provide an overview of the allometric scaling
landscape in preclinical and clinical mAb drug development,
we screened the PubMed database (https://pubmed.ncbi.nlm.
nih.gov/) in June 2020 to identify relevant publications invol-
ving monoclonal or therapeutic antibodies/antibody/protein-
(s), and any type of allometric scaling. Additionally, we
manually checked the references of the identified papers for
more potentially useful publications. Below we first describe all
allometric scaling approaches used throughout the years for
allometrically scaling preclinical and clinical mAb PK data,
using non-compartmental or compartmental modeling techni-
ques (also summarized in Table 3). Then we provide specific
details on these approaches (such as, the discussion and evi-
dence for different values of the allometric exponent) in pre-
clinical and clinical settings (an overview is also given in
Supplementary tables S1-S3).

Allometric scaling: description and types

Allometric scaling is a simple and commonly applied empirical
approach used to describe the relationship between body size
(most often represented by body weight) and a physiological
variable, such as CL, or any other PK parameter.

The relationship between body weight and mAb CL is non-
linear, and described with a power function with some con-
troversy around which value of the exponent should be
applied. However, for allometrically scaling a mAb’s V, there
is a general agreement: it scales linearly with weight, meaning
that the exponent is 1.>*'*'”° This has physiological rationale
because mAbs mainly distribute to vascular and extracellular
space, which scale linearly with weight in animals and
human.'” Although most researchers use a fixed value of the
exponent, some estimate it (often to around one) either with
simpler allometric scaling approaches or with a population
approach.®>’® However, if the population weight range is not
large enough (e.g., only having data from adults), it might
appear as if V does not scale linearly with body weight,*””
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which is why the exponent should rather be fixed to 1. Due
to the reasons mentioned above, scaling of V is not the focus of
this review, but rather allometric approaches for scaling CL.

Simple allometry

The simplest and most traditional allometric scaling approach
is referred to as simple allometry. Although this empirical
method was first used already in the 1930s,”® it was only
applied to therapeutic proteins in 1991, when Mordenti et al.
showed that the PK of biologics also follow the same nonlinear
size-related physiologic relationship.'® Nowadays, it is still
often used, albeit only for interspecies scaling. It is not applic-
able to clinical data due to relatively small weight ranges and
often sparse PK data in the pediatric trials. To obtain
a prediction of human CL with this approach, one needs to
estimate the relationship between body weight (WT) and CL by
fitting a linear regression line to a logarithm of CL versus
logarithm of WT plot (Equation 1). The mAb CL values are
usually obtained by performing non-compartmental analysis
(NCA), and using at least 3 animal species.'>®* The slope of the
linear regression (b) is the allometric exponent, and the inter-
cept (a) is the coefficient (Equations 1 and 2).

log CLanimar = loga + blog WT anima (Equation 1)

CLhuman = a (WThuman)h (Equation 2)

The value of the exponent b is typically <1,'*”® meaning that
CL increases slower than weight, i.e., heavier animals have
relatively lower CL (per unit of body weight), compared to
smaller animals. Sometimes, however, the exponent is esti-
mated at >1,°>”* indicating that this method is not the most
appropriate. To address this, but still use simple allometry,
mathematical corrections to decrease and thus improve the
mADb human CL prediction were suggested.

Simple allometry with correction factors

Correction factors, most commonly based on species’ brain
weight or maximal life potential (MLP), are applied by simply
multiplying the predicted CL with a constant.*” This constant,
however, does not have a biologic rationale, and is not related
to the mAb drug properties.'**® Correction factors are usually
estimated as <1 (the value depends on the (combination of)
animal species used in the simple allometry®’), so expectedly
they decrease the value of CL, improving its prediction.®"*
To help determine when to use which correction, the rule of
exponents (ROE)" was proposed. According to the ROE,
simple allometric scaling should be performed with at least 3
animal species, and the choice of the appropriate correction is
guided by the value of the estimated allometric exponent. For
mADbs, it was recommended that if the value of the exponent
was below 1, no correction was required, and if it was above 1,
one needed to factor in brain weight.> The MLP correction
was (initially) determined to be necessary only for small-
molecule drugs (with weight exponents above 0.7 and below
1),%% supporting the hypothesis that it is related to CYP oxida-
tion rate,*’ therefore it will not be discussed in depth here.
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However, more recently, some researchers found that this
correction could also be useful for mAbs,'”®! as detailed in
the following preclinical section.

To correct for the brain weight, brain weight of the animals
needs to be included on the log(CL) versus log(WT) plot by
multiplying the values of CL with the corresponding animal
brain weight (Table 2). Then, a prediction of human CL is
obtained as shown in Equation 3. Human (adult) brain weight
of around 1.5 kg is typically used (Table 2).

b
a (WThuman)
Brain weightnuman

CLhuman = (Equation 3)

A similar principle is true for the MLP correction, only that
MLP is used instead of the brain weight.

Recently, another correction factor was suggested for
improving the human CL prediction of large molecules with
simple allometry, i.e., antigen concentration (Concanrigen)
(Equation q) 6364

CLhuman = da (WThumun)bconcantigen (Equation 4)
As TMDD is driven by the antigen concentration, this
approach was proposed as potentially useful for scaling CL of
mAbs with nonlinear PK,* but more work is needed to con-
firm this.

Using a fixed allometric scaling exponent and single
species data

Using data from a single preclinical species and a fixed allo-
metric weight exponent (Equation 5) to predict human mAb
CL is an approach that is preferred and recommended by
many,'”"®** and was shown to improve mAb CL predictions,
compared to the above mentioned approaches.” Due to its
simplicity, it is often referred to as “simplified allometry”.'**’
It is mostly only used for translation to human (and not for
extrapolation to children), with the animal CL typically deter-
mined by the NCA approach. Non-human primates, such as
(cynomolgus) monkeys are the suggested species to be used in

this approach, due to the comparable PK processes to human.'*
CL = CL (WT;,W,>b (Equation 5)
human — monkey WTmonkey q
The main advantages of this approach are its simplicity, the
need for only one preclinical species, and that it can rather
accurately predict human mAb CL."” Reducing the number of
animals used is advantageous from the ethical perspective, and
it saves resources, thereby shortening early drug
development.'” Using rodents to extrapolate to humans,
often as one of the species in the simple allometry, can also
create bias in mAb PK predictions because of the differences in
binding affinity to rodent vs human FcRn. Similarly to the
simple scaling approach, this approach is also only appropriate
for mAbs with linear elimination, as it can otherwise under-
predict mAb CL at low doses, when the receptors are not yet
saturated.®
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Dedrick plots

In 1970 Dedrick et al. found that one can synchronize the PK
curves of methotrexate in mouse, rat, monkey, dog and human
by normalizing the chronological time to their species-specific
physiological time; this was achieved by scaling the time axis
with the weight exponent of 0.25*> (Equation 6). Boxenbaum
and Ronfeld corroborated this by observing that species with
shorter MLP (which is correlated with smaller weight) have
faster “biologic clocks”, compared to larger species.** For the
PK curves to become superimposable, in addition to the time
axis, the y axis also needs to be normalized (Equation 7).'*%>%¢
Allometric exponents ¢ and d are usually referred to as the
V and CL exponent, respectively (Equations 6-9). The applic-
ability and predictive value of this approach was later also
shown for mAbs by Ling et al. using data from several mAbs.>?

chronologic time

physiological time = W4

(Equation 6)

. . concentration .
normalizedconcentration = e WT
ose

(Equation 7)

Although in the Dedrick scaling approach the PK para-
meters are not directly scaled, but instead the concentration -
time profile, body weight is still used for scaling; therefore, it is
regarded as a variation of allometric scaling. The typical animal
species used in this approach is (cynomolgus) monkey. This
approach is, however, not used for pediatric scaling.
Equations 8 and 9 summarize how to directly obtain human
time and concentration from monkey data.'**” Once the scaled
human PK profile is obtained, the PK parameters are estimated
either by NCA or by using a compartmental approach.

