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ABSTRACT

Monoclonal antibodies (mAbs) and peptides are an important class
of therapeutic modalities that have brought improved health out-
comes in areas with limited therapeutic optionality. Presently, there
more than 90 mAb and peptide therapeutics on the United States
market, with over 600 more in various clinical stages of development
in a broad array of therapeutic areas, including diabetes, autoim-
mune disorders, oncology, neuroscience, and cardiovascular and
infectious diseases. Notwithstanding this potential, there is high
clinical rate of attrition, with approximately 10% reaching patients.
A major contributor to the failure of the molecules is often times
an incomplete or poor understanding of the pharmacokinetics (PK)
and disposition profiles leading to limited or diminished efficacy.
Increased and thorough characterization efforts directed at dissem-
inating mechanisms influencing the PK and disposition of mAbs and

peptides can aid in improving the design for their intended pharma-
cological activity, and thereby their clinical success. The PK and
disposition factors for mAbs and peptides are broadly influenced by
target-mediated drug disposition and nontarget-related clearance
mechanisms related to the interplay between the relationship of the
structure and physiochemical properties of mAbs and peptides with
physiologic processes. This review focuses on nontarget-related
factors influencing the disposition and PK of mAbs and peptides.
Contemporary considerations around the increasing in silico
approaches to identify nontarget-related molecule limitations
and enhancing the druggability of mAbs and peptides, including
parenteral and nonparenteral delivery strategies that are geared
toward improving patient experience and compliance, are also
discussed.

Introduction

Over the last several decades, there has been a staggering increased
investment by the medicinal community in the discovery and develop-
ment of protein-based drugs or biologics. The most common structural
forms of biologics are peptides and monoclonal antibodies (mAbs).
There are currently more than 90 mAb- and peptide-based therapeutics
on the United States’ market, with over 600 more in various stages of
clinical development (Recio et al., 2016; Grilo and Mantalaris, 2019;
Kaplon and Reichert, 2019). Combined, these two biologic modalities
also encompass greater than 30% of the number of molecules investigated
in clinical trials (Mohs and Greig, 2017; Recio et al., 2016; Grilo and
Mantalaris, 2019). The rise in the number of clinical investigations and
approvals of mAb- and peptide-based biologics warrants the concom-
itant growth around the science of dissecting factors influencing the
pharmacokinetics (PK) and disposition of these molecules. This review
focuses on the current knowledge around the molecule-centric physi-
ochemical properties and physiologic mechanisms related to the PK,
metabolism, and disposition of mAbs and peptide molecules. With
regard to peptides, the content herein focuses on peptide molecules that
are non-mAb domain-based entities with a molecular weight from

https://doi.org/10.1124/dmd.119.086488.

~1 to ~10 kDa and peptidic protein molecules that are non-mAb
entities with larger molecular weight in the range of ~10-50 kDa.
Historically, the realization of the potential of protein-based drugs was
spurred by the discovery of recombinant DNA technology, and further
facilitated by advances in protein engineering, synthetic synthesis technol-
ogies, and directed-evolution strategies encompassing protein expression
and purification, as well as the realization of the unique target interaction
specificity of biologics relative to nonprotein-based modalities. These
advances have led to the term biologics being used to encompass a
burgeoning structurally diverse array including peptides, larger proteins,
cytokines, replacement enzymes, and mAbs. Combining these protein
structures with native and non-native elements lends to additional
structural diversity including fusion proteins (e.g., Fc- or albumin-fusion
constructs), conjugated molecules (e.g., PEGylated, acylated, and other
time-extension technologies, where PEG denotes polyethylene glycol),
domain-based biologics (e.g., antigen-binding fragments, nanobodies,
and single-chain variable fragments), and bispecific antibodies and
antibody-drug conjugates. The flexibility in structural design of biother-
apeutic modalities has led to a simultaneous increase within the last decade
in the clinical development of biologics across a number of therapeutic
areas, including (but not limited to) diabetes, autoimmune disorders,
oncology, neuroscience, and cardiovascular and infectious diseases
(Recio et al., 2016; Grilo and Mantalaris, 2019). While exceptionally

ABBREVIATIONS: CDR, complementarity-determining region; FcRn, neonatal Fc receptor; Fv, fragment variable; GLP-1, glucagon-like peptide-1;
mAb, monoclonal antibody; PD, pharmacodynamics; PEG, polyethylene glycol; pl, isoelectric point; PK, pharmacokinetics.
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promising, there is a confounding rate of clinical attrition for protein-based
therapeutics, estimated at 8%—-10% (depending on the disease indication)
achieving clinical success and reaching patients (Mohs and Greig, 2017).
The causalities of clinical failure for biologics are related to a myriad
of reasons (e.g., insufficient safety margins and strategic industry
decisions), but frequently have been attributed to poor exposure-
efficacy or pharmacokinetics (PD)/pharmacodynamics profiles (Mohs
and Greig, 2017; Recio et al., 2016; Grilo and Mantalaris, 2019).
Given the critical link between exposure (PK) and response (PD or
pharmacology), an important attribute proposed for enhancing the clinical
success of mAbs and peptides involves augmenting their disposition and
PK attributes. Tuning the PK and disposition properties of these agents
toward their targets in combination with efforts to optimize their PD
relationships can lead to molecules having improved safety and efficacy
profiles. In addition, optimizing the PK and disposition properties can
facilitate reducing the dose and/or dose frequency, thereby improving
patient convenience, increasing compliance, and yielding better thera-
peutic outcomes with pragmatic clinical success. Toward that end, there
has been a recent surge in interrogations that have focused on dissecting
and understanding the mechanisms and factors influencing their PK and
disposition in order to advance improvements in this science. The PK and
disposition properties of mAbs and peptides are influenced by two broadly
categorized phenomena: target-mediated drug disposition and nontarget-
related clearance mechanisms. This review focuses on nontarget-related
factors influencing the disposition and PK of mAbs and peptides.
Peptides and mAbs have overlapping, yet distinct, considerations with
regard to mechanisms influencing their clearance. Dissecting the nontarget-
mediated mechanisms affecting the PK and disposition of either mAbs or
peptides is a complex endeavor, involving a deep-rooted understanding of
protein structure and dynamics and the intrinsic physiologic mechanisms
influencing the peripheral clearance and tissue disposition of these biologic
modalities. Mechanistically, recent reports have highlighted the intricate
balance in the physiochemical properties of mAbs and peptides as an
important aspect in determining these factors. Physiochemical attributes
such as the molecular weight, secondary and tertiary structure, charge-
and hydrophobicity-related attributes, post-translational modifications
(e.g., glycosylation, deamidation, and methylation), and thermal and
catabolic stability, each play a role in the clearance of mAbs and pep-
tides to varying degrees. Some peptides may also encompass the added
feature of conjugation (e.g., PEGylation, acylation, and polysialic acid)
or fusion to larger domains (e.g., the Fc region of mAb or albumin
moieties) that are intended to influence their PK and disposition. Thus,
in addition to molecule-centric physiochemical properties, several
studies have reported physiologic-based protein interactions with
circulating serum albumin and the neonatal Fc receptor (FcRn) as
key pillars affecting PK and disposition in mAb and peptide biologics.
Beyond understanding factors that influence the peripheral clearance
of mAbs and peptides, there is a need to augment the druggability of
these modalities in terms of administration in order to improve patient
experience and compliance. Optimizing the druggability of mAbs and
peptides requires knowledge of the practical application to the therapeutic
area and the patient population in which these modalities will be applied
with regard to dose volume, route, and frequency. Historically, mAbs
(especially those developed for oncology) have been administered via the
intravenous route, which can be potentially less convenient and more
costly for patients, payers, and providers. As mAbs are being developed
for indications that patients and providers want and need, many
nonintravenous delivery approaches are being interrogated for mAbs
in order to facilitate the flexibility of consistent self-administration.
Some of these approaches include other forms of parenteral delivery,
such as subcutaneous and intramuscular administration, along with
depot-based delivery strategies geared toward minimizing pain to
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enhance the injection experience. In the case of peptides (particularly
for chronic or subchronic therapeutic applications), while the majority
are developed as subcutaneously self-administered modalities, there
are considerable efforts being made toward enabling the delivery of
peptides via other approaches. The delivery strategies include inject-
able sustained-release formulations requiring less frequent adminis-
tration as well as noninvasive routes of delivery such as oral, transdermal,
inhalation, and nasal routes. As a consequence of the pragmatic need to
augment the druggability properties, it has become increasingly impor-
tant to understand the factors/mechanisms affecting the delivery
route—dependent absorption kinetics and the solubility and perme-
ability properties of mAbs and peptides, which are thus discussed
herein. There is also mention of content regarding the promising
insurgence in the development of computational-based approaches
toward predicting the kinetic properties of mAbs and peptides as a
means of designing molecules with enhanced druggabilty properties
and informing in silico model-based biotherapeutic design.

Molecule-Centric Phsiochemical Factors Influencing Disposition
and Pharmacokinetics

Physiochemical factors such as molecular weight, metabolic stability,
charge/hydrophobicity, glycosylation, and chemical transformations (e.g.,
methylation, deamidation, oxidation, and isomerization) impact the
absorption and disposition of biotherapeutics. The structural uniqueness
of mAbs and peptidic proteins imparts some similarities and differences
in the relative influence of these factors on the PK of these two biologic
modalities. In this section, several physiochemical factors are reviewed,
and their impact on disposition in relationship to the structure of
mAb- and peptide-based therapeutic modalities is discussed.

Apparent Molecular Weight. Molecular weight (or apparent hydro-
dynamic size) is perhaps one of the most polarizing physiochemical
differences between mAbs and peptidic proteins, affecting their PK and
disposition in both the blood and tissue. The difference in molecular
weight has led the biopharmaceutical industry to use distinct approaches
in the design, engineering, and strategies for enhancing the PK
properties of mAbs and peptides as medicinal agents. This section
focuses on the influence of molecular weight on the peripheral
blood elimination and tissue distribution of mAbs (molecular weight
of ~150 kDa), peptides (molecular weight of~1-10 kDa), and peptidic
proteins (molecular weight of~10-50 kDa) that are present in the
blood circulation irrespective of route of administration. In addition,
strategies leveraged to modify the native systemic clearance mechanisms
due to the size of the molecules are discussed for peptides.

There is an inverse relationship between the rate of renal clearance
(or elimination) of protein-based biologics and their size (or molecular
weight). The general philosophy, based on a number of studies, suggests
molecules that are less than 50 kDa are removed from systemic
circulation by renal filtration through the renal glomeruli (Haraldsson
et al., 2008; Sarin, 2010). The kidney glomeruli pore size is estimated at
~8 nm; thus, proteins/peptides with a molecular weight of <2-50 kDa
are liable to renal filtration through the glomeruli (Haraldsson et al., 2008).
The large molecular weight of mAbs (~150 kDa) clearly precludes these
molecules from renal clearance mechanisms; however, for peptides,
renal filtration can play a major role in the removal of these molecules
from systemic circulation. In the absence of renal insufficiency, many
unmodified peptides have a short in vivo half-life (typically, in the range
of minutes), making these modalities challenging to develop as therapeu-
tics (Lau and Dunn, 2018). There are some known examples of renal
reabsorption mechanisms for endogenous proteins in the tubules that
also play a role in the rate, extent, and magnitude of peptide renal
filtration, which are influenced solely by the size of the molecules,
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but instead are affected by the charge and interaction of the peptide
with the FcRn (Sands, 2015). For example, in the case of albumin,
reabsorption of large amounts of protein that pass through the
glomeruli is mediated in renal tubules (Sands, 2015). Notwithstand-
ing this phenomenon, given that the reabsorption of peptides
designed as therapeutics is generally uncommon several approaches
have been interrogated to reduce the renal filtration of peptides by
increasing their apparent molecular weight. The goal of these efforts is
to improve the pharmacokinetics and half-life of peptides in circulation
in ordr to decrease both the amount of peptide required for therapeu-
tic application as well as the dosing frequency to improve patience
compliance/experience.

One strategy to increase the apparent molecular weight of peptides
has been to fuse peptides to larger polymer-based entities. Polymers such
as PEG, polysialic acid, and hyroxyethyl starch have been conjugated to
peptides to slow glomular filtration and are being evaluated as additional
options to reduce the renal clearance of peptides (Patel et al., 2014).
There are a number of successful examples of slowing renal clearance
via PEGylation. For example, PEGylation of forms of erythropoietin
(Mircera; half-life ~135 hours in humans) and human growth hormone
(Pegvisomant; half-life of ~144 hours in humans) increased the half-
life of the molecules by ~14- and ~400-fold relative to their respec-
tive native peptides in humans, respectively (Turecek et al., 2016).
Approaches to leverage polysialic acid and hyroxyethyl starch to
improve the half-life of peptides show promising findings in explor-
atory studies in preclinical species and continue to be interrogated
(Gregoriadis et al., 2000; Sold and Griebenow, 2010).

