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ABSTRACT
Protein therapeutics represent a diverse array of biologics including antibodies, fusion proteins, and
therapeutic replacement enzymes. Since their inception, they have revolutionized the treatment of a wide
range of diseases including respiratory, vascular, autoimmune, inflammatory, infectious, and
neurodegenerative diseases, as well as cancer. While in vivo pharmacokinetic, pharmacodynamic, and
efficacy studies are routinely carried out for protein therapeutics, studies that identify key factors
governing their absorption, distribution, metabolism, and excretion (ADME) properties have not been fully
investigated. Thorough characterization and in-depth study of their ADME properties are critical in order
to support drug discovery and development processes for the production of safer and more effective
biotherapeutics. In this review, we discuss the main factors affecting the ADME characteristics of these
large macromolecular therapies. We also give an overview of the current tools, technologies, and
approaches available to investigate key factors that influence the ADME of recombinant biotherapeutic
drugs, and demonstrate how ADME studies will facilitate their future development.
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Introduction

It has been nearly 40 y since biologists first learned to produce
human growth hormone and insulin. The discovery of recom-
binant protein technology revealed the potential of proteins as
therapeutic agents; a potential which has been increasingly real-
ized throughout the intervening years.1 What started with rela-
tively small, native proteins has gradually expanded to include
monoclonal antibodies (mAbs), cytokines, replacement
enzymes and more recently, a diverse array of protein products.
These protein products merge together biologic and pharmaco-
logic elements yielding engineered antibody derivatives (e.g.,
nanobodies, Fabs, scFvs), antibody-drug conjugates (ADCs),
fusions of therapeutic proteins with native and non-native
products, and bispecific antibodies. This burgeoning diversity
of protein therapeutics has resulted in a concomitant increase
in the number of biologics in clinical development, with more
than 400 molcules currently in clinical trials around the world.
These molecules are being assessed for their potential to treat a
variety of diseases, including cancer, immunological disorders,
and infectious diseases.2 Despite this promise, there is a sober-
ing attrition rate for biologics in the clinic, with only 12% of
those molecules entering the clinic and reaching the market.3

The causes for this attrition may vary, but lack of efficacy is
often identified as a major contributor.4 Optimizing efficacy
requires, among other things, sufficient drug delivery to the
intended target site. Indeed, a key pillar proposed for improv-
ing the clinical success rate is the confirmation of sufficient
drug exposure at the effect site.4 To achieve this goal, one must

either 1) measure effect site concentrations directly (often
impractical in humans), 2) assume that drug at the effect site is
in equilibrium with the blood compartment, 3) use nonclinical
absorption, distribution, metabolism, and excretion (ADME)
data to derive an informed estimate, or 4) employ the mecha-
nistic mathematical models to characterize and predict the
time-course of drug effects in tissues, at effect sites, and in com-
plex with the pharmacological receptor.

Therapeutic proteins have traditionally been administered to
patients intravenously, which is both inconvenient and expen-
sive. As the popularity of these therapeutics has grown, their
route of administration has increasingly shifted toward non-
intravenous delivery methods. These delivery methods include
inhalation and parenteral administration (subcutaneous (SC)
and intramuscular) along with depot formulations facilitating
sustained-release and other formulations which are thought to
improve SC delivery by including helper enzymes such as hyal-
uronidase. In order to maximize the development and applica-
tion of such approaches we must gain a better understanding of
the mechanisms and determinants underlying the absorption
of these high molecular weight therapeutic agents. Even for the
seemingly well characterized therapeutic class of mAbs, our
ability to accurately predict human bioavailability (F) and
absorption kinetics remains poor.

The evolution from more native protein therapeutics (e.g.,
cytokines, antibodies) to biotherapeutics with more novel and
complex structures including polyethylene glycol (PEG)-conju-
gated proteins or peptides, fusion proteins, and ADCs, has
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introduced new challenges related to the stability, catabolism,
and elimination of these products. These characteristics can
affect the observed pharmacology as well as the pharmacoki-
netics (PK) of the protein therapeutic. Regulatory agencies rec-
ognize the challenges and potential value of determining the
ADME characteristics of therapeutic proteins, as evidenced by
the inclusion of a section on disposition in the European Medi-
cines Agency’s Guideline on the Clinical Investigation of the
Pharmacokinetics of Therapeutic Proteins.5 While the agency
acknowledges that studies of the disposition of therapeutic pro-
teins may not be necessary, it suggests that “specific studies of
the route of elimination and metabolism…and identification of
metabolites in vitro should be considered and discussed on a
case-by-case basis” and that active metabolites should be mea-
sured. For therapeutic proteins with non-native conformations,
where reliance on well described ADME properties may not be
possible, the need for dedicated ADME investigations may
become paramount.

As the realm of protein therapeutics grows, both in interest
and diversity, it becomes clear that a greater understanding of
the ADME properties of these molecules will be critical to their
design, development, and use. In this review, we discuss the
relationships between protein therapeutic diversity, current
knowledge, and the available tools to assess ADME properties.
We hope to illustrate the benefit of utilizing these tools as a
means to gain a better mechanistic understanding of the PK,
pharmacodynamics (PD), and metabolism of protein therapeu-
tics and to emphasize the importance of understanding biother-
apeutic ADME as a way to drive forward the selection of
successful drug candidates.

Protein therapeutic diversity and ADME

The current chemical space defining protein therapeutics is
vast. These molecules come in many unique forms, with vari-
ous structural components that each affect the molecule’s
behavior. In this section, we touch on a few components of bio-
therapeutic diversity with a focus on how each of these compo-
nents can affect the ADME properties of the therapeutic by
introducing structural diversity.

Influence of molecular mass on ADME

Perhaps the most striking characteristic of therapeutic proteins
is the range in molecular weight observed in these therapeutics.
While there is some uncertainty about the mass distinction
between peptides and proteins, it is often stated that peptidic
molecules above 3–5 kgdaltons (kDa) are defined as proteins.
Using this definition, the range in mass of therapeutic proteins
spans from molecules as small as calcitonin (3.5 kDa) to mAbs
(150 kDa). It is important to distinguish between molecular
weight and physical size, which can be represented by measure-
ments such as the hydrodynamic radius. These two parameters
tend to correlate, particularly for globular proteins, but not nec-
essarily for proteins tethered to less structured moieties such as
PEGylated proteins and other more novel constructs. Neverthe-
less, the mass of a therapeutic protein, regardless of its overall
shape, can have dramatic effects on its absorption. We will

discuss these effects as they pertain to SC absorption, as this is
the most common non-intravenous route of administration.

While drug delivery technology platforms have advanced
significantly, inhalation and oral administration of biothera-
peutic agents remain formidable challenges for formulation sci-
entists. As large, hydrophilic, and chemically labile molecules,
most biotherapeutics are virtually excluded from traditional
tablet and capsular formulations.6 Consequently, most biolog-
ics currently on the market are injected. Unfortunately, this
route of drug administration tends to incur low patient compli-
ance and a higher cost of therapy. Despite new advancements
in modern oral and pulmonary delivery devices, certain barriers
still compromise the absorption of biologics through these
routes. The oral route of drug delivery poses a challenge due to
degradation of biotherapeutics in the gastrointestinal (GI) tract.
Alternatively, the nasal cavity and lung can be effectively tar-
geted for drug absorption, thereby avoiding the proteolytic
enzymes and first-pass metabolism of the GI tract. Although
similar threats to protein therapeutics (such as metabolic
enzymes and macrophages) are found in the lungs, the general
metabolic activities and pathways of the respiratory epithelium
differ from those observed in the GI tract.7 Furthermore, while
the alveolar epithelium and capillary endothelium remain fairly
impermeable to many hydrophilic substances of large molecu-
lar size, the endothelial junctions allow for the passage of larger
molecules of about 4–6 nm – the size of many biotherapeutics.8

Additionally, the mucosal lining of the pulmonary epithelium
and the surfactant coating the alveoli have high concentrations
of protease inhibitors, and presumably protect peptides and
proteins from degradation. Nonetheless, this protection
appears to be an exception rather than the rule, as membrane-
associated (on epithelium and endothelium) and intracellular
(in macrophages, lymphocytes, neutrophils and mast cells) pro-
teases and peptidases can readily degrade administered pepti-
des and proteins.9 Although oral administration remains a
challenge in the delivery of therapeutic biologics, inhalation
poses a promising potential route of administration if current
challenges can be overcome. Until then, the focus will remain
on SC delivery for these molecules.

Relatively little is known about the mechanism of SC
absorption of proteins in different species, and conflicting
results have been reported on the effects of the delivery route
and site of administration on protein PK.10 Upon SC adminis-
tration, therapeutic proteins are delivered to the hypodermis, a
space consisting of adipose tissue separated by a fibrovascular
network.11-13 Within the hypodermis lies a network of extracel-
lular matrix (ECM) consisting of a number of matrix proteins
including collagen, proteoglycans, and glycosaminoglycans,
which together confer a net negative charge to the ECM that
may have an effect on the interactions of the ECM with poten-
tial therapeutic proteins. Therapeutic proteins move through
the ECM via diffusion and convection thereafter entering sys-
temic circulation through blood or lymphatic capillaries. The
fraction undergoing lymphatic absorption increases with an
increase in molecular size.15,16 The diffusion velocity of smaller
proteins (<15 kDa) is greater than their convection velocity
allowing them to diffuse rapidly through the ECM and primar-
ily into the blood capillaries.13,18 The diffusion velocity of larger
molecules is dramatically hindered by the mesh-like framework
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of the ECM limiting their local migration.15,16 Therefore con-
vection is believed to be the primary mechanism responsible
for antibody transport away from the SC injection site. Bulk
flow of interstitial fluid (IF) drives these larger molecules
toward blind-ended lymphatic capillaries which, unlike the
endothelium of continuous blood capillaries, expand in
response to increases in IF pressure allowing fluid to flow in
but not out. Once biotherapeutics enter the lymphatic system,
they eventually drain into the venous system. This passage
through the lymphatic system is considerably faster than their
migration through the ECM,13 marking interstitial convection
as the rate-limiting step of absorption.

An accurate description of the quantitative relationship
between molecular size and the fraction absorbed by lym-
phatics remains elusive, particularly across species.13 Devia-
tions from our current models arise from studies reporting that
some mid-sized proteins, ranging from 5.6–60 kDa, show little
lymphatic absorption.18 The cause of this discrepancy is not
known, but may be related to species and injection site differen-
ces. What is even less understood is the effect of molecular
weight on bioavailability as there appears to be little correlation
between these parameters.11,21 This lack of correlation, while
not intuitive, may be attributed to a multitude of factors affect-
ing bioavailability such as target binding, catabolism, and the
administration site. As such, the major parameters affecting
these processes are thought to include the roles of lymph and
blood capillaries in systemic absorption, cross-species differen-
ces in hypodermis morphology and physiology, drug formula-
tion, stability of the molecule, the site of injection, the depth of
injection, as well as the molecular properties of the proteins
themselves.5,14,22-24 More work needs to be done in order to
more precisely characterize the contributions of these compli-
cating factors to the SC absorption of biologics.

Once a biotherapeutic reaches systemic circulation, mass (or
size) can influence its distribution. Tissue distribution is deter-
mined by the reversible movement of molecules into and out of
tissues from the circulation. Movement across the vascular bar-
rier into the interstitial fluid of tissues can occur either by
movement across the endothelial cells that make up this barrier,
or between those cells. The size and charge of therapeutic pro-
teins generally limits movement across the lipid bilayers consti-
tuting the cell membranes unless facilitated by an active
transport process, such as the neonatal Fc receptor (FcRn) of
IgG. The contribution of active transport to tissue distribution
is an active area of study that we discuss in the context of FcRn
below. Movement between cells (paracellular) is generally
dependent on the nature of the endothelium lining the capillar-
ies in that tissue. Three types of capillary endothelium have
been described that exhibit distinct transport mechanisms.25-29

Continuous non-fenestrated endothelium, found in muscle,
CNS, skin, and lung, is thought to be the most resistant to
transport, restricting movement to water and solutes less than
3 nm in radius. In the brain, a special case of non-fenestrated
endothelium exists where tight junctions between endothelial
cells act as a stringent barrier to paracellular transport.29,30

Continuous fenestrated endothelium (renal glomeruli, synovial
tissue, intestinal mucosa) is more permissive due to the pres-
ence of fenestrations between cells, but still retains a high resis-
tance to the passage of large macromolecules (e.g., albumin)

due to the presence of a non-membranous diaphragm across
the opening.27,28 Discontinuous endothelium (liver, spleen,
bone marrow) has the greatest permeability.26,29 It is character-
ized by large fenestrations lacking diaphragms, pores within
individual cells, and a poorly formed basement membrane.27,28

Passive movement via convection or diffusion between the
cells is thought to be the more dominant process for protein
therapeutic distribution.31 Diffusion into and out of tissues is
dependent on the concentration gradient between the plasma
and interstitial fluid and the surface area of the exchange area.
Convection is dependent on both the surface area of exchange
and the pressure gradient across the vessel. Which process is
dominant for a given therapeutic protein depends primarily on
size and charge, but for molecules the size of antibodies the
movement is likely governed by convection.32 For antibodies,
which lie at the high end of the protein therapeutic mass scale,
the extent of tissue distribution has been thoroughly studied,
and there appears to be little species or molecule dependency
in the non-specific tissue (i.e., not target-mediated) distribu-
tion. The estimated interstitial fluid-to-plasma ratio for anti-
bodies and other large therapeutic proteins at steady state
ranges from »0.3-1 (derived from physiologically based PK
modeling).33,34 As described above, the ratio is thought to be
tissue dependent, with tissues possessing non-fenestrated endo-
thelium at the lower end of the scale while those tissues with
fenestrated or discontinuous endothelium at the higher end of
the scale. Direct measurements of the interstitial fluid concen-
trations of therapeutic proteins have not been reported; how-
ever, studies of interstitial fluid concentrations of albumin and
IgG in skin have reported an interstitial fluid to plasma ratio
(0.5–0.6) generally consistent with these predictions.35,36 Little
information has been published describing the interstitial fluid-
to-plasma ratios for other proteins, but it is reasonable to
expect that the same processes govern those proteins and that
smaller proteins would have higher ratios. Once within the
interstitial space, many of the same dynamics and influences
previously described for absorption still apply (e.g.,, interac-
tions with ECM) and the movement of protein therapeutics
and other macromolecules (including PEGylated molecules)
into and through the tissues is governed primarily by convec-
tion, though still dependent on mass and volume.37,38 As
described above, larger molecules have more limited distribu-
tion to the extracellular space, and distribute into and out of tis-
sues more slowly.33,39,40 This can have an effect on molecule
choice for different disease states, as has been nicely demon-
strated for tumors by several groups.41

Disease state can also influence vascular permeability and
transport, often leading to increased permeability.27,28 In the
case of tumors, a large body of research exists on solute move-
ment into and through tumors, which are known to have per-
turbed vascular function and physiologic fluid flow.31-34,42-44

For other disease states, much less is known about the effect of
changes in vascular permeability and other disease processes
on the movement of protein therapeutics into and out of
affected tissues. Therapeutic proteins are eliminated via several
mechanisms, including proteolytic degradation in the plasma
or extracellular fluid, renal filtration, and cellular uptake fol-
lowed by proteolytic degradation (e.g., receptor-mediated
uptake by cell surface receptor targets or Fc receptors, and fluid
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phase pinocytosis). Of these, renal filtration followed by tubular
uptake and degradation is the most dependent on the mass of
the protein therapeutic. It has been long known that the rate of
renal elimination of proteins is inversely related to size.45 Com-
monly quoted dogma states that proteins above »50 kDa are
not subject to renal elimination due to the inability of such pro-
teins to pass through the renal glomerular barrier. While useful,
this maxim is not entirely true because size is only one factor
governing renal excretion of proteins, with charge and tubular
reabsorption playing important roles in renal clearance as well.
Given the high perfusion rate of the kidney, even solutes that
are inefficiently filtered can be subject to substantial excretion
in the glomerular filtrate. For example, considerable evidence
exists indicating that relatively large quantities of albumin pass
into the glomerular filtrate with the vast majority reabsorbed in
the renal tubules.46 Renal excretion can also play a significant
role in the elimination of large therapeutic proteins, as evi-
denced by a 30% decreased clearance of a 63 kDa peptibody
fusion protein in subtotal nephrectomised rats.47 Similar evi-
dence exists for PEGylated peptides where the renal elimination
of parent molecule (»45 kDa) or the 40 kDa PEG component
was greater than 70%.49 Readers interested in the mechanisms
of renal elimination of macromolecules are directed to reviews
by Harraldsson et al 48 and Maack.45 The effect of therapeutic
protein size on other routes of elimination is less well under-
stood, but size is not likely to affect processes such as receptor-
mediated endocytosis, vesicular transport, or cellular
pinocytosis.