WThuman

c—d
m) (Equation 8)

timenyman = timemonkey(

T c
. . dosehumtm w monkey
concentrationpyman = concentrationmonkey Jose WT

monkey human

(Equation9)

There are 4 main types of Dedrick plots, depending on
how the allometric exponents are obtained and whether they
are fixed or estimated:'**”*" 1) most commonly used
Dedrick plot, or species-invariant time method, is an empiri-
cal approach where both exponents are fixed: allometric
exponent c¢ is fixed to 1, and d to a value <1; 2) elementary
Dedrick plot: where the weight exponent c is fixed to 1, and
the exponent d is based on an estimate from simple allome-
try using at least 3 preclinical species, with the time unit in
this plot being called kallynochron; 3) complex Dedrick plot:
where both allometric exponents (¢ and d) are estimated
with simple allometry and the unit of time is apolysichron;
this approach is less often used, as it is generally accepted
that V is proportional to body weight; and 4) rarely used
“advanced” Dedrick plot: where exponents ¢ and d are
obtained with simple allometry, but corrected for the MLP,
and the unit of time is dienetichron.
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The main advantage of the Dedrick plots over the simplified
allometric scaling is that beside the prediction of the PK para-
meters, the entire (multiexponential) PK profile is also
obtained, and can be plotted for different doses,* provided
that the mADb elimination is linear (or nonlinear CL is satu-
rated). Whether this methodology can also be applied to mAbs
with nonlinear PK is not yet clear.'*

Population modeling approach

The approaches mentioned above are mainly based on obtaining
CL and V estimates from the non-compartmental analysis, and
are primarily used for preclinical translation of mAb PK to
human. The nonlinear mixed-effects modeling (NLMEM)
approach is the preferred approach for analyzing mAb clinical
data;®*>** however, its use is also increasing for preclinical mAb
data analysis.”*”**”"1 Unlike NCA, the population modeling
approach is a compartmental analysis, with typically
a 2-compartmental model used for iv. administration, and
1-compartmental model for s.c. administration,”* but compart-
ments have no physiological meaning. In addition to describing
and quantifying the typical PK (and PD) parameters, the popula-
tion approach can also provide an estimate of the variability from
the central tendency in the population (i.e., variability between
subjects), and so-called residual unexplained variability, i.e., varia-
bility coming from several sources, such as an assay.”> Covariates
(i.e., subject-specific factors) that influence the PK can also be
identified and their effect quantified, which can help explain some
of the variability observed in mAb PK.>* Body weight is typically
included by allometrically scaling the PK parameters, such as CL
(Equation 10 exemplifies extrapolation to children), to account for
the size differences between patients and/or populations, with
b commonly fixed (details provided in the following sections).

b
M) (Equation 10)

CLpediatric = CLadult ( WTaau

The population approach can also deal with sparse data and
data below the limit of quantification, all of which can other-
wise affect PK parameter estimates.””> Furthermore, once an
adequate model is established, simulation of PK profiles for

Peripheral compartment
V2

Q/VIU ﬂQ/VZ

i.v. dose

different dosing/patient scenarios is enabled, facilitating plan-
ning of future (pediatric) studies;"*®*> thereby this
approach is also encouraged by the regulatory agencies.*
Unlike the NCA approach, NLMEM approach supports
inclusion of linear (with typically 1 or 2 compartment PK
model) and nonlinear elimination (with a mechanistic
TMDD part), making it appropriate for analysis of data from
mAbs that are eliminated via TMDD and exhibit nonlinear
PK.*>% If data from a rich-enough sampling scheme and wide
concentration range are available (e.g., from several dosing
levels), thus enabling reliable estimation of the TMDD model
parameters, a full TMDD model is advocated'**” (Figure 1).
However, often the concentration range is insufficient, and/or
the sampling schedule provides only limited information on
the initial fast PK processes; therefore, the full TMDD model is
frequently simplified as the quasi-equilibrium (QE), the quasi-
steady state (QSS), or the Michaelis-Menten (MM)
approximation.'**>*”*® The QE approximation is often
used,”"7>%%? since the process of mAb binding with its recep-
tor is generally much quicker compared to other processes
(such as, mAb or mAb-target complex elimination). The equi-
librium dissociation constant (K4) is thus used instead of
separately estimating the binding, or association (K,,), and
dissociation (K.g) rates, with K4 = Kog/Kon.””*® For mAbs
with not insignificant mAb-target complex internalization
rates (Ki,,), relative to K,g the QE assumption may not be
valid.”” In such cases the QSS approximation can be applied,”®
where the free mAb, the target antigen and the mAb-target
complex are assumed to reach steady-state concentrations
much faster compared to other processes,” and binding (i.e.
Kon) is balanced by the sum of the dissociation (K,q) and
internalization processes (Kin,).”” The simplest TMDD approx-
imation is the MM approach (Figure 2), which is suitable for
systems where K, is rapid enough for mAb elimination via the
mAb-target complex to play a significant role, even at low
target concentrations.”” This approximation can be appropri-
ate for cases where, for example, the target antigen concentra-
tion is small, compared to the free mAb concentration, or when
the targets are completely saturated.”” In the MM model, only
two parameters need to be estimated: the maximum elimina-
tion rate (V,,,ux = Kint ¥ Reos» Where R,,, is the total concentration

ﬂksyn

kOl’!
Central compartment + Free |:> mAb-receptor
V1 receptor <:| complex

ﬂcuw

koff
kdeg ﬂk int

Figure 1. Schematic representation of a 2-compartment population PK model with a full target-mediated drug disposition model for an intravenously (i.v.) administered
monoclonal antibody (mAb). CL and Q are central and inter-compartmental clearances, V1 and V2 are central and peripheral volumes, respectively, K, is target
production rate constant, K4 is target degradation rate constant, K, is association/binding rate constant, K. is dissociation rate constant, and Kin; is mAb-target

complex internalization rate constant. Adapted from.*
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V.