Another strategy to increase the apparent molecular weight of peptides
has been to fuse these molecules to a larger entity such as plasma or serum
proteins. There are several fusion approaches of peptides to circulating
proteins, which involve a myriad of noncovalent and direct or covalent
interactions with the peptide (Strohl, 2015). Increased binding of plasma
proteins through modulation of noncovalent interactions of the peptide
has been successfully used to slow the clearance of some peptide moieties
(Strohl, 2015). For example, the slowed clearance of octreotide is
attributed to the molecule’s ability to reversibly bind to circulating
lipoproteins, resulting in an ~100 minute half-life in humans (Chanson
et al,, 1993). It is speculated that interaction of the peptide with
lipoprotein may also facilitate increased albumin binding, leading to
its slowed glomerular filtration (Chanson et al., 1993). An additional
effective technique that hijacks endogenous albumin binding to slow
renal clearance involves direct conjugation of peptides to fatty acid
moieties (Lim et al., 2013). The conjugation to fatty acid chains
effectively makes the peptide a lipopeptide that can interact with
serum albumin, prolonging the peptide’s effective circulation time
due to increased apparent molecular weight via binding albumin
through noncovalent interactions (Lim et al., 2013). In the case of
insulin detemir, linking an insulin analog to myristic acid facilitates
prolonged action compared with postprandial treatments (Poon and
King, 2010). Similarly, conjugation of the glucagon-like peptide-1
(GLP-1) receptor agonist analog, semaglutide, to a 18-carbon fatty
acid chain, led to a half-life of ~168 hours in humans and supported a
once weekly dosing interval for the peptide compared with nonfatty
acid containing GLP-1 receptor agonist molecules, which have a daily
dosing frequency due to their short half-lives (less than ~3-6 hours)
(Guja and Danciulescu Miulescu, 2017).

The fusion of peptides to larger protein domains such as the Fc region,
other immunoglobulin fragments and albumin, or conjugation to polymers
can also increase their molecular weight and apparent size, leading
to slowed renal filtration. Many of these strategies have been or are
being applied to GLP-1 peptides to facilitate decreasing the frequency
of administration. For example, in the case of Trulicity (or dulaglutide)
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the fusion of a GLP-1 moiety to the Fc region derived from an IgG1
imparted a half-life of ~120 hours in humans compared with a GLP-1
molecule that had a half-life of minutes (Fala, 2015). In other cases,
GLP-1 homologs such as the albumin-exendin-4 conjugate CJC-1134-PC
and albiglutide have been fused to albumin to increase their molecular
weight and slow renal elimination, to the extent that the molecules have
displayed half-lives of ~8 days and ~6 to 7 days, respectfully, in humans.
Single domain antibodies such as nanobodies that bind to albumin
have also been developed (Adams et al., 2016). For example,
GSK?2374697 is an albumin-binding domain antibody that binds to
albumin and increased the serum persistence of a GLP-1 receptor
agonist (O’Connor-Semmes et al., 2014). It is important to note that
Fc regions and albumin also interact with FcRn. Thus, in addition to
the increased molecular weight, the slowed clearance and prolonged
half-life of peptides leveraging covalent or noncovalent fusion with
an Fc region or albumin is also mediated via FcRn. Improved FcRn
interaction increases the potential of the molecules to be salvaged
from intracellular catabolism in vascular endothelial and epithelial cells.
The role of FcRn in the clearance and disposition of mAbs and peptides
is discussed further in more detail subsequently.

Regardless of molecular weight, it is well established that the tissue
distribution of any molecule is determined by movement of the entity
across or between the endothelial cells that comprise the vascular network
into the interstitial space between the vasculature and tissue. The
size and generally solvent buried hydrophobic content of mAbs
and peptidic protein molecules preclude readily permissive passive
diffusion across vascular endothelial cells. Instead, convection or
diffusion between endothelia are conventionally considered to be the
predominate mechanisms for mAbs and peptidic proteins (Jain and
Gerlowski, 1986). In the case of molecules that are <15 kDa, the rate
of diffusion is larger than the convection rate; in contrast, for the
larger molecular weight mAbs (~150 kDa), the movement into the
interstitial space is dependent on the pressure gradient in the blood
vessels, and thus is driven by convection (Jain and Gerlowski, 1986).
Irrespective of the diffusion- or convection-mediated transit of the
molecules to the interstitial space, the quantity in and out of tissue is
contingent on the amount of molecule within the interstitial space
and the magnitude of the area (i.e., size) of tissue exposed (Sarin,
2010). In other words, highly vascularized tissues with discontinu-
ous fenestrated endothelia (e.g., liver, bone marrow, and spleen) will
have greater exposure to mAb- and peptidic protein—based molecules
than tissues with continuous nonfenestrated endothelium (e.g., muscle,
skin, central nervous system, and lung). Modeling data indicate the
estimated insterstitial fluid-to-blood ratio for mAbs to range from 0.3
to 1 at steady state, with organs having fenestrated or discontinuous
endothelia being at the higher end of the scale (Covell et al., 1986; Lobo
et al., 2004). There are limited reports of interstitial fluid levels of
proteins, but inferences from studies with albumin in skin suggest that as
the protein size decreases the interstitial fluid-to-blood ratio would be
expected to show increases (Aukland and Fadnes, 1973; Poulsen, 1974).
Additional studies dissecting the relationship between the size of
the biologic on the partitioning and the interstitial space and tissue
compartment present an opportunistic area for improving the devel-
opment of biotherapeutic modalities for enhanced tissue compart-
ment targeting. Active transport via FcRn has also been reported to
facilitate tissue distribution. The role of FcRn in the tissue distribution
of mAbs and peptides is discussed subsequently.

The Neonatal Fc Receptor. The FcRn is a major histocompatibility
complex class I-related receptor consisting of a @-FcRn chain and 32
microglobulin components (Brambell, 1966; Burmeister et al., 1994).
FcRn is a crucial component with direct connectivity to the elimination
half-life of mAbs (via the Fc region), Fc, or albumin fusion peptides and
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fatty acid conjugated (i.e., acylated) peptides. The role of FcRn in the
clearance of mAbs has been studied extensively; however, there is
a paucity of reports with regard to dissecting this mechanism for
peptides. This section will provide an overview of the role of FcRn
in the regulation of the systemic clearance and tissue distribution of
mAbs and peptides.

The role of FcRn in mediating the long circulating half-life of
endogenous IgG and albumin has been well established by both in vitro
studies and in vivo murine knockout systems that show rapid elimination
of endogenous IgG and albumin (Ghetie et al., 1996, 1997; Ghetie and
Ward, 1997; Ward et al., 2003, 2005; Garg and Balthasar, 2007; Goebl
et al., 2008; Andersen and Sandlie, 2009; Andersen et al., 2014). FcRn
functions to salvage IgG and albumin taken into cells by means of a
pH-dependent binding mechanism within endosomes. The high affinity
of FcRn for IgGs (mediated through the Fc region) and albumin within
the reduced pH environment of endosomes (pH ~5 to 6) facilitates
binding, followed by recycling of the FcRn-IgG or albumin complex and
release of bound species at the higher extracellular pH environment
(pH ~7.4), where the FcRn affinity is markedly lower (Roopenian and
Akilesh, 2007). A few studies have shown that IgG not bound to FcRn
within endosomes undergoes proteolytic degradation in lysosomes
(Ward et al., 2003, 2005). Thus, the dogma is that the proportion of
IgG processed through the recycling versus degradative pathways is
critical in determining the clearance and half-life of IgG and albumin
molecules in the circulation. The increased emphasis on improving
both the PK and disposition properties of mAbs and peptides made
optimizing their interactions with FcRn through protein engineering
a logical approach.

Strategies, including fusion to Fc domains or albumin and acylation
(which facilitates interaction with albumin), clearly improve the elim-
ination half-life relative to the native peptide. Some examples are hirudin
(Syed et al., 1997), GLP-1 (Mehta et al., 2017), gastric inhibitory
polypeptide 1 (Martin et al., 2013), insulin (Duttaroy et al., 2005),
CD4 (Yeh et al., 1997), granulocyte colony stimulating factor (Halpern
et al., 2002), o and B interferons (Sung et al., 2003; Bain et al., 2006;
Subramanian et al., 2007), and growth hormone (Osborn et al., 2002).
Successful clinical examples include etanercept (Enbrel, TNFR75-Fc),
dulaglutide (Trulicity, GLP-1-Fc), and albiglutide (Tanzeum/Eperzan,
GLP-1-albumin) (Spencer-Green, 2000; Blair and Keating, 2015; Fala,
2015). Each of these has shown improved PK compared with unfused
or nonacylated counterparts. Studies with Fc-modified constructs
and albumin variants indicate the importance of FcRn in slowing the
clearance of modalities used as fusions for peptides. For example, an
albumin variant (deemed K573P) with ~12-fold improved human
FcRn affinity showed prolonged serum half-life in normal mice, mice
transgenic for human FcRn, and cynomolgus monkeys (Andersen et al.,
2006, 2012, 2014). Moreover, for the development of albiglutide,
an engineered albumin variant with improved FcRn binding was used
to enhance the kinetics (Bukrinski et al., 2017). Similarly, specific Fc
variants with enhanced FcRn interactions (discussed subsequently)
can result in ~2- to ~4-fold longer in vivo elimination phase half-life
in monkeys (Dall’acqua et al., 2002, 2006; Hinton et al., 2004, 2006;
Datta-Mannan et al., 2007a,b; Yeung et al., 2009, 2010; Deng et al.,
2010). The case of peptide acylation is unique (compared with Fc or
albumin fusion strategies), in that the interaction with FcRn is indirect
and mediated through binding to albumin. There are several reports
of empirical-based PK studies examining the effect of fatty acid length,
composition, and position of conjugation on peptide half-life with a
variety of findings (Lim et al., 2013; Jensen et al., 2017). While
improvements in peptide PK are generally observed following
acylation, the disparity in the observations may be related to a
number of additional contributing factors, such as peptide-specific
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charge, hydrophobicity, and metabolic stability. Additionally, it has
been postulated that binding of acylated peptides to albumin may affect
FcRn interactions via conformational changes within the acylated
peptide bound albumin (Barnett et al., 2013; Jovanovic et al., 2014).
Schmidt et al. (2013) demonstrated that saturation of albumin with fatty
acids interferes greatly with FcRn binding. In another approach, FcRn
binding peptides were designed to interact directly with receptor as a
means to improve the elimination half-life. When the FcRn binding
peptides were fused to larger protein domains, improved clearance and
half-life were observed for the domains relative to the native molecules
(or non-FcRn-binding peptide bearing moieties) (Mezo et al., 2008;
Sockolosky et al., 2012; Ying et al., 2015; Datta-Mannan et al., 2019).
Regardless of the method leveraged to improve half-life, there remains
considerable opportunity in delineating the role of FcRn relative to other
factors (e.g., size and metabolism) in the improvements in PK observed
for the fused and/or fatty acid—conjugated peptides. The information
is important for the design of novel peptide therapeutics, and has
significant implications in relation to understanding the FcRn-mediated
disposition characteristics of various peptide biotherapeutic modalities.

