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Abstract. Thorough characterization and in-depth understanding of absorption, distribution, metabolism,
and elimination (ADME) properties of a drug candidate have been well recognized as an important
element in small molecule (SM) drug discovery and development. This has been the area of focus for
drug metabolism and pharmacokinetics (DMPK) scientists, whose role has been evolving over the past
few decades from primarily being involved in the development space after a preclinical candidate was
selected to extending their involvement into the discovery stage prior to candidate selection. This
paradigm shift has ensured the entry into development of the best candidates with optimal ADME
properties, and thus has greatly impacted SM drug development through significant reduction of the
failure rate for pharmacokinetics related reasons. In contrast, the sciences of ADME and DMPK have
not been fully integrated into the discovery and development processes for large molecule (LM) drugs. In
this mini-review, we reflect on the journey of DMPK support of SM drug discovery and development and
highlight the key enablers that have allowed DMPK scientists to make such impacts, with the aim to
provide a perspective on relevant lessons learned from SM drugs that are applicable to DMPK support
strategies for LMs.
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INTRODUCTION

Over the past decade, there has been increased
investment to the development of biotechnologically derived
drug products or biologics in pharmaceutical companies.
While these LM drugs, including but not limited to peptides,
proteins and monoclonal antibodies (mAbs), currently
comprise a small portion of the pipelines of the 50 largest
pharmaceutical firms, the number of LMs under develop-
ment has increased dramatically in recent years (1,2). These
are attributable to the reported therapeutic success of this
modality thus far, together with the rapid advancement and
breakthroughs in the fields of recombinant DNA biotech-
nology and molecular biology. Unlike the discovery and
development of SM drugs, where the sciences and the
functional role of DMPK in studying and understanding
ADME processes have been well recognized as an indis-
pensable and integral discipline spanning from early discov-
ery to development and post-marketing spaces (3), the
function of DMPK in support of LM drug development,
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especially for the more commonly known therapeutic
proteins, including mAbs, is somewhat limited to mostly in
vivo pharmacokinetics (PK) and/or pharmacokinetics-phar-
macodymanics studies, typically after candidate selection
and primarily in the clinical space. For this reason, these
molecules will be the primary focus of this review. Reports
on mechanistic investigation of ADME processes for LMs
are sparse and our current understanding of the associated
mechanisms and key determinants of PK properties is scant (4).
Conceivably, these are related to the fact that the biopharma-
ceutical industry is still at an early stage, relative to the
traditional pharmaceutical counterpart; the first approved LM
drug product was in 1980s (5), many decades after numerous SM
drugs were on the market. It is also noteworthy that the
regulatory oversight of LMs has recently been put under the
Center for Drug Evaluation and Research (CDER), the same
governance as for SMs, following the FDA'’s decision in 2003.
Therefore, it should be of particular interest to appraise the
relevance and applicability of what we have learned over the
past few decades from the discovery and development of SM
drugs to the same process of LMs.

Thus, in this mini-review, we present a brief historical
perspective on how the roles of DMPK have evolved over
time, and highlight the key enablers for studying the ADME
processes of SM drugs and their underlying mechanisms in
order to influence internal de-risking strategy and decisions.
External factors, such as changing regulatory environments and
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evolving LM discovery and development landscape, are briefly
reviewed. We also present an overview of a DMPK concept
analogy between SMs and LMs. Mirroring from SM experi-
ences, we put forward a glimpse of similarly integrative DMPK
roles and key enablers for earlier and more in-depth character-
ization of the ADME properties of LM drug candidates to help
enhance the probability of success in their development.