)

Q/Vlﬂ
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ﬂQ/VZ

i.v. dose %

[ Central compartment ]

V1
ﬂcuw ﬂvmax/(V]'*(Km +C1))

Figure 2. Schematic representation of a 2-compartment population PK model with nonlinear elimination described by Michaelis-Menten approximation for an
intravenously (i.v.) administered monoclonal antibody. CL and Q are central and inter-compartmental clearances, V1 and V2 are central and peripheral volumes,
respectively, Vpnay is the maximum rate of nonlinear elimination and K, the Michaelis-Menten constant; C1 is concentration in the central compartment.”*” Adapted

from Wang et al.'

of the target) and the MM constant (K, = (Kj,,; + Kaﬁr)/KD,,).97
An implicit assumption in the MM model is that Ry, is invar-
iant with time (and thus V., is also constant®”).

Antigen density, affinity/binding of the mAb to the target
antigen, and turnover rates might differ in animals and
humans, and might not be proportional to size; thus, these
factors should be considered when translating PK and PD of
mAbs to humans, or extrapolating to children, especially for
mAbs with nonlinear CL."'**?

Mechanistic approaches for scaling mAb
pharmacokinetics

Although fully mechanistic modeling approaches, such as,
physiologically based PK (PBPK) modeling, are not within
the scope of this review, a short summary is nevertheless
provided below, since they are useful for mAb PK transla-
tion/extrapolation, and allometric scaling is often used within
the PBPK models too.

While the classical compartmental models are mostly
empirical, and based on in vivo PK data, (full) PBPK models
include mechanistic mAb species- and drug-specific character-
istics obtained from the literature and in vitro/vivo
experiments.''> These mathematical models are thus quite
complex, comprising several compartments that have physio-
logical meaning (i.e., representing organs or tissues), and with
many differential equations describing the movements (e.g.,
blood or lymph flows) between the compartments.'>® This
enables prediction of mAb concentrations and/or receptor
occupancy in, for example, tumor tissues, determining the
effects of drug or system factors on mAb PK, and exploring
different administration routes.””'°>'°' PBPK models may also
be used to predict mAb in vivo PK behavior from only in vitro
information,'®” which can be beneficial in early drug develop-
ment to, for example, exclude mAbs with unwanted PK char-
acteristics. Additionally, PBPK models can account for the
differences in pediatric and adult disease pathology,"'®" and
e.g., FcRn ontogeny,wl’103 and can therefore also be useful for
predicting pediatric PK (and dose),>'%*>10104719¢ egpecially
for very young patients. However, despite first PBPK models
for large molecules and mAbs being developed already in the
1980s and early 1990s, respectively,'*”'*® followed by several

other (full and minimal) PBPK models, they mostly focus on
translation of mAb PK from animals to humans.''0%1%%-112
Thus far, this approach has not been commonly used for
clinical mAD PK data and only limited (minimal) PBPK models
are available for the pediatric population'®'%>!** or established
for pediatric mAb regulatory submissions.'> This may be partly
due to the lack of information regarding the age-related
changes in mAb PK and ontogeny of, for example, transpor-
ters, and would need to improve for these models to develop
further, enable confident predictions,'”'>'** and be used to
support regulatory submissions for pediatric patients.”>'"!

When allometrically scaling physiological parameters (such
as CL, or rate constants) within PBPK models, often “typical”
values of weight exponents (i.e., 0.75, or —0.25, respectively) are
used,' P19 or  estimated  to  approximately  that
value.

While PBPK models can be valuable in some cases, they are
complex and require large amounts of detailed data; therefore,
their development (and calibration/validation) can be lengthy
and difficult,''**7°1%! likely contributing to them being used
less commonly compared to empirical population PK
models."® The selection of the type of the model to use should
depend on a specific question, for example, population model-
ing may be useful in the majority of cases (especially for clinical
mAb PK data),'”" but as PBPK models can provide additional,
otherwise unavailable information, or include (receptor) onto-
geny, they would be especially applicable in cases where this is
required.

103,112

Allometric scaling in the context of preclinical mAb
development

Interspecies scaling, or translation of mAb PK from animal
species to human, has an ultimate goal to facilitate the design of
first-in-human (FIH) studies. Knowing the differences and
similarities in mAb PK (and PD) processes between these
species is key for successful PK scaling.'*

Preclinical studies usually include rodent and non-rodent
species. Among species that are, or were, used for human PK
prediction are mouse, rat, guinea pig, rabbit, sheep, dog, cyno-
molgus monkey, chimpanzee, baboon;'****>"'* with mouse,
rat and cynomolgus monkey being the most common. When
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. . - 14,
using only a single species, monkeys are recommended,"**”

due to the abovementioned reasons. Recently, however, trans-
genic mice that have human FcRn expressed are also gaining
attention.">™'"” For example, Tam et al. found that for 7 mAbs
exhibiting mainly linear PK there was a strong correlation
between the CL of human FcRn transgenic mouse (Tg32) and
human CL."'® The potential of human FcRn Tg mouse model
was further confirmed in a study of 27 mAbs by Avery et al.,
with Tg32 line proving especially valuable as CL from these
mice correlated with human CL even better than CL from non-
human primates.”® Although transgenic mice show potential,
more work is needed, with more mAbs investigated to improve
the understanding of these mice and be able to confirm their
role in human mAb PK prediction. If confirmed useful, they
could be used before the studies in monkeys are performed, to
screen mADbs (based on their PK) or help to optimize studies in
the monkey, thereby decreasing monkey usage in early
research 52116117

Especially for mAbs with linear elimination, several rela-
tively simple allometric approaches are widely used and were
shown rather accurate for predicting human PK parameters
from preclinical species. This could be because proteolytic
enzymes involved in nonspecific mAb elimination are univer-
sal throughout animal species,*' or because mAbs are normally
not eliminated via complex renal or hepatic pathways.”” Simple
allometric approaches are, however, typically not appropriate
for analyzing preclinical PK data from mAbs with nonlinear
elimination, and more sophisticated approaches are
required.”'* Additional factors that can make animal-to-
human mAb PK translation challenging include species-
specific immunogenicity, FcRn binding, bioavailability after
extravascular administration, antigen density and its binding
to the mAb, and receptor occupancy. These should be taken
into account by, for example, including them into a PKPD
model.'**”** Modeling approaches may also be helpful in
addressing other potential difficulties in preclinical translation,
such as small sample sizes, inter-animal variability, and assay
specificities. When scaling to human, most often a standard
human weight of 70 kg is assumed, but sometimes also
lower''*''® or higher weight®®”” is used.