In the case of mAbs, many studies have focused on mutating the Fc
region to enhance the interaction with FcRn, with findings suggesting a
somewhat controversial role for universally leveraging FcRn as a means
to slow their systemic clearance. For example, a handful of specific Fc
variants (T250Q/M428L, M428L, M252Y/S254T/T256E, M428L/N434S,
N434A, and N434H) have shown that improving the mAb affinity for
FcRn at pH 6, with little to no influence on the pH 7.4 interaction
molecule, can result in ~2- to ~4-fold longer in vivo elimination
phase half-life in monkeys (Dall’acqua et al., 2002, 2006; Hinton
et al., 2004, 2006; Datta-Mannan et al., 2007a,b; Yeung et al., 2009,
2010; Deng et al., 2010). Along these lines, retrospective analyses
of several humanized mAbs having similar human FcRn binding
properties demonstrated that they had ~1.5- to ~2-fold differences
in their elimination half-lives in humans, suggesting lack of direct
quantitative correlation with FcRn binding (Suzuki et al., 2010).
Similarly, our laboratory (Datta-Mannan et al., 2012), Gurbaxani et al.
(2006), and Deng et al. (2010) were unable to directly correlate FcRn
binding affinity to the pharmacokinetics of a number of IgGs in mice
and/or monkeys. Varied FcRn binding formats, as well as the influence
of other factors including target binding and nontarget-related mecha-
nisms influencing the disposition of mAb (modifications, transforma-
tions, charge, and hydrophobicity discussed subsequently), have been
implicated as potential reasons for the lack of a direct predictive
relationship between any of the FcRn interaction parameters (kopn, kofs,
and Kp) in vitro with antibody pharmacokinetics in vivo (Datta-Mannan
and Wroblewski, 2014). In this regard, a few groups have reported
promising utility in leveraging transgenic mice expressing human FcRn
as a preclinical PK model to project human PK of mAbs and mitigate
nonhuman primate usage (Tam et al., 2013; Proetzel and Roopenian,
2014; Avery et al., 2016). A recent report around the development of a
double transgenic mouse model bearing both human FcRn and human
serum albumin genes may also facilitate additional preclinical-to-clinical
PK projections for mAbs, human serum albumin fusion molecules, and
acylated constructs (Viuff et al., 2016). Irrespective of the preclinical
model that best predicts human clearance, evidence of improving mAb
clearance via enhancing FcRn interactions for mAbs has been demon-
strated in humans. MEDI4893, a mAb that binds to a-toxin and contains
a triple residue substitution (M252Y/S254T/T256E or YTE) within
the Fc region that improves the FcRn interaction, was estimated to
have an elimination half-life of ~80-112 days, which is ~4-fold
longer than the systemic half-lives of other human IgGs (Yu et al.,
2017). Similarly, motavizumab-YTE showed an extended half-life
of 70-100 days in healthy adults, which is also ~4-fold longer than
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that of wild-type motavizumab (Robbie et al., 2013). The positive
corroboration that a PK benefit can be manifested via enhanced
FcRn interactions in humans for mAbs continues to leave a pillar of hope
for enhancing the druggability of next-generation mAb therapies.
Given the expression of FcRn in multiple tissues (including those
involved in clearance such as liver and kidneys), the receptor has the
potential to have various roles in the tissue distribution of mAbs and
peptides. A few studies have been conducted in which the expression
of FcRn in various tissues and species including humanized trans-
genic mouse lines was examined (Garg and Balthasar, 2007; Chen
et al., 2014; Yip et al., 2014; Fan et al., 2016; Latvala et al., 2017).
A comprehensive comparative assessment of FcRn distribution in
~20 tissues from humans and nonclinical species (rat, mouse, cynomol-
gus monkeys, two humanized transgenic mouse lines, and the severe
combined immunodeficient mouse) showed FcRn was expressed in
endothelial cells and interstitial macrophages, Kupffer cells, alveolar
macrophages, enterocytes, and choroid plexus epithelium (Latvala et al.,
2017). In addition, in these studies the FcRn expression pattern was
similar across each species with the exception of the human FcRn
transgenic mouse Tg276 (Latvala et al., 2017). These findings may
have implications in the selection of human FcRn transgenic lines for
translational PK and disposition studies of mAbs, Fc fusion proteins,
and other peptides/proteins leveraging FcRn-based interactions.
Relatedly, an emerging area that has implications in mAb engineer-
ing and the selection of fusion/conjugation approaches for peptides
is the role of FcRn in absorption of mAbs and peptides. Studies on
FcRn knockout mice showed ~3-fold lower subcutaneous bioavailabil-
ity for an IgG; subtype mAb relative to wild-type mice, suggesting
FcRn is important in mediating absorption from the subcutaneous space
(Wang et al., 2008). It was speculated that the receptor may be
mechanistically conferring increased transcytosis across the vas-
culature within the subcutaneous space. The hypothesis was further
supported by the decreased subcutaneous bioavailability observed in a
few studies with mAbs that showed increased FcRn affinity at pH 7.4
or blocked the interaction with the receptor, suggesting slowed/ablated
transcytosis (Deng et al., 2010, 2012; Kagan and Mager, 2013). While
these studies suggest FcRn plays a role in mediating mAb absorption,
in a study conducted on five mAbs with enhanced FcRn binding at
pH 6 and no receptor affinity at pH 7.4, no systematic increase in
subcutaneous bioavailability in cynomolgus monkeys was observed
for any of the evaluated mAbs (Datta-Mannan et al., 2012). These data
along with other studies suggest that leveraging FcRn to improve
subcutaneous bioavailability may be challenging in isolation and
involve the consideration of additional physiochemical properties of
mAbs, as will be discussed subsequently (Igawa et al., 2010, 2011;
Datta-Mannan et al., 2012, 2015b,c; Hotzel et al., 2012). Oral delivery
of mAbs and peptides remains a challenging space (mentioned sub-
sequently). Recent studies with mAbs and Fc moieties suggest FcRn
may also play a role in facilitating the absorption (via transcytosis) of
mAbs and peptide in the gut following oral administration (Pridgen
et al., 2013; Muzammil et al., 2016). For example, conjugation of
nanoparticles with a Fc that bound FcRn at pH 6 compared with a
nonbinding Fc improved the bioavailability by ~11-fold in mice
following oral delivery (Pridgen et al., 2013). Moreover, in a cynomolgus
monkey study, a mAb showed exposure following delivery to the
small intestine (Muzammil et al., 2016). While the exposure was
considered low (relative to parenteral delivery of mAbs), potentially
due to proteolysis in the gastrointestinal tract, the proof of principle
around the ability to absorb a mAb into the systemic circulation in
the absence of permeation enhancers or other excipients that affect
the integrity of the gut epithelial tight junctions was demonstrated
(Muzammil et al., 2016). Additional exploration around the synergies
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between various disciplines (engineering, delivery technologies, and
depot formulations) may lead to future alternatives for improving the
druggability of mAbs and peptides.

Modifications and Transformations. Mabs and peptides are
susceptible to various nonproteolysis-based transformation processes
or modifications including glycosylation, deamidation, oxidation, and
isomerization of certain residues. These mechanisms can cause structural
perturbations in both mAb and peptide molecules and markedly
influence their clearance and disposition. The genesis of the trans-
formation and modification processes can be a myriad of possibilities
during expression, purification, storage, and/or in vivo exposure. This
section will cover a high-level overview of these mechanisms in
the absence of the consideration of their origin; however, a substantial
discussion on these processes has been reviewed extensively else-
where and the reader is directed to other reviews for more information
(Bak et al., 2015; Laptos and Omersel, 2018). Additionally, it has been
speculated by our laboratory and others that transformations or
modifications can influence the clearance of biologics, particularly
through scavenger receptors (Ashraf and Sahu, 2012; Zani et al., 2015;
Datta-Mannan et al., 2016; PrabhuDas et al., 2017). The role of
scavenger receptors in the disposition of mAbs and peptides is an
evolving space that is not presented herein.

The study of mAb and peptide transformation and/or modification is
a complex field that is highly intertwined with bioanalytical strategies
to detect these processes. The insurgence of highly sensitive liquid
chromatography approaches to separate various isoforms along with
high-resolution mass spectrometry has spurred advancements in this
evolving landscape (Wang et al., 2016). The glycosylation of mAbs
and peptides is arguably the best characterized modification studied
via these approaches. There are two well-established clearance
pathways for glycosylated molecules (Jefferis, 2005, 2009; Sinclair
and Elliott, 2005). One mechanism is via the liver-expressed asialogly-
coprotein receptor that recognizes terminal galactosylation, binding
these moieties and clearing the glycoprotein from systemic circula-
tion. The second manner in which glycoproteins are removed from
the circulation is through the mannose receptor, which exclusively
interacts with N-acetylglucosamine residues of N-glycans and is
highly expressed in immune cells. As discussed previously, the long
half-life of IgGs is conferred by the interaction of their Fc region with
FcRn (Datta-Mannan and Wroblewski, 2014). While this FcRn binding
property is not influenced by natural glycoforms for endogenously
circulating antibodies, some concern has been raised for recombinant
mAbs produced in various cells (NSO, CHO, or Sp2/0) (Harris, 2005;
Liu, 2015). In the case of recombinant mAbs, there are typically minor
amounts of non-natural glycoforms, especially high mannose glyco-
forms, such as mannose-5 and mannose-6, as well as variable amounts
of glycosylation (Harris, 2005). While these have been speculated
to potentially influence mAb PK and disposition due to the targeting
potential of cells expressing mannose receptor (most markedly expressed
in immune cells), studies have shown mixed findings. In one study on a
mAb by Millward et al. (2008), it was demonstrated that a mAb with high
mannose-enriched Fc showed no significant differences in PK examined
in mice relative to the molecule with complex glycoforms. These data
suggested that for mAbs derived from CHO cells Fc regions with high
mannose-5 and mannose-6 glycoforms have no significant differences
in kinetic properties (Millward et al., 2008). In contrast, for another
mADb, kinetic studies of mice showed slower clearance and longer
half-life for degalactosylated IgGs compared with the unmodified
parent molecules (Newkirk et al., 1996). Similarly, a high mannose-5
glycan containing mAb was more rapidly eliminated than other forms
in mice (Kanda et al., 2007). In terms of the impact of glycosylation of
the mAb variable region on PK, there are also divergent findings.
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There was a lack of pharmacokinetic differences observed in mice in
the clearance of a mADb separated into fractions containing different
amounts of fragment variable (Fv)—associated sialic acid, suggesting
Fv-associated sialic acid differences are not a substantial clearance
mechanism for mAbs (Huang et al., 2006). In contrast, another lab-
oratory showed that version of a mAb that lacked galactosylation
in the Fv had a more rapid clearance in rodents than those that were
sialated (Coloma et al., 1999). Clinical studies also show mixed findings,
suggesting both that enzymatic conversion of glycans in vivo as another
option explaining the selective removal of distinct glycoforms, as well
as more rapid clearance of a mAb with a high mannose Fc from serum
(Chen et al., 2009; Goetze et al., 2011). In totality, the findings around
the influence of glycosylation on the disposition of mAbs are hetero-
geneous and at best unclear or potentially mAb specific. It seems likely
that the findings may need to be reexamined in the context of additional
mechanisms influencing the disposition of mAbs including (but not
limited to) charge, hydrophobicity, stability, and solubility.

In addition to the potential of glycosylation to influence the PK of
antibodies, it is worth noting that the core heptasaccharide (with variable
outer arm sugar residues) within the CH, region of the Fc is critical to the
effector function as mediated through FcyR and Clq. Several studies
have demonstrated altered effector mechanisms for aglycosylated anti-
bodies, indicating glycosylation is essential for effector functionality
(Liu, 2015). In the case of recombinant mAbs produced in various cells
(NSO, CHO, or Sp2/0), the core is comprised of fucosylated entities that
embody effector function, which can be modulated via engineering of
the glycoform. For example, the increased binding of a nonfucosylated
form of rituximab to FcyRIIla enhanced the effector function activity
by several orders of magnitude compared with the fucosylated form of
rituxan (Shibata-Koyama et al., 2009). Additional studies in this area
could inform engineering approaches around effector function and mAb
PK/disposition.

In contrast to mAbs, for peptides it is much more apparent that the
glycosylation profile can significantly influence the kinetics and disposi-
tion of molecules. In a few instances, hyperglycosylated forms of
erythropoietin, neutrophil inhibitory factor, follistatin, and follicle-
stimulating hormone showed slowed systemic clearance compared
with their respective lower glycosylated counterparts (Darling et al.,
2002; Webster et al., 2006; Shibata-Koyama et al., 2009; Datta-Mannan
etal., 2015a). The glycans on peptides are often accessible to mannose or
asialoglycoprotein receptors on cells that can interact with the glycans
and mediate clearance of the peptides. For example, Aranesp is
an engineered erythropoietin molecule that contains two additional
N-glycosylation sites relative to recombinant human erythropoietin for
enhanced sialylation. The enhanced sialylation slows the clearance of
Aranesp, conferring ~3-fold longer half-life in vivo compared with
recombinant human erythropoietin (Egrie et al., 2003). Additionally, in
the case of an engineered version of follistatin fused to an IgG-derived
Fc, glycosylation heterogeneity within the follistatin component led to
the rapid clearance of various glycoforms by asialoglycoprotein receptor
1 (Datta-Mannan et al., 2015a). Reduced sialic acid content correlated
with decreased serum half-life in mice and cynomolgus monkeys.
Profiling of the glycan content led to glycan content specifications
to limit the clearance of the follistatin-Fc fusion protein via this
mechanism (Datta-Mannan et al., 2015a).