SM DRUG DISCOVERY AND DEVELOPMENT:
HISTORICAL PERSPECTIVE

Evolving Role of DMPK: Paradigm Shift

It has long been well recognized that the drug discovery
and development process is very expensive, largely due to a
high development attrition rate and prolonged development
time to meet the requirement for more extensive and
complex clinical trials (1,6-8). It is estimated that the success
rate for SMs is about 5-10 %, typically requiring more than
ten clinical candidates entering Phase I trials to yield only one
successful drug to market. The overall attrition rate would be
much higher if one takes into account the total number of
SMs synthesized during discovery phase, which is generally in
thousands before narrowing down to one preclinical candi-
date with all desired properties, including in vitro potency/
selectivity, in vitro/vivo DMPK, efficacy and safety, suitable
for the first-in-human trial (9). Prior to 1990, poor human
pharmacokinetics and bioavailability were the most signifi-
cant cause of attrition, accounting for ~40 % of all attrition in
development. This number was dramatically reduced to ~8 %
by 2000 (9). Interestingly, it was not a coincidence that
starting in the late 1980s, DMPK became involved in SM drug
discovery as opposed to primarily after candidate selection,
and that this Paradigm shift in the roles of DMPK contributed
largely to this drastic difference (3). Previously, compounds
were selected based primarily on in vitro potency and in vivo
efficacy in animal studies, with little attention being paid to
the exposure (PK) as an important measure connecting PD/
efficacy/safety profiles, or consideration to commonly ob-
served differences in these profiles between animals and
humans. The integration of DMPK support as a key
component of the overall drug discovery process helped to
better understand ADME properties and filled these gaps,
thus enabling proper data interpretations and rationale-based
predictions of DMPK-related properties in humans (10-13).
As a result, potential liabilities of new chemical entities in
humans were dialed out as early as possible, leading to
increased likelihood for preclinical candidates to be devel-
oped successfully as therapeutic agents.

Key Enablers to Successful DMPK Support

The aforementioned successful DMPK support would not
have been possible without numerous advances over the past
few decades in drug metabolism sciences and technologies,
which have provided powerful tools to enable DMPK scientists
to shape SM drug metabolism research. Of special note are two
key enablers, signifying game changers within the time period of
interest (late 1980s to late 1990s): (1) rapid advancement of
Cytochrome P450 (CYP) science and (2) availability of liquid
chromatography-mass spectrometry (LC-MS).

1

The CYP enzymes play central roles in the metabolism of
SMs; it is estimated that over 70 % of marketed SM drugs were
eliminated primarily by CYPs (13). CYP enzymes were
discovered in 1958 and research on their structure and function,
as well as their role in drug metabolism, were rapidly expanded
in the 1980s-1990s (13-16). Such rapid advancement provided
fundamental concepts and important tools that helped leverage
preclinical/in vitro results as a bridge to clinical outcomes,
consequently enabling one to predict, understand and manage
clinical findings, particularly with respect to human clearance
and PK variability due to factors such as CYP-mediated drug—
drug interaction (DDI) or CYP polymorphism (3,14-16).
Specifically, the comprehensive understanding of the similarities
and differences in CYP expressions and functions across animal
species and humans (11,12) has aided in successful prediction of
human PK properties and selection of a development candidate
with desired human PK. The knowledge of CYP substrate
specificity, multiplicity and responses to factors, such as inducers
and inhibitors, has provided a means to select candidates that do
not bear considerable liability to serious DDI, either as
perpetrators or victims (16-19). It is noteworthy that CYP-
mediated DDI has been one of the major causes for drug
withdrawal from the market. Work that identified CYP2D6,
2C19, and 2C9 polymorphisms as primary causes for the most
frequent variations in phase I metabolism of drugs, and along
with the availability of a number of methodologies and reagents
for CYP-mediated reaction phenotyping (20,21), has prevented
candidates that were primarily metabolized by one of those
polymorphic CYP isoforms from entering into development.
Collectively, advances in understanding CYPs, the primary
determinant for clearance mechanism of majority of SM drugs,
has helped reduce drug development failure rate due to
undesirable human PK properties.