A detailed overview of the scaling methods together
with the values of the allometric exponents used in the
preclinical mAb development is given below. Studies in
which several mAbs (or large-molecule drugs) were used
to compare or investigate allometric scaling approaches
are summarized in Supplementary table S1. Sometimes
somewhat higher values of the allometric CL exponent
than the “typical” 0.75 are suggested for mAb interspecies
scaling, i.e., the value that has been associated with inter-
species scaling of basal metabolism,”® oxygen consumption
and passive renal filtration, and is often used for scaling
CL of small molecules. However, this exponent may also
reflect the rate of various cellular processes critical for the
intracellular uptake and catabolism of mAbs, as these
processes are likely linked to basic cellular functions.
Still, considering that a significant component of nonspe-
cific fluid pinocytosis is mediated by the capillary
endothelium, a higher allometric exponent of 0.85 could

perhaps also be justified, as it has been associated with
interspecies scaling of organ weights, and, via inference,
capillary surface area per gram tissue due to strict spatial
requirements for oxygen and nutrient diffusion. Since
likely both of these factors contribute to the catabolism
of antibodies, this might explain the range of observed CL
exponents used across different preclinical studies.

Multiple species scaling approaches

After the research initially focused on small-molecule drugs,
Mordenti et al. applied simple allometric scaling to preclinical
and human data from 5 large-molecule drugs (6-98 kDa).'®
The estimated weight exponents on CL were around 0.75
(mean: 0.75, median: 0.74, range: 0.65-0.84), and prediction
fold-errors (with human data excluded) ranged 0.7-1.04,¢
indicating that the allometric weight exponent on CL of
~0.75 is also appropriate for therapeutic proteins. Further
work by Mahmood included 1 mAb targeting vascular
endothelial growth factor (VEGF) and 14 other macro mole-
cules, and, based on simple allometry (from at least 3 animal
species), the exponents were estimated between 0.644 and
1.287 (0.795 for anti-VEGF).®! Later, additional research like-
wise showed that the estimated exponents are usually approxi-
mately 0.75 (based on n = 36 macromolecule drugs).*' Simple
allometric scaling with CL information from >3 preclinical
species has been commonly used with mostly satisfactory
results,*">* although sometimes human CL data are lacking,
making the evaluation impossible.''*'"”

When allometric exponents are >1, simple allometry over-
predicts mAb CL and thus ROE with brain weight correction
was suggested, albeit this was initially based on somewhat
limited data with only 4 therapeutic proteins having the allo-
metric exponent >1.°" This approach was later explored in
antibodies (n = 9, of which 6 had human CL values available
for comparison, but not all were full-length mAbs), where CL
exponents from simple allometry were 0.534-1.299.%
However, brain weight correction was again suggested based
on a limited sample size (i.e., improved accuracy of CL predic-
tion for 1 mAb).%* Deng et al. further found that the aforemen-
tioned ROE for mAbs can be useful, as it improved CL
predictions for all 4 mAbs (with exponent >1), but also pro-
posed the MLP correction when the weight exponents are
between 0.71 and 1, although it only decreased the prediction
errors in 2 of 5 mAbs."” Additional work showed that MLP
correction might be helpful, but it included only one mAb
(anti-VEGF) and the estimated allometric exponent was out-
side the suggested range (1.03).*' Conversely, Huh et al. con-
cluded that no MLP or brain weight correction was needed for
large molecules.*' Using data from 4 mAbs, Wang et al. more
recently found that correcting for antigen concentration out-
performed simple allometry and both standard corrections,
resulting in relatively accurate CL predictions (maximal per-
centage error 74%).”> However, it is not clear if ROE was
applied or the corrections were used regardless of the value of
the estimated weight exponent. The potential of the antigen
concentration correction method was later also confirmed for
another protein therapeutic.**



Single species scaling approaches

Despite the usefulness of the simple allometry (with correc-
tions) being demonstrated (albeit often with rather limited
datasets), single-species scaling with a fixed allometric expo-
nent is often the preferable approach for translating mAb PK to
human.'”'®> However, the best value of the allometric weight
exponent for mAbs (with linear elimination) has been histori-
cally controversial, ranging from 0.75 to 0.85 (or higher for
mAbs with membrane-bound targets). For example, Ling et al.
found that based on PK data from 14 mAbs, the exponent of
0.85 and 0.90 provided the best results for mAbs with soluble vs
membrane-bound antigen targets (the latter at high doses),
respectively.”” Oitate et al., however, investigated 24 mAbs
and observed that a lower exponent of 0.79 is better for
mAbs with soluble targets, although confirmed the trend of
larger allometric exponents for mAbs with membrane-bound
antigens (0.96)."” Not stratifying by the antigen target, Deng
et al. found that allometric exponent of 0.85 provided the best
CL predictions for the investigated mAbs (n = 13)."
Conversely, Wang et al. analyzed data from 12 mAbs and
fusion proteins and reported that the exponent of 0.80 gave
the most accurate predictions of human CL.'® Furthermore,
using data from 10 mAbs with linear CL, Dong et al. compared
the (standard) fixed exponent of 0.75 with exponents up to
0.90, and reported that, although the exponent of 0.85 or 0.90
decreased the CL prediction errors in some cases, in 4 of 10
mAbs it made the predictions worse, with errors up to 3-fold.”!
Based on that, they concluded that there are no advantages of
using an allometric exponent of 0.85/0.90 over 0.75 for scaling
mAb CL data.”’ This was confirmed by Avery et al. (n = 27
mADbs), who determined the best value of the exponent as 0.80,
but observed that the exponent of 0.75 gave almost identical
results for the training and test sets of mAbs (15/27 mAbs).>
Moreover, Huh et al. also corroborated that the optimal weight
exponent (with the smallest average fold error) for 53 large-
molecule drugs was between 0.75 and 0.80.*' If human FcRn
transgenic mice are used in single-species scaling, Avery et al.
determined (based on data from 15 mAbs) that a higher expo-
nent than in monkeys might be needed (0.93).%

The second approach where only single species (i.e., monkey)
data are used to predict human mAb PK is the Dedrick
approach, which was shown to be able to reasonably predict
human mAb PK by Deng et al. using data from 13 mAbs and
a fixed “clearance” exponent.'” There is also no agreement on the
value of the allometric exponent in this method, but it mostly
ranges between 0.75 and 0.90."7°*%5% Qitate et al. investigated
which type of Dedrick plot is superior, and determined that for
the 12 studied mAbs the complex Dedrick plot was slightly better
than the elementary, although the results were very similar.®”

While the Dedrick plot and single-species allometric scaling
both include one species, and can provide satisfactory results,
the second is often preferred, as it is more straightforward.'*>*>¢
Additionally, non-monkey species might not be appropriate for
the Dedrick scaling approach.'*® Despite many researchers not-
ing the predictive value of using single species approaches, they
are mainly recommended for mAbs with linear PK,'® or mAbs
with nonlinear PK at doses where the targets are saturated or
nonlinear CL represents only a small part of the elimination.”"?
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For mAbs with substantial TMDD, or at lower doses, and thus
with nonlinear PK, approaches that take into account the
TMDD process should be applied.'**