Along with glycosylation-based modifications, there are noteworthy
concerns around the transformation of mAbs and peptides, which may
result in perturbations to structure and function that influence PK and
disposition. The transformation of mAbs and peptides via deamidation,
oxidation, and isomerization of certain residues is commonly assessed
during chemical stability testing in vitro as part of formulation devel-
opment at relatively high protein concentrations (Bak et al., 2015;
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Laptos and Omersel, 2018). Due to bioanalytical challenges around
detection in the complex environmental milieu of biologic samples,
progress in the characterization of transformation in vivo has been
slow; however, there are a handful of studies examining the occurrence
of these processes in vivo and the importance of their characterization
on the clearance and disposition of mAbs and peptides. For example,
deamidation of asparagine and/or glutamine residues in peptides such
as human growth hormone and epidermal growth factor have been
speculated to alter clearance as a consequence of conformational
changes due to alterations in surface charge distribution (Bischoff and
Kolbe, 1994; Robinson, 2002). This overall increase in net negative
charge may facilitate increased interaction with endothelial and
epithelial cells, which has been noted in biologics. In the case of mAbs,
a few studies have clearly reported loss of antigen binding activity when
deamidation occurred within the complementarity-determining re-
gion (CDR); however, the role of deamidation in mAb clearance and
disposition is somewhat vague (Harris et al., 2001; Chelius et al.,
2005; Huang et al., 2005; Yan et al., 2009). In a hallmark study by
Liu et al. (2009), deamidation of conserved asparagine residues with
the Fc region of IgG1 and IgG2 subtypes was predicted to show no
significant effect on their pharmacokinetics relative to the amidated
species in humans. These findings, generally led to a long time
reasonable consensus in the field around the lack of a substantial
influence of deamidation of asparagine residues conserved in the
Fc region influencing PK. More recently, some laboratories have
suggested revisiting this area, given that data have shown changes in
mADb charge distribution could alter clearance differentially based on the
impact to local structural conformation, structural flexibility/dynamics,
and solvent accessibility (Yan et al., 2018). Similar to deamidation,
isomerization of aspartate to isoaspartic acid has been noted to play
a significant role in alteration of protein structure and function. For
instance, it has been speculated that isoaspartic acid is crucial for the
aggregation of B-amyloid, and thereby facilitates the progression of
neurodegenerative disorders like Alzheimer’s disease (Lashley et al.,
2018). There are also examples of the isomerization of aspartate to
isoaspartic acid in the CDRs of mAbs that decrease target binding
and mAb efficacy (Wakankar et al., 2007; Dick et al., 2010). The
phenomenon has also been noted to occur in vivo by Prueksaritanonti
and Tang (2012) for a mAb, which resulted in complete loss of the
molecule’s target binding ability. To the best of our knowledge, there
are no published reports showing that isomerization of aspartate to
isoaspartic acid within mAbs or peptides affects their PK or disposition;
however, it is entirely possible to envision that for molecules in which
isomerization impacts structural integrity, charge, or target-mediated
drug disposition, the clearance of the molecules may be influenced. In
the case of oxidation, there are a number of reports demonstrating that
oxidation of methionine in the Fc region of mAbs reduces FcRn
binding, and consequently the half-life, in preclinical species (Wang
etal., 2011; Folzer et al., 2015). Furthermore, oxidation of methionine
or tryptophan in the CDRs of some mAbs induced a loss of antigen
binding and decreased potency, although the influence of these transfor-
mations on clearance and disposition was not reported and remains unclear
(Wei et al., 2007; Hensel et al., 2011). Taken together, it is clear that
modification and transformation of mAbs and peptides are important
considerations in the development of the modalities for enhanced
disposition and PK/PD properties. Increased characterization of these
processes in vivo and their connectivity to the relationship between
clearance and protein structure, folding, and dynamics may help facilitate
more rationale and optimal design and engineering strategies for mAbs
and peptides.

Charge Heterogeneity and Hydrophobicity. Solvent-exposed res-
idues within mAbs and peptides are subject to interactions with in vivo
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matrices (i.e., blood cells, other circulating proteins, vasculature, and
tissue components) that affect their nontarget binding—mediated clear-
ance. Depending on the nature of the molecule, the solvent-exposed
residues may create a globalized or local/regionalized composition of
charge and hydrophobic content heterogeneity within the mAb or
peptide, which results in a net physiochemical distribution of these
properties affecting the PK and disposition of molecules (Hong et al.,
1999; Boswell et al., 2010; Khawli et al., 2010). While the specific
characterization of the influence of hydrophobicity has been noted
in studies assessing mAb and peptide aggregation propensities,
evidence of direct connectivity with clearance is sparse (Boswell
etal., 2010; Igawa et al., 2011; Bumbaca et al., 2012; Datta-Mannan
et al., 2015b,c; Dobson et al., 2016). This is likely due to early
elimination during the drug discovery and development process due
to poor expression, purification, and/or solution solubility given the
propensity of these molecules to aggregate. For peptides, a number
of recent studies have predicted the elimination half-life as it relates
to charge and hydrophobic content-based physicochemical proper-
ties related to their residue composition, potential for metabolism
(discussed subsequently), chemical modification, and transforma-
tions (Sharma et al., 2014; Broom et al., 2017; Mathur et al., 2018).
Due to their more complicated large tertiary structures and dynamics,
the role of hydrophobicity and charge in mAb clearance has been
determined through more empirical-based experimentation. For
example, it was speculated that the broad nonspecific tissue binding
and sequesterization observed in antirespiratory syncytial virus mAb
A4b4 may have been due to hydrophobic interactions (Wu et al.,
2007). Similarly, the rapid cynomolgus monkey clearance of an
antihuman amyloid-8 peptide mAb was connected to fibrinogen,
which upon conversion to fibrin becomes increasingly hydrophobic
(Vugmeyster et al., 2011). More recently, direct evidence of the
disruption of the hydrophobicity-induced self-association interface
of MEDI1912, an antibody targeting the nerve growth factor, by
three amino acid mutations was demonstrated to improve its serum
persistence, while maintaining high affinity and potency (Dobson
et al., 2016).

In terms of charge, modifications (via glycosylation) and transforma-
tions (oxidation, isomerization, and deamidation) cause changes to the
overall net charge of mAbs and peptides, creating basic or acid moieties
with altered PK and disposition as discussed previously. A few studies
have conclusively reported that changes in the isoelectric point (pI) of
a mAb or peptide of more than one pl unit can increase the systemic
clearance and tissue retention affecting distribution, likely due to
increased charge-charge interactions with components of tissues
agnostic to chemical modification and transformations or alter-
ations in FcRn interactions (Hong et al., 1999; Boswell et al., 2010;
Igawa et al., 2010; Khawli et al., 2010). For example, Igawa et al.
(2010) showed that lowering the pl point from 9.2 to 7.2 by
engineering the Fv region of a mAb reduced the rate of elimination in
cynomolgus monkeys. Along these lines, Li et al. (2014) demonstrated
that a mAb variant with a ~2.51 pI unit increase showed more rapid
clearance in rats. There is some disparity between reports in the PK and
disposition consequences as a result of changes in the ionic charge that
show less than 1 pI unit difference for mAbs. For example, early studies
by Boswell et al. (2010) and Khawli et al. (2010) on IgG1 molecules
showed that blood and tissue clearances were similar for mAbs with pl
differences of less than approximately 1 pl unit. More recently, for
mAbs, we and others have demonstrated local charge within the CDR
and Fv domain of the framework that was not reported to impact the
overall pl of the molecules can lead to charge imbalance and greatly
impact the clearance of these molecules (Sampei et al., 2013; Li et al.,
2014; Datta-Mannan et al., 2015c; Schoch et al., 2015). Taken together,
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the data suggest that both global and local assessments of charge and
hydrophobicity for mAbs and proteins are important in understand-
ing the PK and disposition of these modalities. Indeed, retrospective
correlation analyses of the in vivo PK and in vitro physiochemical
properties of mAb-leveraging assays that measure charge and
hydrophobicity have shown great promise and enabled the success-
ful differentiation of mAbs at high risk for poor PK profiles from
those with favorable clearance profiles (Bumbaca et al., 2012; Avery
et al., 2018). The findings indicate leveraging physiochemical
charge and hydrophobicity assays as preclinical in vitro tools to
filter molecules prior to any in vivo PK assessments are methods to
speed the selection and improve the probability of technical success
for mAbs. The increased attention and research activity toward the
development of in silico and other model-based drug design and
selection tools to predict these phenomena for improving drugg-
ability within the last few years also reinforces the importance of
these factors in affecting nonspecific clearance mechanisms (Mathur
et al., 2018; Wolf Pérez et al., 2019; Xu et al., 2019).

In Vivo Stability. The in vivo stability of mAbs and peptides in the
systemic circulation is critical for them to become successful medicines.
These two biologic modalities have unique stability considerations. The
majority of mAb-based therapeutic drugs are compositionally IgG1,
1gG2, or IgG4 based. Compared with IgG1 and IgG2 molecules, IgG4s
can have stability issues in which they swap in vivo with endogenous
IgGs in a process deemed antigen-binding fragment arm exchange
(Angal et al., 1993; Schuurman et al., 1999, 2001; Aalberse et al., 2009;
Stubenrauch et al., 2010). The antigen-binding fragment arm exchange
involves one-half of the IgG4 molecule (heavy-light chair pair)
exchanging and recombining with another IgG4 antibody. The
process occurs under physiologic conditions; therefore, therapeutic
IgG4s are subject to exchange with endogenous IgG4 molecules in
circulation, thereby resulting in the therapeutic mAbs being functionally
monovalent with potentially reduced efficacy (Margni and Binaghi,
1988; Silva et al., 2015). The instability in IgG4 subtype therapeutic
mAbs can be mitigated, as reported by Stubenrauch et al. (2010), by
mutation of serine residue in position 228 within the hinge to a
proline.

Given their more limited tertiary structure relative to mAbs, peptides
are generally vulnerable to systemic proteolysis or catabolism by soluble
or membrane-bound proteases such as endopeptidases, aminopepti-
dases, and carboxypeptidases. Endopeptidases have increased pro-
pensity to catabolize peptides with higher serine, threonine, proline,
or glutamine residues, whereas aminopeptidases tend to degrade
peptides with N-termini containing glycine, alanine, threonine, valine,
methionine, or serine. Programs to predict peptide stability have been
developed and are leveraged during the discovery/development of
peptides to substitute residues to enhance peptide PK while maintain-
ing efficacy. Mitigation of these catabolic sites is also approached by
a variety of other means including 1) modification of the N- and
C-termini via acetylation and amidation, respectively, to reduce
exoprotease liabilities (Ladner et al., 2004; Sato et al., 2006; Di,
2015); 2) replacement of natural residues (L form) with non-natural
residues (D-form) to decrease endoprotease catabolism (Tugyi
et al., 2005; Chen et al., 2013); 3) modification of natural amino
acids that mechanistically improve stability/protection of amide
bonds via steric hindrance (Werle and Bernkop-Schniirch, 2006); 4)
cyclization of peptides to integrate conformational constraint that
decreases recognition by proteases (Di, 2015); and 5) fusion to larger
domains (albumin or Fc) or chemical conjugation (PEGylation, acylation)
as discussed previously (van Witteloostuijn et al., 2016; Zorzi et al., 2017).
These peptide stabilization approaches can have a myriad of varied
effects on PK; often times, due to the number of degrees of freedom
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(i.e., amide bonds) within peptides, empirical in vivo testing is required
to determine the consequences on elimination half-life.

Delivery Strategies for Improved Druggability:
Injectables and Beyond

Peptide- and mAb-based biologics can vary significantly in their
potency depending on their mechanism of action (i.e., agonist vs.
antagonist). Many of the mAbs that are available as medicines or are
in clinical testing are antagonists, which require high-dose adminis-
tration. In contrast, the majority of peptides (e.g., incretins, insulins,
and enzyme replacement therapies) are agonist hormones, which
compared with mAbs can be administered at very low doses. These
broad differences in mechanism of action have led to similar and
diverging considerations for improving the druggability of mAbs and
peptides.

