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Abstract

Significant progress has been made in understand-
ing pharmacokinetics (PK), pharmacodynamics (PD),
as well as toxicity profiles of therapeutic proteins in
animals and humans, which have been in commercial
development for more than three decades. However, in
the PK arena, many fundamental questions remain to
be resolved. Investigative and bioanalytical tools need
to be established to improve the translation of PK data
from animals to humans, and from /n vitro assays to in
vivo readouts, which would ultimately lead to a higher
success rate in drug development. In toxicology, it is
known, in general, what studies are needed to safely
develop therapeutic proteins, and what studies do not
provide relevant information. One of the major com-
plicating factors in nonclinical and clinical programs for
therapeutic proteins is the impact of immunogenicity.
In this review, we will highlight the emerging science
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and technology, as well as the challenges around the
pharmacokinetic- and safety-related issues in drug de-
velopment of mAbs and other therapeutic proteins.
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INTRODUCTION

Biotherapeutics are therapeutic agents that are produced
from living organisms or their products (including recom-
binant DNA technology, biotechnological manufacturing,
and chemical synthesis using nucleotides or amino acids)
and include monoclonal antibodies (mAbs), antibody
fragments, peptides, replacement factors, fusion proteins,
oligonucleotides and DNA preparations for gene therapy,
as well as vaccines. This is a rapidly growing class of
therapeutics for a broad spectrum of indications, ranging
from oncology and autoimmunity to orphan and genetic
diseases.

Pharmacokinetics (PK) refers to the biological pro-
cesses determining absorption, distribution, metabolism
and excretion (ADME) of a drug in an organism. Phar-
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macodynamics (PD) refers to drug action on a living
organism, including the pharmacologic response and the
duration and magnitude of response observed relative
to the concentration of the drug at an active site in an
organism. Significant progress has been made in under-
standing PK, PD, as well as toxicity profiles of biothera-
peutics in animals and humans, especially for proteins
and mAbs, which have been in commercial development
for more than three decades.

However, many fundamental ADME questions remain
to be resolved. Investigative tools need to be established
to improve the translation of PK data from animals to
humans and from i vitro assays to #n vivo teadouts, which
would ultimately lead to a higher success rate in drug de-
velopment and provide safer and more effective drugs.
In addition, commercial considerations, such as cost of
goods and convenience (including less frequent dosing
and self-administration), drive the need for a continuous
advancement of mechanistic ADME evaluations and
structure activity relations (SAR) for protein therapeutics
in order to enable rational protein engineering of desired
ADME profiles.

The goal of this review is to highlight emerging sci-
ence and technology, as well as challenges around the
pharmacokinetic- and safety-related issues in drug devel-
opment of mAbs and other therapeutic proteins.

WHAT IS KNOWN

Absorption, distribution, metabolism, and excretion
Absorption: Unlike small molecules, which are frequent-
ly delivered »ia oral administration, therapeutic proteins
are almost exclusively administered by parenteral routes,
such as intravenous (IV), subcutaneous (SC) or intramus-
cular (IM) injection. Molecular size, hydrophilicity, and
gastric degradation are the main factors that preclude
gastrointestinal (GI) absorption of therapeutic proteinsm.
Pulmonary delivery with aerosol formulations or dry
powder inhalers has been used for selected proteins, e.g,,
exubera (TM)™, Intravitreal injections have been used
for peptides and proteins that require only local activity'",
as well as for antisense oligonucleotides'”.

From the convenience standpoint, SC administration
of therapeutic proteins is often a preferred route. In par-
ticular, the suitability of SC dosing for self-administration
translates into significantly reduced treatment costs. Ab-
sorption of therapeutic proteins from the SC injection
site tends to be slow compared to small molecules, and
the absorption rates depend on the size of the molecule.
For example, following SC administration, the time to
reach the maximum systemic concentration (Tm) in hu-
mans for peptides is in the range of hours, while the Tmax
for mAbs is generally several days[ﬁfg]. For mAbs, SC bio-
availability for currently marketed products is in the range
of 24% to 95% in humans'*"" (Table 1).

In general, factors influencing SC absorption parame-
ters are believed to include intrinsic subject characteristics
for a given species (such as body weight, sex, age, activity
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level); species characteristics with regard to skin morphol-
ogy and physiology (such as the presence or absence of
the pannicnlns carnosus muscle in the skin, maximum SC in-
jection volume which varies by species, catabolic capacity
at injection site and/or in the lymphatic system, SC blood
flow); drug substance and product characteristics [pres-
ence of an Fc (see below), target interactions, charge, for-
mulation, dose concentration, total dose]; and mode of
administration (injection site, injection time, depth of in-
jection, anesthesia status), as discussed in references™ ",
However, surprisingly little is known about the mecha-
nisms and pathways of SC absorption and which path-
ways are affected by a particular factor described above.
The emerging science and issues around the mechanisms
and factors involved in SC absorption that are not known
are further discussed in the “WHAT IS NOT KNOWN”

section.

Distribution: Tissue distribution of therapeutic proteins
usually is limited because of the size of the molecules,
which is in contrast to small molecule drugs that tend to
have higher tissue penetration. In addition to size, other
factors that influence the tissue distribution of a thera-
peutic protein include the physical and chemical prop-
erties (e.g., shape and charge), binding properties (e.g,
receptor-mediated uptake), the route of administration
(e.g, IV v5 SC, formulation), and the production process
(which may affect post-translational modifications, such
as glycosylation). These factors can be modulated zia ra-
tional design to modulate tissue penetration properties of
a biotherapeutic molecule. For example, a modeling anal-
ysis of the effects of molecular size and binding affinity
on tumor targeting was conducted to guide the design of
new therapeutic protein drugs™'". A similar approach
was used to engineer a novel human IL-2 analog that an-
tagonizes the IL-2 receptorm. Tissue- or target-specific
delivery of therapeutic biologics is a challenging, yet a
very attractive area for pharmaceutical research.

For mAbs and other large therapeutic proteins, the
reported volume of distribution after IV administration
is close to the plasma volume, suggesting limited distribu-
tion into tissues'. However, tissue distribution studies
with radiolabeled mAbs indicate that many tissues are
exposed to mAbs, but at lower concentrations than usu-
ally seen in systemic circulation'”. Despite the limited
tissue penetration, large biotherapeutics, such as mAbs,
often do have efficacy even in cases when the site of ac-
tion is believed to be the tissue, indicating that it is pos-
sible to design a therapeutic regimen such that the tissue
exposure is adequate to modulate the target at the site of
action. The therapeutic areas for tissue-acting biothera-
peutics are diverse and examples for autoimmunity and
oncology are presented in recent reviews™!,

Once in the tissue vasculature, the common transport
mechanisms for proteins from systemic circulation across
capillary endothelial cells and into tissues are listed in
Table 2%, The uptake of therapeutic proteins into cells
may be carried out v receptor-mediated transporters (e.g.,
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INN/BAN (description) Trade name MW (kDa) Absolute bioavailability' SC animal models used in drug development
Buserelin acetate Suprefact 130 Human 70% Pharm rat, hamster, guinea pig, rabbit, dog and
(LH-releasing hormone analog) monkey
Tox mouse, rat, rabbit and dog
Pramlintide acetate Symlin 395 Human 30 to 40% Pharm rat and dog
(amylin analog) PK mouse, rat, rabbit and dog
Tox mouse, rat, rabbit and dog
Insulin lispro Humalog 581 Human 55 to 77% Pharm rat, rabbit, dog and pig
(insulin analog) PK rat and dog
Tox rat, rabbit and dog
Insulin glulisine Apidra 582 Human about 70% Pharm rat and dog
(insulin analog) Dog 42% PK rat and dog
Rat 96%” Tox mouse, rat, rabbit and dog
Insulin glargine Lantus 606 Precipitates in skin-slow Pharm mouse, rat, guinea pig, rabbit and dog
(insulin analog) uptake in human, dog and rat PK rat and dog
Tox mouse, rat, guinea pig, rabbit and dog
Mecasermin Increlex 7 65 Human about 100% Pharm mouse, rat, rabbit and monkey
(IGF-1) Rabbit 47% PK rat, rabbit, dog and monkey
Rat 38 to 57% Tox rat, dog, rabbit and monkey
IFNB-1b Betaseron 185 Human 50% Pharm monkey
(cytokine) Monkey 31 to 44% PK monkey
Tox rabbit and monkey
Somatropin Nutropin 22 Human 81% Pharm rat
(GH) PK rat and monkey
Tox mouse, rat, dog and monkey
IFNB-1a Rebif 225 Human 6 to 62% Pharm mouse and monkey
(cytokine) Monkey 12 to 38% PK rat and monkey
Rat 16% Tox monkey
PEG-IFNa-2b PEG-Intron 31 Monkey 57 to 89% Pharm rat and monkey
(cytokine variant) Rat 43 to 51% PK rat and monkey
Tox mouse, rat, rabbit and monkey
Pegfilgrastim Neulasta 39 Monkey 49 to 68% Pharm mouse, rat and dog
(PEG-G-CSF) Rat <10% to 30% PK mouse, rat and monkey
Tox rat and monkey
Pegvisomant Somavert 42,47 and 52° Human 49 to 65% Pharm mouse and monkey
(PEG-GH) Monkey 70 to 81% PK mouse, rat, rabbit and monkey
Mouse 45 to 73% Tox mouse, rat, rabbit and monkey
PEG-IFNo-2a Pegasys 60 Human 61 to 80% Pharm mouse
(cytokine variant) PK rat and monkey
Tox mouse, rat and monkey
Certolizumab pegol Cimzia 91 Human 76 to 88% PK rat and monkey
(PEG-anti-TNFa. Fab' fragment) Rat 24 to 34% Tox monkey
Canakinumab Tlaris 145 Human 63 to 67% Pharm mouse, rat and monkey (marmoset)
(anti-IL-1B mAb) Monkey 60% PK mouse and monkey
Tox mouse and monkey
Adalimumab Humira 148 Human 64% PK monkey
(anti-TNF mADb) Monkey 96% Tox rabbit and monkey
Omalizumab Xolair 149 Human 53 to 71% Pharm monkey
(anti-IgE mAb) Monkey 64 to 104% PK mouse and monkey
Mouse 90% Tox monkey
Golimumab Simponi 150 Human 53% PK monkey
(anti-TNF mADb) Monkey 77% Tox mouse and monkey
Ustekinumab Stelara 150 Human 24 to 95% Pharm monkey
(anti-p40 mAD) Monkey 97% PK monkey
Tox monkey
Etanercept Enbrel 150 Human 76% Pharm mouse
(TNF receptor-Fe-IgG1 fusion protein) Monkey 73% PK mouse, rat and monkey
Mouse 58% Tox mouse, rat, rabbit and monkey
Rilonacept Arcalyst 251 Human 43% Pharm mouse and monkey