As mentioned previously, size and shape are often but not
always correlated. Biotherapeutics are typically thought to have
a generally globular shape. A notable exception may be PEGy-
lated proteins, where PEG molecules (which often range from
1-50 kDa) are conjugated to a protein or peptide, usually to
enhance its PK or stability.49 The conjugation of PEG increases
the mass of a protein or peptide, resulting in similar ADME
effects to those described above. However, PEG has very differ-
ent physiochemical characteristics than proteins, including
greater flexibility, lower density, and distinct aqueous behavior.
As such, the ADME characteristics of native therapeutic pro-
teins and PEGylated proteins of a similar size may differ. This
topic is discussed in greater detail below.

Influence of charge on ADME

Other physicochemical characteristics of therapeutic proteins
contribute to their diversity and affect their ADME properties.
The surface charge of a therapeutic protein is a property of the
amino acid sequence of the protein and the pH of its surround-
ings. This physicochemical property is complex and heteroge-
neous, resulting in a mixture of charge variant species within
the population of therapeutic protein product. Charge hetero-
geneity is typically caused by deamination, isomerization, or
post-translational modification, which can cause a change in
the net charge of a protein, thereby leading to the formation of
acidic and basic variants.51 Most therapeutic proteins have an
isoelectric point (pI) in the range of 5-9, with most antibodies
being slightly positively charged, with a pI of 7–9.10,51 This sur-
face charge can lead to interactions with other molecules and
tissue constituents in the body, thereby affecting ADME. As

described above, the interstitial space has a net negative charge,
and proteins with a net positive charge may have delayed
absorption following SC dosing, likely due to charge-charge
interactions in the SC space.11,13 Changes in charge can also
dramatically affect distribution, as described by Hong et al.42 In
this study antibodies and antibody fragments with greater net
positive charge were found to have increased renal clearance
and greater tissue distribution, likely due to increased interac-
tion with negative charges on the cell surface. Other examples
are described in a review of the effects of antibody charge by
Boswell et al.50 Changes in pI of more than one pI unit can
have physiologic consequences, including the increased plasma
clearance and tissue retention described above. However, it is
important to keep in mind that for most therapeutic proteins,
the range of charge heterogeneity within the product is small,
and several studies have demonstrated that such minor changes
in charge have little overall impact on PK and distribution.50,51

The effects of charge on protein therapeutics can also be
observed in relation to their altered elimination. Charge is
known to affect renal filtration at the glomerulus due to nega-
tive charges on the glomerular basement membrane.50 Thus,
negatively charged molecules undergo less renal filtration than
more positively charged molecules of a similar size.48 In addi-
tion, the renal tubular epithelium, a site for reabsorption of
some protein therapeutic molecules from the glomerular fil-
trate, has a net negative charge, which can facilitate improved
reabsorption of more positively charged proteins.50 Other
recent studies from the last 2 y have tried to correlate changes
in charge with the PK of antibody therapeutics. These studies
also emphasize the point that balancing charge in the comple-
mentarity-determining regions (CDR), variable domain (Fv),
or framework of the therapeutic antibody can lead to improved
PK, the magnitude of which is likely dependent on the relative
influence of charge imbalance and other factors affecting the
molecule’s disposition.52-54 Li et al. provided direct evidence of
improved antibody PK following the incorporation of a more
negative charge on the variable light (VL) frameworks.53 A var-
iant with a pI of 8.61 exhibited rapid clearance whereas a mole-
cule with pI of 6.10 exhibited relatively slow clearance. Both
variants exhibited comparable binding to rat FcRn, but biodis-
tribution studies showed that the high pI variant was catabo-
lized in the liver and spleen. These results suggest antibody
charge can have an effect on PK through alterations in antibody
catabolism independent of FcRn-mediated recycling. However,
in another study, Schoch et al. demonstrated that the charge
distribution on the variable fragment (Fv) domain is involved
in excessive FcRn binding.54 This excessive binding prevents
efficient FcRn–IgG dissociation at physiological pH, thereby
reducing FcRn-dependent terminal half-lives.

In the development of therapeutic monoclonal antibodies,
research and development has focused largely on the IgG1,
IgG2, and IgG4 isotypes, with the IgG1 isotype remaining the
most popular to date.55 Although all IgG variants, each of these
isotypes contain slight differences in their hinge and constant
regions that affect their functionality and half-life in vivo. In
order to identify possible ADME differences between different
isotypes, Datta-Mannan et al. showed that the effect of balanc-
ing the CDR net positive charge on nonspecific binding was
more significant for the IgG4 versus the IgG1 molecule.52 This
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differential effect was connected to the degree of influence on
cellular degradation in vitro and in vivo clearance, distribution
and metabolism. In the more extreme case of the IgG4 isotype,
balancing the charge yielded greater than fold7- improvement
in peripheral exposure, as well as significantly reduced tissue
catabolism and subsequent excretion of proteolyzed products
in urine. Consequently, balancing CDR charge on the IgG1 iso-
type had a more subtle influence on non-specific binding and
yielded only a modest alteration in clearance, distribution and
elimination.

Influence of glycosylation on ADME

Glycosylation is a post-translational modification of proteins by
which carbohydrates (glycans) are added to specific amino
acids. Such modification is a natural phenomenon associated
with the production of therapeutic proteins in eukaryotic pro-
duction systems. The glycosylation of a therapeutic protein can
be dependent on a number of factors, including cell production
system and cell culture conditions. This interesting, but highly
complex, topic is outside the scope of this review and interested
readers are directed to some excellent reviews on the sub-
ject.56,57 The amount and nature of glycosylation can dramati-
cally affect the behavior of the proteins. The most commonly
described roles for glycosylation are related to receptor binding
and Fc effector function in antibodies, with recombinant eryth-
ropoietin and afucosylated rituximab as illustrative exam-
ples.58,59 However, the glycosylation profile of a therapeutic
protein can substantially affect its PK and distribution. Intro-
ducing N-linked glycosylation to proteins as a strategy for
improving systemic residence time (generally by increasing size
or modifying binding to glycoprotein receptors) has been
exemplified by darbepoetin alfa (a hyperglycosylated form of
erythropoietin), follicle-stimulating hormone, and with a single
chain diabody.58,60 For antibodies and fusion proteins possess-
ing an antibody Fc, the effect of glycosylation on PK and distri-
bution is less clear. Human antibodies contain N-linked
glycans at Asn 297 of the Fc, and some antibodies also possess
N-glycosylation sites in the Fv region.61 These glycans are typi-
cally inaccessible to cellular receptors (e.g.,, mannose or asialo-
glycoprotein receptors) that could facilitate binding and
increased clearance. Work by Huang et al.61 has shown that
changes in the N-glycosylation of neither the Fc nor the Fv
regions of an antibody affect clearance in mice. However, other
studies have demonstrated that Fc glycosylation can indeed
have effects on PK. By following the glycan patterns over time
following mAb administration in humans, it was observed that
high mannose-5 glycan forms were more rapidly eliminated
compared to other glycoforms.62 Wright et al. found that an
IgG with a high mannose glycan also exhibited more rapid
elimination in mice.63 PK and distribution studies in mice of a
series of Fc fusion proteins differing in their levels of O-linked
sialylation showed that variants that were desialylated or with a
low level of sialylation had more rapid clearance and greater tis-
sue uptake than those with higher sialylation.64 However, this
was not thought to be mediated by the asialoglycoprotein
receptor. The influence of glycosylation on tissue distribution is
not well described. One would rationally assume that the
increased size provided by extensive glycosylation of a small

protein would affect not only its elimination but also its distri-
bution. As the protein size increases, the proportional increase
in size conferred by glycosylation is lower, which would likely
result in more modest effects on distribution. For example, the
glycosylation of a mAb adds only 10–15% to the mass of the
protein.65 The importance of glycosylation on the distribution
of therapeutic proteins is nicely exemplified by enzyme replace-
ment therapies for the treatment of lysosomal storage diseases.
The distribution of these exogenously administered enzymes is
often determined by the interaction of mannose and mannose-
6-phosphate molecules on the enzyme with the respective
receptors on tissues.66 Thus, tissue distribution is determined
by the relative density of these receptors on cells.67 Unfortu-
nately, this limits distribution of the enzyme to cells with high
receptor expression (e.g., reticuloendothelial cells) and limits
distribution to other affected organs that may be less highly
expressing (e.g.,, kidney, lung).

Influence of diverse protein modifications on ADME:
Mechanism of action enhancement and half-life extension

Researchers have explored a number of strategies to enhance or
optimize the efficacy of protein therapeutics, often by modify-
ing the protein structure, fusing a smaller protein to another
protein fragment, or chemically conjugating an active peptide
or chemical to a protein. These modifications typically result in
either an enhancement in the pharmacologic activity or a pro-
longation of the drug exposure in the circulation. Two types of
modifications can have a major impact on the pharmacologic
and ADME characteristics of these molecules. First, conjuga-
tion of moieties that enhance or modify the pharmacology
(e.g., ADCs, radioimmunoconjugates, immunotoxins) has the
potential to change not only the efficacy and toxicity associated
with the therapeutic protein to which they are conjugated, but
also the ADME characteristics. For example, the catabolism
and catabolic products of an unconjugated antibody may be of
little interest due to the close similarity to endogenous antibod-
ies. In contrast, the potentially potent catabolic products of an
ADC can have pharmacologic effects that may differ from the
parent ADC due to dissimilar distribution and elimination
properties. While the distribution of an unconjugated antibody
to tissues not expressing target may be quite benign, this may
not be true for an ADC where non-specific uptake and catabo-
lism can have serious consequences. Estimates of tissue cyto-
toxin levels based on the established understanding of mAb
distribution may be helpful, but work by Alley et al.68 shows
that the proportion of free (and presumably active) to conju-
gated cytotoxin varied widely between tissues. This suggests
that some tissues may be more effective in releasing or accumu-
lating active cytotoxin. In most cases, conjugation of a small
molecule cytotoxin to a mAb has been shown to have little
impact on mAb clearance and distribution.69,70 There are, how-
ever, some examples where conjugation has been shown to
affect distribution resulting in adverse outcomes. An anti-Lewis
Y mAb was found to have typical biodistribution in patients by
scintigraphy, but upon conjugation with calicheamicin demon-
strated increased clearance, decreased tumor uptake, and
increased liver uptake that was associated with liver toxic-
ity.71,72 The effect of drug loading on clearance and toxicity was
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demonstrated by the observation that highly loaded ADCs
exhibited more rapid clearance and greater toxicity,73 possibly
due to perturbations in the antibody structure, resulting in
scavenging by Fc-gamma receptors or inefficient neonatal Fc
receptor (FcRn) recycling. For immunotoxins, i.e., protein tox-
ins conjugated to antibodies or antibody fragments, there is less
known. It was reported that conjugation of gelonin to an anti-
body against a tumor antigen (gp240) resulted in a nearly
fold2- increase in plasma clearance of the conjugate as com-
pared to the unconjugated antibody, in addition to uptake of
the conjugate into spleen and kidney.74 Such examples suggest
that careful investigation of the effects of conjugation on distri-
bution and clearance are important aspects in the development
of ADCs.

The second type of modification is the conjugation or engi-
neering of proteins to improve their residence time in the body.
As described above, small proteins are rapidly cleared from the
body and this can limit their pharmacologic efficacy. Many
strategies have been used to address this problem for small pro-
teins, and these typically fall into 2 general categories: those
that increase the hydrodynamic volume (i.e., increase in size),
and those that utilize FcRn-mediated recycling in addition to
volume increase.75

Increase in size

The first category involves increasing the size of a small thera-
peutic protein to limit elimination by the kidney. This includes
such approaches as conjugation with hydrophilic polymers (e.
g.,, polyethylene glycol, polydextrans, starch), increasing the
amount of glycosylation, or recombinant extension of the ther-
apeutic protein amino acid sequence to increase its size (e.g.,
XTEN).76 This discussion will focus on proteins and peptides
conjugated to PEG as most of the literature describes such mol-
ecules. Molecular size has a substantial effect on therapeutic
protein ADME properties, as described previously. However, a
small protein conjugated with a hydrophilic polymer may not
possess the same ADME properties as an unconjugated protein
of a similar mass.

Differences in absorption and distribution between protein
therapeutics and polymer-conjugated proteins of similar mass
might be expected based on the potential differences in hydro-
dynamic radius. Per unit of mass, PEG is thought to possess a
much greater molecular volume likely due to the extended con-
formation of the PEG polymer and the ability to coordinate
water molecules.41 In addition, the molecular charge of PEG
and other polymers is considerably different than that of pro-
teins, which will influence interactions with endogenous mole-
cules in tissues. However, SC absorption of PEGylated proteins
appears to occur at a similar rate and magnitude as therapeutic
proteins of a similar mass.11,49,77 A number of studies of the tis-
sue distribution of polymer conjugated proteins have been con-
ducted and those related to PEG have been summarized in a
recent review by Baumann et al.49 PEG size played a clear role
in distribution, but the few studies that have evaluated this rela-
tionship have not identified a consistent trend.78 The catabo-
lism/metabolism and elimination of PEGylated and other
polymer-conjugated proteins may differ from that of therapeu-
tic proteins consisting solely of amino acids. The polymer

component of these molecules is subject to different metabolic
processes, and cellular or organ elimination may also differ.
The metabolism of PEGs is dependent on molecular weight,
with minimal metabolism being observed for PEG molecules of
the size typically used for therapeutic conjugation (>5 kDa).79

What catabolism does occur can be of the peptide or protein
conjugated to the PEG.16,80,81 Elimination of PEGylated pro-
teins can occur via elimination of the parent molecule or via
catabolism of the protein or peptide component with subse-
quent elimination of the PEG component. In general, renal
elimination appears to be the predominant route of elimination
for PEG and PEGylated proteins, with a rate that is inversely
proportional to PEG or PEGylated protein size.41,49 Interest-
ingly, PEGylated protein clearance appears to be somewhat
slower than that of a similarly sized protein. While a direct
comparison was not found, the clearance of a F(ab’)2 or a diFab
with a mass of »100kDa was 10–fold15- faster than that of an
IgG,36,82 whereas Fab-PEGs can have clearances with only a
fold2- difference from comparable IgGs.49,83 The reasons for
this may be due to differences in hydrodynamic radius between
globular proteins and linear or branched hydrophilic polymers
resulting in slower renal clearance for polymer conjugated pro-
teins.41 A full discussion of this is beyond the scope of this
review, but other reviews of this topic are available.41,49,83,84