Historically, many mAbs and peptides were delivered intravenously
(Skalko-Basnet, 2014; Bittner et al., 2018). As the field of biologics as
a class of medicines has increased (especially over the last 2 to
3 decades), there has been a concomitant rise in efforts to improve
patient compliance and experience associated with the administra-
tion and delivery of these modalities. Due to the lower dosage and
self-administration needs (especially in the treatment of chronic diseases
such as diabetes) peptides have logically led the way for subcutaneous
delivery (Skalko-Basnet, 2014; Bittner et al., 2018). Currently, advance-
ments in the development of peptides is well connected to subcutaneous
delivery and device considerations, including the use of autoinjector
and/or pump systems and formulations that minimize any injection site
pain or reactions (Skalko-Basnet, 2014; Bittner et al., 2018). Despite the
general dogma that continued strides in parenteral administration of
peptides improves patient experience, the rich history of nonpar-
enterally delivered small molecule drugs creates a highly debatable
vision for the potential administration of peptide-based modalities by
means other than subcutaneous injection. Nonparenteral delivery of
peptides by transdermal, oral, and inhalation methods has been interro-
gated for several decades with mixed success (Patel et al., 2014). For
example, Exubera, a form of inhalable hexameric insulin that showed
comparable efficacy to injected short acting insulin, was approved
in the United States and United Kingdom in 2006. The failure to
gain acceptance by payers, providers, and patients due to a lack
of pharmacological benefit relative to subcutaneous injection and
its increased cost resulted in Exubera being removed from the
market (Santos Cavaiola and Edelman, 2014). More recently, a
report on another inhalable insulin drug, Afrezza, showed a pharma-
cological benefit in adults with type I diabetes compared with insulin
aspart (Mohanty and Das, 2017). Additional time is required to analyze
whether these observed benefits align with patient and provider needs.
The generally low solubility, stability, and permeability of most peptides
in the gastrointestinal system have limited their oral bioavailability
(typically, <1% relative to subcutaneous injection), also making it
challenging for the biopharmaceutical industry to readily develop
orally delivered peptides. However, this is an active area of research
for peptides, especially for the treatment of type II diabetes. For example,
the announcement to pursue the development of oral semaglutide, which
showed an oral bioavaibility of ~0.5%—-1% in humans (compared with
subcutaneous injection), demonstrates the interest in this space to enhance
peptide druggability (Davies et al., 2017).

The subcutaneous delivery of mAbs to improve druggability has also
progressed with a number of molecules for osteoporosis, autoimmune,
oncology, and neurologic disorders developed or in clinical trials using
subcutaneous administration. Relative to peptides, subcutaneous admin-
istration has been more challenging for mAbs due to the industry
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generally relying on prefilled syringe systems as the container (Li
and Easton, 2018). While these are readily available, for mAbs the
solubility and viscosity of individual mAbs in the resulting formulation
can greatly impact manufacturability using prefilled syringe systems.
Prefilled syringe systems can become challenging due to the associated
constraints including limited practical volume of subcutaneous delivery
(~1-1.5 ml), which requires high mAb concentration (typically, at least
~200 mg/ml) using isotonic solutions for solution stability (Li and
Easton, 2018). The delivery of larger volumes (up to 10 ml) of mAbs is
possible with slower rates of subcutaneous bolus injection, but this
requires alternative delivery approaches and systems. For example,
the coformulation of mAbs with recombinant human hyaluronidase
has been shown to facilitate increasing injection volumes up to 5 ml in
prefilled syringes in the absence of adverse injection site effects
(Wasserman, 2014). From the device delivery perspective, on-body
subcutaneous delivery systems such as intradermal and patchable
pumps are being developed to manage delivery of ~5-10 ml volumes
(Berteau et al., 2015; Viola et al., 2018). There are reports of expanding
the technologies to even higher volumes (~30 ml) to enable subcuta-
neous self-delivery, especially of mAb-based oncology therapies, within
the next decade (Viola et al., 2018). Whether high-volume autonomous
subcutaneous mAb delivery is mediated by formulation and/or device,
several reports indicate an important pillar for the success of these
approaches is mitigating/managing pain during the injection event
(Violaetal., 2018). The United States and European Union regulatory
agencies have begun to establish guidelines around patient experi-
ence with subcutaneous administration (International Organization
for Standardization standard series 11608). Alignment of the needs
around high-volume mAD delivery, patient experience, and delineating
mechanisms that influence subcutaneous adsorption and disposition
continues to be an opportunistic area for improving mAb druggability.

Summary and Future Perspectives

Tremendous strides have been made within the last two decades in the
discovery and development of mAbs and peptides as medicines. As the
field has progressed, there is concerted awareness of the importance of
applying the understanding of mechanisms influencing the disposition
and PK of mAbs and peptides to the selection of molecules for clinical
interrogation. Indeed, predictions of mAb and peptide human PK from
preclinical species is routinely leveraged for the design of human dose
selection and frequency. Allometry, with empirically derived exponents
for mAbs and peptides and population PK modeling have been
successfully used to adequately predict human mAb and peptide PK
from preclinical animal exposure data in the absence of nonlinear
PK and/or species-centric clearance mechanisms (Sharma et al., 2014;
Betts et al., 2018). Albeit while generally successful at predicting human
PK, the current approaches require input from empirical animal PK
studies following generation (expression and purification) of molecules.
The progress made in understanding this space opens up the potential
for increasingly extending into and leveraging in silico approaches for
the design and selection of mAbs and peptides with the desired human
PK properties prior to the generation of molecules and extensive
in vivo preclinical PK studies. Promising findings in a study of 61 IgG1
subtype mAbs showed rapid and normal cynomolgus monkey clearance
was correctly predicted for 86% and 75%, respectively, of the molecules
based on their sequence-derived predicted hydrophobicity with the CDRs
and net charge (Sharma et al., 2014). More recently, the development of
designing computational tools that can accurately predict aggregation
tendencies linked to physiochemical attributes (charge patches and
hydrophobic regions) is increasingly being leveraged for the design
of mAbs. The release of an open-source computational tool called
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the Therapeutic Antibody Profiler, which highlights mAbs with
uncharacteristic developability attributes compared with known
therapeutics, demonstrates the value of building in silico approaches
that will readily predict in vivo PK and disposition to improve the
efficiency and reduce the number of nonessential preclinical studies.
Increased emphasis on understanding the interplay and relative
weighting of the mechanisms influencing the disposition and PK
of mAbs and peptides within these in silico tools will facilitate the
design of the next wave of medicines with increased target and tissue
binding selectivity and specificity for enhanced therapeutic benefit.
In addition to these advances, there remains significant opportunity
to optimize mAb and peptide druggability to enhance patient
experience, and thus strategies to improve their PK and disposition.
The limited permeability of mAbs and peptides currently makes
these modalities predominantly viable as parenterally delivered.
As advancements at the interfaces of multiple disciplines including
drug design, engineering, delivery technologies, digital health,
and clinical practices progresses, a natural evolution of strategies
for enhancing the druggability of mAbs and peptides should also
continue to emerge and grow. The application of information around
the mechanisms influencing the disposition and PK of mAb and
peptide therapies is uniquely positioned to facilitate the rapid
progression of these modalities as medicines and progress toward
the increased availability of novel biologic modalities.

Acknowledgments

The author thanks Jane A. Pinaire, Michael J. Berna, and Derrick R. Witcher
for input and careful review of this manuscript.

Authorship Contributions
Wrote or contributed to the writing of the manuscript: Datta-Mannan.

References

Aalberse RC, Stapel SO, Schuurman J, and Rispens T (2009) Immunoglobulin G4: an odd anti-
body. Clin Exp Allergy 39:469-477.

Adams R, Griffin L, Compson JE, Jairaj M, Baker T, Ceska T, West S, Zaccheo O, Davé E,
Lawson AD, et al. (2016) Extending the half-life of a fab fragment through generation of a
humanized anti-human serum albumin Fv domain: an investigation into the correlation between
affinity and serum half-life. MAbs 8:1336-1346.

Andersen JT, Dalhus B, Cameron J, Daba MB, Plumridge A, Evans L, Brennan SO, Gunnarsen
KS, Bjgras M, Sleep D, et al. (2012) Structure-based mutagenesis reveals the albumin-binding
site of the neonatal Fc receptor. Nar Commun 3:610.

Andersen JT, Dalhus B, Viuff D, Ravn BT, Gunnarsen KS, Plumridge A, Bunting K, Antunes F,
Williamson R, Athwal S, et al. (2014) Extending serum half-life of albumin by engineering
neonatal Fc receptor (FcRn) binding. J Biol Chem 289:13492-13502.

Andersen JT, Dee Qian J, and Sandlie I (2006) The conserved histidine 166 residue of the human
neonatal Fc receptor heavy chain is critical for the pH-dependent binding to albumin. Eur J
Immunol 36:3044-3051.

Andersen JT and Sandlie I (2009) The versatile MHC class I-related FcRn protects IgG and
albumin from degradation: implications for development of new diagnostics and therapeutics.
Drug Metab Pharmacokinet 24:318-332.

Angal S, King DJ, Bodmer MW, Turner A, Lawson AD, Roberts G, Pedley B, and Adair JR (1993)
A single amino acid substitution abolishes the heterogeneity of chimeric mouse/human (IgG4)
antibody. Mol Immunol 30:105-108.

Ashraf MZ and Sahu A (2012) Scavenger receptors: a key player in cardiovascular diseases.
Biomol Concepts 3:371-380.

Aukland K and Fadnes HO (1973) Protein concentration of interstitial fluid collected from rat skin
by a wick method. Acta Physiol Scand 88:350-358.

Avery LB, Wade J, Wang M, Tam A, King A, Piche-Nicholas N, Kavosi MS, Penn S, Cirelli D,
Kurz JC, et al. (2018) Establishing in vitro in vivo correlations to screen monoclonal antibodies
for physicochemical properties related to favorable human pharmacokinetics. MAbs 10:244-255.

Avery LB, Wang M, Kavosi MS, Joyce A, Kurz JC, Fan YY, Dowty ME, Zhang M, Zhang Y,
Cheng A, et al. (2016) Utility of a human FcRn transgenic mouse model in drug discovery for
early assessment and prediction of human pharmacokinetics of monoclonal antibodies. MAbs 8:
1064-1078.

Bain VG, Kaita KD, Yoshida EM, Swain MG, Heathcote EJ, Neumann AU, Fiscella M, Yu R,
Osborn BL, Cronin PW, et al. (2006) A phase 2 study to evaluate the antiviral activity, safety,
and pharmacokinetics of recombinant human albumin-interferon alfa fusion protein in genotype
1 chronic hepatitis C patients. J Hepatol 44:671-678.

Bak A, Leung D, Barrett SE, Forster S, Minnihan EC, Leithead AW, Cunningham J, Toussaint N,
and Crocker LS (2015) Physicochemical and formulation developability assessment for thera-
peutic peptide delivery—a primer. AAPS J 17:144-155.

Barnett JP, Blindauer CA, Kassaar O, Khazaipoul S, Martin EM, Sadler PJ, and Stewart AJ (2013)
Allosteric modulation of zinc speciation by fatty acids. Biochim Biophys Acta 1830:5456-5464.

Datta-Mannan

Berteau C, Filipe-Santos O, Wang T, Rojas HE, Granger C, and Schwarzenbach F (2015) Eval-
uation of the impact of viscosity, injection volume, and injection flow rate on subcutaneous
injection tolerance. Med Devices (Auckl) 8:473-484.

Betts A, Keunecke A, van Steeg TJ, van der Graaf PH, Avery LB, Jones H, and Berkhout J (2018)
Linear pharmacokinetic parameters for monoclonal antibodies are similar within a species and
across different pharmacological targets: a comparison between human, cynomolgus monkey
and hFcRn Tg32 transgenic mouse using a population-modeling approach. MAbs 10:751-764.

Bischoff R and Kolbe HV (1994) Deamidation of asparagine and glutamine residues in proteins
and peptides: structural determinants and analytical methodology. J Chromatogr B Biomed Appl
662:261-278.

Bittner B, Richter W, and Schmidt J (2018) Subcutaneous administration of biotherapeutics: an
overview of current challenges and opportunities. BioDrugs 32:425-440.

Blair HA and Keating GM (2015) Albiglutide: a review of its use in patients with type 2 diabetes
mellitus. Drugs 75:651-663.

Boswell CA, Tesar DB, Mukhyala K, Theil FP, Fielder PJ, and Khawli LA (2010) Effects of charge
on antibody tissue distribution and pharmacokinetics. Bioconjug Chem 21:2153-2163.

Brambell FW (1966) The transmission of immunity from mother to young and the catabolism of
immunoglobulins. Lancer 2:1087-1093.

Broom A, Jacobi Z, Trainor K, and Meiering EM (2017) Computational tools help improve protein
stability but with a solubility tradeoff. J Biol Chem 292:14349-14361.