(IL-1 inhibitor, fusion protein)

Monkey 70%
Rat 60%
Mouse 78%

PK mouse, rat and monkey
Tox monkey

'Systemic dose following subcutaneous (SC) injection relative to systemic dose following intravenous injection; *Assumes linearity of AUC/dose;

*Product is a mixture of three distinct protein variants GH Growth hormone; LH Luteinizing hormone; MW Molecular weight; Pharm Pharmacology;

PK Pharmacokinetics; Tox Toxicology (including safety pharmacology); INN International nonproprietary name; BAN British approved name; SC

Subcutaneous; PEG Polyethylene glycol; IFN Interferon; TNF Tumor necrosis factor; IL Interleukin
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Table 2 Transport mechanisms for proteins from systemic
[22]

circulation across capillary endothelia

Type of capillary Barrier/transport  Particle size Typical tissues
endothelium mechanism subject to
passage
Continuous Basal lamina 50-110 nm Muscle, central
(non-fenestrated) membrane nervous system,
supported by bone, skin,
collagen cardiac muscle
Fenestrated Large pores, 50-800 nm  Renal glomeruli,
open fenestrae, intestinal villi,
intracellular synovial tissue,
junctions, basal endocrine
lamina glands, choroid
plexus (brain)
Discontinuous Large pores 1000-10 000 nm  Liver, spleen,
(sinusoidal) (fenestrae), bone marrow,
pinocytotic postcapillary
vesicles venules of
lymph nodes

Fc receptors, often leading to recycling of the molecule)
or other internalization processes, such as endocytosis
or pinocytosis (often leading to degradation of the mol-
ecule). Target-mediated tissue distribution has also been
reported for some mAbs™?, High drug concentrations
in kidney and liver have been reported for peptides, low
molecular proteins, and oligonucleotides[zs’%]. Upon tis-
sue uptake, metabolism/catabolism of protein drugs will
occur in tissues before the remnants of the molecules are
excreted from the body as smaller peptides and amino
acid degradants, or they atre recycled for synthesis into
other proteins in the body.

The high vascular concentrations of the test article
provide a potential source for interference of tissue drug
concentrations, and should be considered when interpret-
ing biodistribution data for therapeutic proteins. To mini-
mize vascular interference, whole body perfusion is often
performed before tissue analysis in biodistribution studies
of therapeutic proteins, especially for rodents' . Other
methods to correct for the contribution of residual drug
in tissue blood vessels, such as the use of radiolabeled
erythrocytes or the use of dual isotopes of '“I- and/or
"'labeled proteins, have also been appliedng].

Metabolism/Catabolism: Therapeutic proteins are re-
moved from circulation or interstitial fluid vz several
pathways: degradation by proteolysis, Fcy receptor-me-
diated clearance, target-mediated clearance, nonspecific
endocytosis, and formation of immune-complexes (ICs)
followed by complement- or Fc receptor-mediated clear-
ance mechanisms. While proteolysis occurs widely in the
body, its kinetics and mechanistic details are poorly un-
derstood, especially for large therapeutic proteins such as
mADbs. In vitro incubations with plasma, liver and kidney
homogenates have been used for peptides to facilitate the
selection of leads in discovery research; however the 7
vitro in vivo correlations for such an approach remain to
be established (see additional discussions in the “WHAT
IS NOT KNOWN?” section). Once taken up into cells, a
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biotherapeutic may be metabolized to peptides or amino
acids. This may occur in circulation by circulating phago-
cytic cells or by their target antigen-containing cells, or
may occur in tissues by various cells. For molecules with
an Fc (including therapeutic mAbs, endogenous Abs, and
fusion proteins), binding of the Fc domain to Fc gamma-
receptors may result into the internalization and subse-
quent degradation by lysosomes in the reticuloendothelial
system (e.g., macrophages and monocytes)"*>"",
Alternatively, molecules with an Fc may be protected
from degradation by binding to protective receptors [i.e.,
the neonatal Fc-receptor (FcRn)] in endothelial cells,
explaining the long half-lives (up to 4 wk) of these pro-
teins. The following references provide excellent reviews
on the scholarship in this field"”"™. The FcRn receptor
is a 52-kDa membrane-bound heterodimeric glycopro-
tein comprising a heavy chain and a light chain (beta2-
microglobulin). Structurally, the FcRn receptor varies
only subtly from conventional major histocompatibility
complex (MHC) class I proteins protein. Its physiological
function and expression in different tissues have been de-
scribed™™, In particular, the FcRn receptor, located in
endosomes of endothelial cells, is known to bind to the
Fc domain of IgG at pH 6.0-6.5, but only weakly or not
at all at pH 7.0-7.5. This unique property allows FcRn
to protect Fe-containing molecules from degradation by
binding to them in acidic endosomes after uptake into en-
dothelial cells vz nonspecific endocytosis or fluid-phase
pinocytosis. The IgG-FcRn complex is then transported
back to the cell surface and disassociated at physiologi-
cal pH, releasing the intact Fc-containing molecule back
to the circulation. In contrast, Fc-containing molecules
that are not bound to FcRn are degraded to amino acids
by lysosomes in the cells. The correlation between FcRn
binding affinity and systemic half-live has been investi-
gated for a number of mAbs™™!. While the contribu-
tion of FcRn in prolonging half-lives of Fc-containing
proteins is well recognized, other factors may also play a
role in determining the elimination rate of these proteins,
because the binding affinity to FcRn alone could not ex-
plain the variation of half-lives obsetrved for all approved
Fc-containing therapeutic proteins (see additional discus-
sions in the “WHAT IS NOT KNOWN?” section).
Target-mediated clearance is one of main causes of
non-linear elimination kinetics. Upon binding to target
on cells, the therapeutic proteins are internalized into
the cells and subjected to degradation in lysosomes. For
targets such as the endothelial growth factor receptor
(EGFR), target-mediated clearance is the predominant
clearance pathway at clinical doses, as illustrated by the
nonlinear kinetic characteristics of cetuximab™. Target-
mediated clearance could be demonstrated by comparing
the disposition kinetics between normal healthy animals
»s animals over expressing the target™, PK/PD mod-
els are usually established to describe saturable kinetic
profiles that are associated with the target-mediated clear-
ance in humans™™, Formation of anti-drug antibodies
(ADA) followed by formation of biotherapeutic/ ADA
ICs, is another main cause for the non-linear elimination
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kinetics, including time-dependent clearance, which is
often evidenced by a rapid concentration drop in the PK
profiles (discussed below).

It should also be noted that many general factors that
contribute to inter-subject variability in PK profiles for
small molecule compounds may also apply to therapeutic
proteins. These factors can be categorized into intrinsic
factors (such as age, sex, body weight, activity level, renal
and hepatic impairment) and to extrinsic factors (e.g,
concomitant drugs, diet) and there are several examples
in the literature describe the role of some of these fac-
tors for mAbs"™?,

Excretion: Renal excretion is thought to play an important
role in the elimination of protein degradation products and
low molecular weight (MW) biologics (MW < 30 kDa). The
process of renal filtration, transport, and metabolism of
low-MW proteins has been well discussed in literature®™.
Proteins are hindered at the glomerular filter in proportion
to their molecular size, structure, and net charge. However,
the mechanisms of reabsorption of peptides and proteins
in the kidney need further investigation.

When radiolabeled mAbs or Fc fusion proteins were
used in animal disposition studies, a majority of the ra-
dioactive dose was recovered in the urine!”. The sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis and trichloroacetic acid (TCA) soluble
counts indicated that the radioactive materials in urine
were associated with low molecular fragments, suggesting
that the excretion of intact parent drug was negligible. Bili-
ary excretion of therapeutic proteins, such as insulin and
epidermal growth factor has been reported[‘;}]. It appeared
that proteins were subjected to degradation in the liver,
and the degradants were subsequently excreted into bile™.