Population modeling approach

Recently, pharmacometric (or, modeling and simulation)
approaches are becoming more common in the preclinical drug
development,””®*'  especially for mAbs with nonlinear
elimination. %3820 They can provide valuable information, and
so support the design and/or dose selection for the clinical studies.
When analyzing preclinical PK data from mAbs with linear
elimination, typically a 2-compartment PK model is used, with
weight exponents on central CL and inter-compartmental
clearance (Q) mostly around 0.75-0.85 (and around 1 on
volume parameters). For example, Haraya et al. analyzed cyno-
molgus monkey and human data from 24 mAbs showing linear
PK and determined that the optimal allometric scaling expo-
nents for the PK parameters were 0.8 for CL, and 0.75 for Q.58
Betts et al. used a population PK approach to analyze data from
27 mAbs exhibiting linear PK and found similar values of the
exponents: weight exponent on CL was estimated as 0.81 (95%
confidence interval: 0.77-0.85) when only monkey and human
data were used, and around 0.89 when data from transgenic
mice were also included; the weight exponent on Q was
between 0.57 and 0.67.%” Biliouris et al., however, scaled mon-
key PK data of an anti-blood dendritic cell antigen 2 (BDCA2)
mADb to human and found that somewhat higher fixed expo-
nents on CL and Q of 0.85 gave accurate PK predictions.”"
An example of translational scaling for a mAb with nonlinear
elimination is a full PK-TMDD model for an anti-activin recep-
tor-like kinase 1 (ALK1) mAb by Luu et al® The authors
estimated the monkey PK parameters by fitting a 2-
compartment population PK model to monkey PK data, but
used fixed (experimentally determined or obtained from litera-
ture) values for the monkey TMDD parameters, i.e., binding
affinity (Kopn, Kog)s Kine and target degradation rate (Kgeg). Apart
from the PK, baseline receptor concentration (Ry) was also
estimated. To translate into human, (linear) monkey PK para-
meters were scaled allometrically with a fixed exponent of —0.25
on rate constants (i.e., equivalent to 0.75 on clearances and 1 on
volumes), and Vc was assumed to equal human plasma
volume.* Human TMDD parameters were not scaled, but
obtained experimentally, or from the literature (Kge,). Human
R, was assumed to be the same as in monkeys. The model was
found adequate, as the predicted human PK parameters (e.g.,
CL) and PK exposure metrics (i.e., area under the curve (AUC)
and maximal concentration (C,,.,)) were <2-fold different to the
observed values.”” Although there are also other examples of the
full TMDD model,*® its approximations are more common. In
the QE approximation, an exponent of —0.25 is also often used
for the PK rate constants.”"7>%¥%>% Vugmeyster et al. addi-
tionally compared the CL exponent of 0.85 versus 0.75 and found
that it did not result in any significant changes of the dose
projections; however, there were no human data available to
confirm the human PK prediction.*® PD parameters of the QE
approximation are also typically not scaled, but assumed the
same across species or obtained experimentally,69’71’72’88’89’99
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although there are some differences in the work published so far.
For example, in the analysis by Park et al., Ky was obtained
experimentally in vitro, but target-related parameters were
scaled; the weight exponent used for the CL of the target was
0.75, and 0.85 for the rate of input of binding targets.*” The QSS
approximation is less common, compared to the QE approxima-
tion, and, for example, Roepcke et al. applied the QSS approach
to translate monkey PK to human; however, no observed human
data were available for comparison,” hence it is difficult to assess
the model. The MM approach (i.e., the simplest TMDD approx-
imation) was used, for example, by Dong et al. to scale monkey
data from 6 mAbs with nonlinear PK to human.>! Again, the
same typical allometric PK exponents were used as mentioned
for the full TMDD model, and 0.75 also on V,,..°" Based on
in vitro similarities in target-binding characteristics or equal
target protein sequences, K,, was presumed the same for
human as in monkeys,”’ a common approach when using the
MM model.”’ When compared to the observed human data, the
predictions of PK metrics, such as C,,., and AUC, were accep-
table at mAb concentrations, where the targets were saturated,
but, at low mAb concentrations, the predictions of the PK
metrics proved challenging, with, for example, C.x
s consistently being overpredicted (although the majority were
still within the 2-fold error).”’ This might indicate that a full
TMDD model, or the QE/QSS approximation is needed.*>”" For
the bispecific mAb MCLA-128, the MM model was also used
(with allometric exponents of 0.75 on CL, Q and V ., and 1 on
Vc and Vp), but no human data were available to be able to
evaluate the predictions.”

Selection of starting and therapeutic human dose

Interspecies PK scaling (based on approaches outlined above)
is used to determine the human efficacious dose and the start-
ing mADb dose in clinical trials. To establish the human ther-
apeutic dose for mAbs, human PK, predicted from preclinical
species, is typically combined with PD information (e.g., bio-
marker modulation data, or tumor growth inhibition'**'*") to
determine a dose that provides a sustained desired pharmaco-
logical effect in human. Understanding and predicting the
PKPD relationship is therefore key, and PKPD modeling can
be a useful tool to facilitate this."*

When determining the starting dose for mAbs in FIH trials,
the primary focus is on safety, followed by finding a dose that
also produces the intended pharmacological activity (i.e., phar-
macologically active dose). Relevant preclinical species need to
be selected too, and an appropriate safety factor applied.'**
Several approaches exist to determine a starting dose for FIH
trials, including:'**"'*° 1) the no observed adverse effect level
(NOAEL), i.e., the highest dose that does not significantly
increase adverse events in animal studies, compared to
a placebo group; 2) the highest non-severely toxic dose
(HNSTD), i.e., the highest dose that does not result in irrever-
sible, lethal or life-threatening toxicities in preclinical studies;
and 3) the minimal anticipated biological effect level (MABEL),
i.e., the dose or exposure/concentration required to produce the
minimal pharmacological activity (meaning, biological effect or
its surrogate, such as receptor occupancy) in preclinical and
clinical systems.'”* PKPD (and PBPK) modeling is a useful

approach to determine MABEL, as it can integrate preclinical
pharmacology data (with or without animal toxicology informa-
tion) and extrapolate it to human.'** It can also be used for
deriving receptor occupancy.'*® The MABEL approach was sug-
gested to help prevent future tragic events (as occurred with the
first administration of TGN1412),"*”'?® and should be used
especially for high-risk medicinal products.'*” It may also be
helpful when mAb toxicology studies do not provide useful
information, for example, when the species used in the toxicol-
ogy studies are not pharmacologically relevant.'*’

These approaches can be used separately or in combination
to determine the optimal starting dose.”>'*® There is no con-
sensus on the best approach; often it depends on the mAb
mechanism of action and the available preclinical toxicology,
pharmacology, and PK data.’>'** Several guidance documents
from the Food and Drug Administration and European
Medicines Agency also exist on this topic.'*>'*>"?%1*! And
recently, information for specific formats and modalities such
as ADCs,"”” immune activating mAbs including immune
checkpoint modulators,'”® and CD3-targeting bispecific
constructs,'? has been published. For the latter, it was sug-
gested that a FIH dose corresponding to 10-30% of the phar-
macological activity is acceptable, but the approaches based on
receptor occupancy, HNSTD or NOAEL are not acceptable.'*
This highlights the fact that approaches for determining the
starting dose for FIH studies should be carefully evaluated and
selected for each mADbD.