Increase in size in conjunction with FcRn-mediated
recycling

The second category for reducing therapeutic protein clearance
leverages both an increase in size and the FcRn-mediated phys-
iologic recycling process of IgG and albumin. This can be
achieved by fusing or conjugating the therapeutic protein or
peptide to an immunoglobulin Fc (e.g.,, etanercept, abatacept,
romiplostim) or albumin, or by engineering the therapeutic
protein with a binding site for a larger circulating native protein
(e.g., albumin-binding Fabs, albumin-binding domain antibod-
ies),75,76 thereby enabling binding of the Fc- or albumin-bind-
ing construct to FcRn. The FcRn is a major histocompatibility
complex class I-related receptor composed of an a chain and
b(2) microglobulin expressed by cells of many tissues of the
body. It functions in the reduced pH of the endosome by means
of pH-dependent binding (high affinity at pH 6, low affinity at
pH 7.4) to albumin or IgG (via the Fc), followed by recycling
and release of bound protein at the cell surface where FcRn
affinity is considerably lower.85 The addition of an FcRn bind-
ing site to a therapeutic protein will thus reduce plasma clear-
ance of the biotherapeutic by facilitating its recycling in the
endosome and preventing degradation in the lysosome. For Fc
fusions or conjugates, while one might expect that the clearance
should be identical to that of a native IgG, it is commonly noted
that the plasma clearance of these constructs is substantially
greater, possibly due to differences in binding to FcRn or
increased renal clearance due to their smaller size.75,86 By
changing the size of the construct and including binding to
FcRn, one might also expect differences in absorption and dis-
tribution from that seen with the unaltered protein or peptide,
and this has been commonly observed.37,87,88

The addition of FcRn binding could have effects on absorp-
tion and distribution independent of the increase in molecular
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size, and the relative role of each of these contributors remains
unclear. The role of FcRn in the ADME of protein therapeutics
is still an active area of research, with most of this work being
conducted with antibodies. The effect of FcRn binding on
absorption has proved to be controversial due to potentially
conflicting data. Studies have been conducted with wild-type
and FcRn knockout (KO) mice, as well as primates using anti-
bodies with varying FcRn binding characteristics. A fold3-
improvement in SC bioavailability of an IgG1 in wild-type
mice vs. FcRn KO mice was described, suggesting that FcRn is
important in SC absorption.77 Using a series of anti-A b mouse
IgG2a FcRn binding variants, Deng et al.89 found similar bio-
availability (F D 76–86%) for the wild type and a variant anti-
body with enhanced FcRn binding at pH 6 and pH 7.4; a
modest increase in bioavailability (95%) for a variant with
enhanced pH 6 binding (which would confer improved FcRn-
mediated recycling and transcytosis); and substantially lower F
(41%) for a variant with no FcRn binding, also supporting a
role for FcRn in SC absorption.90 This is consistent with a
mouse study of human anti-TNF IgG1 FcRn variants that dem-
onstrated that an antibody variant with substantially increased
FcRn affinity at pH 7.4 (»25 fold) and only modestly increased
affinity at pH 6 (»1.75 fold) reduced the half-life of this variant
to approximately half of the value of the normal antibody. This
decreased half-life is presumably due to less efficient recycling
by FcRn as a result of poor release of the antibody at the cell
surface.89 Poor release of the antibody may lead to increased
intracellular catabolism of the protein, increasing systemic
elimination of the antibody and decreasing SC bioavailability.
In support of this hypothesis, in a rat study of rituximab, SC
co-administration of nonspecific IgG to saturate local FcRn
resulted in decreased F of rituximab.18 In contrast to the above
findings, experiments in primates using several human IgG4
antibodies and corresponding variants with 15–60 fold
increased FcRn binding at pH 6 found no difference in F
between the native and FcRn variant antibodies.91 From this
work, it appears that decreases in FcRn recycling (via FcRn
blocking or increased FcRn affinity at pH 7.4) can have sub-
stantial effects on F, while increases in FcRn affinity at pH 6 (as
a means of attempting to increase FcRn recycling) provides lit-
tle improvement in F beyond that already achieved with the
native Fc.

FcRn has the potential to play several roles in therapeutic
protein distribution. At the endothelial barrier of the capillaries,
FcRn could recycle Fc or albumin-containing therapeutic pro-
teins back into circulation, thereby limiting their penetration
into the interstitial space. Alternatively, FcRn could facilitate
transcytosis of the same molecules into the interstitial space,
thereby improving distribution relative to other similarly sized
proteins. The effect of FcRn binding on distribution has been
studied, again with IgGs, with disparate outcomes. Using tis-
sue/blood area under the curve (AUC) ratio (T/B ratio) as a
measure of tissue distribution, the T/B ratio for a human IgG1
was higher in spleen, liver, kidney, and lung in FcRn a chain
KO mice compared to wild-type mice, while the T/B ratio was
higher in wild-type mice for fat, lymph node, skin and mus-
cle.92 In a similar study using an FcRn b(2)-microglobulin KO
mouse model, tissue to plasma ratios were higher in muscle
and skin in the WT mice relative to KO with little difference in

lung, gut, liver, kidney, heart, and spleen.93 Using an alternative
approach, studies in normal mice using human IgG1 FcRn
binding variants with fold6- greater binding affinity (pH
dependency not noted) or no binding to FcRn found little or
no difference in tissue/plasma AUC ratios between the variants
and wild-type IgGs.94 The reasons for the discrepancy between
studies is not known, but could be attributed to the different
durations of the studies, or physiologic differences between
wild-type and FcRn KO mice that affect the balance between
uptake and return of antibody from tissue. At this time, gaps
remain in our mechanistic understanding of the effects of bind-
ing to FcRn on absorption and distribution of therapeutic pro-
teins, but, as illustrated in the studies described above, some
insights are beginning to emerge.

Our understanding of the role of FcRn in catabolism and
elimination is still evolving. It is generally believed that the
binding to FcRn by an Fc moiety or albumin in the endosome
allows recycling or transcytosis, thus providing protection from
endocytic degradation.85 The importance of this interaction is
evident from studies showing increased antibody or fusion pro-
tein clearance in animals lacking FcRn or increased clearance
in normal animals of antibodies with reduced FcRn binding.90-
95 What is less well understood are the details of the underlying
mechanisms for this effect, specifically the major tissues and
cells involved, the efficiency of the process, and the overall
impact on clearance and distribution to various tissues. Studies
determining the key tissues involved in mAb catabolism are
emerging and other aspects of FcRn-mediated tissue dynamics
are currently under study.93,94 A less well-studied role for FcRn
in therapeutic protein elimination is related to renal elimina-
tion. FcRn is expressed in the podocytes and brush border of
the proximal tubular epithelium of the kidney.96 In the podo-
cytes, FcRn is thought to act to clear the glomerular slits of fil-
tered IgG by transporting it into the urine where it is
presumably reabsorbed by FcRn in the proximal tubules.97

However, this presumption may not hold as there is evidence
that FcRn may act by transporting IgG from the interstitium
into the urine.96 It is clear from this discussion that the ability
of a therapeutic protein to bind to FcRn can significantly affect
its ADME characteristics, but that many of the dynamics and
mechanisms of this interaction remain to be elucidated.

Influence of target binding on ADME

The desired property of all therapeutic proteins is binding to its
therapeutic target. The specificity of this interaction is a key
advantage for this class of molecules over many other therapeu-
tic agents. The effect of target binding on the ADME properties
of the therapeutic protein depends on a number of factors
related to both the target and the therapeutic, including the
amount, turnover rate, and location of the target and the bind-
ing affinity of the drug to the target. Little information has been
reported on the potential effect of the target on the absorption
of protein therapeutics. For many therapeutic proteins, move-
ment through the SC space and transit through the lymph sys-
tem will expose the drug to soluble or cell-surface target (e.g.,,
TNF, IGF1R, VEGFR, CD11b). This interaction with the target
could result in receptor-mediated uptake and degradation of
the therapeutic protein or the formation of immune complexes
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that are subsequently cleared. Both of these would result in a
decrease in absorption and bioavailability. Searches for studies
specifically evaluating the effect of target binding on F were not
successful; however, there are examples whereby increasing F
with increasing SC dose may indicate saturation of degradation
or target binding at the site of administration or during the
absorption process.98

The effects of drug target on distribution can be evident
immediately after dosing where, for example, a highly abundant
or rapidly generated target in plasma or blood can interact with
the administered therapeutic protein, thereby limiting the
apparent tissue distribution of the free drug.99 Cell surface tar-
gets in tissue can substantially enhance uptake and retention of
protein therapeutics at sites of target abundance. This is most
clearly illustrated by the large body of data describing the high
concentrations of antibody that can be achieved in tumors with
high levels of target.43,68,70,72,100-103 This phenomenon is not
limited to tumors, as evidenced by recombinant IL-10 distribu-
tion to tissues with receptor overexpression and PK/PD evi-
dence for other therapeutic proteins.98,104-107

ADME enabling-technologies and methods in drug
discovery and development

In contrast to small molecule drugs, the development of in vitro
and in vivo correlation tools for protein therapeutics lags
behind due to the more complex nature of biotherapeutics. The
lack of appropriate tools to study therapeutic exposure, meta-
bolic or metabolic-like biotransformation, and target engage-
ment in the vascular and tissue spaces makes ADME
characterization of biologics more difficult as compared to
small molecule therapeutics.108 High throughput ADME meth-
ods that currently exist for small molecule drugs have not been
as strongly pursued for antibody protein therapeutics, reflecting
to a certain degree the substantially lower attrition rate and the
associated lower numbers of potential clinical protein therapeu-
tic candidates.109 This section represents an attempt at summa-
rizing the available tools and approaches for generating ADME
data.

ADME tools and technologies

Common considerations for the ADME-related issues for thera-
peutic biologics include target mediated clearance, FcRn recy-
cling for Fc-containing proteins, immunogenicity, isoform
heterogeneity, and metabolic stability, especially for relatively
low molecular weight proteins.110 Therapeutic biologics gener-
ally have limited distribution in tissues. Therefore, most of the
relevant ADME studies for protein therapeutics rely on in vivo
evaluations, which are based on a variety of techniques aimed at
following unlabeled/labeled drug/metabolite using either anti-
body-based or mass spectrometry (MS)-based techniques.111

Quantitative and analytical tools

Immunoassays, such as the Enzyme-linked immunosorbent
assay (ELISA), are the most commonly used techniques for the
quantification of proteins in serum due to their high sensitivity
and specificity. However, such methods can become expensive

and labor intensive when applied to a large number of proteins
and samples.111 Thus, higher throughput analytical approaches
and instrument platforms are continuously being pursued. One
example is the “generic ELISA” which uses a reagent recogniz-
ing human Fc, allowing for the detection of anti-drug antibod-
ies and PK studies of any human Fc-containing biologics.

In recent years, advances in technology have made auto-
mated unattended screening broadly accessible, and have fur-
ther facilitated the implementation of new robotic systems and
approaches to increase productivity and efficiency for screening
during the development of biotherapeutics. Some of the major
platforms include the Gyrolab immunoassay workstation, which
is currently being used for drug analyte (nanoliter) sample mea-
surement and for PK studies commonly used in early efficacy
evaluations. With a reduced blood sample size of 10–20 mL for
each time point, serial bleeding can be conducted in the same
mouse over the time course for a PK study, minimizing the
inter-subject variability associated with non-serial sampling
needed for a mouse PK study that relies on a conventional
ELISA for bioanalysis.111

Another technology particularly attractive for bioanalysis of
proteins is MS. The advantages of MS over ELISA include the
improved selectivity between structurally similar peptides and
proteins, reduced requirements for specific reagents, improved
precision and accuracy, and a potentially higher throughput
rate.111,112 Quantitative liquid chromatography–mass spec-
trometry (LC-MS) has also been applied to the quantitation of
anti-drug antibodies in human and cynomolgus monkey serum
in the presence of high circulating concentrations of the protein
therapeutic.113 The development of quantitative mass spectro-
metric assays has been evolving over the past decade and will
continue to be the most powerful tool for ADME studies of
therapeutic biologics.

Labeling techniques for ADME and imaging studies

The labeling of therapeutic biologics is an invaluable technique
that has been used extensively to analyze PK and metabolism,
measure absolute tissue concentrations, and facilitate imaging
studies. Proteins possess unique sequences of amino acid resi-
dues, making them perfect targets for labeling. Generally, the
type of label and the protein conjugation strategy must be care-
fully tailored to each application. Radionuclides are used exten-
sively, but they have a short shelf-life and require special
handling and disposal. Today, the 2 main methods of radiolab-
eling proteins are halogenation and the complexation of metal-
lic radioisotopes. Radiohalogens (such as radioiodines) can be
directly conjugated to proteins in one step, mainly via forma-
tion of a stable covalent bond. An alternative approach to the
direct method is the indirect incorporation of radiohalogens
into small organic molecules. These molecules contain activat-
ing prosthetic groups allowing for iodination and conjugation
with proteins under mild conditions. The reader is referred to a
review by Wilbur for a thorough overview of the current radio-
iodination methods and reagents for conjugate labeling.114

Some radiometallic nuclides (e.g., Tc-99m) can bind pro-
teins directly by forming coordinate bonds with various func-
tional groups. However, the stability of such conjugates is
questionable since most proteins, including mAbs, do not
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possess functional groups capable of forming stable metal
bonds. One solution to this problem is to attach a bifunctional
chelate that can be covalently conjugated to proteins and will
chelate a radiometal, thereby forming a stable radionuclide-
chelate-protein label.115 Due to the diversity of the metallic
radionuclides, many different variations of bifunctional chela-
tors are used depending on the choice of radionuclide. The size,
charge, and electron configuration of the metallic radionuclide
(e.g.,, indium-111, copper-64, zirconium-89) will determine the
coordination number required of a bifunctional chelator in
order to accommodate the radiometal ion. A recent review by
Price and Orvig provides a convenient and accessible overview
of the field of radiometal chelating agents.116

The coupling of fluorescent moieties to proteins to create
labeled protein reagents has also become a routine and impor-
tant procedure in biologics. Molecules that absorb in the near-
infrared (NIR) region (700–1000 nm) can be efficiently used to
visualize and investigate in vivo molecular targets because most
tissues generate little NIR fluorescence. The most common
organic NIR fluorophores are small molecule organic dyes such
as polymethines. Their physical properties, biodistribution, PK
and applications for in vivo fluorescence imaging have been
summarized in a recent review.117 Often, a succinimidyl-ester
functional group is attached to a fluorophore core and this
functionality confers reaction specificity with primary amines
to form fluorophore-antibody conjugates.

Ideally, the labeling procedures should minimally alter
the properties of the molecule of interest, and the physical
half-life of a radionuclide should match the biological half-
life of the molecule to be labeled. However, a label may
directly perturb the function of a protein, and the reaction
conditions used to introduce the label may inadvertently
promote undesirable changes such as oxidation, deamida-
tion, side-chain isomerization, or aggregation.118 The
absence of gross changes in PK or molecular weight is not
always sufficient characterization of labeled proteins, and
binding or other functional assays are needed to assess the
integrity (e.g., immunoreactivity) of a labeled probe.119

Methods for labeling of proteins, in general, should also be
rapid and give high yields. The labeled protein that is
obtained should be of high specific activity and should be
labeled in a manner that results in a stable attachment of
the label. Optimization of reaction parameters is almost
always a requisite of radiolabeling because radionuclides are
generally dilute and contain many minor impurities from
processing of the target material as well as from the chemi-
cals used, which are present in more abundance than the
radionuclides themselves.114 Any label should remain cou-
pled to its conjugate protein for the duration of the experi-
ment and, ideally, make no difference to its behavior.120

These are fundamental criterion in choosing an appropriate
label for a particular study. The label itself will remain
optically active or radioactive, and will be detected in any
biodistribution images, but it no longer reveals the presence
of the therapeutic protein per se. The distribution of
excreted or catabolized labels can confound the biodistribu-
tion and imaging of certain tissues, especially in and around
the hepatobiliary system, gut, kidneys, and urinary bladder.
When imaging abdominal sites this can be a limitation and

has been a major driver in the selection among labels.120

Thus, appropriate choice of label allows tailoring of the
properties of the labeled protein to the application required.