It has also been reported that plasma protein binding
plays an important role in the tissue distribution of several
new modalities of biologic therapeutics (e.g;, oligomers),
resulting in altered excretion profiles. Modification of the
lipophilicity of the backbone for oligomers has been used
to prolong the 7 vivo half-life by increasing plasma protein

binding in order to reduce the renal excretion”,

Anti-drug antibodies

Immunogenicity, specifically formation of ADAs, is one
of the major complicating issues in nonclinical and clinical
programs for therapeutic proteins. There are many factors
that contribute to the ability of a therapeutic protein to
elicit ADA production®™. Intrinsic factors affecting im-
munogenicity are protein sequence (including similarity
to endogenous proteins and the presence of T and B cell
epitopes), post-translational modification (glycosylation,
oxidation), and tertiary structure (including aggregation
propensity). Extrinsic factors include the route, dose, and
type of formulation (that may affect aggregation), produc-
tion process (that may affect both aggregation and post-
translational modifications), impurities, subject character-
istic (disease population, inflammation status, concomitant
medications), as well as drug pharmacology (specifically
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related to immunosuppression). All of the above factors
are thought to contribute to variability in ADA responses
observed across the biologic modalities, species, and sub-
jects.

ADA may affect both the PK and PD profiles of
therapeutic proteins by introducing additional (IC-depen-
dent) clearance and distribution pathways and by modu-
lating biological activity, including neutralization of the
test article. In the case of replacement proteins, the ADA
can result in neutralization of the endogenous protein as
well, as has been described with erythlropoietinl%’57I and
factor VII™ replacement factors.

When a drug/ADA immune complex is formed, the
clearance of a therapeutic protein within the IC may be
much faster compared to unbound drug, explaining a
rapid concentration drop in PK profiles. It is believed
that the clearance of IgG-containing ICs (which would
include a drug bound to ADA) occurs primarily in the
liver™*, This can be facilitated by red blood cells, which
can bind ICs in the circulation (viz the complement re-
ceptor 1) and deliver them to the tissue macrophages
of the mononuclear phagocyte system (such as Kupffer
cells) in the liver™. Because the extent and rate of IC
formation varies among human subjects, the IC-related
clearance could be considered as a major contributor to
the inter-subject variability in clinical and nonclinical PK
profiles for therapeutic proteins.

Under some circumstances, 1Cs (including ADA-bound
therapeutic proteins) might not be transported to the liver
and cleared properly™. Factors that could influence this
phenomenon include the IC characteristics (such as nature
and quantity of the antigen and the antibody response, in-
cluding antibody isotype and antigen/antibody stoichiom-
etry) and the state of the systems involved in IC clearance
and transport (for example expression of complement
components, complement receptors, liver phagocytic
system, red blood cells). In these cases, the deposition of
circulating complement-fixing IC in various organs (such
as the kidney) is observed, with important consequences
for safety assessments of biotherapeutics. The impact
of ADA on toxicology and PK-PD of therapeutic pro-
teins is further discussed below in the “WHAT IS NOT
KNOWN?” section.

Glycosylation

Glycosylation, most frequently at asparagine residues (“N-
linked”) and at serine or threonine residues (“O-linked”),
is the most common, complex, and heterogeneic post-
translational modification that occurs on endogenous and
therapeutic proteins. Recent reviews by Sola e 2/*" and
Li et al® summarize the current knowledge in this field.
The inter- and intra-product heterogeneity in glycosylation
profile can arise from the variability in glycan type and
structure (including degree of branching), the site of at-
tachment, and the degree of occupancy and can, in part,
be controlled by the production system and conditions
(such cell-type, cell culture media, and purification pro-
cess). The glycosylation of proteins is important from the
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ADME and efficacy standpoint, because impropetly gly-
cosylated proteins, whether endogenous or exogenously
produced biotherapeutics, may be rapidly cleared from the
circulation by specific receptor-based mechanisms, such as
high mannose receptor or asialoglycoprotein receptor, and
because glycosylation may directly affect biological activ-
ity of a biotherapeutic. For many approved protein drugs,
clinical efficacy depends on proper glycosylation'“‘“'. The
ongoing research in the field is discussed below in the
“WHAT IS NOT KNOWN?” section.

Toxicology

In the past three decades of the development of bio-
therapeutics, the toxicity of the molecules and the meth-
ods and studies by which to measure such toxicity have
been refined. In some cases (for example, for mAbs and
fusion proteins that block cytokine pathways), no effects
may be seen. When effects are seen in toxicity studies
with biotherapeutics, in almost all cases the findings have
been linked to target-mediated effects. In some cases
these target-mediated effects may be undesirable, and are
considered to be a result of exaggerated pharmacology.
In this regard, they may not be considered to represent
primary toxicity.

There are many examples of on-target pharmacologic
effects that can be undesirable. For example, a variety of
tumor necrosis factor-ot (TINF) inhibitors are used to treat
inflaimmatory and autoimmune diseases, including rheu-
matoid arthritis, psoriasis, inflammatory bowel disease,
and multiple sclerosis. B cell depletion therapies are used
for the treatment of B cell tumors, and for inflammatory
and autoimmune diseases. These therapies have proven to
provide life-altering benefits to many patients. However,
infections related to immunosuppression, which can be
considered exaggerated pharmacology, have occurred in a
small number of patients[“’m], although not all studies have
demonstrated such a risk relative to treatment with non-
biologic regimens[m. When they occur, these infections
may be associated with latent viral or bacterial infections
that recrudesce following the immunosuppression, or in-
fections by organisms that are normally not pathogens in
humans, and include Mycobactrinm tuberculosis, atypical my-
cobacterial infections, hepatitis B, and John Cunningham
virus [JCV, which causes progressive multifocal leucoen-
cephalopathy (PML)]. It should be noted that because pa-
tients often receive multiple immunosuppressive therapies
as well as have various diseases, identifying clear casual as-
sociations between infections and specific biologics can be
challengingm.

Another example of exaggerated pharmacology comes
from the erythropoiesis stimulating agents such as erythro-
poietins’™. At higher doses, such as those used in toxicity
studies, the animals develop polycythemia, chronic blood
hyperviscosity, vascular stasis, thromboses, increased pe-
ripheral resistance and hypertension, which can be fatal.
Similar adverse effects have been suspected in athletes
who are seeking supraphysiological hematocrits””. How-
ever, in an anemic person or animal, the increased red cell
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mass can be beneficial. The concept that one scientist’s
pharmacology is another scientist’s toxicity is indeed well
represented in the field of biotherapeutics. That said,
very recently there has been some concern raised regard-
ing off-target effects with biotherapeutics, and this is cur-
rently a topic of discussion within the biopharmaceutical
industry (a recent case study is reported by Everds et a/
at the Toxicologic Pathology Annual Symposium, 2011;
Abstract 04).

Species selection

Regulations require the use of one rodent and one non-
rodent animal species in general toxicity studies to assess
the toxicity of biotherapeutics, as long as the species are
relevant™". The selection of species for most biothera-
peutics should primarily be based by the presence of
pharmacological activity. The specificity and biological
activity of the biotherapeutic is typically first evaluated
in vitro. This can be done using binding assays and cell-
based assays. Ideally the biotherapeutic will be specific
and bind only to the intended target. However, from a
practical standpoint, only a limited number of targets can
be evaluated, and there is always a chance for unintended
binding to untested targets to occur. The 7 vitro activ-
ity of the biotherapeutic on the human target should be
compared with the activity in commonly used toxicity
species. Ideally, the activity in the animal species is simi-
lar to that observed in humans. If so, it suggests these
species may be relevant for toxicity studies. However, in
many cases the activity in animals is lower, and sometimes
absent, especially in rodents. When pharmacologic activ-
ity is not present in a species, they should generally not
be used for toxicity studies (although they may still have
value for PK studies). Whenever possible, the presence
of partial or full i vitro activity should be followed up
with 7 vive studies, as the activity 7 vitro is not always pre-
dictive of the i vivo activity. For example, a cell line from
a mouse might show only 50% pharmacologic activity
vitro compared with a human cell line. However, the activ-
ity in vivo might be greater in the animal (and more similar
to humans) if only partial binding or signaling is neces-
sary for a full PD effect. When the biological activity in
animals is less than humans, it can sometimes be possible
to dose higher and/or more frequently to produce a
greater level of activity in the toxicity species, presumably
mote similar to what would happen in humans. It should
be noted that there is no defined rule stating what level
of activity compared with humans is needed to suggest
inclusion or exclusion of a given species for 7 vivo toxic-
ity testing, but hopefully full pharmacologic activity can
be achieved in at least one toxicity species (see “WHAT
IS NOT KNOWN?” section).

In most cases, toxicologists prefer to use only certain
species for toxicity testing. This is based on having many
decades of experience with these species, and having a
good understanding of the background findings and dis-
eases that can occur. Specifically, the preferred species for
general toxicity testing include the mouse, rat, dog, and
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cynomolgus monkey (the rhesus monkey is also some-
times used). In the case of small molecules, the rat and
dog are most frequently used, unless data exists suggest-
ing alternative species should be used (which might occur
in case of species differences in drug metabolism result-
ing in unique and/or major metabolites). In contrast to
the small molecule situation, in many cases the biothera-
peutic under development is pharmacologically active
only in primates, and thus the large animal species used
for general toxicity testing is the cynomolgus monkey. In
some cases, the molecule also has activity in mice and/or
rats. When this occurs, general toxicity testing should also
be conducted in the rodent’™™. Unlike the situation with
small molecules, metabolites are not a factor in species
selection for biotherapeutics.