Although for simplicity doses are often directly scaled from
preclinical species to human, approaches that involve scaling
mAb PK can improve prediction of doses for FIH trials, by
taking into account potential differences between species,
TMDD, and immunogenicity;’”** therefore when possible, all
relevant information should be included in an appropriate
modeling approach.'* Traditionally, body-weight dosing was
used for FIH studies involving mAbs,” but lately, fixed dosing
was suggested as appropriate for FIH studies.”” This is because
the PK variability that body-weight dosing would reduce is
moderate, compared to the observed PD variability.””
Additionally, a flat dosing approach is preferable from the
practical perspective.”” However, for the trials beyond FIH
studies, other dosing strategies might be more appropriate.

Allometric scaling in the context of clinical mAb
development

The main goal of using allometry in clinical development is
either to describe the pediatric and/or adult PK or to extra-
polate PK information from adults to the pediatric patients,
and so support the design of the pediatric clinical studies, help
decide on a starting dose, or optimize a dosing/sampling
regimen.>**"%* It may also be used to waive certain unneces-
sary pediatric trials, and hence avoid ethical and practical
concerns that can occur with pediatric trials.>'®>” Allometric
scaling approaches are thus regularly used for pediatric PK
extrapolation, and are applicable to small-molecule
drugs®®?>"** and also mAbs."”'>*” Allometric weight scaling
of clinical PK data is typically done within a population PK
approach, due to the abovementioned advantages, namely the
ability to analyze sparse data (common in adult trials beyond



Phase 1 and typical for pediatric studies), and possibility to
identify and include covariates that affect PK, facilitating
(pediatric) dose selection.'>*>

The most commonly included covariate in population PK
models analyzing mAb clinical data is body weight (or some-
times body surface area (BSA)),"**”” with suggested reference
adult weight of 70 kg,”'? although this is not always used.®
However, despite weight also being the main demographic
factor explaining the (size-related) PK differences between
the adult and pediatric patients, age might additionally need
to be included to describe the maturational differences, espe-
cially for the very young patients (i.e., infants and neonates).
Age can be included with a sigmoidal/asymptotic maturation
function, guided by the sum of gestational and postnatal
age.””” Other covariates, typically identified in models analyz-
ing pediatric (pooled with adult) data, can include ADA status/
titer,””>"*>1%® which can affect efficacy and/or safety,”>”” albu-
min concentration, ethnicity, disease (status),”'*® and, some-
times, sex or co-medication.*”””>!3” The numbers of ADA
positive patients are often low, which might be the reason for
frequently not identifying ADA status as a covariate with
a significant effect on the mAb CL."*”"** Also, using ADA
titer instead of ADA status might be preferred, as it was pre-
viously observed that only high ADA titers from ADA-positive
patients affected CL, but not the low titers.” More PK data
from (premature) neonates and infants are needed to be able to
make a conclusion regarding the factors affecting the PK in this
population specifically.””> The same is true for mAbs with
TMDD.® However, it should also be noted that, while many
covariates may be statistically significant and therefore
included in the population PK model, some might not have
a meaningful clinical relevance,"”” meaning that they would
not need to be taken into account when optimizing/adjusting
a dosing regimen.'

Although PBPK modeling is currently not typically used for
analyzing/extrapolating clinical mAb data,'” it might be desir-
able to use it, in addition to population PK modeling, when
extrapolating to the very young pediatric patients (especially
for first-in-child trials), as it may increase the confidence of PK
predictions.®

Population modeling approach

Although allometric weight exponents are often estimated in
adult population PK models, it was recently found that, to
describe adult mAb PK data, the use of fixed standard values
of the allometric exponents (i.e., 0.75 for clearances, 1 for
volumes) is appropriate.® This sounds reasonable, as due to
the small weight range typically observed in the adult popula-
tion, the values of the allometric exponents can sometimes be
very low (<0.5),377106139 ywhich is not in line with what is
known about mAb PK and human biology and further sup-
ports fixing the value of the exponents. A recent review of
population PK models for therapeutic mAbs (and a few fusion
proteins) that are on the market, which included 75 PK models
(50 of them with linear elimination) of 55 different drugs,
developed based mainly on adult data (n = 55), but also pooled
data from adult and pediatric patients (n = 12), and only
pediatric patients (n = 8), showed that although the median
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allometric exponent for CL was 0.72, for Vc it was 0.68,% ie.,
much lower than expected. The low value of the exponent on
V might be due to limited sampling around C,,,, (since
because of the long half-lives of mAbs sparse sampling was
frequently used, with mostly only trough samples collected),®
not supporting its estimation. Especially when extrapolating to
children, the exponent on V should be fixed to 1, rather than
using adult estimates. This was confirmed using concentration-
time data from 5 mAbs with linear PK, where using a fixed
V exponent (to 1) resulted in better predictions of C,.y, com-
pared to using the adult estimates.®

An agreement on how to analyze pediatric mAb data (or
pooled adult and pediatric data), or how to extrapolate from
adults to children, has been lacking, and both fixed and esti-
mated values of the allometric exponents have been used -
published PK models built using pooled pediatric and adult
mAb PK data are discussed below, and summarized in
Supplementary table S2. Supplementary table S3 provides an
overview of models built on pediatric data only. Recently, use
of fixed standard allometric values (i.e., 0.75 on CL and 1 on
V parameters) was found appropriate, also for analyzing pedia-
tric mAb data,>** although no definite conclusion could be
made for pediatric patients below 6 years, as only limited data
were available for these ages.8 However, studies that included
data below that age also often used the same approach®’>'"!
(detailed below).

Population PK analyses that included neonatal and infant
mAb PK data are very rare. Additionally, there are no studies
that would include a sufficient number of subjects below
2 years of age and subjects of other pediatric ages up to adults,
which would cover the whole human weight range, and facil-
itate identification and/or evaluation of allometric exponents.
Robbie et al. analyzed infant and adult palivizumab PK data,
but there were no data between these age groups.” In their
2-compartment model with linear elimination, body weight
was included on all PK parameters with fixed (0.75, 1) allo-
metric scaling, and additionally a postmenstrual-age-guided
maturation function, to account for the age differences in
patients <2 years was used.”” Body weight was the main cov-
ariate affecting the PK, but ADA titer (over 80), chronic lung
disease, and race were also identified as statistically significant,
although they did not explain much of the between-subject
variability.” Another study that looked at pediatric (n = 69
patients, 0.6-17 years) and adult mAb PK data (n = 18) found
that the PK and covariate relationships were similar between
both populations: allometric exponents on CL were estimated
as 0.795 in pediatric and 0.808 in the adult population.'*® In
this study, age was not found to further affect the PK (once
weight was included in the model), but only 2 patients were
below 2 years of age."*