Today, several labels, including radiohalogens and radiome-
tals, have fundamentally extended the possibilities of detection
and imaging techniques and in turn caused the need for the
development of chemical methods for their conjugation. In
fact, the advance of available imaging instrumentation com-
bined with well characterized labeling chemistry for antibodies
and other protein therapeutics has enabled detailed in vivo,
dynamic and quantitative measurements of radiolabeled and
fluorescent probes with quantitative whole-body autoradiogra-
phy (QWBA), and molecular imaging, including single-photon
emission computed tomography (SPECT), positron emission
tomography (PET), and optical imaging.

Different ADME methods and approaches

The investigation of the ADME properties of therapeutic pro-
teins requires tools and experimental approaches that are spe-
cific to this class of agents. Before embarking on investigations
of therapeutic protein ADME, it is worthwhile to consider what
information is most critical for answering the questions at
hand. For instance, absorption studies may be interested only
in the amount of parent therapeutic protein in serum or plasma
after SC administration, thus requiring a simple parent drug
assay. Alternatively, a study may also be designed to investigate
the mechanisms of the route of absorption (e.g., lymphatic or
vascular) or the degree of catabolism occurring during this pro-
cess, requiring analysis in lymph tissue of both parent thera-
peutic and perhaps catabolites. Distribution studies most
commonly evaluate concentrations of the parent drug in tissues
of interest, but can also be designed to measure concentrations
of catabolic products and associated pharmacologically active
products (e.g., cytotoxic drug from an ADC). In most instances,
a quantitative method is required as this provides the most use-
ful data for informative comparisons of molecules and strate-
gies, and is also ideal for PK/PD and other modeling analyses.

When considering a strategy for investigating protein thera-
peutic ADME, it is worthwhile to take into consideration the
following criteria:

Analyte of interest

A good place to start when planning ADME studies is to iden-
tify the critical analytes necessary to understand the ADME
characteristics of the biotherapeutic. There are a number of
considerations critical to study design that one should assess
when determining the analyte(s) of interest. Is one interested in
parent or catabolite? In many situations the analyte(s) of inter-
est is/are determined by the format of the therapeutic protein
and is likely to be the parent molecule, unless one is interested
in identifying or measuring the catabolic products. If there is
evidence or concern that the parent drug is not the only phar-
macologically active species, the identification and ADME
assessment of active catabolites may be of interest to inform
PK/PD or drug design. For some situations, it is critical to
understand the ADME of the pharmacologically active moieties
of the therapeutic protein, and perhaps any other components
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that might contribute to its behavior. For example, for an Fc-
fusion it might be appropriate to ensure that the sampling and
analytical method are capable of measuring both the presence
of the antigen-binding domain, confirming pharmacologic
activity, and the Fc domain, confirming the stability of the
molecule.

For therapeutic proteins with more than one pharmacologi-
cally relevant component (e.g.,, ADCs, bispecific antibodies), it
may be necessary to ensure that the methods used are capable
of confirming that all of the pharmacologically active compo-
nents of the molecule are intact. It may also be of interest to
measure the identities and amounts of the individual active
components, for example, to assess differences in ADME of the
active components upon ADC catabolism. A particularly ele-
gant example is the work of Alley et al. investigating the tissue
distribution of the antibody and cytotoxin in normal and tumor
tissues following dosing with an ADC.68 This was achieved by
radiolabeling each component with a separate radioisotope and
using tissue sampling to obtain highly quantitative tissue con-
centrations. This work provided valuable insights into the dif-
ferences in tissue accumulation and processing of this potent
therapeutic. In some situations, the identity of the catabolic
products may not be known at the time of the design of the
ADME studies, and thus careful consideration of the analytical
methods and study design required to ensure that all relevant
catabolic products can be identified and quantitated is needed.
This is nicely illustrated by the catabolism and excretion assess-
ment conducted for ado-trastuzumab emtansine (T-DM1).121

Beyond ADCs, there has been more interest in the biotransfor-
mation (defined as the physical alteration of a biotherapeutic
due to peripheral intermediate catabolism or truncation) of
therapeutic proteins containing only native amino acid, partic-
ularly as it relates to understanding molecule stability and can-
didate selection.122 This strategy was used to evaluate the in
vivo stability of 3 peptibody analogs; such data could be used to
guide decisions about molecule design and progression.

Matrix

The matrix containing the analyte(s) of interest has a major
impact on the study design and choice of analytical method. If
one is interested in measuring multiple analytes in a single
matrix (e.g., both the cytotoxic drug and the antibody compo-
nents of an ADC), the use of separate analytical modalities for
each analyte may be required. For distribution studies, the
matrix is usually tissue, which poses some analytical and study
design issues. Determination of the concentration of therapeu-
tic proteins in tissue using certain methods (e.g.,, immunoas-
says, mass spectrometry) can be more difficult than in liquid
matrices such as plasma or serum, often resulting in lower sen-
sitivity and time-consuming method development for each tis-
sue.108,111,123,124 For the investigation of therapeutic protein
elimination, one will likely collect urine, bile, or feces. In addi-
tion to considerations related to collection, each of these matri-
ces has characteristics that may determine the analytical
method used for detection of the analyte. Beyond analytical
aspects, the choice of matrix will also determine how a study is
conducted. Blood sampling for measurement of blood, plasma,
or serum is quite routine. Collection of excreta (bile, urine,

feces) will require specialized techniques and equipment such
as metabolism cages and biliary cannulation, particularly if one
is interested in understanding the mass balance of parent and
catabolite elimination. Such methodologies have been in use
for small molecule drugs for many years, with the details
described in recent reviews.125,126 Measurement of analytes in
tissue presents the researcher with several choices related to
analytical method and study design. The most commonly used
strategy is a destructive approach where the sacrifice of individ-
uals or groups of animals at specified time points is followed by
quantitation of the analytes of interest in specific tissues. The
investigator then has several options for analyte determination
and quantification. The two most common are assaying indi-
vidual tissues separately using either radiometric methods (i.e.,
“cut and count”) or non-radiometric methods (e.g., immunoas-
say or MS). Alternatively, using radiolabeled material, one can
employ QWBA to generate a 2-dimensional whole body image
consisting of cross sections of the organs which, by exposing to
x-ray film, can provide a measure of analyte in each tis-
sue.101,127,128 While these methods can provide excellent quan-
titative information, depending on the analytical method used,
they have the disadvantage of preventing serial assessment of
tissue distribution within individual animals and can require
relatively large numbers of animals. These limitations can often
be overcome by the use of non-destructive methods such as
imaging, including PET, SPECT, and optical imaging. Imaging
allows real-time, serial assessment of tissue concentrations, but
in some situations can lack the necessary spatial resolution and
sensitivity.129,130 Ultimately, the choice of strategy and analyti-
cal method is determined by balancing availability, sensitivity,
importance of serial sampling, and need for spatial resolution.

Spatial resolution

For distribution, and perhaps absorption, spatial resolution can
be important in understanding the mechanistic aspects of
ADME and may also inform the relationship between distribu-
tion and pharmacologic effect. Traditionally, these have been
determined using radiolabeled tracers by dissection studies fol-
lowed by gamma or liquid scintillation counting and autoradi-
ography. Such an approach, however, is tedious and requires a
large number of animals to ensure the reproducibility and reli-
ability of the results. The continuing development of high-reso-
lution PET and SPECT scanners for small animals and the
availability of suitable isotopes (e.g., 64Cu, 89Zr, 111In, 131I) are
providing an alternative which simplifies considerably the mea-
surement for the kinetics and biodistribution of radiolabeled
biotherapeutics. The major advantages of radionuclide-based
molecular imaging techniques (SPECT and PET) are that they
are very sensitive (down to the picomolar level), quantitative,
and there is no tissue penetration limit. Another advantage is
that SPECT has good spatial resolution (0.35mm vs. One.5mm
for PET) allowing differentiation of tracer uptake on the subor-
gan level. It is important to keep in mind that although no sin-
gle technology currently provides all the answers one would
like, however, integrating different modalities into other in vivo
methodologies (e.g. QWBA, microautoradiography) can
enhance our quantitative understanding of intra-tissue distri-
bution. An illustrative example is the distribution of therapeutic
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proteins into the brain. The brain is a highly vascularized organ
with a relatively high proportion of endothelial cells. In deter-
mining the concentration of a therapeutic protein in the brain
parenchyma, it is critical to ensure that the method used for
assessing distribution is capable of distinguishing endothelial
uptake from parenchymal uptake. This might be accomplished
by using a quantitative or semi-quantitative method with a
high degree of spatial resolution capable of distinguishing sig-
nal in parenchyma from that associated with the vasculature,
such as quantitative microautoradiography.127,131,132 The
importance of spatial resolution in understanding therapeutic
protein distribution within tumors has been the subject of sev-
eral studies, illustrating differences in tumor penetration and
tumor distribution related to drug format and co-administra-
tion of antiangiogenic agents.128

Analytical method sensitivity

The assay sensitivity necessary for evaluating ADME is a criti-
cal factor in study design and strategy. This aspect is also highly
influenced by other aspects of study design, including matrix
and analyte. Ideally, the assay should be sufficiently sensitive to
produce reliable quantitative measures of the desired analyte
(s). In addition, it may be important for the assay to be capable
of measuring analyte(s) at pharmacologically relevant concen-
trations, or with the necessary accuracy and precision to evalu-
ate differences in analyte or tissue concentrations. As noted
above, the matrix chosen can have an impact on the assay sen-
sitivity, with tissue matrices often having lower sensitivities
with methods such as MS and immunoassays. The planned
dose will also affect the choice of assay due to limitations of
sensitivity. If one is interested in characterizing dose-dependent
differences in distribution to a tissue or in protein therapeutic
catabolism, it may be necessary to use relatively low doses to be
below the level of saturation of the target or catabolic process.
This may put high demands on some analytical methods and
require careful consideration of the assay strategy.

Specificity

As noted earlier, a key aspect of developing an ADME strategy is
determining the analyte(s) of interest. Once this has been deter-
mined, the analytical method must be appropriately chosen to
specifically measure the relevant analyte(s). For molecules as large
and complex as protein biotherapeutics, this may not be straight-
forward. One example is that of a bispecific IgG antibody in which
each arm of the antibody binds to a separate antigen and the arms
are held together by disulfide bonds.133 To assess the in vivo sta-
bility of this construct, which may be subject to in vivo arm
switching, a PK study was conducted with plasma samples ana-
lyzed by a dual-binding immunoassay that allowed the investiga-
tors to confirm that both arms were simultaneously present on
the measured analyte. For antibody ADCs, immunoassays have
been developed that require the presence of both the cytotoxic
drug and the target-binding region of the antibody, thus confirm-
ing that both pharmacologically relevant moieties are present in
the sample. For radiometric methods and many imaging modali-
ties, it is important to recognize that analyte specificity is not
always assured. Most methods used to radiolabel therapeutic

proteins (or to conjugate with imaging probes) rely on random
conjugation to lysine or cysteine residues. Unless orthogonal
methods of analysis are used (e.g.,, immunoassays, size-exclusion
chromatography), simple measurement of the radiologic signal in
the sample does not ensure that the measured analyte is pure and
identical to the administered drug. Unexpected degradation or
catabolism of the therapeutic protein can lead to radiodetection,
or an imaging signal, which quantifies a mixture of products
unless more specific methods of analysis are applied. A special
case is ADCs where the precise quantitation of the antibody and
the cytotoxic drug may require analytical methods or radiolabel-
ing strategies specifically designed for analytes with very different
physicochemical characteristics.68,134 The use of mass spectrome-
try has also become more common in the quantitation of protein
therapeutics.123,135 Because of the size of most protein therapeu-
tics and the presence of large amounts of endogenous protein in
most matrices, analysis by MS requires either substantial sample
preparation or the use of enzymatic digestion to facilitate accurate
and specific quantitation of the analyte of interest. The details of
this emerging technology are beyond the scope of this discussion,
but are the subject of several other reviews.123,136

Animal species

The choice of species in which to conduct protein therapeutic
ADME studies is dependent on a number of important factors.
In many situations, a goal of the ADME investigation is to gen-
erate information that will guide decisions and inform out-
comes in humans. Therefore, the animal model used for
ADME studies should be chosen with some thought to the ulti-
mate translational validity of the data. Many therapeutic pro-
teins have distinct species cross-reactivity properties, with little
or no binding to target in some animal species. If the ADME
properties of interest, particularly tissue distribution and per-
haps absorption, may be influenced by binding of the protein
therapeutic to its target, then careful consideration should be
given to using either a species to which the therapeutic binds or
the use of a surrogate molecule with suitable target-binding
properties. For protein therapeutic catabolism, it has been gen-
erally assumed that the catabolic products (typically small pep-
tides and amino acids) differ little between species.35 Thus,
investigations of this qualitative nature of this process may
have little dependence on species. However, the rate at which
these processes occur may be considerably different between
species if one accepts the notion that protein therapeutic catab-
olism scales between species in a similar fashion to that of met-
abolic rate. This would infer that therapeutic protein
catabolism should occur at a greater rate per unit of body mass
in smaller species.137 A special case again applies to ADCs
where the linker and cytotoxic drug may be differently catabo-
lized between species. While this has not proved to be true for
the 2 ADCs where data exists, the divergence in linker and
cytotoxin chemistry between ADCs may require each ADC to
be assessed individually.121,138

Modeling of protein therapeutics

A fundamental relationship exists between PK/PD and ADME,
with the ADME properties of a molecule determining the
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observed PK, and thereby impacting the PD. Currently, a com-
prehensive understanding of the mechanistic aspects of protein
therapeutic ADME is not available, and the complex interplay
between the physiology of the animal or human with the physi-
cochemical and target binding characteristics of protein thera-
peutics can make it difficult to predict the resultant disposition.
Common among these is the observation that PK/PD can be
non-linear with dose, complicating the understanding of the
dose-response and interspecies translation. This makes it diffi-
cult to determine the appropriate dose and dosing regimen for
the desired therapeutic effect and to predict human PK/PD.
One particularly important example in this regard is the some-
times profound effect of target binding on the PK/PD of a ther-
apeutic protein; referred to as target-mediated drug disposition
(TMDD).149 In this example, and many others, a critical com-
ponent for building a PK/PD relationship is a thorough under-
standing of the underlying mechanistic processes (e.g., target
distribution, number, and turnover, nature of non-target bind-
ing interactions, FcRn binding), often only obtained from in
vitro studies, which can be integrated with in vivo ADME data
and incorporated into mathematical PK/PD models.150-153

Such models not only provide valuable predictions of human
PK or help with dose and dosing regimen prediction, but also
allow the building and testing of mechanistic hypotheses which
can be used to guide further in vitro and in vivo studies.
Recently, highly mechanistic models of protein therapeutic dis-
position have started to be developed, particularly for monoclo-
nal antibodies. These physiologically-based pharmacokinetic
(PBPK) models have generally focused on the interaction
between IgG and FcRn in various normal tissues and in several
species, but show promise in their potential to expand to
include target dynamics and the estimate of IgG concentrations
in diseased tissues.37,154-156 Further, in vitro and in silico tools
have advanced in their abilities to approximate individual
ADME parameters to more accurately predict the manner in
which protein drug candidates are absorbed, distributed, and
eliminated under in vivo conditions. For example, a modeling
analysis of the effects of molecular size and binding affinity on
tumor targeting was conducted to guide the design of new ther-
apeutic protein drugs.148 As these modeling strategies develop,
it is critical to acknowledge that the models and their predic-
tions can only be as good as the supporting data and our under-
standing of the complex mechanisms and characteristics
associated with the ADME and pharmacology of our protein
therapeutics, requiring continued advances in these areas.