The need to frequently use the cynomolgus monkey
as a primary species for general toxicity testing has high-
lighted some of the issues with using monkeys in toxicity
studies. They are genetically heterogeneous, there are fre-
quently background findings that can mimic test article-
related effects, they are expensive and require extensive
housing care, their use should be minimized from an ani-
mal use perspective, and only small numbers can be used.
Nevertheless, there is a good track record in developing
biotherapeutics for human use without development of
toxicity in humans. In most cases, when effects are seen
in humans, they have been related to exaggerated phar-
macology, which was considered a possible effect based
on known or expected iz vitro pharmacology, even if not
observed 7 vivo in animals.

If there is no activity in any commonly used toxicolo-
gy species, then it may be necessary to consider other spe-
cies, such as the common marmoset. In addition, the use
of surrogate molecules or transgenic animals expressing
the human target can be considered; however, this greatly
adds to the complexity of the development programs, and
may be a reason to look for other candidate molecules (see

“WHAT IS NOT KNOWN?” section).

Tissue cross-reactivity studies

For biotherapeutics containing a complementarity-deter-
mining region (CDR), a tissue cross-reactivity (I'CR) study
is recommended”™. This assay involves an immunohisto-
chemical staining of a broad range of tissues from humans
primarily to identify off-target binding, and secondarily
to identify previously unknown sites of target expression.
If human staining is observed, then similar tissues should
be stained in the species planned for toxicity testing, In
most cases, the TCR studies in at least one of the species
planned for 7z vivo toxicity studies shows a similar pattern
of binding, In the unusual cases where no animal staining
is observed in human tissues that had staining, other spe-
cies may need to be considered for the toxicity studies to
ensure assessment of the potentially cross-reactive epitope.
This topic has recently been reviewed'".

Cytokine release assays
The implementation of cytokine release assays into non-
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clinical drug development strategies was driven to a great
extent by the unfortunate clinical trial with TGN1412,
which resulted in cytokine release in human volunteers and
significant morbidity” ™. Much effort was put into deter-
mining why the nonclinical development studies did not
alert the scientists to the cytokine release that occurred in
humans. At the present time, iz vifro cytokine assays have
been developed that are believed to be able to detect bio-
therapeutics that may result in cytokine release. In addition,
methods of determining safe starting doses in humans
have been implemented across the world. In particular,
one approach often used is termed the MABEL approach,
which involves determining the Minimal Anticipated Bio-
logical Effect Level, and then applying a safety factor to
determine the appropriate starting dose’ "***, Tn addition,
it is recommended that dosing in first in human trials be
staggered, so that if adverse effects do occur shortly after
dosing, only a few subjects would be impacted.

Studies that are not necessary

In the early days of biotherapeutics development, the test-
ing paradigm for development typically followed a small
molecule approach. In this regard, genetic toxicity testing
was often done. It is now recognized that biotherapeutics
alone do not cause direct genetic damage that results in
tumor formation, and such testing is not necessary; regu-
latory guidances specifically state this'™*™, However, there
are occasions where genetic toxicity may be necessary if
the biotherapeutic is linked to molecules for which there is
a genetic toxicity risk. Examples of this include antibody
drug conjugates, where the antibody is attached to a toxin
via a linker. In this case, both the linker and/or the toxin
may be genotoxic, and genetic toxicity testing may be
necessary. Many of the other assays often conducted for
small molecules, such as 7 vitro toxicity evaluations and
the human ether-a-go-go related gene (hERG) assays are
typically not conducted with biotherapeutics.

Nonclinical development strategies

A detailed description of possible development strategies
for all type of biotherapeutics is beyond the scope of this
article. However, some general concepts ate applicable to
most classes. Once the pharmacologically-relevant species
have been identified for the toxicity studies, non-GLP
(i.e., not required to follow the good laboratory practice
guidelines) exploratory toxicity (dose range finding) stud-
ies are typically conducted. These usually use a limited
number of animals and usually range from single-dose to
two-week studies; the study design should be based on
the overall program needs and known pharmacology. In
some cases, toxicity evaluations can be conducted in con-
junction with efficacy studies, which can provide impot-
tant information earlier in the program at reduced cost
and using fewer animals. It is important, however, that
such combination efficacy/toxicity studies do not unduly
jeopardize the potential for collecting critical data. For ex-
ample, if the entire liver needed to be collected for an ef-
ficacy evaluation, then it would not be possible to collect
it for histopathologic evaluation. In other cases, especially
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for monkey studies and in cases where little toxicity is
expected, assessments can be included in association with
non-terminal single-dose PK studies (for example, clinical
observations, clinical pathology assessments), minimizing
animal use. If pharmacologically relevant, both a small
animal (typically mouse or rat) and a large animal (typically
cynomolgus monkey) are evaluated in these eatly studies.
Information from the exploratory studies is used to guide
the study design for the first-in-human (FIH)-enabling
GLP toxicity studies. These are usually also conducted
in a rodent and non-rodent species, if pharmacologically
relevant. These studies are usually followed by longer-
term studies if they are needed.

The current regulatory guidelines suggest chronic tox-
icity evaluations only need to be in one relevant speciesm]
This can mean only the mouse or rat, if this species is
relevant, i.e., the monkey is not necessarily the default spe-
cies that must be used. Some companies have also used
the rabbit as the single species for chronic studies.

Safety pharmacology studies are usually included in
the GLP toxicity studies if the only relevant species is
the monkey, and usually include central nervous system
(CNS), cardiovascular (CV), and respiratory evaluations
at a minimum. However, some companies conduct sepa-
rate studies, especially if there is cause for concern. If the
biotherapeutic is active in rodents, these species can be
used for safety pharmacology studies.

Reproductive toxicity evaluations for biotherapeu-
tics have evolved significantly over the past decade. If
the molecule is active in rodents, then fertility, embryo-
fetal development, and peti/postnatal evaluations can
be conducted in rodents, if such studies are necessary'”.
It is also important to note that the rabbit needs to be
considered as a potential species for use in embryo-fetal
development studies'”. The consideration of the rab-
bit requires conducting approptiate i vitro and/ot in vivo
studies to determine whether the rabbit is a pharmaco-
logically-relevant species. These assays should be done
carly enough in the development program to ensure the
data are available for making appropriate species selection
decisions, and for conducting the necessary studies in
time to support the clinical program. In some cases, full
reproductive toxicity evaluations are not necessary, such
as oncology indications, where only developmental toxic-
ity in one species may be necessary[&ﬂ, or in cases where
the indication does not warrant reproductive toxicity
evaluations.

If the biotherapeutic is only active in primates, then
a relatively new study design is recommended for most
indications that require a complete reproductive toxicity
evaluation. The design is termed an enhanced pre/postna-
tal development (ePPND) study, and involves dosing from
eatly gestation (gestation day 20) to the end of gestation,
or into the beginning of the post partum period” ™",
Fertility assessments can be challenging in monkeys. It is
generally recommended that at least one longer-term (i.e.,
> 3 mo) toxicity study be conducted in mature monkeys,
if warranted for the indication, to help assess reproductive
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effects”. This paradigm has put increased pressure on

the need for mature monkeys, which are more expensive
and require increased animal handling capabilities of the
larger animals. In addition, the pretest screening to assist
in determination of sexual maturity adds time, and must
be considered when planning studies.

WHAT IS NOT KNOWN

Absorption, distribution, metabolism, and excretion
Despite the rapid increase in knowledge of mechanisms
involved in protein disposition, many fundamental issues
in pharmacokinetics and ADME properties of therapeu-
tic proteins remain to be elucidated. Below we highlight
some of the major knowledge and technology gaps,
as well as emerging science in ADME investigation of
protein therapeutics from the standpoint of commercial
development.

Impact of bioanalytical assay on PK characterization:
Developing a validated bioanalytical assay is critical in
determining the PK of therapeutic proteins. At the
present time, the majority of bioanalytical methods for
determination of drug concentrations, as well as for the
determination of ADA, are ligand binding-based assays.
Understanding the assay format is important in PK char-
acterization to accurately describe the iz vivo disposition
of a protein molecule, especially when linking the PK
data with the PD outcomes™*’.

The commonly used and emerging bioanalytical ap-
proaches for quantification of therapeutic proteins in
circulation and tissues are summarized in Table 3. There
are currently technical limitations associated with measut-
ing tissue drug concentrations for proteins: in general,
the currently available technologies for quantification
of tissue concentrations of biotherapeutics in support
of ADME studies are relatively labor intensive, of low
throughput, and often of low sensitivity (Table 3). For
therapeutic proteins with a site of action in tissues, ac-
curate quantifications of drug tissue concentrations are
needed to establish the PK/PD correlation and guide
design of clinically efficacious dose regimens. Different
approaches are often pursued to determine tissue drug
concentrations on a case-by-case basis. The advantages
and disadvantages of using radiolabeled proteins in tissue
distribution studies have been discussed"”. Noninvasive
imaging with radiolabeled or fluorescently-labeled pro-
teins and peptides is a fast growing research field and
this diagnostic and/or bioanalytical technology has been
widely used in different therapeutic areas” . For example,
Palframan ¢z a/™ examined uptake of several commet-
cially available TNF inhibitors in mouse model of arthri-
tis using a non-invasive biofluorescence imaging method.