Other population models developed to analyze mAb PK data
from adults and children mostly included older children and
adolescents. Fasanmade et al. investigated infliximab data from
112 children (6-17 years old, median age 13 years) and 580 adult
patients and found that weight (together with baseline serum
albumin concentration, immune response status, and concur-
rent immunomodulator usage) was sufficient to describe inflix-
imab PK, and age was not required.137 This result is not
unexpected given the age of the pediatric patients in the study.
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In their model, CL per body weight was modeled, which was
reflected in the (unusual) values of the allometric weight expo-
nents: —0.313 on CL, —0.233 on Vc and —0.588 on Vp; no weight
relationship was included on Q."*” Lowe et al. analyzed omali-
zumab nonlinear PK data from allergic asthma patients, with
787 patients below 12 years of age, and 1288 patients 12-79 years
old."* They found that CLs best scaled with the weight exponent
of 0.914, and Vs with the exponent of 1.05.'* In a previous study
of omalizumab (n = 1781 adolescent and adult patients), the
weight exponent on free omalizumab CL was similarly estimated
at 1.0 (and 0.828 on the V), but on the CL of the mAb-target
complex it was 0.671.1*! Further identified studies, including
both pediatric and adult patients, mostly estimated the allo-
metric weight exponent on CL, and found values of 0.695,"**
0.595,'*% 0.698,'** and 0.813.1*° In none of the cases age was
found to further affect the PK of the mAbs, likely due to the lack
of the very young patients. In studies that included pediatric
patients and young adults (up to 19/21 years), the allometric
exponent on CL parameters was either fixed to 0.75>"** or
estimated as 0.823 on CL."*® In both studies no additional effects
of age on CL or V parameters were found after weight differ-
ences were accounted for, albeit both studies included only
a limited number of very young pediatric patients.”>"*®
A population analysis of alemtuzumab PK in patients aged
0.2-19 years, however, used an allometric exponent that varied
with the weight of the patient.'*® The exponent decreased with
increasing age (and thus, weight) and was estimated between
3.69 and 0.41.'*° Studies that only included pediatric patients
either used fixed values, most often of 0.75 on CL and 1 on
V,'%M1% or estimated the allometric exponents: e.g., 0.48 for CL
and 0.904 for V,'*> or 0.84 for CL and 0.720 for V.'*®

Some studies found that instead of using total body weight to
describe the changes in pediatric mAb CL, ideal body weight
might be a better body-size descriptor;'*® or resting energy
expenditure, which is thought to reflect the age dependence in
mADb CL.' Both these studies were, however, based on a very
limited sample size, so the results should be further investigated.
Another recent suggestion is to scale pediatric mAb CL by using
different values of the allometric weight exponent (ranging
between 1.2 and 0.75), depending on the pediatric age
group.”” However, these cutoffs were arbitrary determined,
and in some cases it can be difficult to evaluate the predictions,
as often children of wide age groups were pooled together with
only one summary CL value available."*’

Pediatric population PK studies of mAbs with nonlinear
elimination are uncommon. To describe, or extrapolate, the
nonlinear PK of mAbs in, or to, pediatric patients, the MM
approximation’®'*® or a more mechanistic TMDD model/
approximation describing the mAb-target binding and turn-
over dynamics are most often applied."”®>'**"'** When
a comparison was performed, the MM approximation was
shown to give similar results to the full TMDD model.'*
Although more data from mAbs with nonlinear PK are needed,
especially for infants and neonates, it is currently suggested
that extrapolating nonlinear mAb CL to pediatrics may be
possible by using the MM approximation and allometrically
scaling the V., but keeping K, the same as in adults.®”*
PBPK models might also be useful in the case of complex
nonlinear mAb elimination."’

Pediatric dose selection

Determining a dose for first-in-child trials is challenging, as it
needs to be safe, but also effective to not expose children to
toxic or ineffective treatment. To achieve that, differences in
mADb PK between adult and pediatric patients need to be
appropriately considered. Considering that body weight is the
main covariate affecting mAb PK, historically dose scaling
from adult population to children was mainly done by taking
body size into account using one of the following 4
methods:”**"” 1) weight-based approach: adult dose is scaled
linearly with weight (i.e., mg/kg dosing); 2) BSA-based
approach: adult dose is scaled with BSA (i.e., mg/m” dosing),
which is similar to using an allometric exponent of 2/3; 3)
a hybrid approach: children above some weight/age threshold
get fixed adult dose, and for children below the threshold the
adult dose is scaled with one of the aforementioned
approaches; or 4) a tiered approach: a different fixed dose (or
sometimes body-weight-adjusted dose™®) is used for each body
weight/age tier.

Although using allometric weight scaling to determine the
dose accounts for the nonlinear changes with weight and could
be appropriate, it is not used for the pediatric dosing for any of
the approved mAbs, likely due to its presumed clinical
impracticality.”> Knowing that mAb CL does not scale linearly
with weight, the mg/kg dosing is likely to cause children with
low weights/ages to receive a possibly ineffective dose, com-
pared to the adult population.”” However, given the generally
wide therapeutic index of mAbs, this approach may be ade-
quate for older pediatric patients (e.g., above 40 kg), who often
receive the same (fixed or mg/kg) dose as adults.””'*"'** This
was confirmed by performing simulations of pediatric (=40 kg)
and adult mAb exposure, which showed clinically insignificant
differences.*’

Instead of scaling the dose directly, approaches (outlined
above), such as population PK modeling with allometric scal-
ing or PBPK modeling should be used to match safe and
effective mAb exposures observed in the adult patients."*
85794101 Additionally, when designing a dosing regimen for
younger pediatric patients (e.g., <2 years), accounting for
maturation is warranted,”**>”” albeit the evidence is currently
still limited. The modeling approaches are also suggested by the
regulatory authorities, and consequently often used nowadays
in the pediatric studies.>*'> Furthermore, using modeling and
simulation can be helpful in designing optimal sampling
schemes, which is particularly important for pediatric patients,
who can only provide a limited number of samples;'>* and can
be useful for mAbs with nonlinear elimination due to
TMDD.'% Other body size descriptors, such as ideal body
weight, might also be considered, to account for some varia-
bility between patients who are over- or underweight.'**'>*

Future perspectives and recommendations

The significance and role of pharmacometric modeling and
simulation techniques in drug development will continue to
grow, both for analyses of preclinical and clinical data.
Knowing how to best scale preclinical mAb PK data to facilitate
FIH studies, and also how to then use adult mAb PK data to



help guide pediatric study design is thus of paramount impor-
tance. To help increase the confidence of the abovementioned
approaches, we also identified some relevant knowledge gaps.