Looking ahead

Over the last 15 years, the demand for basic and mechanistic
ADME studies of protein therapeutics has continued to
increase, not only for building the foundation of comprehen-
sive ADME technology, but also for paving the way toward
rational design of novel therapeutics. Today, more than 40
mAb and Fc-fusion therapeutics are marketed in the United
States, with over 400 more in clinical development stages.139,147

Because of the complexity of the next generation of biologics,
many unmet needs in ADME research remain, and the associ-
ated scientific and technical approaches require ongoing
improvement. In the past, data from conventional preclinical

in vivo studies were the basis for the characterization of biolog-
ics. Physicochemical properties are seldom related to the toxic-
ity, metabolism, PK, and PD parameters of biotherapeutics. As
such, many fundamental questions remain unsolved and more
investigation is needed to elucidate how ADME properties are
altered by charged amino acid substitutions in the variable or
constant regions of the antibody, different IgG subclasses, gly-
cosylation, target-mediated effects, and different injection
routes and sites.10,140 Furthermore, very little is known about
the role of factors influencing SC absorption and uptake into
the lymphatic system and lymph nodes.21 There is a particular
need for a systematic evaluation of the molecular weight, sur-
face charge, post-translational modifications, dose and formu-
lation of biologics, as well as the role of FcRn, to address these
many unknowns.10 Therefore, it is believed that an appropriate
use of effective and validated preclinical in vitro and in vivo
ADME systems should facilitate mechanistic understanding of
SC absorption and associated determinants, and aid human PK
prediction of bioavailability and potential variability.144

ADME processes have been crucial in enhancing the possi-
bility of the success of low molecular weight drugs, and it is
expected that this will translate to novel biologics in the near
future.110 Strategies for conducting these studies will require
the right set of high-quality data to help inform decisions made
internally, as well as by regulatory agencies.145 Today, improve-
ments in tools and technologies, including MS-based techni-
ques and imaging tools, provide high sensitivity in quantitative
and high throughput bioanalytical methods that facilitate rapid
assessment of the PK and metabolic profile of biologics, even
when present in low levels in both blood fluids and tis-
sues.68,69,121,125,138 The field of ADME of biologics is still rapidly
expanding with new concepts and technologies. As these tools
become more readily available in drug development settings,
analyses that once were prohibitively complex and expensive
will be used to help scientists develop better strategies aimed at
optimizing the PK/ADME profiles of biologics.109 Despite these
advances, there is great need to incorporate findings from basic
research into mechanistic PK/ADME studies with the aim to
facilitate intelligent design and development of next-generation
biologic drugs.77,99,146 This is an exciting time that should see
the emergence of even more efficient ADME studies, using var-
ious technologies and information to expedite the evaluation of
new therapeutic protein candidates

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed

References

1. Lewis P. Recombinant Protein drugs. Br J Cin Pharmacol 2002; 53:
411; http://dx.doi.org/10.1046/j.1365-2125.2002.01571.x

2. Reichert JM. Marketed therapeutic antibodies compendium. MAbs
2012; 4: 413-15; PMID:22531442; http://dx.doi.org/10.4161/
mabs.19931

3. Berggren R, Moller M, Moss R, Poda P, Smietana K. Outlook for the
next 5 years in drug innovation. Nat Rev Drug Discov 2012; 11: 435-
36; PMID:22653208; http://dx.doi.org/10.1038/nrd3744

4. Morgan P, Van Der Graaf PH, Arrowsmith J, Feltner DE, Drum-
mond KS, Wegner CD, Street SD. Can the flow of medicines be

240 J. TIBBITTS ET AL.

http://dx.doi.org/10.1046/j.1365-2125.2002.01571.x
http://dx.doi.org/10.4161/mabs.19931
http://dx.doi.org/10.4161/mabs.19931
http://dx.doi.org/10.1038/nrd3744


improved? Fundamental pharmacokinetic and pharmacological
principles toward improving Phase II survival. Drug Discov Today
2012; 17: 419-24; PMID:22227532; http://dx.doi.org/10.1016/j.
drudis.2011.12.020

5. European Medicines Agency. Guideline on the clinical investigation
of the pharmacokinetics of therapeutic proteins. 2007.

6. Agu RU, Ugwoke MI, Armand M, Kinget R, Verbeke N. The lung as
a route for systemic delivery of therapeutic proteins and peptides.
Respir Res 2001; 2: 198-209; PMID:11686885; http://dx.doi.org/
10.1186/rr58

7. Nielsen KG, Skov M, Klug B, Ifversen M, Bisgaard H. Flow depen-
dent effect of formoterol dry-powder inhaled from the Aerolizer®.
Eur Respir J 1997; 10: 2105-2109; PMID:9311511; http://dx.doi.org/
10.1183/09031936.97.10092105

8. Sayani AP, Chien YW. Systemic delivery of peptides and proteins
across absorptive mucosae. Crit Rev Ther Drug Carrier Syst 1996;
13: 85-184; PMID:8853960

9. Fukuda Y, Tsuji T, Fujita T, Yamamoto A, Muranishi S. Susceptibil-
ity of insulin to proteolysis in rat lung homogenate and its protection
from proteolysis by various protease inhibitors. Biol Pharm Bull
1995; 18: 891-894; PMID:7550127; http://dx.doi.org/10.1248/
bpb.18.891

10. Bumbaca D, Boswell CA, Fielder PJ, Khawli LA. Physiochemical and
biochemical factors influencing the pharmacokinetics of antibody
therapeutics. AAPS J 2012; 14: 554-58; PMID:22610647; http://dx.
doi.org/10.1208/s12248-012-9369-y

11. RichterWF, Bhansali SG,MorrisME.Mechanistic determinants of bio-
therapeutics absorption following SC administration. AAPS J 2012; 14:
559-70; PMID:22619041; http://dx.doi.org/10.1208/s12248-012-9367-0

12. Kinnunen HM, Mrsny RJ. Improving the outcomes of biopharma-
ceutical delivery via the subcutaneous route by understanding the
chemical, physical and physiological properties of the subcutaneous
injection site. J Control Release 2014; 182: 22-32; PMID:24631859;
http://dx.doi.org/10.1016/j.jconrel.2014.03.011

13. Irvine DJ, Swartz MA, Szeto GL. Engineering synthetic vaccines
using cues from natural immunity. Nat Mater 2013; 12: 978-990;
PMID:24150416; http://dx.doi.org/10.1038/nmat3775

14. Richter WF, Jacobsen B. Subcutaneous Absorption of Biotherapeu-
tics: Knowns and Unknowns. Drug Metab and Dispos 2014; 42:
1881-89; http://dx.doi.org/10.1124/dmd.114.059238

15. Porter CJ, Charman SA. Lymphatic transport of proteins after subcu-
taneous administration. J Pharm Sci 2000; 89: 297-310;
PMID:10707011; http://dx.doi.org/10.1002/(SICI)1520-6017(200003)
89:3%3c297::AID-JPS2%3e3.0.CO;2-P

16. McLennan DN, Porter CJ, Charman SA. Subcutaneous drug delivery
and the role of the lymphatics. Drug Discov Today Technol 2005; 2:
89-96; PMID:24981760; http://dx.doi.org/10.1016/j.ddtec.2005.05.006

17. Zou Y, Bateman TJ, Adreani C, Shen X, Cunningham PK, Wang B,
Trinh T, Christine A, Hong X, Nunes CN, et al. Lymphatic absorp-
tion, metabolism, and excretion of a therapeutic peptide in dogs and
rats. Drug Metab Dispos 2013; 41: 2206-14; PMID:24088325; http://
dx.doi.org/10.1124/dmd.113.051524

18. Kagan L, Gershkovich P, Mendelman A, Amsili S, Ezov N, Hoffman A.
The role of the lymphatic system in subcutaneous absorption of mac-
romolecules in the rat model. Eur J Pharm Biopharm 2007; 67: 759-65;
PMID:17499981; http://dx.doi.org/10.1016/j.ejpb.2007.04.002

19. Reddy ST, Berk DA, Jain RK, Swartz MA. A sensitive in vivo model
for quantifying interstitial convective transport of injected macromo-
lecules and nanoparticles. J Appl Physiol 2006; 101: 1162-69;
PMID:16763103; http://dx.doi.org/10.1152/japplphysiol.00389.2006

20. Brady K, Webster R. Disposition of biologics. Adv Pharmacol 2012;
63: 257-77; PMID:22776644; http://dx.doi.org/10.1016/B978-0-12-
398339-8.00007-0

21. McDonald TA, Zepeda ML, Tomlinson MJ, Bee WH, Ivens IA. Subcu-
taneous administration of biotherapeutics: current experience in ani-
mal models. Curr Opin Mol Ther 2010; 12: 461-70; PMID:20677097

22. Zheng Y, Tesar DB, Benincosa L, Birnb€ock H, Boswell CA, Bumbaca
D, Cowan KJ, Danilenko DM, Daugherty AL, Fielder PJ, et al. Mini-
pig as a potential translatable model for monoclonal antibody phar-
macokinetics after intravenous and subcutaneous administration.

MAbs 2012; 4: 243-55; PMID:22453096; http://dx.doi.org/10.4161/
mabs.4.2.19387

23. Porter CJ, Charman WN. Transport and absorption of drugs via the
lymphatic system. Adv Drug Deliv Rev 2001; 50: 1-2;
PMID:11489330; http://dx.doi.org/10.1016/S0169-409X(01)00146-6

24. Beshyah SA, Anyaoku V, Niththyananthan R, Sharp P, Johnston DG.
The effect of subcutaneous injection site on absorption of human
growth hormone: abdomen versus thigh. Clin Endocrinol 1991; 35:
409-12; http://dx.doi.org/10.1111/j.1365-2265.1991.tb03557.x

25. Braeckman, R. Pharmacokinetics and pharmacodynamics of peptide
and protein drugs. Pharm Biotechnol 1997: 101-22

26. Renkin EM. Multiple pathways of capillary permeability. Circ Res
1977; 41: 735-43; PMID:923024; http://dx.doi.org/10.1161/01.
RES.41.6.735

27. Aird WC. Phenotypic heterogeneity of the endothelium I. Structure,
function, and mechanisms. Circ Res 2007; 100: 158-73; PMID:17272818;
http://dx.doi.org/10.1161/01.RES.0000255691.76142.4a

28. Aird WC. Phenotypic heterogeneity of the endothelium II. Represen-
tative vascular beds. Circ Res 2007; 100: 174-90; PMID:17272819;
http://dx.doi.org/10.1161/01.RES.0000255690.03436.ae

29. Sarin H. Physiologic upper limits of pore size of different blood capil-
lary types and another perspective on the dual pore theory of micro-
vascular permeability. J Angiogenes Res 2010; 2: 14;
PMID:20701757; http://dx.doi.org/10.1186/2040-2384-2-14

30. Begley DJ. Delivery of therapeutic agents to the central nervous system:
the problems and the possibilities. Pharmacol Ther 2004; 104: 29-45;
PMID:15500907; http://dx.doi.org/10.1016/j.pharmthera.2004.08.001

31. Jain RK, Gerlowski LE. Extravascular transport in normal and tumor
tissues. Crit Rev Oncol Hematol 1986; 5: 115-70; PMID:3521923;
http://dx.doi.org/10.1016/S1040-8428(86)80023-3

32. Jain RK. Physiological barriers to delivery of monoclonal antibodies
and other macromolecules in tumors. Cancer Res 1990; 50: 814s-19s;
PMID:2404582

33. Jain RK. Delivery of molecular and cellular medicine to solid tumors.
Adv Drug Deliv Rev 2012; 64: 353-65; PMID:24511174; http://dx.
doi.org/10.1016/j.addr.2012.09.011

34. Davda JP, Jain M, Batra SK, Gwilt PR, Robinson DH. A physiologi-
cally based pharmacokinetic (PBPK) model to characterize and pre-
dict the disposition of monoclonal antibody CC49 and its single
chain Fv constructs. Int Immunopharmacol 2008; 8: 401-13;
PMID:18279794; http://dx.doi.org/10.1016/j.intimp.2007.10.023

35. Lobo ED, Hansen RJ, Balthasar JP. Antibody pharmacokinetics and
pharmacodynamics. J Pharm Sci 2004; 93: 2645-68; PMID:15389672;
http://dx.doi.org/10.1002/jps.20178

36. Covell DG, Barbet J, Holton OD, Black CD, Parker RJ, Weinstein JN.
Pharmacokinetics of monoclonal immunoglobulin G1, F(ab’)2, and
Fab’ in mice. Cancer Res 1986; 46: 3969-78; PMID:3731067

37. Shah DK, Betts AM. Towards a platform PBPK model to characterize
the plasma and tissue disposition of monoclonal antibodies in preclini-
cal species and human. J Pharmacokinet Pharmacodyn 2012; 39: 67-
86; PMID:22143261; http://dx.doi.org/10.1007/s10928-011-9232-2

38. Poulsen HL. Interstitial fluid concentrations of albumin and immu-
noglobulin G in normal men. Scand J Clin Lab Invest 1974; 34: 119-
22; PMID:4424039; http://dx.doi.org/10.3109/00365517409050824

39. Aukland K, Fadnes H. Protein concentration of interstitial fluid col-
lected from rat skin by a wick method. Acta physiologica Scandinav-
ica 1973; 88: 350-58; PMID:4751172; http://dx.doi.org/10.1111/
j.1748-1716.1973.tb05464.x

40. Swabb EA, Wei J, Gullino PM. Diffusion and convection in normal
and neoplastic tissues. Cancer Res 1974; 34: 2814-22; PMID:4369924

41. Caliceti P, Veronese FM. Pharmacokinetic and biodistribution prop-
erties of poly(ethylene glycol)-protein conjugates. Adv Drug Deliv
Rev 2003; 55: 1261-77; PMID:14499706; http://dx.doi.org/10.1016/
S0169-409X(03)00108-X

42. Hong G, Bazin-Redureau MI, Scherrmann JM. Pharmacokinetics
and organ distribution of cationized colchicine-specific IgG and Fab
fragments in rat. J Pharm Sci 1999; 88: 147-53; PMID:9874717;
http://dx.doi.org/10.1021/js970335n

43. Baxter LT, Zhu H, Mackensen DG, Jain RK. Physiologically based
pharmacokinetic model for specific and nonspecific monoclonal

MABS 241

http://dx.doi.org/10.1016/j.drudis.2011.12.020
http://dx.doi.org/10.1016/j.drudis.2011.12.020
http://dx.doi.org/11686885
http://dx.doi.org/10.1186/rr58
http://dx.doi.org/9311511
http://dx.doi.org/10.1183/09031936.97.10092105
http://dx.doi.org/8853960
http://dx.doi.org/10.1248/bpb.18.891
http://dx.doi.org/10.1248/bpb.18.891
http://dx.doi.org/22610647
http://dx.doi.org/10.1208/s12248-012-9369-y
http://dx.doi.org/10.1208/s12248-012-9367-0
http://dx.doi.org/24631859
http://dx.doi.org/10.1016/j.jconrel.2014.03.011
http://dx.doi.org/10.1038/nmat3775
http://dx.doi.org/10.1124/dmd.114.059238
http://dx.doi.org/10.1002/(SICI)1520-6017(200003)89:3&percnt;3c297::AID-JPS2&percnt;3e3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1520-6017(200003)89:3&percnt;3c297::AID-JPS2&percnt;3e3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1520-6017(200003)89:3&percnt;3c297::AID-JPS2&percnt;3e3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1520-6017(200003)89:3&percnt;3c297::AID-JPS2&percnt;3e3.0.CO;2-P
http://dx.doi.org/10.1016/j.ddtec.2005.05.006
http://dx.doi.org/24088325
http://dx.doi.org/10.1124/dmd.113.051524
http://dx.doi.org/10.1016/j.ejpb.2007.04.002
http://dx.doi.org/10.1152/japplphysiol.00389.2006
http://dx.doi.org/10.1016/B978-0-12-398339-8.00007-0
http://dx.doi.org/10.1016/B978-0-12-398339-8.00007-0
http://dx.doi.org/20677097
http://dx.doi.org/10.4161/mabs.4.2.19387
http://dx.doi.org/10.4161/mabs.4.2.19387
http://dx.doi.org/10.1016/S0169-409X(01)00146-6
http://dx.doi.org/10.1111/j.1365-2265.1991.tb03557.x
http://dx.doi.org/10.1161/01.RES.41.6.735
http://dx.doi.org/10.1161/01.RES.41.6.735
http://dx.doi.org/17272818
http://dx.doi.org/10.1161/01.RES.0000255691.76142.4a
http://dx.doi.org/17272819
http://dx.doi.org/10.1161/01.RES.0000255690.03436.ae
http://dx.doi.org/10.1186/2040-2384-2-14
http://dx.doi.org/10.1016/j.pharmthera.2004.08.001
http://dx.doi.org/3521923
http://dx.doi.org/10.1016/S1040-8428(86)80023-3
http://dx.doi.org/2404582
http://dx.doi.org/24511174
http://dx.doi.org/10.1016/j.addr.2012.09.011
http://dx.doi.org/10.1016/j.intimp.2007.10.023
http://dx.doi.org/15389672
http://dx.doi.org/10.1002/jps.20178
http://dx.doi.org/3731067
http://dx.doi.org/10.1007/s10928-011-9232-2
http://dx.doi.org/10.3109/00365517409050824
http://dx.doi.org/10.1111/j.1748-1716.1973.tb05464.x
http://dx.doi.org/10.1111/j.1748-1716.1973.tb05464.x
http://dx.doi.org/4369924
http://dx.doi.org/10.1016/S0169-409X(03)00108-X
http://dx.doi.org/10.1016/S0169-409X(03)00108-X
http://dx.doi.org/9874717
http://dx.doi.org/10.1021/js970335n


antibodies and fragments in normal tissues and human tumor xeno-
grafts in nude mice. Cancer Res 1994; 54: 1517-28; PMID:8137258