The identification and quantification of specific
isoforms within the drug product (for example those
containing a specific posttranslational modification ot
bound impurity) in blood and tissues are important be-
cause different isoforms may have differential ADME
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Table 3 Bioanalytical methods applied to absorption, distribution, metabolism and excretion studies of therapeutic proteins

Methods Capability to assay for Current throughput Currently use Current sensitivity
Immunoassay Total, free, intact High for serum, low for tissues, requires Mostly serum/plasma, Usually high for serum/
homogenization physiological fluids plasma
(e g, synovial and
bronchoalveolar lavage )
Bioassay Activity of targets, Medium to low, may require fresh samples for Serum/ plasma and Varies depending on
biomarker, ex vivo efficacy certain assays tissues individual assay
Radioactivity Total, intact and High, requires probe preparation and Serum/plasma, tissues, Usually high, depending on
counting degradants characterization biological fluids, and specific activity of labeled
excreta materials
Ms Total, free, intact and High for peptides in serum/plasma, requires ~ Serum/plasma, tissues, ~ Usually high for peptides
degradants homogenization for tissues biological fluids, and
excreta
Medium to low for proteins in plasma/serum, Low for large proteins
requires purification (e g, immunocapture) and
digestion for large MW biologics
Imaging Total, intact and Medium to low, requires probe preparation and  Live animals, clinical =~ Varies, depending on probes
degradants characterization studies in humans, cells used and study settings
and tissues
Auto-radiography Total, intact and Low, requires tissue slicing and film developing Tissues Varies, depending on specific

degradants

activity of labeled materials

“Low” and “High” sensitivity is an assessment of likelihood of obtaining a sufficient data-set for quantitative assessment of absorption, distribution,

metabolism and excretion properties MW Molecular weight; MS Mass spectrometry

properties, as demonstrated for several therapeutic pro-
teins™ "', In vivo measurement of various isoforms may
guide the design of drug product with improved ADME
profiles; however the current methodology for such
studies [mostly based on liquid chromatography-mass
spectrometry (LC/MS) technologies] is limited and very
labor intensive. While metabolic ID and metabolite quan-
titation studies for therapeutic proteins are not routinely
conducted (and not required by the regulatory agencies),
these studies are needed to understand mechanisms of
unexpected ADME, PD, or toxicity profiles exhibited by
some biotherapeutic drug candidates; however, the avail-
able methods for these investigations are in most cases
not adequate.

Thus, a breakthrough in bioanalysis methodology will
be necessary for advancement of the science of biothera-
peutics” ADME to the next level. The next generation assay
platforms, such as non-invasive imaging, LC/MS, immune-
polymerase chain reaction (PCR) or aptamer-PCR, that are
emerging to meet the demands of rapid growth in biologics

. . . 87,92,93
discovery research are reviewed in references”™ ",

Unusual pharmacokinetic profiles of mAbs: With the
advent of novel and advanced engineering tools, mAbs
are being optimized to achieve higher affinity to targets,
improve target specificity, reduce clearance and prolong
half-life. However, an unwanted consequence of mAb
optimization appears to be increased incidence of thera-
peutic candidates with unexpected disposition profiles.
The causes of the unexpected pharmacokinetic profiles
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often remain unknown, including translatability from ani-
mals to humans.

Several recent publications illustrate the challenges of
unexpected fast clearance and altered distribution behav-
ior of protein therapeutics. Vugmeyster ez a/*' and Bum-
baca et al™” case studies provided examples of species-
dependent fast clearance, which was attributed to off-
target binding in cynomolgus monkey (fibrinogen) and in
mice (complement component 3), respectively.

Perhaps the more troublesome from the drug devel-
opment standpoint are examples of species-independent
fast clearance with unidentified causes. The examples in-
clude anti-IL-21R antibodies”™"” and ant-RSV Ab"" de-
rived via a phage-display optimization, as well as a num-
ber of case studies with unrevealed therapeutic targets
presented at scientific meetings. In these examples, com-
mon factors affecting mAbs/protein disposition (such
as target binding, FcRn binding, whole blood stability,
and ADA) were determined to be unlikely to account for
the observed kinetic profiles. The disposition profiles of
these mAbs with faster clearance ate suggestive of low
affinity and large capacity off-target binding: specifically,
the observed eatly rapid declines in serum concentrations
and linear pharmacokinetics over a large dose range.
Of note is the possibility of multiple low affinity off-
target binding epitopes for a given mAb, resulting in a
net large capacity off-target sink. In addition to its impact
on ADME profiles, the off-target binding may also be
relevant for pharmacological and safety assessments, and
may require changing the dosing regimens to improve
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exposure.

In summary, there is still a significant gap in our un-
derstanding of disposition mechanisms of therapeutic
proteins, even for the most common class, such as mAbs,
which complicates commercial development.

The role of net charge (pI) and local charge clusters
on disposition of therapeutic proteins: The role of
charge (pI) on PK and biodistribution of therapeutic
proteins remains to be systematically characterized. A
recent review by Boswell ez a/”” summarized the current
knowledge. The mechanism behind the impact of charge
on PK is believed to be the interaction of positively
charged therapeutic proteins with negatively charged en-
dogenous components within cell surface residues (sialic
acids, glycosaminoglycans), i.e., a large capacity off-target
sink, reminiscent and likely related to the phenomenon
described above for mAbs with unexpected PK profiles.
However, very few mechanistic studies are reported in
the literature.

Charge heterogeneity or variability may be a conse-
quence of deliberate changes, such as protein engineering
or chemical modifications, or a result of spontaneous
alterations occurring during manufacturing, such as post-
translational modifications. In general, cationization is
believed to shorten the half-life and decrease exposure,
while anionization is believed to prolong the half-life
and increase exposure[gg'w]. However, the relationship
between the net charge and disposition profile is not al-
ways straightforward™. As proposed by Boswell ez al™,
net charge may alter tertiary or quaternary structure of
the therapeutic molecule, resulting in indirect effects on
disposition profiles, including altered FcRn interactions
or altered charge localization. It is possible that the effec-
tive exposed local charge clusters, and not necessarily the
total net charge, may ultimately account for the extent
of interaction of therapeutic proteins with endogenous
charged residues. Thus, deliberate engineering out of
exposed positive charge clusters (not involved with target
interactions) may be a rationale approach for improving
PK profile of a therapeutic protein.

In summary, while many case studies that address the
relationship between the protein charge and 7 vivo dispo-
sition have been described, a comprehensive assessment,
including mechanistic and structural studies, remains to
be conducted. The practical application of this emerging
science is a potential for rational design of drug variants
with desired PK and disposition properties. Thus, charge
engineering may provide an alternative approach for
modulation of ADME profiles of biotherapeutics and
can be used instead of or in combination with other ap-
proaches, such as Fc-engineering or PEGylation.

FcRn: Role in absorption, distribution and in vitro/
In vivo correlations: While significant scholarship has
been acquired on the role of FcRn in disposition of anti-
bodies and other Fc-containing biotherapeutic modalities
(see “WHAT IS KNOWN?” section), this remains to be
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a very active area of research with important applications
in commercial development. Most published studies on
the role of FcRn focus on serum pharmacokinetics and
FcRn-mediated protection from lysosomal degradation; in
contrast, the mechanistic studies on FcRn-mediated anti-
body absorption and distribution into tissue are sparse.

Current understanding of the role of FcRn in anti-
body absorption is limited. Deng ez a/™ reported that the
FcRn variant of an anti-TNF Ab with stronger affinity
for FcRn at neutral pH appeared to have lower bioavail-
ability after SC administration, possibly related to delayed
release of the antibody leading to accelerated degrada-
tion at the injection site. Recent studies support the role
of FcRn in SC absorption of mAbs in rodents>'"”
(and Balthasar lab, unpublished observations). Specifi-
cally, the bioavailability of an IgG1 antibody following
SC administration was about 3-fold higher in WT mice
compared to FcRn-deficient mice!""”, While the mecha-
nism of FcRn-mediated effects on SC bioavailability is
not known, it may include the protection during FcRn-
mediated transport from interstitial fluid to the blood, as
well as protection from catabolism at the site of injection
and in the lymphatic system.

A mechanistic understanding of the role of FcRn in
antibody distribution is also lacking. Studies with intesti-
nal human cell lines suggested that FcRn transports IgG
across cell monolayers, implicating FcRn in transport
of mAbs from circulation to the interstitial fluid of tis-
sues'"”. Several physiologically-based pharmacokinetic
models that incorporate FcRn-mediated IgG transport
have been developed and the model predicted an im-
portant role of FcRn-mediated mechanism on antibody
distribution to various tissues in mice using a few test
IgGs“m’ms]. Comprehensive evaluations of the contribu-
tion of FcRn to transport of IgGs into various tissues in
rodents and primates have not been performed, including
quantitative assessment on the contribution of FcRn in
tissue distribution of IgGs in animals and humans.