Bukrinski JT, Sgnderby P, Antunes F, Andersen B, Schmidt EGW, Peters GHJ, and Harris P
(2017) Glucagon-like peptide 1 conjugated to recombinant human serum albumin variants with
modified neonatal fc receptor binding properties. Impact on molecular structure and half-life.
Biochemistry 56:4860-4870.

Bumbaca D, Boswell CA, Fielder PJ, and Khawli LA (2012) Physiochemical and biochemical
factors influencing the pharmacokinetics of antibody therapeutics. AAPS J 14:554-558.

Burmeister WP, Huber AH, and Bjorkman PJ (1994) Crystal structure of the complex of rat
neonatal Fc receptor with Fc. Nature 372:379-383.

Chanson P, Timsit J, and Harris AG (1993) Clinical pharmacokinetics of octreotide. Therapeutic
applications in patients with pituitary tumours. Clin Pharmacokinet 25:375-391.

Chelius D, Rehder DS, and Bondarenko PV (2005) Identification and characterization of deami-
dation sites in the conserved regions of human immunoglobulin gamma antibodies. Anal Chem
77:6004-6011.

Chen N, Wang W, Fauty S, Fang Y, Hamuro L, Hussain A, and Prueksaritanont T (2014) The
effect of the neonatal Fc receptor on human IgG biodistribution in mice. MAbs 6:502-508.
Chen S, Gfeller D, Buth SA, Michielin O, Leiman PG, and Heinis C (2013) Improving binding
affinity and stability of peptide ligands by substituting glycines with D-amino acids. Chem-

BioChem 14:1316-1322.

Chen X, Liu YD, and Flynn GC (2009) The effect of Fc glycan forms on human IgG2 antibody
clearance in humans. Glycobiology 19:240-249.

Coloma MJ, Trinh RK, Martinez AR, and Morrison SL (1999) Position effects of variable region
carbohydrate on the affinity and in vivo behavior of an anti-(1—6) dextran antibody. J Immunol
162:2162-2170.

Covell DG, Barbet J, Holton OD, Black CD, Parker RJ, and Weinstein JN (1986) Pharmacokinetics
of monoclonal immunoglobulin G,, F(ab’),, and Fab’ in mice. Cancer Res 46:3969-3978.

Dall’Acqua WF, Kiener PA, and Wu H (2006) Properties of human IgGls engineered for enhanced
binding to the neonatal Fc receptor (FcRn). The Journal of Biological Chemistry 281:23514-23524.

Dall’Acqua WF, Woods RM, Ward ES, Palaszynski SR, Patel NK, Brewah YA, Wu H, Kiener PA,
and Langermann S (2002) Increasing the affinity of a human IgG1 for the neonatal Fc receptor:
biological consequences. Journal of Immunology 169:5171-5180.

Darling RJ, Kuchibhotla U, Glaesner W, Micanovic R, Witcher DR, and Beals JM (2002) Gly-
cosylation of erythropoietin affects receptor binding kinetics: role of electrostatic interactions.
Biochemistry 41:14524-14531.

Datta-Mannan A, Boyles J, Huang L, Jin ZY, Peariso A, Murphy AT, Ellis B, Douglass N,
Norouziyan-Cooper F, and Witcher DR (2019) Engineered FcRn binding fusion peptides sig-
nificantly enhance the half-life of a Fab domain in cynomolgus monkeys. Biotechnol J 14:
€1800007.

Datta-Mannan A, Croy JE, Schirtzinger L, Torgerson S, Breyer M, and Wroblewski VJ (2016)
Aberrant bispecific antibody pharmacokinetics linked to liver sinusoidal endothelium clearance
mechanism in cynomolgus monkeys. MAbs 8:969-982.

Datta-Mannan A, Huang L, Pereira J, Yaden B, Korytko A, and Croy JE (2015a) Insights into the
impact of heterogeneous glycosylation on the pharmacokinetic behavior of follistatin-fc-based
biotherapeutics. Drug Metab Dispos 43:1882-1890.

Datta-Mannan A, Lu J, Witcher DR, Leung D, Tang Y, and Wroblewski VJ (2015b) The interplay
of non-specific binding, target-mediated clearance and FcRn interactions on the pharmacoki-
netics of humanized antibodies. MAbs 7:1084—-1093.

Datta-Mannan A, Thangaraju A, Leung D, Tang Y, Witcher DR, Lu J, and Wroblewski VJ (2015c)
Balancing charge in the complementarity-determining regions of humanized mAbs without
affecting pl reduces non-specific binding and improves the pharmacokinetics. MAbs 7:483-493.

Datta-Mannan A, Witcher DR, Lu J, and Wroblewski VJ (2012) Influence of improved FcRn
binding on the subcutaneous bioavailability of monoclonal antibodies in cynomolgus monkeys.
MAbs 4:267-273.

Datta-Mannan A, Witcher DR, Tang Y, Watkins J, Jiang W, and Wroblewski VI (2007a) Hu-
manized IgGl variants with differential binding properties to the neonatal Fc receptor: re-
lationship to pharmacokinetics in mice and primates. Drug Metabolism and Disposition: the
biological fate of chemicals 35:86-94.

Datta-Mannan A, Witcher DR, Tang Y, Watkins J, and Wroblewski VJ (2007b) Monoclonal
antibody clearance. Impact of modulating the interaction of IgG with the neonatal Fc receptor.
The Journal of Biological chemistry 282:1709-1717.

Datta-Mannan A and Wroblewski VJ (2014) Application of FcRn binding assays to guide mAb
development. Drug Metab Dispos 42:1867-1872.

Davies M, Pieber TR, Hartoft-Nielsen ML, Hansen OKH, Jabbour S, and Rosenstock J (2017)
Effect of oral semaglutide compared with placebo and subcutaneous semaglutide on glycemic
control in patients with type 2 diabetes: a randomized clinical trial. JAMA 318:1460-1470.

Deng R, Loyet KM, Lien S, Iyer S, DeForge LE, Theil FP, Lowman HB, Fielder PJ, and Prabhu S
(2010) Pharmacokinetics of humanized monoclonal anti-tumor necrosis factor- antibody and its
neonatal Fc receptor variants in mice and cynomolgus monkeys. Drug Metab Dispos 38:600-605.

Deng R, Meng YG, Hoyte K, Lutman J, Lu Y, Iyer S, DeForge LE, Theil FP, Fielder PJ,
and Prabhu S (2012) Subcutaneous bioavailability of therapeutic antibodies as a function of
FcRn binding affinity in mice. MAbs 4:101-109.

202 ‘02 Yo N U0 SPUINOC 13dSY e BIo'SfeuIno fiadse'puip WwoJy papeojumod


http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/TAP.php
http://dmd.aspetjournals.org/

Pharmacokinetics and Disposition of Biologics

Di L (2015) Strategic approaches to optimizing peptide ADME properties. AAPS J 17:134-143.

Dick LW Jr, Qiu D, Wong RB, and Cheng KC (2010) Isomerization in the CDR2 of a monoclonal
antibody: binding analysis and factors that influence the isomerization rate. Biotechnol Bioeng
105:515-523.

Dobson CL, Devine PW, Phillips JJ, Higazi DR, Lloyd C, Popovic B, Arnold J, Buchanan A,
Lewis A, Goodman J, et al. (2016) Engineering the surface properties of a human monoclonal
antibody prevents self-association and rapid clearance in vivo. Sci Rep 6:38644.

Duttaroy A, Kanakaraj P, Osborn BL, Schneider H, Pickeral OK, Chen C, Zhang G, Kaithamana S,
Singh M, Schulingkamp R, et al. (2005) Development of a long-acting insulin analog using
albumin fusion technology. Diabetes 54:251-258.

Egrie JC, Dwyer E, Browne JK, Hitz A, and Lykos MA (2003) Darbepoetin alfa has a longer
circulating half-life and greater in vivo potency than recombinant human erythropoietin. Exp
Hematol 31:290-299.

Fala L (2015) Trulicity (dulaglutide): a new GLP-1 receptor agonist once-weekly subcutaneous
injection approved for the treatment of patients with type 2 diabetes. Am Health Drug Benefits 8
(Spec Feature):131-134.

Fan YY, Avery LB, Wang M, O’Hara DM, Leung S, and Neubert H (2016) Tissue expression
profile of human neonatal Fc receptor (FcRn) in Tg32 transgenic mice. MAbs 8:848-853.

Folzer E, Diepold K, Bomans K, Finkler C, Schmidt R, Bulau P, Huwyler J, Mahler HC,
and Koulov AV (2015) Selective oxidation of methionine and tryptophan residues in a thera-
peutic IgG1 molecule. J Pharm Sci 104:2824-2831.

Garg A and Balthasar JP (2007) Physiologically-based pharmacokinetic (PBPK) model to predict
IgG tissue kinetics in wild-type and FcRn-knockout mice. J Pharmacokinet Pharmacodyn 34:
687-709.

Ghetie V, Hubbard JG, Kim JK, Tsen MF, Lee Y, and Ward ES (1996) Abnormally short serum
half-lives of IgG in B2-microglobulin-deficient mice. Eur J Immunol 26:690-696.

Ghetie V, Popov S, Borvak J, Radu C, Matesoi D, Medesan C, Ober RJ, and Ward ES (1997)
Increasing the serum persistence of an IgG fragment by random mutagenesis. Nat Biotechnol 15:
637-640.

Ghetie V and Ward ES (1997) FcRn: the MHC class I-related receptor that is more than an IgG
transporter. Immunol Today 18:592-598.

Goebl NA, Babbey CM, Datta-Mannan A, Witcher DR, Wroblewski VJ, and Dunn KW (2008)
Neonatal Fc receptor mediates internalization of Fc in transfected human endothelial cells. Mol
Biol Cell 19:5490-5505.

Goetze AM, Liu YD, Zhang Z, Shah B, Lee E, Bondarenko PV, and Flynn GC (2011) High-
mannose glycans on the Fc region of therapeutic IgG antibodies increase serum clearance in
humans. Glycobiology 21:949-959.

Gregoriadis G, Fernandes A, Mital M, and McCormack B (2000) Polysialic acids: potential in
improving the stability and pharmacokinetics of proteins and other therapeutics. Cell Mol Life Sci
57:1964-1969.

Grilo AL and Mantalaris A (2019) The increasingly human and profitable monoclonal antibody
market. Trends Biotechnol 37:9-16.

Guja C and Danciulescu Miulescu R (2017) Semaglutide-the “new kid on the block” in the field of
glucagon-like peptide-1 receptor agonists? Ann Transl Med 5:475.

Gurbaxani B, Dela Cruz LL, Chintalacharuvu K, and Morrison SL (2006) Analysis of a family of
antibodies with different half-lives in mice fails to find a correlation between affinity for FcRn
and serum half-life. Molecular Immunology 43:1462-1473.

Halpern W, Riccobene TA, Agostini H, Baker K, Stolow D, Gu ML, Hirsch J, Mahoney A, Carrell
J, Boyd E, et al. (2002) Albugranin, a recombinant human granulocyte colony stimulating factor
(G-CSF) genetically fused to recombinant human albumin induces prolonged myelopoietic ef-
fects in mice and monkeys. Pharm Res 19:1720-1729.

Haraldsson B, Nystrom J, and Deen WM (2008) Properties of the glomerular barrier and mech-
anisms of proteinuria. Physiol Rev 88:451-487.

Harris RJ (2005) Heterogeneity of recombinant antibodies: linking structure to function. Dev Biol
(Basel) 122:117-1217.

Harris RJ, Kabakoff B, Macchi FD, Shen FJ, Kwong M, Andya JD, Shire SJ, Bjork N, Totpal K,
and Chen AB (2001) Identification of multiple sources of charge heterogeneity in a recombinant
antibody. J Chromatogr B Biomed Sci Appl 752:233-245.

Hensel M, Steurer R, Fichtl J, Elger C, Wedekind F, Petzold A, Schlothauer T, Molhoj M, Reusch
D, and Bulau P (2011) Identification of potential sites for tryptophan oxidation in recombinant
antibodies using rert-butylhydroperoxide and quantitative LC-MS. PLoS One 6:¢17708.

Hinton PR, Johlfs MG, Xiong JM, Hanestad K, Ong KC, Bullock C, Keller S, Tang MT, Tso JY,
Viésquez M, and Tsurushita N (2004) Engineered Human IgG Antibodies with Longer Serum
Half-lives in Primates. Journal of Biological Chemistry 279:6213-6216.