Although non-modeling approaches, such as simple allo-
metry and single-species scaling using monkey mAb PK data
are still commonly used (for preclinical mAb PK data) and
might be appropriate in some cases, modeling (and simulation)
approaches are slowly gaining recognition, as outlined above.
Using modeling may not only enable better planning of FIH
studies by, for example, accounting for TMDD and improving
human PK predictions,69’91 but, as an initial (nonlinear or
PKPD) model would already be developed, it may accelerate
the overall drug development, also once clinical data become
available. Additionally, modeling may support decreased sam-
pling frequency, or the sample size of animals needed for
a preclinical mAb PK evaluation. The value of the allometric
exponent used preclinically is still a matter of discussion, and
the rationale for choosing either value of the exponent has been
historically often based on limited data, as mentioned.
However, as there is no biological reason that a CL relationship
with weight would be different within different weight (non-
obese) human and animal species (at least monkeys), it would
be reasonable to use the same exponent value (0.75) across all
species (and apply a modeling approach). The allometric
weight exponent of 0.75 on CL is within the range of values
used preclinically (Table 3 and S1), and is the typical value used
clinically.”®'* Using any exponent between 0.75 and 0.90 to
scale preclinical (monkey) data to human also only changes the
CL prediction <2-fold, considered nonsignificant (Figure 3).
Additionally, when analyzing pediatric mAb data, it would be
useful to apply the same reference body weight (i.e., 70 kg), as
this would facilitate comparisons across studies, and different
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Figure 3. Relationship between clearance and body weight for allometric expo-
nents ranging from 0.75 to 0.90. Human clearance and body weight were fixed to
0.2 L/day and 70 kg, respectively.
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patient weights, including adult, thus better characterizing
mAb PK and contributing to faster pediatric drug
development.””” Approaches such as PBPK modeling are cur-
rently still rarely used for pediatric mAb data and would also
benefit from further evaluation and more informative data,
especially in the very young patients.'>'*

In general, more clinical PK data from the youngest patients
receiving mAb treatment should be collected, and if possible,
throughout the whole pediatric age range, to be able to explore
the allometric weight relationship throughout the entire
human weight range, and gain valuable information on the
effects of age on the mAb PK and/or PKPD relationship.*'>'**
Sampling schemes should be designed with slow elimination of
mADs in mind to be able to correctly describe CL and capture
potential effects of changes in receptor expression after
repeated dosing.”> Optimized PK sampling could also enable
capturing potential TMDD,'* and detecting ADAs."

Knowledge is also lacking for mAbs with nonlinear elimina-
tion, and target concentration should be quantified and
explored (for a wide dose range) in animals and human to be
able to determine its possible effect on the mAb systemic and
target site exposure.'** Recording information with regards to
disease status/severity, where feasible, might also be beneficial.
Identifying possible differences between preclinical species and
human in terms of target expression and binding would con-
tribute to improved human dose prediction, especially at the
lower (starting) doses.”’ Collecting more/better data would
also clarify whether TMDD differs between adult and pediatric
patients,”'°® and would help confirm the appropriate scaling
methods for such mAbs.

Most mAbs induce ADAs,*® and it is currently unclear
whether immunogenicity differs between adult and pediatric
population,”** so this should be investigated further. To facil-
itate the comparison of results across studies and eliminate the
high dependency of results on the assay type, assays to detect
and evaluate ADAs need to first be improved and
standardized."***> As immune response cannot usually be
extrapolated to human, ADA-positive animals are typically
excluded (or only data points prior to development of ADAs
are kept) when extrapolating preclinical PK to human.’
However, already preclinically, a modeling approach could
alternatively be used to capture ADAs in animal species, such
as monkeys, and learn about the possible effects of ADAs on
the mAb PK,'*'>* which could lead to improved safety and
efficacy of mAbs in FIH clinical studies.

With most of the work focusing on scaling mAb PK, much
is still unclear about how mAb PD scales, and reports involving
PD scaling in large-molecule drugs are scarce.”>”"'*° PD para-
meters, related to efficacy and sensitivity (i.e., maximal effect
(Emax) and drug concentration that produces 50% of the max-
imal effect (ECs,), respectively), are often considered similar in
preclinical species and human,'*** although ECs can also be
scaled to account for changes in the receptor number and
density.”" To describe the changes in the physiological turn-
over processes, it might be appropriate to allometrically scale
the turnover rate constant.'**” The PD similarities/differences
between adults and children are also not yet well
characterized." With more information regarding the PD, and
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how PK and PD are related, PKPD models could be established
and used for extrapolation, instead of only relying on PK
exposure matching.

Although there is no apparent reason to expect otherwise,
more studies are needed to confirm if the same scaling
approaches as for “classical” mAbs can be used for the new
formats, such as ADCs and bi-/multi-specific antibodies.
Currently, there is a lack of agreement, i.e., while some found
that allometric exponent on CL of ~0.75 is appropriate for
ADCs, #7158 others found higher values (~1) to fit
better.'**"'% Similarly, different CL exponents are currently
being used for bi-/multi-specific antibodies.”*'*'~'**

The use and role of transgenic mice that have human FcRn
expressed might also increase in the future, although they may
not be appropriate for all purposes (e.g., if a mAb does not react
with the target receptor in the mouse). Using rodents to (par-
tially) replace now commonly used nonhuman primates to
determine human PK would be more ethical, as it may
decrease/eliminate the use of monkeys in research, it could
help reduce the development time and costs, and make it more
practical, as mice are generally easier to handle.”>'"” Currently,
however, data are lacking to be able to fully evaluate the appro-
priateness of these mice in preclinical mAb development.

Conclusions

With the constant advancement in mAb engineering and
manufacturing technologies, mAb-based therapeutics will
continue to grow and remain one of the most prevalent
drug classes. The allometric scaling approaches discussed
herein will remain critically important in the mAb drug
development, specifically for designing and conducting FIH
and pediatric clinical studies. The direct comparison of the
use of allometry in preclinical and clinical settings pre-
sented here highlights the current status in both, enables
identification of knowledge gaps and can enable the field to
advance faster. In particular, more data from very young
patients and mAbs with nonlinear elimination are needed
to be able to make more confident conclusions. With more
and more data becoming available, these approaches will
continue to evolve, and we will likely see a growing recog-
nition and expanding use of pharmacometric modeling
approaches in both settings, especially in the preclinical
research. This would help incorporate and increase knowl-
edge regarding e.g., the TMDD, ADA effects, and age-
related effects, and lead to better mAb PK predictions

thereby improving FIH/pediatric dose determination,
which will facilitate and ultimately accelerate drug
development.
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ADAanti-drug antibody
ADCantibody-drug conjugate
ALKlactivin receptor-like kinase 1
AUCarea under the curve
BDCA2blood dendritic cell antigen 2
BrWTbrain weight

BSAbody surface area
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Cmaxmaximal concentration
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Kgequilibrium dissociation constant
Kgegtarget degradation rate constant
KinmAb-target internalization rate constant
KMichaelis-Menten constant
K,gdissociation rate constant
Konbinding/association rate constant
Kntarget production rate constant
mAbtherapeutic monoclonal antibody
MABELminimal anticipated biological effect level
MLPmaximal life potential
MMMichaelis-Menten

MsAbsmultispecific antibodies
NCAnon-compartmental analysis
NLMEMnonlinear mixed-effects modelling
NOAELno observed adverse effect level
PBPKphysiologically based pharmacokinetic
PDpharmacodynamics
PKpharmacokinetics
Qinter-compartmental clearance
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Rybaseline receptor concentration
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TMDDtarget-mediated drug disposition
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