Following the discovery of the role of FcRn on an-
tibody disposition, optimization of protein structures
via improving FcRn binding has been pursued by phar-
maceutical companies as an approach to produce a drug
candidate with the desired half-life. Multiple studies have
been performed with IgG variants engineered to have
different binding affinities and/or kinetics and tested for
the impact on PK proﬁlesmm. The cornerstone for these
Fc-engineering efforts has been 7z vitro assays (such as
surface plasmon resonance (SPR) or cell-based binding
in FcRn-expressing cell lines) to test engineered variants
for modulation of FcRn binding. However, the in vitro
and 7z vivo correlations between the FcRn binding param-
eters determined from either SPR or cell-based methods
remain controversial, with some studies reporting a good
correlation of zr vitro binding at pH 6.0 and the iz vivo PK
proﬁles[34’38'41] and other studies failing to demonstrate
such a correlation”""). The lack of the correlation
between the binding at pH 6.0 and 7 vitro PK for some
mAbs was linked to the hypothesis that efficient binding
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at pH 6.0 needs to be complemented by the lack of bind-
ing and/or fast off-rate at neutral pH in order for IgGs or
Fe-containing proteins to be salvaged by FcRn™" """ Tn
general, it is likely that quantitative modeling that utilizes
the combination of the kinetic parameters for FcRn/Fc-
containing protein interaction (such as kon and koff rates
at acidic and neutral pHs) and other “determinants” of
clearance for a particular Fc-containing protein, will be
needed to improve the 7 vitro and 7n vivo correlations, be-
cause the relative contribution of a given # vitro binding
parameter to the overall 7z vivo clearance may differ across
Fc-containing proteins (discussed by™™'"™). In addition,
very recent studies suggested that mAbs with the same
Fc sequence but different CDRs can exhibit differences
in FcRn binding parameters and in PK profiles, possibly
via CDR-mediated impact on tertiary structures of the
Fc region, leading to altered FcRn binding" """, Further-
more, the translation of FcRn effects from animal studies
to humans is not straightforward, in part due to species
differences in FcRn binding”*. The recent report by
Zheng ef al"™ on pharmacokinetics of FcRn variants
highlights the challenges in translating FcRn-mediated
modulation of pharmacokinetics from animals to hu-
mans, including the cases when non-human primates are
used for nonclinical investigations.

In summary, the role of FcRn in antibody absorption
after SC administration and in tissue distribution (after dos-
ing via any route) remains to be characterized and quant-
fied. Potential species differences in the role of FcRn in
ADME of IgGs need to be systematically investigated to
enable translation of the effects of FcRn modulation from
animals to humans. The translation of 7 vitro FcRn binding
kinetics to 7 vivo PK temains to be understood and is cru-
cial for the success of rational Fc engineering.

Factors influencing SC absorption: Upon comparison
of absorption parameters (such as bioavailability and
Tmax) across various therapeutic proteins administered
by SC injection, a wide range of mean/median values is
apparent, especially for biologic modalities beyond mAbs
(Table 1)""™. The reason for this variability across differ-
ent therapeutic proteins is not known, but many factors
are likely involved (see “WHAT IS KNOWN?” section for
the list of possible factors), and the relative contributions
of these factors are likely to vary with biologic modality
or even a particular therapeutic protein within the same
modality. Poor bioavailability translates into higher cost
of goods and the need for higher doses and/or more
frequent dosing. Therefore, a thorough understanding of
key processes and factors that impact SC absorption and
application of this knowledge for design of SC-admin-
istered biologic drug products with improved systemic
exposure has significant commercial implications.
Surprisingly little is known about the mechanisms of
absorption of therapeutic proteins following SC admin-
istration. In addition, it appears that there are significant
species differences in physiology and mechanisms affect-
ing kinetic profiles in disposition of therapeutic proteins
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upon SC dosing, such that the nonclinical models and
methodologies for prediction of human SC profiles need
to be further explored (Table 1),

In general, SC bioavailability depends on pre-systemic
metabolism /catabolism and systemic absorption'". Phys-
iological processes that drive SC absorption of therapeutic
proteins are believed to be convective transport across the
lymphatic vessels (“lymphatic drainage”), passive diffusion
across the blood vessels at the absorption site, and for
molecules with an Fc, specific FcRn-mediated transport
mechanisms. The relative contribution of these processes
to SC absorption for a given biologic modality is contro-
versial. Studies in sheep indicated that the main pathway
of SC absorption is via lymphatic drainage for proteins
larger than 20 kDa (using mostly non-Fc containing pro-
teins)"'"""?. In contrast, in rodents and rabbits the relative
contribution of lymphatic system in SC absorption is
small">"*'""™ There is no similar mechanistic data in mon-
keys or humans, and it is not known how to extrapolate
the existing data to humans.

In summary, a comprehensive evaluation of factors
and mechanisms influencing SC absorption in humans
and animals needs to be conducted. Then models, includ-
ing species-specific models that account for the complex
interplay of the factors involved in SC absorption (for
example, physiologically-based absorption and disposi-
tion models), need to be developed. Finally, these models
need to be validated for predictability of human PK pro-
files across therapeutic modalities, species, and subjects.

Complex role of glycans: A variety of mechanisms
are believed to account for the effect of glycans on the
disposition and biological activity of therapeutic proteins,
and the research in this field is rapidly expanding. In gen-
eral, glycosylation can impact protein ADME properties
by (1) masking of proteolytic or immunogenic site (de-
creasing degradation/clearance), ot, conversely by intro-
ducing new immunogenic sites (increasing degradation/
clearance); (2) changing total or local charge; (3) promot-
ing or interfering with dimerization or multimerization;
and (4) changing contribution of clearance and distribu-
tion pathways mediated by specific glycan receptors. If
the clearance of the protein is increased by any of these
mechanisms, then the PD effect is typically decreased.
For mAbs, glycosylation in the Fc region has been
shown to modulate binding to Fc gamma receptors and
complement components, which can either decrease or in-
crease CDC and/or ADCC functions' ", depending on
the type of the modification. However, the link between
the Fe-related glycosylation and the PK profile of a mAb
remains controversial, with some studies supporting such
a link but not the others. It is possible that the impact of
Fe-linked glycans on the disposition of mAbs is species-
and molecule-dependent. Initial studies have indicated
that in the Fc region, glycans are not thought to be ac-
cessible to receptors that can mediate glycan-dependent
clearance and thus have minimal effect on PK'"'", Recent
case studies have suggested this may not always be the
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case, with some studies reporting increased clearance in
humans and mice for high mannose enriched and afu-
cosylated Fe-glycovariants of some mAbs'”'*!!, but not
other variants"“>'*, Tt should be noted that the majority
of antibodies (including therapeutic mAbs) have no gly-
cans attached to their variable region, with a few possible
exceptions[124’125].

Although glycosylation has also been shown to play
a prominent role in both disposition and PD for thera-
peutic proteins beyond mAbs®, there are still numerous
unanswered questions on mechanisms and predictability
from biophysical profiling to iz vivo PK and PD profiles.
For example, the role of sialic acid in protein disposi-
tion and correlations between the extent/site of sialic
acid content and effects on clearance and distribution
has been an active research topic. Several reports indi-
cate that increased sialic acid content in biotherapeutics
is associated with reduced clearance and improved PK
profiles”'*'*!. Conjugation of polysialic acid (PSA) has
been shown to increase half-life of several proteins, such
as asparaginase, Fab fragment, and insulin"*”. The mech-
anism behind the beneficial effects of polysialylation on
PK profile needs to be investigated and is likely related to
be a combination of multiple factors, including masking
of proteolytic and/or immunogenic sites and an increase
in size beyond the renal filtration cut-off. In addition,
relative contributions of these factors are likely to be dif-
ferent for each protein-polymer conjugate. This approach
for half-life extension is similar to PEGylation"”, with a
potential advantage of employing a natural, biodegrad-
able polymer. Similar to PEGylation, polysialylation may
lead to the decrease in biologic activity of a therapeutic
protein; therefore for an optimal PD effect, a design that
balances effects on PK and biological activity should be
considered.

In summary, glycol-engineering and modulation of
glycosylation during production of a biotherapeutic is
a widely used approach for increasing exposure (by de-
creasing clearance), and for altering the biological activity
of therapeutic proteins. The success of such modifica-
tion in meeting the planned objective has been variable.
Similar to considerations mentioned above for other pro-
tein engineering approaches, the key to commercial suc-
cess of glycol-engineering is a mechanistic understanding
of clearance pathway and species differences, as well as
translation from the biophysical glycan profiles and 7
vitro activity to i vive effects. An additional consideration
for glycol-engineering is balancing the effects on PK zer-
sus PD to achieve optimal clinical efficacy.

Effect of ADA on clearance and distribution: While
the impact of ADA on serum PK and PD profiles has
been described qualitatively/semi-quantitatively in many
case studies (see “WHAT IS KNOWN?” section), the
quantitative tools to link ADA characteristics [such as
titer (which is related to both avidity and concentrations
of ADA), persistence, isotypes, and neutralization poten-
tial] to PK or PD are lacking. For development of such a
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quantitative tool, significant advances in our knowledge
of mechanisms behind ADA-driven clearance and distri-
bution processes are needed. However, the mechanistic
and quantitative studies on the impact of ADA on clear-
ance and distribution of therapeutic proteins in both
nonclinical and clinical settings are sparse[m’mu.

The mechanisms responsible for the elimination of
ICs in general and biotherapeutic/ ADA complexes in
particular remain to be fully delineated, although the
important role of red blood cells and mononuclear and
phagocyte system in the liver have been demonstrated
(see “WHAT IS KNOWN” section). For example, both
the Kupffer cells and sinusoidal endothelial cells in the
liver are thought to be involved in the clearance of these
ICs from the circulation zia Fc-receptor dependent up-
take!". However, because Fc receptors are expressed in
many other organs, yet the largest relative uptake of ICs
is reported in the liver, it is possible that there is an Fc
receptor-independent uptake of ICs in this organ. In ad-
dition, some but not all studies implicate spleen in the
clearance of ICs and suggest that size and type of ICs
may influence the relative contribution of different elimi-
nation processes for ICs'™'™. In the case of ADA, which
are highly heterogenic across subjects or even in any
given subject sample®™, ICs of different types and sizes
are expected to form. Therefore, multiple ADA-mediated
clearance and distribution pathways may be present for
any given subjects or within the study population.