44. Schmidt MM, Wittrup KD. A modeling analysis of the effects of
molecular size and binding affinity on tumor targeting. Mol Cancer
Ther 2009; 8: 2861-71; PMID:19825804; http://dx.doi.org/10.1158/
1535-7163.MCT-09-0195

45. Maack T. Renal Handling of Proteins and Polypeptides. Compr
Physiol 2010: 2039-82

46. Paulev PE, Zubieta-Calleja G. Renal Physiology and disease. Text-
book in medical Physiology 2004; 25

47. Wu B, Johnson J, Soto M, Ponce M, Calamba D, Sun YN. Investiga-
tion of the mechanism of clearance of AMG 386, a selective angio-
poietin-1/2 neutralizing peptibody, in splenectomized,
nephrectomized, and FcRn knockout rodent models. Pharm Res
2012; 29: 1057-65; PMID:22189693; http://dx.doi.org/10.1007/
s11095-011-0650-z

48. Haraldsson B, Nystrom J, Deen WM. Properties of the glomerular
barrier and mechanisms of proteinuria. Physiol Rev 2008; 88: 451-
87; PMID:18391170; http://dx.doi.org/10.1152/physrev.00055.2006

49. Baumann AD, Tuerck S, Prabhu L, Dickmann L, Sims J. Pharmaco-
kinetics, metabolism and distribution of PEGs and PEGylated pro-
teins: quo vadis? Drug Discov Today 2014; 19: 1623-31;
PMID:24929223; http://dx.doi.org/10.1016/j.drudis.2014.06.002

50. Boswell CA, Tesar DB, Mukhyala K, Theil FP, Fielder PJ, Khawli LA.
Effects of charge on antibody tissue distribution and pharmacokinet-
ics. Bioconjug Chem 2010; 21: 2153-63; PMID:21053952; http://dx.
doi.org/10.1021/bc100261d

51. Khawli LA, Goswami S, Hutchinson R, Kwong ZW, Yang J, Wang X,
Yao Z, Sreedhara A, Cano T, Tesar D, et al. Charge variants in IgG1:
Isolation, characterization, in vitro binding properties and pharma-
cokinetics in rats. MAbs 2010; 2: 613-24; PMID:20818176; http://dx.
doi.org/10.4161/mabs.2.6.13333

52. Datta-Mannan A, Thangaraju A, Leung D, Tang Y, Witcher DR, Lu
J, Wroblewski VJ. Balancing charge in the complementarity deter-
mining regions of humanized mAbs without affecting pI reduces
non-specific binding and improves the pharmacokinetics. MAbs
2015; 7: 483-93; PMID:25695748; http://dx.doi.org/10.1080/
19420862.2015.1016696

53. Li B, Tesar D, Boswell CA, Cahaya HS, Wong A, Zhang J, Meng YG,
Eigenbrot C, Pantua H, Diao J, et al. Framework selection can influ-
ence pharmacokinetics of a humanized therapeutic antibody through
differences in molecule charge. MAbs 2014; 6: 1255-64;
PMID:25517310; http://dx.doi.org/10.4161/mabs.29809

54. Schoch A, Kettenberger H, Mundigl O, Winter G, Engert J, Heinrich J,
Emrich T. Charge-mediated influence of the antibody variable domain
on FcRn-dependent pharmacokinetics. PNAS 2015; 112: 5997-6002;
PMID:25918417; http://dx.doi.org/10.1073/pnas.1408766112

55. Salfeld JG. Isotype selection in antibody engineering. Nat Biotechnol
2007; 25: 1369-72; PMID:18066027; http://dx.doi.org/10.1038/
nbt1207-1369

56. Jefferis R. Recombinant antibody therapeutics: the impact of glyco-
sylation on mechanisms of action. Trends in Pharmacol Sci 2009; 30:
356-62; http://dx.doi.org/10.1016/j.tips.2009.04.007

57. Li H, d’Anjou M. Pharmacological significance of glycosylation in
therapeutic proteins. Curr Opin Biotechnol 2009; 20: 678-84;
PMID:19892545; http://dx.doi.org/10.1016/j.copbio.2009.10.009

58. Darling RJ, Kuchibhotla U, Glaesner W, Micanovic R, Witcher DR,
Beals JM. Glycosylation of erythropoietin affects receptor binding
kinetics: role of electrostatic interactions. Biochem 2002; 41: 14524-
31; http://dx.doi.org/10.1021/bi0265022

59. Shibata-KoyamaM, Iida S, Misaka H, Mori K, Yano K, Shitara K, Satoh
M. Nonfucosylated rituximab potentiates human neutrophil phagocy-
tosis through its high binding for FcgRIIIb and MHC class II expres-
sion on the phagocytotic neutrophils. Exp Hematol 2009; 37: 309-21;
PMID:19218011; http://dx.doi.org/10.1016/j.exphem.2008.11.006

60. Stork R, Zettlitz KA, Muller D, Rether M, Hanisch FG, Kontermann
RE. N-glycosylation as novel strategy to improve pharmacokinetic
properties of bispecific single-chain diabodies. J Biol Chem 2008;
283: 7804-12; PMID:18211902; http://dx.doi.org/10.1074/jbc.
M709179200

61. Huang L, Biolsi S, Bales KR, Kuchibhotla U. Impact of variable domain
glycosylation on antibody clearance: an LC/MS characterization. Anal
Biochem 2006; 349: 197-207; PMID:16360109; http://dx.doi.org/
10.1016/j.ab.2005.11.012

62. Goetze AM, Liu YD, Zhang Z, Shah B, Lee E, Bondarenko PV, Flynn
GC. High-mannose glycans on the Fc region of therapeutic IgG anti-
bodies increase serum clearance in humans. Glycobiology 2011; 21:
949-59; PMID:21421994; http://dx.doi.org/10.1093/glycob/cwr027

63. Wright A, Morrison SL. Effect of altered CH2-associated carbohy-
drate structure on the functional properties and in vivo fate of chi-
meric mouse-human immunoglobulin G1. J Exp Med 1994; 180:
1087-96; PMID:8064227; http://dx.doi.org/10.1084/jem.180.3.1087

64. Stefanich EG, Ren S, Danilenko DM, Lim A, Song A, Iyer S, Fielder
PJ. Evidence for an asialoglycoprotein receptor on nonparenchymal
cells for O-linked glycoproteins. J Pharmacol Exp Ther 2008; 327:
308-15; PMID:18728239; http://dx.doi.org/10.1124/jpet.108.142232

65. Zheng K, Bantoq C, Bayer R. The impact of glycosylation on mono-
clonal antibody conformation and stability. MAbs 2011; 3: 568-76;
PMID:22123061; http://dx.doi.org/10.4161/mabs.3.6.17922

66. Sly WS, Vogler C, Grubb JH, Levy B, Galvin N, Tan Y, Nishioka T,
Tomatsu S. Enzyme therapy in mannose receptor-null mucopolysac-
charidosis VII mice defines roles for the mannose 6-phosphate and
mannose receptors. Proc Natl Acad Sci U S A 2006; 103: 15172-77;
PMID:17015822; http://dx.doi.org/10.1073/pnas.0607053103

67. Desnick RJ, Schuchman EH. Enzyme replacement therapy for lyso-
somal diseases: lessons from 20 years of experience and remaining
challenges. Annu Rev Genomics Hum Genet 2012; 13: 307-35;
PMID:22970722; http://dx.doi.org/10.1146/annurev-genom-090711-
163739

68. Alley SC, Zhang X, Okeley NM, Anderson M, Law CL, Senter PD,
Benjamin DR. The pharmacologic basis for antibody-auristatin con-
jugate activity. J Pharmacol Exp Ther 2009; 330: 932-38;
PMID:19498104; http://dx.doi.org/10.1124/jpet.109.155549

69. Boswell CA, Mundo EE, Zhang C, Bumbaca D, Valle NR, Kozak KR,
Fourie A, Chuh J, Koppada N, Saad O, et al. Impact of drug conjuga-
tion on pharmacokinetics and tissue distribution of anti-STEAP1
antibody-drug conjugates in rats. Bioconjug Chem 2011; 22: 1994-
2004; PMID:21913715; http://dx.doi.org/10.1021/bc200212a

70. Erickson HK, Lambert JM. ADME of antibody-maytansinoid conju-
gates. AAPS J 2012; 14: 799-805; PMID:22875610; http://dx.doi.org/
10.1208/s12248-012-9386-x

71. Herbertson RA, Tebbutt NC, Lee FT, MacFarlane DJ, Chappell B,
Micallef N, Lee ST, Saunder T, Hopkins W, Smyth FE, et al. Phase I
biodistribution and pharmacokinetic study of Lewis Y-targeting
immunoconjugate CMD-193 in patients with advanced epithelial
cancers. Clin Cancer Res 2009; 15: 6709-15; PMID:19825951; http://
dx.doi.org/10.1158/1078-0432.CCR-09-0536

72. Scott AM, Tebbutt N, Lee FT, Cavicchiolo T, Liu Z, Gill S, Poon AM,
Hopkins W, Smyth FE, Murone C. A phase I biodistribution and
pharmacokinetic trial of humanized monoclonal antibody Hu3s193
in patients with advanced epithelial cancers that express the Lewis-Y
antigen. Clin Cancer Res 2007; 13: 3286-92; PMID:17545534; http://
dx.doi.org/10.1158/1078-0432.CCR-07-0284

73. Hamblett KJ, Senter PD, Chace DF, Sun MM, Lenox J, Cerveny CG,
Kissler KM, Bernhardt SX, Kopcha AK, Zabinski RF, Meyer DL,
Francisco JA. Effects of drug loading on the antitumor activity of a
monoclonal antibody drug conjugate. Clin Cancer Res 2004; 10:
7063-70; PMID:15501986; http://dx.doi.org/10.1158/1078-0432.
CCR-04-0789

74. Mujoo K, Cheung L, Murray JL, Rosenblum MG. Pharmacokinetics,
tissue distribution, and in vivo antitumor effects of the antimelanoma
immunotoxin ZME-gelonin. Cancer Immunol Immunother 1995; 40:
339-45; PMID:7600567; http://dx.doi.org/10.1007/BF01519635

75. Kontermann RE. Strategies for extended serum half-life of protein
therapeutics. Curr Opin Biotechnol 2011; 22: 868-76; PMID:21862310;
http://dx.doi.org/10.1016/j.copbio.2011.06.012

76. Schellenberger V, Wang CW, Geething NC, Spink BJ, Campbell A,
To W, Scholle MD, Yin Y, Yao Y, Bogin O, Cleland JL, Silverman J,
Stemmer WP. A recombinant polypeptide extends the in vivo half-
life of peptides and proteins in a tunable manner. Nat Biotechnol

242 J. TIBBITTS ET AL.

http://dx.doi.org/8137258
http://dx.doi.org/10.1158/1535-7163.MCT-09-0195
http://dx.doi.org/10.1158/1535-7163.MCT-09-0195
http://dx.doi.org/10.1007/s11095-011-0650-z
http://dx.doi.org/10.1007/s11095-011-0650-z
http://dx.doi.org/10.1152/physrev.00055.2006
http://dx.doi.org/10.1016/j.drudis.2014.06.002
http://dx.doi.org/21053952
http://dx.doi.org/10.1021/bc100261d
http://dx.doi.org/20818176
http://dx.doi.org/10.4161/mabs.2.6.13333
http://dx.doi.org/10.1080/19420862.2015.1016696
http://dx.doi.org/10.1080/19420862.2015.1016696
http://dx.doi.org/10.4161/mabs.29809
http://dx.doi.org/10.1073/pnas.1408766112
http://dx.doi.org/10.1038/nbt1207-1369
http://dx.doi.org/10.1038/nbt1207-1369
http://dx.doi.org/10.1016/j.tips.2009.04.007
http://dx.doi.org/10.1016/j.copbio.2009.10.009
http://dx.doi.org/10.1021/bi0265022
http://dx.doi.org/10.1016/j.exphem.2008.11.006
http://dx.doi.org/10.1074/jbc.M709179200
http://dx.doi.org/10.1074/jbc.M709179200
http://dx.doi.org/16360109
http://dx.doi.org/10.1016/j.ab.2005.11.012
http://dx.doi.org/10.1093/glycob/cwr027
http://dx.doi.org/10.1084/jem.180.3.1087
http://dx.doi.org/10.1124/jpet.108.142232
http://dx.doi.org/10.4161/mabs.3.6.17922
http://dx.doi.org/10.1073/pnas.0607053103
http://dx.doi.org/10.1146/annurev-genom-090711-163739
http://dx.doi.org/10.1146/annurev-genom-090711-163739
http://dx.doi.org/10.1124/jpet.109.155549
http://dx.doi.org/10.1021/bc200212a
http://dx.doi.org/22875610
http://dx.doi.org/10.1208/s12248-012-9386-x
http://dx.doi.org/19825951
http://dx.doi.org/10.1158/1078-0432.CCR-09-0536
http://dx.doi.org/17545534
http://dx.doi.org/10.1158/1078-0432.CCR-07-0284
http://dx.doi.org/10.1158/1078-0432.CCR-04-0789
http://dx.doi.org/10.1158/1078-0432.CCR-04-0789
http://dx.doi.org/10.1007/BF01519635
http://dx.doi.org/21862310
http://dx.doi.org/10.1016/j.copbio.2011.06.012


2009; 27: 1186-90; PMID:19915550; http://dx.doi.org/10.1038/
nbt.1588

77. Wang W, Wang EQW, Balthasar JP. Monoclonal antibody pharma-
cokinetics and pharmacodynamics. Clin Pharmacol Ther 2008; 84:
548-58; PMID:18784655; http://dx.doi.org/10.1038/clpt.2008.170

78. Yamaoka T, Tabata Y, Ikada Y. Distribution and tissue uptake of
poly(ethylene glycol) with different molecular weights after intrave-
nous administration to mice. J Pharm Sci 1994; 83: 601-06;
PMID:8046623; http://dx.doi.org/10.1002/jps.2600830432