Hinton PR, Xiong JM, Johlfs MG, Tang MT, Keller S, and Tsurushita N (2006) An engineered
human IgG1 antibody with longer serum half-life. Journal of Immunology 176:346-356.

Hong G, Bazin-Redureau MI, and Scherrmann JM (1999) Pharmacokinetics and organ distribution
of cationized colchicine-specific IgG and Fab fragments in rat. J Pharm Sci 88:147-153.

Hétzel I, Theil FP, Bemstein LJ, Prabhu S, Deng R, Quintana L, Lutman J, Sibia R, Chan P, Bumbaca
D, et al. (2012) A strategy for risk mitigation of antibodies with fast clearance. MAbs 4:753-760.

Huang L, Biolsi S, Bales KR, and Kuchibhotla U (2006) Impact of variable domain glycosylation
on antibody clearance: an LC/MS characterization. Anal Biochem 349:197-207.

Huang L, Lu J, Wroblewski VJ, Beals JM, and Riggin RM (2005) In vivo deamidation charac-
terization of monoclonal antibody by LC/MS/MS. Anal Chem 77:1432-1439.

Igawa T, Tsunoda H, Kuramochi T, Sampei Z, Ishii S, and Hattori K (2011) Engineering the
variable region of therapeutic IgG antibodies. MAbs 3:243-252.

Igawa T, Tsunoda H, Tachibana T, Maeda A, Mimoto F, Moriyama C, Nanami M, Sekimori Y,
Nabuchi Y, Aso Y, et al. (2010) Reduced elimination of IgG antibodies by engineering the
variable region. Protein Eng Des Sel 23:385-392.

Jain RK and Gerlowski LE (1986) Extravascular transport in normal and tumor tissues. Crit Rev
Oncol Hematol 5:115-170.

Jefferis R (2005) Glycosylation of recombinant antibody therapeutics. Biotechnol Prog 21:11-16.

Jefferis R (2009) Recombinant antibody therapeutics: the impact of glycosylation on mechanisms
of action. Trends Pharmacol Sci 30:356-362.

Jensen L, Helleberg H, Roffel A, van Lier JJ, Bjgrnsdottir I, Pedersen PJ, Rowe E, Derving Karsbgl
J, and Pedersen ML (2017) Absorption, metabolism and excretion of the GLP-1 analogue
semaglutide in humans and nonclinical species. Eur J Pharm Sci 104:31-41.

Jovanovi¢ VB, Pavicevi¢ ID, Taki¢ MM, Penezi¢-Romanjuk AZ, Aéimovi¢ JM, and Mandi¢ LM
(2014) The influence of fatty acids on determination of human serum albumin thiol group. Anal
Biochem 448:50-57.

1109

Kagan L and Mager DE (2013) Mechanisms of subcutaneous absorption of rituximab in rats. Drug
Metab Dispos 41:248-255.

Kanda Y, Yamada T, Mori K, Okazaki A, Inoue M, Kitajima-Miyama K, Kuni-Kamochi R,
Nakano R, Yano K, Kakita S, et al. (2007) Comparison of biological activity among non-
fucosylated therapeutic IgG1 antibodies with three different N-linked Fc oligosaccharides: the
high-mannose, hybrid, and complex types. Glycobiology 17:104-118.

Kaplon H and Reichert JM (2019) Antibodies to watch in 2019. MAbs 11:219-238.

Khawli LA, Goswami S, Hutchinson R, Kwong ZW, Yang J, Wang X, Yao Z, Sreedhara A, Cano
T, Tesar D, et al. (2010) Charge variants in IgGl1: isolation, characterization, in vitro binding
properties and pharmacokinetics in rats. MAbs 2:613-624.

Ladner RC, Sato AK, Gorzelany J, and de Souza M (2004) Phage display-derived peptides as
therapeutic alternatives to antibodies. Drug Discov Today 9:525-529.

Laptos T and Omersel J (2018) The importance of handling high-value biologicals: physico-
chemical instability and immunogenicity of monoclonal antibodies. Exp Ther Med 15:
3161-3168.

Lashley T, Schott JM, Weston P, Murray CE, Wellington H, Keshavan A, Foti SC, Foiani M,
Toombs J, Rohrer JD, et al. (2018) Molecular biomarkers of Alzheimer’s disease: progress and
prospects. Dis Model Mech 11:dmm031781.

Latvala S, Jacobsen B, Otteneder MB, Herrmann A, and Kronenberg S (2017) Distribution of FcRn
across species and tissues. J Histochem Cytochem 65:321-333.

Lau JL and Dunn MK (2018) Therapeutic peptides: historical perspectives, current development
trends, and future directions. Bioorg Med Chem 26:2700-2707.

Li B, Tesar D, Boswell CA, Cahaya HS, Wong A, Zhang J, Meng YG, Eigenbrot C, Pantua H,
Diao J, et al. (2014) Framework selection can influence pharmacokinetics of a humanized
therapeutic antibody through differences in molecule charge. MAbs 6:1255-1264.

LiZ and Easton R (2018) Practical considerations in clinical strategy to support the development of
injectable drug-device combination products for biologics. MAbs 10:18-33.

Lim SI, Mizuta Y, Takasu A, Hahn YS, Kim YH, and Kwon I (2013) Site-specific fatty acid-
conjugation to prolong protein half-life in vivo. J Control Release 170:219-225.

Liu L (2015) Antibody glycosylation and its impact on the pharmacokinetics and pharmacody-
namics of monoclonal antibodies and Fc-fusion proteins. J Pharm Sci 104:1866-1884.

Liu YD, van Enk JZ, and Flynn GC (2009) Human antibody Fc deamidation in vivo. Biologicals
37:313-322.

Lobo ED, Hansen RJ, and Balthasar JP (2004) Antibody pharmacokinetics and pharmacodynamics.
J Pharm Sci 93:2645-2668.

Margni RA and Binaghi RA (1988) Nonprecipitating asymmetric antibodies. Annu Rev Immunol 6:
535-554.

Martin CM, Irwin N, Flatt PR, and Gault VA (2013) A novel acylated form of (d-Alaz)GIP with
improved antidiabetic potential, lacking effect on body fat stores. Biochim Biophys Acta 1830:
3407-3413.

Mathur D, Singh S, Mehta A, Agrawal P, and Raghava GPS (2018) In silico approaches for
predicting the half-life of natural and modified peptides in blood. PLoS One 13:¢0196829.

Mehta A, Marso SP, and Neeland 1J (2017) Liraglutide for weight management: a critical review of
the evidence. Obes Sci Pract 3:3-14.

Mezo AR, McDonnell KA, Hehir CAT, Low SC, Palombella VIJ, Stattel JM, Kamphaus GD,
Fraley C, Zhang Y, Dumont JA, et al. (2008) Reduction of IgG in nonhuman primates by a
peptide antagonist of the neonatal Fc receptor FcRn. Proc Natl Acad Sci USA 105:2337-2342.

Millward TA, Heitzmann M, Bill K, Lingle U, Schumacher P, and Forrer K (2008) Effect of
constant and variable domain glycosylation on pharmacokinetics of therapeutic antibodies in
mice. Biologicals 36:41-47.

Mohanty RR and Das S (2017) Inhaled insulin - current direction of insulin research. J Clin Diagn
Res 11:0E01-OEOQ2.

Mohs RC and Greig NH (2017) Drug discovery and development: role of basic biological research.
Alzheimers Dement (N'Y) 3:651-657.

Muzammil S, Mabus JR, Cooper PR, Brezski RJ, Bement CB, Perkinson R, Huebert ND,
Thompson S, Levine D, Kliwinski C, et al. (2016) FcRn binding is not sufficient for achieving
systemic therapeutic levels of immunoglobulin G after oral delivery of enteric-coated capsules in
cynomolgus macaques. Pharmacol Res Perspect 4:¢00218.

Newkirk MM, Novick J, Stevenson MM, Fournier MJ, and Apostolakos P (1996) Differential
clearance of glycoforms of IgG in normal and autoimmune-prone mice. Clin Exp Immunol 106:
259-264.

O’Connor-Semmes RL, Lin J, Hodge RJ, Andrews S, Chism J, Choudhury A, and Nunez DJ
(2014) GSK2374697, a novel albumin-binding domain antibody (AlbudAb), extends systemic
exposure of exendin-4: first study in humans—PK/PD and safety. Clin Pharmacol Ther 96:
704-712.

Osborn BL, Sekut L, Corcoran M, Poortman C, Sturm B, Chen G, Mather D, Lin HL, and Parry TJ
(2002) Albutropin: a growth hormone-albumin fusion with improved pharmacokinetics and
pharmacodynamics in rats and monkeys. Eur J Pharmacol 456:149-158.

Patel A, Cholkar K, and Mitra AK (2014) Recent developments in protein and peptide parenteral
delivery approaches. Ther Deliv 5:337-365.

Poon K and King AB (2010) Glargine and detemir: safety and efficacy profiles of the long-acting
basal insulin analogs. Drug Healthc Patient Saf 2:213-223.

Poulsen HL (1974) Interstitial fluid concentrations of albumin and immunoglobulin G in normal
men. Scand J Clin Lab Invest 34:119-122.

PrabhuDas MR, Baldwin CL, Bollyky PL, Bowdish DME, Drickamer K, Febbraio M, Herz J,
Kobzik L, Krieger M, Loike J, et al. (2017) A consensus definitive classification of scavenger
receptors and their roles in health and disease. J Immunol 198:3775-3789.

Pridgen EM, Alexis F, Kuo TT, Levy-Nissenbaum E, Karnik R, Blumberg RS, Langer R,
and Farokhzad OC (2013) Transepithelial transport of Fc-targeted nanoparticles by the neonatal
fc receptor for oral delivery. Sci Transl Med 5:213ral67.

Proetzel G and Roopenian DC (2014) Humanized FcRn mouse models for evaluating pharmaco-
kinetics of human IgG antibodies. Methods 65:148—153.

Prueksaritanont T and Tang C (2012) ADME of biologics—what have we learned from small
molecules? AAPS J 14:410-419.

Recio C, Maione F, Igbal AJ, Mascolo N, and De Feo V (2016) The potential therapeutic appli-
cation of peptides and peptidomimetics in cardiovascular disease. Front Pharmacol 7:526.

Robbie GJ, Criste R, Dall’acqua WF, Jensen K, Patel NK, Losonsky GA, and Griffin MP (2013) A
novel investigational Fc-modified humanized monoclonal antibody, motavizumab-YTE, has an
extended half-life in healthy adults. Antimicrob Agents Chemother 57:6147-6153.

Robinson NE (2002) Protein deamidation. Proc Natl Acad Sci USA 99:5283-5288.

202 ‘02 Yo N U0 SPUINOC 13dSY e BIo'SfeuIno fiadse'puip WwoJy papeojumod


http://dmd.aspetjournals.org/

1110

Roopenian DC and Akilesh S (2007) FcRn: the neonatal Fc receptor comes of age. Nat Rev
Immunol T:715-725.

Sampei Z, Igawa T, Soeda T, Okuyama-Nishida Y, Moriyama C, Wakabayashi T, Tanaka E, Muto
A, Kojima T, Kitazawa T, et al. (2013) Identification and multidimensional optimization of an
asymmetric bispecific IgG antibody mimicking the function of factor VIII cofactor activity. PLoS
One 8:¢57479.

Sands JM (2015) Understanding renal physiology leads to therapeutic advances in renal disease.
Physiology (Bethesda) 30:171-172.

Santos Cavaiola T and Edelman S (2014) Inhaled insulin: a breath of fresh air? A review of inhaled
insulin. Clin Ther 36:1275-1289.

Sarin H (2010) Physiologic upper limits of pore size of different blood capillary types and
another perspective on the dual pore theory of microvascular permeability. J Angiogenes
Res 2:14.

Sato AK, Viswanathan M, Kent RB, and Wood CR (2006) Therapeutic peptides: technological
advances driving peptides into development. Curr Opin Biotechnol 17:638-642.

Schmidt MM, Townson SA, Andreucci AJ, King BM, Schirmer EB, Murillo AJ, Dombrowski C,
Tisdale AW, Lowden PA, Masci AL, et al. (2013) Crystal structure of an HSA/FcRn complex
reveals recycling by competitive mimicry of HSA ligands at a pH-dependent hydrophobic
interface. Structure 21:1966-1978.

Schoch A, Kettenberger H, Mundigl O, Winter G, Engert J, Heinrich J, and Emrich T (2015)
Charge-mediated influence of the antibody variable domain on FcRn-dependent pharmacoki-
netics. Proc Natl Acad Sci USA 112:5997-6002.