Johansson ¢z al”"' provided a detailed case study on
the #n vitro 1C formation and 7 vivo clearance and distri-
bution of a model mAb (“Id”) and its monoclonal anti-
idiotype (“anti-Id”) in mice. The i vitro results from this
study suggested that the relative concentrations of the
reactants (related to the dose of a mAb in the i vivo set-
tings) played a role in the type and size of Id/anti-Id
immune complexes generated, as examined by electron
microscopic and other biochemical techniques. In the in
vivo study, mice were given a single dose of the radiola-
beled Id, followed by an injection of the unlabeled anti-
1d antibody at different I1d/anti-Id ratios; the total body
clearance of 1d, as well as uptake in various organs, were
monitored. These studies indicated there is stoichiomet-
ric dependence on the impact of anti-Id antibody on the
clearance of Id and that the metabolism of the ICs be-
tween Id and anti-Id occurred mainly in the liver.

In a study by Rojas ez /""" cynomolgus monkeys were
given a single IV dose of a therapeutic antibody infliximab
(IFX), followed by injection of either “I-labeled, purified
monkey anti-TIFX IgG (test group) or '~I-labeled monkey
non-binding control IgG (control group). This study was
designed to model the formation of ADA/biotherapeutic
ICs in the presence of excess antigenic protein, such that
IFX was given in excess of "I anti-IFX IgG or "Icon-
trol IeG. In vivo formation of IFX/ "I anti-IFX ICs of
variable size was confirmed by high-performance liquid
chromatography analysis. The serum PK profile of IFX,
although somewhat lower in concentration over time for
the test group (i.e., IFX given in combination with anti-
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IFX Ab), was not statistically different relative to the con-
trol group. In contrast, the terminal half-life and clearance
of the I- anti-IFX IgG (circulating largely in complex
with IFX) was significantly shorter because of more rapid
elimination compared with the "L control IgG. The
authors noted that these data illustrated that detection of
ADA-containing ICs may be challenging because of the
rapid clearance of the ADA/biotherapeutic ICs, especially
in cases when a transient anti-drug immune response is
triggered. Interestingly, the authors also provided evidence
that red blood cells appeared to play only a limited role in
the elimination of ICs.

It should be noted that in some cases the relative im-
pact of ADA on serum drug concentrations cannot be
directly extrapolated to tissue profiles' ', which may have
significant implications for projections of efficacious
dosing regimens for a biotherapeutic which has its site of
action in tissues. For an anti-I[.-21R Ab administered to
wild-type or lupus-prone mice, a differential impact of
ADA was shown for tissues serum. Specifically, after a
single dose of "Llabeled anti-IL-21R Ab to mice, there
was a rapid decline of serum drug concentrations at
10-21 d post dose, associated with development of ADA.
However, tissue drug concentrations declined at a slower
rate. Interestingly, the difference between serum and tis-
sue drug concentrations was more pronounced in the dis-
ease model 25 healthy animals, related primarily to faster
clearance in the serum in the disease model. In general,
it appears that in single-dose studies in which formation
of ADA leads to a reduction in serum drug concentra-
tions, an increase in tissue-to serum concentration ratios
is observed and tissue concentrations often approach or
even exceed those in serum as the ADA removes the test
article from the serum more rapidly than tissues'”. In
these cases, it is likely that the relatively high tissue con-
centration reflected the high serum concentrations before
the onset of ADA.

In summary, comprehensive mechanistic studies on
ADA-mediated distribution and elimination of thera-
peutic proteins in nonclinical and clinical settings will be
instrumental in building PK-PD relationship that take
into account the ADA-mediated effects, including dose-
dependency and inter-subject variability of these effects.
However, because of highly heterogenic nature of ADA
response, the quantitation of these ADA-mediated ef-
fects is expected to be challenging and will require unique
modeling approaches.

Toxicology

Species selection: As noted above (in the “WHAT IS
KINOWN?” section), there are standard paradigms for se-
lecting species for toxicity studies. However, how closely
the pharmacologic effects of a biotherapeutic in a given
species truly mimics the effects in humans are often not
really known. In some cases, iz vivo assays, including ef-
ficacy models, may be available. This is particularly true
when the biotherapeutic has activity in rodents, but is
often less common if the molecule only has activity in
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primates. If a biotherapeutic demonstrates activity # vivo,
it is usually based on a limited set of parameters, and it is
always possible that other parameters that were not evalu-
ated might also be affected. Furthermore, the translat-
ability of #n vitro effects to in vivo effects is often not clear,
given the complex, ovetlapping, and/or redundant path-
ways that can exist. For example, if a biotherapeutic in an
in vitro assay causes a 20% effect, it is possible that a full
100% effect might still occur 7 vivo. The TGN1412 clini-
cal trial was one case where it is believed that unrecog-
nized species differences led to significant adverse events
in human subjects, because the cynomolgus monkey used
in the testing were not as sensitive to the biological ef-
fects of the test article!™>"*,

In cases where there is no pharmacologically-relevant
species from standard toxicology species, toxicologists
may turn to the use of animal models of disease!™. While
this may be the only option, it should be recognized that
little is often known about the model from a toxicology
standpoint, historical data may be limited or completely
lacking to assist in interpretation of findings, the disease
may confound interpretation of toxicological effects, and
the models may not be suitable for long-term dosing;

Another option when there is no pharmacologically-
relevant toxicity species is to use a surrogate molecule!™”.,
This surrogate would ideally have activity in a standard
species used in toxicity testing, and in particular in the
mouse or rat because they represent a more controlled
population, smaller size and associated lesser amount
of drug needed, lower animal cost, and in keeping with
trying to minimize monkey use. However, the use of sur-
rogates requires careful manufacturing and characteriza-
tion of the surrogate to a degree that may come close
to mimicking the efforts required for the actual drug
candidate. Because of this extensive effort, most consider
the use of a surrogate to be a last resort. If a surrogate
is used, questions still remain. Does the surrogate inter-
act with the target in the exact same way and lead to the
exact same biological effect? If not, what are the differ-
ences? Are the downstream effects the same as those that
occur in humans (which is usually not known at the time
the studies are conducted because i vivo testing has not
occurred in people)? Again, if not, what are the differ-
ences? In reality, it is unlikely that the interaction with the
target and downstream effects will exactly mimic those in
humans, and it is also unlikely that these differences will
be completely understood.

Still another option is the use of genetically-modified
animals, typically mice!™. These animals may have re-
duced or loss of function for a particular target (knock-
out), or may have gain-of-function to mimic agonists
(knock-in). In addition, animals can be constructed to
express the human target. In all these cases of using
genetically-modified animals, much is unknown. As with
disease models, historical data may be limited or com-
pletely lacking to assist in interpretation of findings. In
the case of loss or gain of function mutations, this al-
teration is often complete and present from conception.
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This differs substantially from the therapeutic case, which
usually involves variable drug concentrations and corre-
sponding variable PD effects over time, only partial loss
or gain of function, or complete loss or gain of function
only intermittently. In addition, the therapeutic effect of
an exogenously administered drug is typically not pres-
ent from conception. How these differences affect the
toxicity of a biotherapeutic is often not known, but one
usually considers such knockout or knock-in animals to
represent a worst case scenario for loss or gain of func-
tion. Regarding animals which have been modified to ex-
press human molecules, whether the cellular distribution,
signaling, and function in the animal biologically matches
the human is usually not completely clear.

Immunogenicity: The administration of biotherapeu-
tics to animals often results in immune responses to
the drug. The immune responses to the drug can take
many forms, including production of ADA and cellular
immune responses[SS’m]. Impact of ADA on PK/PD
of therapeutic proteins is discussed above. From the
standpoint of clinical signs in a toxicity study, the effects
related to immunogenicity can be quite diverse, ranging
from no effect to hypersensitivity reactions (up to and
including fatal anaphylaxis) to loss of function of the en-
dogenous molecule. For example, in the case of replace-
ment proteins, the ADA can result in neutralization of
the endogenous protein as well as the administered pro-
tein, as discussed above. From a clinical and anatomic pa-
thology standpoint, effects may also be diverse. One may
see subtle evidence of inflammation, with alteration in
white cell counts and microscopic evidence of lymphoid
hyperplasia from immune stimulation, immune-mediated
vasculitis or glomerulonephritis, or effects secondary to
loss of function of the endogenous protein (for example,
aplastic anemia in the case of neutralization of erythro-
poietin). It is generally accepted that immune reactions in
animals are not predictive of what will occur in humans,
and therefore, the effects related to immune reactions in
animals are generally not considered to be relevant to hu-
mans'. However, differentiating these immunogenicity-
related findings from direct test article-related effects can
be challenging, in particular when the test article is an
immunomodulator.