79. Webster R, Didier E, Harris P, Siegel N, Stadler J, Tilbury L, Smith D.
PEGylated proteins: evaluation of their safety in the absence of defin-
itive metabolism studies. Drug Metab Dispos 2007; 35: 9-16;
PMID:17020954; http://dx.doi.org/10.1124/dmd.106.012419

80. Modi MW, Fulton JS, Buckmann D, Wright TL, Moore DJ. Clear-
ance of pegylated (40 kDa) interferon alfa-2a Pegasys is primarily
hepatic. Hepatology 2000; 32: 371

81. Elliott VL, Edge GT, Phelan MM, Lian LY, Webster R, Finn RF, Park
BK, Kitteringham NR. Evidence for metabolic cleavage of a PEGy-
lated protein in vivo using multiple analytical methodologies. Mol
Pharmaceutics 2012; 9: 1291-1301

82. Bazin-Redureau MI, Renard CB, Scherrmann JM. Pharmacokinetics
of heterologous and homologous immunoglobulin G, F(ab’)2 and
Fab after intravenous administration in the rat. J Pharm Pharmacol
1997; 49: 277-81; PMID:9231345; http://dx.doi.org/10.1111/j.2042-
7158.1997.tb06795.x

83. Chapman AP. PEGylated antibodies and antibody fragments for
improved therapy: a review. Adv Drug Deliv Rev 2002; 54: 531-45;
PMID:12052713; http://dx.doi.org/10.1016/S0169-409X(02)00026-1

84. Harris JM, Chess RB. Effect of pegylation on pharmaceuticals. Nat
Rev Drug Discov 2003; 2: 214-221; PMID:12612647; http://dx.doi.
org/10.1038/nrd1033

85. Roopenian DC, Akilesh S. FcRn: the neonatal Fc receptor comes of
age. Nat Rev Immunol 2007; 7: 715-25; PMID:17703228; http://dx.
doi.org/10.1038/nri2155

86. Wu B, Sun YN. Pharmacokinetics of Peptide-Fc fusion proteins. J
Pharm Sci 2014; 103: 53-64; PMID:24285510; http://dx.doi.org/
10.1002/jps.23783

87. Stork R, Campigna E, Robert B, Muller D, Kontermann RE. Biodis-
tribution of a bispecific single-chain diabody and its half-life
extended derivatives. J Biol Chem 2009; 284: 25612-19;
PMID:19628871; http://dx.doi.org/10.1074/jbc.M109.027078

88. Yokota T, Milenic DE, Whitlow M, Wood JF, Hubert SL, Schlom J.
Microautoradiographic analysis of the normal organ distribution of
radioiodinated single-chain Fv and other immunoglobulin forms.
Cancer Res 1993; 53: 3776-83; PMID:8339291

89. Deng R, Loyet KM, Lien S, Iyer S, DeForge LE, Theil FP, Lowman
HB, Fielder PJ, Prabhu S. Pharmacokinetics of humanized monoclo-
nal anti-tumor necrosis factor-{alpha} antibody and its neonatal Fc
receptor variants in mice and cynomolgus monkeys. Drug Metab
Dispos 2010; 38: 600-05; PMID:20071453; http://dx.doi.org/10.1124/
dmd.109.031310

90. Deng R, Meng YG, Hoyte K, Lutman J, Lu Y, Iyer S, DeForge LE, Theil
FP, Fielder PJ, Prabhu S. Subcutaneous bioavailability of therapeutic
antibodies as a function of FcRn binding affinity in mice. MAbs 2012;
4: 101-09; PMID:22327433; http://dx.doi.org/10.4161/mabs.4.1.18543

91. Datta-Mannan A, Witcher DR, Lu J, Wroblewski VJ. Influence of
improved FcRn binding on the subcutaneous bioavailability of
monoclonal antibodies in cynomolgus monkeys. MAbs 2012; 4: 267-
73; PMID:22377715; http://dx.doi.org/10.4161/mabs.4.2.19364

92. Chen N, Wang W, Fauty S, Fang Y, Hamuro L, Hussain A, Prueksar-
itanont T. The effect of the neonatal Fc receptor on human IgG bio-
distribution in mice. MAbs 2014; 6: 502-08; PMID:24492305; http://
dx.doi.org/10.4161/mabs.27765

93. Garg A, Balthasar JP. Physiologically-based pharmacokinetic (PBPK)
model to predict IgG tissue kinetics in wild-type and FcRn-knockout
mice. J Pharmacokinet Pharmacodyn 2007; 34: 687-09;
PMID:17636457; http://dx.doi.org/10.1007/s10928-007-9065-1

94. Yip V, Palma E, Tesar DB, Mundo EE, Bumbaca D, Torres EK, Reyes
NA, Shen BQ, Fielder PJ, Prabhu S, et al. Quantitative cumulative
biodistribution of antibodies in mice: Effect of modulating binding

affinity to the neonatal Fc receptor. MAbs 2014; 6: 689-96;
PMID:24572100; http://dx.doi.org/10.4161/mabs.28254

95. Wang YM, Sloey B, Wong T, Khandelwal P, Melara R, Sun YN.
Investigation of the pharmacokinetics of romiplostim in rodents
with a focus on the clearance mechanism. Pharm Res 2011; 28: 1931-
38; PMID:21476045; http://dx.doi.org/10.1007/s11095-011-0420-y

96. Sarav M, Wang Y, Hack BK, Chang A, Jensen M, Bao L, Quigg RJ.
Renal FcRn reclaims albumin but facilitates elimination of IgG. J Am
Soc Nephrol 2009; 20: 1941-52; PMID:19661163; http://dx.doi.org/
10.1681/ASN.2008090976

97. Akilesh S, Huber TB, Wu H, Wang G, Hartleben B, Kopp JB, Miner
JH, Roopenian DC, Unanue ER, Shaw AS. Podocytes use FcRn to
clear IgG from the glomerular basement membrane. Proc Natl Acad
Sci U S A 2008; 105: 967-72; PMID:18198272; http://dx.doi.org/
10.1073/pnas.0711515105

98. Mager DE, Neuteboom B, Efthymiopoulos C, Munafo A, Jusko WJ.
Receptor-mediated pharmacokinetics and pharmacodynamics of
interferon-b1a in monkeys. J Pharm Exp Ther 2003; 306: 262-70;
http://dx.doi.org/10.1124/jpet.103.049502

99. Tabrizi M, Bornstein GG, Suria H. Biodistribution mechanisms of
therapeutic monoclonal antibodies in health and disease. AAPS J
2010; 12: 33-43; PMID:19924542; http://dx.doi.org/10.1208/s12248-
009-9157-5

100. Dijkers EC, Oude Munnink TH, Kosterink JG, Brouwers AH, Jager
PL, de Jong JR, van Dongen GA, Schroder CP, Lub-de Hooge MN,
de Vries EG. Biodistribution of 89Zr-trastuzumab and PET imaging
of HER2-positive lesions in patients with metastatic breast cancer.
Clin Pharmacol Ther 2010; 87: 586-92; PMID:20357763; http://dx.
doi.org/10.1038/clpt.2010.12

101. Pastuskovas CV, Mallet W, Clark S, Kenrick M, Majidy M, Schweiger
M, Van Hoy M, Tsai SP, Bennett G, Shen BQ, et al. Effect of immune
complex formation on the distribution of a novel antibody to the
ovarian tumor antigen CA125. Drug Metab Dispos 2010; 38: 2309-
19; PMID:20823292; http://dx.doi.org/10.1124/dmd.110.034330

102. Oude Munnink TH, Arjaans ME, Timmer-Bosscha H, Schroder CP,
Hesselink JW, Vedelaar SR, Walenkamp AM, Reiss M, Gregory RC,
Lub-de Hooge MN, et al. PET with the 89Zr-labeled transforming
growth factor-beta antibody fresolimumab in tumor models. J Nucl
Med 2011; 52: 2001-08; PMID:22072706; http://dx.doi.org/10.2967/
jnumed.111.092809

103. Rudnick SI, Lou , Shaller CC, Tang Y, Klein-Szanto AJ, Weiner LM,
Marks JD, Adams GP. Influence of affinity and antigen internaliza-
tion on the uptake and penetration of Anti-HER2 antibodies in solid
tumors. Cancer Res 2011; 71: 2250-59; PMID:21406401; http://dx.
doi.org/10.1158/0008-5472.CAN-10-2277

104. Rachmawati H, Beljaars L, Reker-Smit C, Anne-miek M, Hagens WI,
Meijer DK, Poelstra K. Pharmacokinetic and biodistribution profile of
recombinant human interleukin-10 following intravenous administra-
tion in rats with extensive liver fibrosis. Pharmaceutical Res 2004; 21:
2072-78; http://dx.doi.org/10.1023/B:PHAM.0000048199.94510.b0

105. Danilov SM, Gavrilyuk VD, Franke FE, Pauls K, Harshaw DW,
McDonald TD, Miletich DJ, Muzykantov VR. Lung uptake of anti-
bodies to endothelial antigens: key determinants of vascular immu-
notargeting. Am J Phys Lung Cell Mol Physiol 2001; 280: L1335-47

106. Lowe PJ, Tannenbaum S, Wu K, Lloyd P, Sims J. On setting the first
dose in man: quantitating biotherapeutic drug-target binding
through pharmacokinetic and pharmacodynamic models. Basic Clin
Pharmacol Toxicol 2010; 106: 195-209; PMID:20050847; http://dx.
doi.org/10.1111/j.1742-7843.2009.00513.x

107. Wang B, Lau YY, Liang M, Vainshtein I, Zusmanovich M, Lu H,
Magrini F, Sleeman M, Roskos L. Mechanistic modeling of antigen
sink effect for mavrilimumab following intravenous administration in
patients with rheumatoid arthritis. J Clin Pharmacol 2012; 52: 1150-
61; PMID:21947370; http://dx.doi.org/10.1177/0091270011412964

108. Lee JW. ADME of monoclonal antibody biotherapeutics: knowledge
gaps and emerging tools. Bioanalysis 2013; 5: 2003-14; PMID:
23937135; http://dx.doi.org/10.4155/bio.13.144

109. Boswell CA, Deng R, Lin K, Putnam WS, Lei C, Theil FP, Fielder PJ,
Khawli LA. In vitro-in vivo correlation of pharmacokinetics, phar-
macodynamics and metabolism for antibody therapeutics. Proteins

MABS 243

http://dx.doi.org/10.1038/nbt.1588
http://dx.doi.org/10.1038/nbt.1588
http://dx.doi.org/10.1038/clpt.2008.170
http://dx.doi.org/10.1002/jps.2600830432
http://dx.doi.org/10.1124/dmd.106.012419
http://dx.doi.org/10.1111/j.2042-7158.1997.tb06795.x
http://dx.doi.org/10.1111/j.2042-7158.1997.tb06795.x
http://dx.doi.org/10.1016/S0169-409X(02)00026-1
http://dx.doi.org/12612647
http://dx.doi.org/10.1038/nrd1033
http://dx.doi.org/17703228
http://dx.doi.org/10.1038/nri2155
http://dx.doi.org/24285510
http://dx.doi.org/10.1002/jps.23783
http://dx.doi.org/10.1074/jbc.M109.027078
http://dx.doi.org/8339291
http://dx.doi.org/10.1124/dmd.109.031310
http://dx.doi.org/10.1124/dmd.109.031310
http://dx.doi.org/10.4161/mabs.4.1.18543
http://dx.doi.org/10.4161/mabs.4.2.19364
http://dx.doi.org/24492305
http://dx.doi.org/10.4161/mabs.27765
http://dx.doi.org/10.1007/s10928-007-9065-1
http://dx.doi.org/10.4161/mabs.28254
http://dx.doi.org/10.1007/s11095-011-0420-y
http://dx.doi.org/19661163
http://dx.doi.org/10.1681/ASN.2008090976
http://dx.doi.org/18198272
http://dx.doi.org/10.1073/pnas.0711515105
http://dx.doi.org/10.1124/jpet.103.049502
http://dx.doi.org/10.1208/s12248-009-9157-5
http://dx.doi.org/10.1208/s12248-009-9157-5
http://dx.doi.org/20357763
http://dx.doi.org/10.1038/clpt.2010.12
http://dx.doi.org/10.1124/dmd.110.034330
http://dx.doi.org/10.2967/jnumed.111.092809
http://dx.doi.org/10.2967/jnumed.111.092809
http://dx.doi.org/21406401
http://dx.doi.org/10.1158/0008-5472.CAN-10-2277
http://dx.doi.org/10.1023/B:PHAM.0000048199.94510.b0
http://dx.doi.org/20050847
http://dx.doi.org/10.1111/j.1742-7843.2009.00513.x
http://dx.doi.org/10.1177/0091270011412964
http://dx.doi.org/10.4155/bio.13.144


and Peptides: Pharmacokinetic, Pharmacodynamic, and Metabolic
Outcomes 2010; 202: 15-52

110. Ezan E, Becher F, Fenaille F. Assessment of the metabolism of thera-
peutic proteins and antibodies. Expert Opin Drug Metab Toxicol
2014; 10: 1079-91; PMID:24897152; http://dx.doi.org/10.1517/
17425255.2014.925878

111. Xu X, Vugmeyster Y. Challenges and opportunities in absorption,
distribution, metabolism, and excretion studies of therapeutic biolog-
ics. AAPS J 2012; 14: 781-91; PMID:22864668; http://dx.doi.org/
10.1208/s12248-012-9388-8

112. Schoenherr RM, Zhao L, Whiteaker JR, Feng LC, Li L, Liu L, Liu X,
Paulovich AG. Automated screening of monoclonal antibodies for
SISCAPA assays using a magnetic bead processor and liquid chro-
matography-selected reaction monitoring-mass spectrometry. J
Immunol Methods 2010; 353: 49-61; PMID:19961853; http://dx.doi.
org/10.1016/j.jim.2009.11.017

113. Neubert H, Grace C, Rumpel K, James I. Assessing immunogenicity
in the presence of excess protein therapeutic using immunoprecipita-
tion and quantitative mass spectrometry. Anal Chem 2008; 80: 6907-
14; PMID:18702532; http://dx.doi.org/10.1021/ac8005439

114. Wilbur, DS. Radiohalogenation of proteins: an overview of radionu-
clides, labeling methods, and reagents for conjugate labeling. Biocon-
jugate Chem 1992; 3: 433-70; http://dx.doi.org/10.1021/bc00018a001

115. Verel I, Visser GW, Boerman OC, van Eerd JE, Finn R, Boellaard R,
Vosjan MJ, Stigter-van Walsum M, Snow GB, van Dongen GA.
Long-lived positron emitters zirconium-89 and iodine-124 for scout-
ing of therapeutic radioimmunoconjugates with PET. Cancer Biother
Radiopharm 2003; 18: 655-56; PMID:14503961; http://dx.doi.org/
10.1089/108497803322287745

116. Price EW, Orvig C. Matching chelators to radiometals for radiophar-
maceuticals. Chemical Society Reviews 2014; 43: 260-90;
PMID:24173525; http://dx.doi.org/10.1039/C3CS60304K

117. Shah K, Weissleder R. Molecular optical imaging: applications leading
to the development of present day therapeutics. NeuroRx 2005; 2: 215-
25; PMID:15897946; http://dx.doi.org/10.1602/neurorx.2.2.215

118. Xu H, Baidoo K, Gunn AJ, Boswell CA, Milenic DE, Choyke PL, Brech-
biel MW. Design, synthesis, and characterization of a dual modality
positron emission tomography and fluorescence imaging agent for
monoclonal antibody tumor-targeted imaging. J Med Chem 2007; 50:
4759-65; PMID:17725340; http://dx.doi.org/10.1021/jm070657w

119. Vanderheyden JL, Liu G, He J, Patel B, Tait JF, Hnatowich DJ. Evalu-
ation of 99mTc-MAG3-annexin V: influence of the chelate on in
vitro and in vivo properties in mice. Nuc Med Biol 2006; 33: 135-44;
http://dx.doi.org/10.1016/j.nucmedbio.2005.09.002