Schuurman J, Perdok GJ, Gorter AD, and Aalberse RC (2001) The inter-heavy chain disulfide
bonds of IgG4 are in equilibrium with intra-chain disulfide bonds. Mol Immunol 38:1-8.

Schuurman J, Van Ree R, Perdok GJ, Van Doorn HR, Tan KY, and Aalberse RC (1999) Normal
human immunoglobulin G4 is bispecific: it has two different antigen-combining sites. Immu-
nology 97:693-698.

Sharma VK, Patapoff TW, Kabakoff B, Pai S, Hilario E, Zhang B, Li C, Borisov O, Kelley RF,
Chorny I, et al. (2014) In silico selection of therapeutic antibodies for development: viscosity,
clearance, and chemical stability. Proc Natl Acad Sci USA 111:18601-18606.

Shibata-Koyama M, Iida S, Misaka H, Mori K, Yano K, Shitara K, and Satoh M (2009) Non-
fucosylated rituximab potentiates human neutrophil phagocytosis through its high binding for
FeyRIIIb and MHC class II expression on the phagocytotic neutrophils. Exp Hematol 37:
309-321.

Silva JP, Vetterlein O, Jose J, Peters S, and Kirby H (2015) The S228P mutation prevents in vivo
and in vitro IgG4 Fab-arm exchange as demonstrated using a combination of novel quantitative
immunoassays and physiological matrix preparation. J Biol Chem 290:5462-5469.

Sinclair AM and Elliott S (2005) Glycoengineering: the effect of glycosylation on the properties of
therapeutic proteins. J Pharm Sci 94:1626-1635.

Skalko-Basnet N (2014) Biologics: the role of delivery systems in improved therapy. Biologics 8:
107-114.

Sockolosky JT, Tiffany MR, and Szoka FC (2012) Engineering neonatal Fc receptor-mediated
recycling and transcytosis in recombinant proteins by short terminal peptide extensions. Proc
Natl Acad Sci USA 109:16095-16100.

Sold RJ and Griebenow K (2010) Glycosylation of therapeutic proteins: an effective strategy to
optimize efficacy. BioDrugs 24:9-21.

Spencer-Green G (2000) Etanercept (Enbrel): update on therapeutic use. Ann Rheum Dis 59 (Suppl
1):i46-i49.

Strohl WR (2015) Fusion proteins for half-life extension of biologics as a strategy to make
biobetters. BioDrugs 29:215-239.

Stubenrauch K, Wessels U, Regula JT, Kettenberger H, Schleypen J, and Kohnert U (2010) Impact
of molecular processing in the hinge region of therapeutic IgG4 antibodies on disposition profiles
in cynomolgus monkeys. Drug Metab Dispos 38:84-91.

Subramanian GM, Fiscella M, Lamousé-Smith A, Zeuzem S, and McHutchison JG (2007)
Albinterferon «-2b: a genetic fusion protein for the treatment of chronic hepatitis C. Nar Bio-
technol 25:1411-1419.

Sung C, Nardelli B, LaFleur DW, Blatter E, Corcoran M, Olsen HS, Birse CE, Pickeral OK, Zhang
J, Shah D, et al. (2003) An IFN-B-albumin fusion protein that displays improved pharmacoki-
netic and pharmacodynamic properties in nonhuman primates. J Interferon Cytokine Res 23:
25-36.

Suzuki T, Ishii-Watabe A, Tada M, Kobayashi T, Kanayasu-Toyoda T, Kawanishi T,
and Yamaguchi T (2010) Importance of Neonatal FcR in Regulating the Serum Half-Life of
Therapeutic Proteins Containing the Fc Domain of Human IgG1: A Comparative Study of the
Affinity of Monoclonal Antibodies and Fc-Fusion Proteins to Human Neonatal FcR. The Journal
of Immunology 184:1968-1976.

Syed S, Schuyler PD, Kulczycky M, and Sheffield WP (1997) Potent antithrombin activity and
delayed clearance from the circulation characterize recombinant hirudin genetically fused to
albumin. Blood 89:3243-3252.

Tam SH, McCarthy SG, Brosnan K, Goldberg KM, and Scallon BJ (2013) Correlations between
pharmacokinetics of IgG antibodies in primates vs. FcRn-transgenic mice reveal a rodent model
with predictive capabilities. MAbs 5:397-405.

Tugyi R, Uray K, Ivan D, Fellinger E, Perkins A, and Hudecz F (2005) Partial D-amino acid
substitution: improved enzymatic stability and preserved Ab recognition of a MUC2 epitope
peptide. Proc Natl Acad Sci USA 102:413-418.

Turecek PL, Bossard MJ, Schoetens F, and Ivens IA (2016) PEGylation of biopharmaceuticals: a
review of chemistry and nonclinical safety information of approved drugs. J Pharm Sci 105:
460-475.

van Witteloostuijn SB, Pedersen SL, and Jensen KJ (2016) Half-life extension of bio-
pharmaceuticals using chemical methods: alternatives to PEGylation. ChemMedChem 11:
2474-2495.

Viola M, Sequeira J, Seica R, Veiga F, Serra J, Santos AC, and Ribeiro AJ (2018) Subcutaneous
delivery of monoclonal antibodies: how do we get there? J Control Release 286:301-314.

Datta-Mannan

Viuff D, Antunes F, Evans L, Cameron J, Dymesli H, Thue Ravn B, Stougaard M, Thiam K,
Andersen B, Kjerulff S, et al. (2016) Generation of a double transgenic humanized neonatal Fc
receptor (FcRn)/albumin mouse to study the pharmacokinetics of albumin-linked drugs. J
Control Release 223:22-30.

Vugmeyster Y, Szklut P, Wensel D, Ross J, Xu X, Awwad M, Gill D, Tchistiakov L, and Warner
G (2011) Complex pharmacokinetics of a humanized antibody against human amyloid beta
peptide, anti-abeta Ab2, in nonclinical species. Pharm Res 28:1696-1706.

Wakankar AA, Borchardt RT, Eigenbrot C, Shia S, Wang YJ, Shire SJ, and Liu JL (2007)
Aspartate isomerization in the complementarity-determining regions of two closely related
monoclonal antibodies. Biochemistry 46:1534—1544.

Wang W, Vlasak J, Li Y, Pristatsky P, Fang Y, Pittman T, Roman J, Wang Y, Prueksaritanont T,
and Ionescu R (2011) Impact of methionine oxidation in human IgG1 Fc on serum half-life of
monoclonal antibodies. Mol Immunol 48:860-866.

Wang W, Wang EQ, and Balthasar JP (2008) Monoclonal antibody pharmacokinetics and phar-
macodynamics. Clin Pharmacol Ther 84:548-558.

Wang Y, Li X, Liu YH, Richardson D, Li H, Shameem M, and Yang X (2016) Simultaneous
monitoring of oxidation, deamidation, isomerization, and glycosylation of monoclonal antibodies
by liquid chromatography-mass spectrometry method with ultrafast tryptic digestion. MAbs 8:
1477-1486.

Ward ES, Martinez C, Vaccaro C, Zhou J, Tang Q, and Ober RJ (2005) From sorting endosomes to
exocytosis: association of Rab4 and Rabl1 GTPases with the Fc receptor, FcRn, during recy-
cling. Mol Biol Cell 16:2028-2038.

Ward ES, Zhou J, Ghetie V, and Ober RJ (2003) Evidence to support the cellular mechanism
involved in serum IgG homeostasis in humans. Int Immunol 15:187-195.

Wasserman RL (2014) Overview of recombinant human hyaluronidase-facilitated subcutaneous
infusion of IgG in primary immunodeficiencies. Immunotherapy 6:553-567.

Webster R, Edgington A, Phipps J, and Walker D (2006) Pharmacokinetics and clearance processes
of UK-279,276 (rNIF) in rat and dog: comparison with human data. Xenobiotica 36:341-349.

Wei Z, Feng J, Lin HY, Mullapudi S, Bishop E, Tous GI, Casas-Finet J, Hakki F, Strouse R,
and Schenerman MA (2007) Identification of a single tryptophan residue as critical for binding
activity in a humanized monoclonal antibody against respiratory syncytial virus. Anal Chem 79:
2797-2805.

Werle M and Bernkop-Schniirch A (2006) Strategies to improve plasma half life time of peptide
and protein drugs. Amino Acids 30:351-367.

Wolf Pérez AM, Sormanni P, Andersen JS, Sakhnini LI, Rodriguez-Leon I, Bjelke JR, Gajhede AJ,
De Maria L, Otzen DE, Vendruscolo M, et al. (2019) In vitro and in silico assessment of the
developability of a designed monoclonal antibody library. MAbs 11:388—400.

‘Wu H, Pfarr DS, Johnson S, Brewah YA, Woods RM, Patel NK, White WI, Young JF, and Kiener
PA (2007) Development of motavizumab, an ultra-potent antibody for the prevention of re-
spiratory syncytial virus infection in the upper and lower respiratory tract. J Mol Biol 368:
652-665.

Xu Y, Wang D, Mason B, Rossomando T, Li N, Liu D, Cheung JK, Xu W, Raghava S, Katiyar A,
et al. (2019) Structure, heterogeneity and developability assessment of therapeutic antibodies.
MAbs 11:239-264.

Yan B, Steen S, Hambly D, Valliere-Douglass J, Vanden Bos T, Smallwood S, Yates Z, Arroll T,
Han Y, Gadgil H, et al. (2009) Succinimide formation at Asn 55 in the complementarity
determining region of a recombinant monoclonal antibody IgG1 heavy chain. J Pharm Sci 98:
3509-3521.

Yan Q, Huang M, Lewis MJ, and Hu P (2018) Structure based prediction of asparagine deami-
dation propensity in monoclonal antibodies. MAbs 10:901-912.

Yeh C, Altaf SA, and Hoag SW (1997) Theory of force transducer design optimization for die wall
stress measurement during tablet compaction: optimization and validation of split-web die using
finite element analysis. Pharm Res 14:1161-1170.

Yeung YA, Leabman MK, Marvin JS, Qiu J, Adams CW, Lien S, Starovasnik MA, and Lowman
HB (2009) Engineering human IgG1 affinity to human neonatal Fc receptor: impact of affinity
improvement on pharmacokinetics in primates. Journal of Immunology 182:7663-7671.

Yeung YA, Wu X, Reyes AE 2nd, Vernes JM, Lien S, Lowe J, Maia M, Forrest WF, Meng YG,
Damico LA, Ferrara N, and Lowman HB (2010) A therapeutic anti-VEGF antibody with in-
creased potency independent of pharmacokinetic half-life. Cancer Res 70:3269-3277.

Ying T, Wang Y, Feng Y, Prabakaran P, Gong R, Wang L, Crowder K, and Dimitrov DS (2015)
Engineered antibody domains with significantly increased transcytosis and half-life in macaques
mediated by FcRn. MAbs 7:922-930.

Yip V, Palma E, Tesar DB, Mundo EE, Bumbaca D, Torres EK, Reyes NA, Shen BQ, Fielder PJ,
Prabhu S, et al. (2014) Quantitative cumulative biodistribution of antibodies in mice: effect of
modulating binding affinity to the neonatal Fc receptor. MAbs 6:689-696.

Yu XQ, Robbie GJ, Wu Y, Esser MT, Jensen K, Schwartz HI, Bellamy T, Hernandez-Illas M,
and Jafri HS (2017) Safety, tolerability, and pharmacokinetics of MEDI4893, an investigational,
extended-half-life, anti-Staphylococcus aureus alpha-toxin human monoclonal antibody, in
healthy adults. Antimicrob Agents Chemother 61:¢01020-16.

Zani IA, Stephen SL, Mughal NA, Russell D, Homer-Vanniasinkam S, Wheatcroft SB,
and Ponnambalam S (2015) Scavenger receptor structure and function in health and disease.
Cells 4:178-201.

Zorzi A, Middendorp SJ, Wilbs J, Deyle K, and Heinis C (2017) Acylated heptapeptide binds
albumin with high affinity and application as tag furnishes long-acting peptides. Nat Commun 8:
16092.

Address correspondence to: Amita Datta-Mannan, Lilly Research Laboratories,
Eli Lilly & Company, Lilly Corporate Center, Indianapolis, IN 46285. E-mail:
datta_amita@lilly.com

202 ‘02 Yo N U0 SPUINOC 13dSY e BIo'SfeuIno fiadse'puip WwoJy papeojumod


mailto:datta_amita@lilly.com
http://dmd.aspetjournals.org/