Tools that can assist in determining whether an ef-
fect is related to an immune reaction include the presence
of ADA, effects on PK, loss of PD effect, activation of
complement, the presence of circulation immune com-
plexes, and evidence of histamine release. Clinical signs
consistent with anaphylaxis (including having the effects
shortly after dosing) can also be useful in determining
whether effects are related to an immune response to
the biotherapeutic. Microscopically, anti-drug immune
responses may result in findings such as vasculitis or glo-
merulonephritis'™*". Tt may be possible to detect animal
IeG, IgM, and/or complement in the lesions. In some
cases, it may also be possible to detect the test article in
the lesions, for example using specific anti-human anti-
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bodies or anti-CDR antibodies that can detect the human
biotherapeutic without binding to animal molecules. If
the study has a range of doses, as most toxicity stud-
ies have, findings overall may exhibit an inverse or bell-
shaped dose-response relationship. This pattern may be
related to development of tolerance, or may be related to
the pharmacologic activity of the test article in the case
of immunomodulators that may down regulate the im-
mune response to a greater magnitude at higher doses.
When all analyses ate done, there are some cases in which
there is a strong correlation between animals with clinical
or pathologic effects and evidence of ADA. However,
in many cases the correlation is not as strong, and find-
ings are somewhat variable between individual animals. In
these cases, one must use a weight of evidence approach
to reach a final conclusion that the study or program may
be impacted by anti-drug immune responses.

When immunogenicity does develop, it is sometimes
recommended to dose through the immunogenicity, and
perhaps to increase the dose (dose level, dosing frequen-
cy, or both). The latter strategy may have several potential
effects. It may simply overwhelm the immune response
and allow free drug to have whatever biological effects it
will have, it may induce tolerance, and/or it may increase
immunosuppression in the case of immunosuppressants.
On the other hand, the relevance of this situation to hu-
mans is often unclear. While some concerns have been
raised related to protein overload in situations where dos-
es are high, from a practical standpoint the large amounts
of administered protein alone do not appear to cause any
significant effects in most cases.

Another concern related to immunogenicity is the im-
pact of previous exposure to other biotherapeutics. As
biotherapeutics become more commonly used, there is
an increased chance that the patient may have been dosed
with other biotherapeutics in the past. The impact of this
cannot be modeled well nonclinically, as immune respons-
es in animals are not predictive of what happens in hu-
mans. However, several scenarios are possible in humans.
There may be no immune tesponse and no impact; there
may be an immune response to the previous biotherapeu-
tic that reacts with the new biotherapeutic and potentially
results in clearance, neutralization, or hypersensitivity reac-
tions; or the previous biotherapeutic many have modified
the immune response to the new biotherapeutic, either
increasing or decreasing the response. Because of these
variable impacts, clinicians should carefully assess patients
who have previously received biotherapeutics.

Latent infections: While rodents, rabbits, and dogs used
in toxicity studies are usually purpose-bred and do not
contain background infectious agents or parasites, the
same is not true for monkeys[m’m]. While the monkeys
used in toxicity studies are usually tested for a variety of
infectious agents and parasites, and should not have overt
infections or parasitic infestations at the time of study ini-
tiation (or they should be excluded from the study), there
are limits to the number of agents that are tested and the
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assays are not full proof. For example, recrudescence of
malaria, polyomavirus, and lymphocryptovirus can occur
in toxicity studies evaluating immunosuppressants. It is
possible that unknown agents may also play a role. In a re-
cent study, pretest blood cultures revealed an unspeciated
organism in greater than 80% of animals (Leach MW,
unpublished data). Differentiating the pharmacologically-
mediated effects of immunnosuppressants from second-
ary stress-induced immunosuppression can be challenging,

Juvenile toxicity assessments: When the clinical popu-
lation involves children, testing of juvenile animals may be
necessary[144]. Paradigms for juvenile toxicity testing have
been well established through many years of experience
for rodents"*. However, because many biotherapeutics
only have activity in primates, juvenile toxicity evaluations
(when they need to be conducted to support the clini-
cal program) may need to be conducted in monkeys. In
contrast to rodents, protocols to assess juvenile toxicity
in monkeys have only recently been developed and there
is very limited experience with these studies*”. Further-
more, while the time from birth to sexual maturity is only
several 2 months in rodents, it is years in monkeys, and
covering this entire period in a toxicity study is not practi-
cal. How to adequately and rationally address juvenile tox-
icity when monkeys are the only pharmacologically active
toxicology species remains an area of discussion.

Carcinogenicity assessment: The assessment of carci-
nogenic risk for biotherapeutics can be challenging, Bio-
therapeutics typically do not have direct effects on DNA,
and thus are secondary carcinogens when they cause
tumors. Therefore, many of the standard assays for de-
tecting potential carcinogens, such as the Ames test, are
not relevant and should not be conducted”. For small
molecules, many compounds are assessed in lifetime
rodent studies. However, because of the lack of phar-
macologic activity of many biotherapeutics in rodents,
such studies cannot be conducted. Furthermore, immu-
nogenicity can be an issue, resulting in neutralization of
the test article and/or in long term immune stimulation.
In either case, interpretation of the data and assessment
of the relevance to humans can be challenging. Life-
time dosing of monkeys is not considered practical. At
the present time, it is recommended that the need for a
product-specific assessment of the carcinogenic potential
for biopharmaceutical be determined with regard to the
intended clinical population and treatment duration””
The presence or absence of cell proliferation in general
toxicity studies may be useful. If a carcinogenicity assess-
ment is warranted, for example for chronic dosing with
a potential mechanistic concern for an increased risk of
tumors, then a strategy should be developed to address
the potential hazard™. Tt should be noted that standard
rodent carcinogenicity studies with the test article, or car-
cinogenicity studies with homologous products, are not
usually considered useful in most situations””. As noted
above, latent infections can occut, and some of these
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are known to result in lymphoproliferative disease*". In
some cases, additional 7 vitro ot in vive cancer models may
be conducted in an attempt to shed some light on the po-
tential risk for carcinogenicity.

Biosimilars: The topic of biosimilars is receiving exten-
sive discussion, as many biotherapeutics are losing pat-
ent protection in the near term*""*. From a nonclinical
perspective, global regulatory agencies are determining
what they feel is necessary for development and approv-
al'"™”"¥ The US Food and Drug Administration (FDA)
and European Medicines Agency (EMA) appear to be
favoring a scientific approach with relatively limited 7 vivo
toxicity studies, and a greater reliance on iz vitro charac-
terization of the product. This is related to relative lack
of sensitivity in detecting small differences in innovator
vs biosimilar products iz vive toxicity studies under most
circumstances. However, it is unclear exactly how similar
a biosimilar must be to the innovator, and in what assays,
to demonstrate equivalent biologic/therapeutic effect.
It is likely that what characteristics matter may differ be-
tween molecules, or especially between classes of mole-
cules. As the global scientific community gains additional
experience with biosimilars, some of these questions may
be answered. Another unresolved issue with biosimilars is
related to global harmonization. At the present time it is
not clear whether the scientific approach being adopted
by some countries and regions that limits animal studies
will be accepted globally. Thus, it is possible that differ-
ent regions of the world will ask for a variety of toxicity
studies, increasing the total number of studies required
for global registration, and increasing animal use. It is
hoped that all regions of the world will utilize strong
scientific principles and only require the studies that are
truly needed.

CONCLUSIONS AND FUTURE
PERSPECTIVE

Despite the rapid increase in knowledge of mechanisms
involved in ADME of therapeutic proteins, many funda-
mental questions remain answered. Some of the emerg-
ing questions and active research topics include the role
of charge and glycosylation, factors influencing SC ab-
sorption, role of FcRn beyond serum half-life extension,
as well as anti-drug antibody-mediated clearance and
distribution mechanisms. A comprehensive evaluation
of factors influencing ADME of biotherapeutics and
mechanistic studies in nonclinical and clinical settings is
needed to build iz vitro tools that can be used to predict
disposition and biological activity profiles and to estab-
lish structure activity relations (SARs). The acquisition
of mechanistic knowledge is currently hindered by the
limited bioanalytical methods to assess the concentra-
tion of biotherapeutics in tissues, as well as tools to study
metabolism/catabolism in both blood and tissues and to
assess potential differences in ADME profiles of drug
product isoforms. A breakthrough in bioanalysis, includ-
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ing MS-based techniques and imaging tools, will be in-
strumental for the success of rational protein engineering
aimed at optimizing ADME profiles. In addition, because
of complex interplay of factors influencing ADME and
biological activity of protein therapeutics and potentially
multiple sites of actions, modeling tools ranging from “fit
for purpose” and “site of action” to full physiologically-
based pharmacokinetic models may be needed to build
in vitro/ in vivo correlations and enable translation from
animals to humans.

In toxicology, much has been learned since the advent
of biotherapeutics regarding what studies are needed
to safely develop these drug, and what studies do not
provide relevant information. The concept of appropri-
ate species selection has become relatively well accepted.
However, there is room in some cases to develop better
models that more closely mimic the pharmacologic activ-
ity in humans. In cases where there is no pharmacologic
activity in standard toxicology species, the appropri-
ate design of toxicology programs, including the use
of animal models of disease, surrogate molecules, and
genetically-modified animals, is still an area of need. The
design of reproductive toxicity studies in monkeys has
made substantial progress in the past decade. However,
these studies lack sufficient power to identify uncommon
findings. How to adequately assess juvenile toxicity, when
monkeys are the only pharmacologically-relevant toxicol-
ogy species, remains an area of need. Immunogenicity
can cause significant issues in nonclinical development,
and strategies to minimize immunogenicity in animals
while still testing the molecule in a relevant manner are
needed. Despite the issues, a large number of biothera-
peutics have been successfully brought to market with
acceptable benefit: risk ratios, providing better treatments
to innumerable patients.
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