120. Williams SP. Tissue distribution studies of protein therapeutics using
molecular probes: molecular imaging. AAPS J 2012; 14: 389-99;
PMID:22467336; http://dx.doi.org/10.1208/s12248-012-9348-3

121. Shen BQ, Bumbaca D, Saad O, Yue Q, Pastuskovas CV, Cyrus Kho-
jasteh S, Tibbitts J, Kaur S, Wang B, Chu YW. Catabolic fate and
pharmacokinetic characterization of trastuzumab emtansine (T-
DM1): an emphasis on preclinical and clinical catabolism. Curr
Drug Metab 2012; 13: 901-10; PMID:22475269; http://dx.doi.org/
10.2174/138920012802138598

122. Hall MP. Biotransformation and In Vivo Stability of Protein Biother-
apeutics: Impact on Candidate Selection and Pharmacokinetic Profil-
ing. Drug Metab Dispos 2014; 42:1873-80; PMID:24947971; http://
dx.doi.org/10.1124/dmd.114.058347

123. Kaur S, Xu K, Saad O, Liu L, Slattery T, Dere R. Mass Spectrometry of
Antibody–Drug Conjugates in Plasma and Tissue in Drug Develop-
ment. Characterization of Protein Therapeutics using Mass Spectrom-
etry 2013; 7: 279-304; http://dx.doi.org/10.1007/978-1-4419-7862-2_7

124. Kaur S, Xu K, Saad OM, Dere RC, Carrasco-Triguero M. Bioanalyti-
cal assay strategies for the development of antibody-drug conjugate
biotherapeutics. Bioanalysis 2013; 5: 201-26; PMID:23330562; http://
dx.doi.org/10.4155/bio.12.299

125. Pellegatti M. Preclinical in vivo ADME studies in drug development:
a critical review. Exp Opin Drug Metab Toxicol 2011; 8: 161-72;
http://dx.doi.org/10.1517/17425255.2012.652084

126. Penner N, Xu L, Prakash C. Radiolabeled absorption, distribution,
metabolism, and excretion studies in drug development: why, when,

and how? Chemical Res Toxicol 2012; 25: 513-31; http://dx.doi.org/
10.1021/tx300050f

127. Solon EG, Kraus L. Quantitative whole-body autoradiography in the
pharmaceutical industry: Survey results on study design, methods,
and regulatory compliance. J Pharmacol Toxicol Method 2001; 46:
73-81; http://dx.doi.org/10.1016/S1056-8719(02)00161-2

128. Pastuskovas CV, Mundo EE, Williams SP, Nayak TK, Ho J, Ulufatu
S, Clark S, Ross S, Cheng E, Parsons-Reponte K, et al. Effects of anti-
VEGF on pharmacokinetics, biodistribution, and tumor penetration
of trastuzumab in a preclinical breast cancer model. Mol Cancer
Ther 2012; 11: 752-62; PMID:22222630; http://dx.doi.org/10.1158/
1535-7163.MCT-11-0742-T

129. Willmann JK, van Bruggen N, Dinkelborg LM, Gambhir SS. Molecu-
lar imaging in drug development. Nat Rev Drug Discov 2008; 7: 591-
607; PMID:18591980; http://dx.doi.org/10.1038/nrd2290

130. de Jong M, Essers J, van Weerden WM. Imaging preclinical tumour
models: improving translational power. Nat Revs Cancer 2014; 14:
481-93; http://dx.doi.org/10.1038/nrc3751

131. Yang W, Barth RF, Adams DM, Soloway AH. Intratumoral
delivery of boronated epidermal growth factor for neutron cap-
ture therapy of brain tumors. Cancer Res 1997; 57: 4333-39;
PMID:9331095

132. Stumpf WE. Whole-body and microscopic autoradiography to deter-
mine tissue distribution of biopharmaceuticals—Target discoveries
with receptor micro-autoradiography engendered new concepts and
therapies for vitamin D. Adv Drug Deliv Rev 2013; 65: 1086-97;
PMID:23391491; http://dx.doi.org/10.1016/j.addr.2012.11.008

133. Labrijn AF, Meesters JI, de Goeij BE, van den Bremer ET, Neijssen J,
van Kampen MD, Strumane K, Verploegen S, Kundu A, Gramer MJ.
Efficient generation of stable bispecific IgG1 by controlled Fab-arm
exchange. Proc Natl Acad Sci U S A 2013; 110: 5145-50;
PMID:23479652; http://dx.doi.org/10.1073/pnas.1220145110

134. Xie H, Audette C, Hoffee M, Lambert JM, Bl€attler WA. Pharmacoki-
netics and biodistribution of the antitumor immunoconjugate, can-
tuzumab mertansine (huC242-DM1), and its two components in
mice. J Pharm Exp Ther 2004; 308: 1073-82; http://dx.doi.org/
10.1124/jpet.103.060533

135. Nowatzke WL, Rogers K, Wells E, Bowsher RR, Ray C, Unger S.
Unique challenges of providing bioanalytical support for biological
therapeutic pharmacokinetic programs. Bioanalysis 2011; 3: 509-21;
PMID:21388264; http://dx.doi.org/10.4155/bio.11.2

136. Olah TV, Ranasinghe A, Zhang H, Wong RL, Mehl J, Drexler DM,
Smalley J, Wu S, Sleczka B, Zhu Y. The Development and Implemen-
tation of LC/MS-Based Bioanalytical Methods for the Quantification
of Protein Therapeutics in Drug Discovery. Characterization of Pro-
tein Therapeutics Using Mass Spectrometry 2013; 3: 95-115; http://
dx.doi.org/10.1007/978-1-4419-7862-2_3

137. White CR, Seymour RS. Allometric scaling of mammalian metabo-
lism. J Exp Biol 2005; 208: 1611-19; PMID:15855392; http://dx.doi.
org/10.1242/jeb.01501

138. Han TH, Zhao B. Absorption, distribution, metabolism, and excre-
tion considerations for the development of antibody-drug conju-
gates. Drug Metabolism and Disposition 2014; 42: 1914-20;
PMID:25048520; http://dx.doi.org/10.1124/dmd.114.058586

139. Ecker DM, Jones SD, Levine HL. The therapeutic monoclonal anti-
body market. MAbs 2015; 7: 9-14; PMID:25529996; http://dx.doi.
org/10.4161/19420862.2015.989042

140. Vugmeyster Y, Xu X, Theil FP, Khawli LA, Leach MW. Pharmacoki-
netics and toxicology of therapeutic proteins: Advances and chal-
lenges. World J Biol Chem 2012; 3: 73-92; PMID:22558487; http://
dx.doi.org/10.4331/wjbc.v3.i4.73

141. Mager DE. Target-mediated drug disposition and dynamics. Bio-
chem Pharmacol 2006; 72: 1-10; PMID:16469301; http://dx.doi.org/
10.1016/j.bcp.2005.12.041

142. Ng CM, Joshi A, Dedrick RL, Garovoy MR, Bauer RJ. Pharmacoki-
netic-pharmacodynamic-efficacy analysis of efalizumab in patients
with moderate to severe psoriasis. Pharm Res 2005; 22: 1088-1100;
PMID:16028009; http://dx.doi.org/10.1007/s11095-005-5642-4

143. Meijer RT, Koopmans RP, ten Berge IJ, Schellekens PT. Pharmacoki-
netics of murine anti-human CD3 antibodies in man are determined

244 J. TIBBITTS ET AL.

http://dx.doi.org/10.1517/17425255.2014.925878
http://dx.doi.org/10.1517/17425255.2014.925878
http://dx.doi.org/22864668
http://dx.doi.org/10.1208/s12248-012-9388-8
http://dx.doi.org/19961853
http://dx.doi.org/10.1016/j.jim.2009.11.017
http://dx.doi.org/10.1021/ac8005439
http://dx.doi.org/10.1021/bc00018a001
http://dx.doi.org/14503961
http://dx.doi.org/10.1089/108497803322287745
http://dx.doi.org/10.1039/C3CS60304K
http://dx.doi.org/10.1602/neurorx.2.2.215
http://dx.doi.org/10.1021/jm070657w
http://dx.doi.org/10.1016/j.nucmedbio.2005.09.002
http://dx.doi.org/10.1208/s12248-012-9348-3
http://dx.doi.org/22475269
http://dx.doi.org/10.2174/138920012802138598
http://dx.doi.org/24947971
http://dx.doi.org/10.1124/dmd.114.058347
http://dx.doi.org/10.1007/978-1-4419-7862-2_7
http://dx.doi.org/23330562
http://dx.doi.org/10.4155/bio.12.299
http://dx.doi.org/10.1517/17425255.2012.652084
http://dx.doi.org/10.1021/tx300050f
http://dx.doi.org/10.1016/S1056-8719(02)00161-2
http://dx.doi.org/10.1158/1535-7163.MCT-11-0742-T
http://dx.doi.org/10.1158/1535-7163.MCT-11-0742-T
http://dx.doi.org/10.1038/nrd2290
http://dx.doi.org/10.1038/nrc3751
http://dx.doi.org/9331095
http://dx.doi.org/10.1016/j.addr.2012.11.008
http://dx.doi.org/10.1073/pnas.1220145110
http://dx.doi.org/10.1124/jpet.103.060533
http://dx.doi.org/10.4155/bio.11.2
http://dx.doi.org/10.1007/978-1-4419-7862-2_3
http://dx.doi.org/15855392
http://dx.doi.org/10.1242/jeb.01501
http://dx.doi.org/10.1124/dmd.114.058586
http://dx.doi.org/25529996
http://dx.doi.org/10.4161/19420862.2015.989042
http://dx.doi.org/22558487
http://dx.doi.org/10.4331/wjbc.v3.i4.73
http://dx.doi.org/16469301
http://dx.doi.org/10.1016/j.bcp.2005.12.041
http://dx.doi.org/10.1007/s11095-005-5642-4


by the disappearance of target antigen. J Pharmacol Exp Ther 2002;
300: 346-353; PMID:11752135; http://dx.doi.org/10.1124/jpet.300.1.346

144. Wang W, Chen N, Shen X, Cunningham P, Fauty S, Michel K,
Wang B, Hong X, Adreani C, Nunes CN, et al. Lymphatic Trans-
port and Catabolism of Therapeutic Proteins after Subcutaneous
Administration to Rats and Dogs. Drug Metab Dispos 2012; 40:
952-62; PMID:22328584; http://dx.doi.org/10.1124/
dmd.111.043604

145. Prueksaritanont T, Tang C. ADME of Biologics—What Have We
Learned from Small Molecules? AAPS J 2012; 143: 410-19; http://dx.
doi.org/10.1208/s12248-012-9353-6

146. Beck A, Wurch T, Bailly C, Corvaia N. Strategies and challenges for
the next generation of therapeutic antibodies. Nat Rev Immunol
2010; 10: 345-52; PMID:20414207; http://dx.doi.org/10.1038/nri2747

147. Reichert JM. Antibodies to watch in 2015. MAbs 2015; 7: 1-8;
PMID:25484055; http://dx.doi.org/10.4161/19420862.2015.988944

148. Thurber GM, Schmidt MM, Wittrup KD. Factors determining anti-
body distribution in tumors. Trends Pharmacol Sci 2008; 29: 57;
PMID:18179828

149. Mager DE, Jusko WJ. General pharmacokinetic model for drugs
exhibiting target-mediated drug disposition. J Pharmacokinet Phar-
macodyn 2001; 28: 507-32; PMID:11999290; http://dx.doi.org/
10.1023/A:1014414520282

150. Bauer RJ, Dedrick RL, White ML, Murray MJ, Garovoy MR. Popula-
tion pharmacokinetics and pharmacokinetics of the anti-CD11a anti-
body hu1124 in human subjects with psoriasis. J Pharmacokinet
Biopharm 1999; 27: 397-420; PMID:10826130; http://dx.doi.org/
10.1023/A:1020917122093

151. Betts AM, Clark TH, Yang J, Treadway JL, Li M, Giovanelli MA,
Abdiche Y, Stone DM, Paralkar VM. The application of target infor-
mation and preclinical pharmacokinetic/pharmacodynamic model-
ling in predicting clinical doses of a Dickkopf-1 antibody for
osteoporosis. J Pharmacol Exp Ther 2010; 333: 2-13;
PMID:20089807; http://dx.doi.org/10.1124/jpet.109.164129

152. Haddish-Berhane N, Shah DK, Ma D, Leal M, Gerber HP,
Sapra P, Barton HA, Betts AM. On translation of antibody drug
conjugates efficacy from mouse experimental tumors to the
clinic: a PK/PD approach. J Pharmacokinet Pharmacodyn 2013;
40: 557-71; PMID:23933716; http://dx.doi.org/10.1007/s10928-
013-9329-x

153. Meno-Tetang GM, Lowe PJ. On the prediction of the human response:
a recycled mechanistic pharmacokinetic/pharmacodynamic approach.
Basic Clin Pharmacol Toxicol 2005; 96: 182-92; PMID:15733213;
http://dx.doi.org/10.1111/j.1742-7843.2005.pto960307.x

154. Fronton L, Pilari S, Huisinga W. Monoclonal antibody disposition: a
simplified PBPK model and its implications for the derivation and
interpretation of classical compartment models. J Pharmacokinet
Pharmacodyn 2014; 41: 87-107; PMID:24493102; http://dx.doi.org/
10.1007/s10928-014-9349-1

155. Ferl GZ, Wu AM, DiStefano JJ 3rd. A predictive model of therapeutic
monoclonal antibody dynamics and regulation by the neonatal Fc
receptor (FcRn). Ann Biomed Eng 2005; 33: 1640-52;
PMID:16341929; http://dx.doi.org/10.1007/s10439-005-7410-3

156. Urva SR, Yang VC, Balthasar JP. Physiologically based pharmacokinetic
model for T84.66: a monoclonal anti-CEA antibody. J Pharm Sci 2010;
99: 1582-600; PMID:19774657; http://dx.doi.org/10.1002/jps.21918

MABS 245

http://dx.doi.org/10.1124/jpet.300.1.346
http://dx.doi.org/10.1124/dmd.111.043604
http://dx.doi.org/10.1124/dmd.111.043604
http://dx.doi.org/10.1208/s12248-012-9353-6
http://dx.doi.org/10.1038/nri2747
http://dx.doi.org/10.4161/19420862.2015.988944
http://dx.doi.org/18179828
http://dx.doi.org/11999290
http://dx.doi.org/10.1023/A:1014414520282
http://dx.doi.org/10826130
http://dx.doi.org/10.1023/A:1020917122093
http://dx.doi.org/10.1124/jpet.109.164129
http://dx.doi.org/10.1007/s10928-013-9329-x
http://dx.doi.org/10.1007/s10928-013-9329-x
http://dx.doi.org/15733213
http://dx.doi.org/10.1111/j.1742-7843.2005.pto960307.x
http://dx.doi.org/24493102
http://dx.doi.org/10.1007/s10928-014-9349-1
http://dx.doi.org/10.1007/s10439-005-7410-3
http://dx.doi.org/10.1002/jps.21918

	Abstract
	Introduction
	Protein therapeutic diversity and ADME
	Influence of molecular mass on ADME
	Influence of charge on ADME
	Influence of glycosylation on ADME
	Influence of diverse protein modifications on ADME: Mechanism of action enhancement and half-life extension
	Increase in size
	Increase in size in conjunction with FcRn-mediated recycling
	Influence of target binding on ADME

	ADME enabling-technologies and methods in drug discovery and development
	ADME tools and technologies
	Quantitative and analytical tools

	Labeling techniques for ADME and imaging studies
	Different ADME methods and approaches
	Analyte of interest
	Matrix
	Spatial resolution
	Analytical method sensitivity
	Specificity
	Animal species
	Modeling of protein therapeutics

	Looking ahead
	Disclosure of potential conflicts of interest
	References