In the area of tools and technologies, the successful
marriage of high-performance liquid chromatography
(HPLC) with mass spectrometry (MS) has provided unprec-
edented sensitivity, selectivity, and high throughput that have
facilitated rapid assessment of ADME properties and the
multiplicity of their governing factors for SM candidates in
animals and humans (22-25). Prior to the introduction of this
powerful technology, drugs and their metabolites in biological
fluids were mainly quantified using HPLC with ultraviolet—
visible or fluorescence detection, which requires good sepa-
ration of the analytes from one another and from endogenous
components with similar spectral absorption properties. As a
result, the capacity of the analysis was limited by the lengthy
separation and sample clean-up. Another type of complimen-
tary bioanalyses was immunological assays, such as radioim-
munoassay. They offered a higher throughput and better
assay sensitivity but suffered from low selectivity. Further-
more, the task of metabolite characterization was painstaking,
as it usually was very time-consuming and involved many
steps, including radio-labeling of the parent compounds,
isolation of a considerable quantity of metabolites of interest
and structure elucidation by stand-alone MS and nuclear
magnetic resonance analyses.

Capitalizing on chromatographic separation and mass
selectivity, the LC-MS technology enables the quantitation of
co-eluting or overlapping analytes which otherwise would be
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constrained by chromatographic resolution. A dramatic
outcome of this feature is the various in vivo and in vitro
cassette studies in which more than one compounds were
administered or incubated for the screening of DMPK
properties, including metabolic stability, DDI liability and
plasma protein binding (22-24). Along with the accelerated
method development similarly attributed to the extraordinary
selectivity and sensitivity of LC-MS, this practice has tremen-
dously facilitated the speed and throughput of analyses of
samples of low concentrations or of small volumes. Likewise,
LC-MS technology has re-shaped the business of metabolite
characterization, allowing rapid detection and identification
of major metabolites of drug candidates so that the result can
be fed back into the cycle in time to influence the synthetic
chemistry effort. Together, this powerful technology has
enabled informed decisions to be made rapidly on a large
number of candidates, each available in a small quantity,
during the discovery stage. It has also enabled other in-depth
mechanistic investigations into the governing factors of
ADME processes, as well as detailed and accurate character-
ization of ADME properties of development candidates
required for risk mitigation and regulatory submission
(3,10,25). With the recent advent of new chromatographic
techniques, such as ultra performance liquid chromatography,
and more sophisticated MS, such as high resolution mass
spectrometry (26), this technology will continue to be the
most powerful tool for drug discovery and development for
SMs, and potentially for LMs alike.

Case Examples

In the current state, the scope of DMPK spans the
continuum of SM drug discovery and development, and is
even expanded into the post-marketing phase. In the
discovery stage, the primary DMPK role is to help minimize
development risks by identifying DMPK-related issues during
lead optimization and integrating DMPK information in the
selection of high quality drug candidates for entry into
development. In the development space, DMPK scientists
typically help plan development programs and manage risks
following thorough ADME characterization of the clinical
candidates. Two examples presented below illustrate the
impact of DMPK efforts and the two key enablers in the
discovery through early development in de-risking and
enhancing the possibility of success of drug development.

Example 1: DMPK Optimization Led to Successful Candidate
Selection

MK-4305 (Fig. 1) is a potent dual orexin receptor
antagonist currently in phase III clinical trials for the
treatment of primary insomnia. Identification of this com-
pound exemplifies how effective DMPK support has facilitat-
ed addressing two critical issues, namely poor oral availability
and bioactivation (27). These two issues presented a big
hurdle to the optimization of a leading diazepane class,
derived from high-throughput screening.

To address the first issue, mechanistic DMPK studies
were conducted, including in vitro metabolism in hepatic
preparations and in vivo disposition in animal studies. The in
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Fig. 1. Structure of MK-4305

vivo results indicated that the poor oral availability was
primarily attributed to extensive intestinal and hepatic first-
pass metabolism, largely through CYP-mediated oxidative
reactions. Subsequent in vitro metabolism studies confirmed
similar metabolic pathways in animals and in humans. In
parallel, the effort to address the issue of bioactivation
revealed that reducing the metabolic liability plus blocking a
key site of bioactivation was an effective approach to
minimize the formation of reactive species. As a result,
screening metabolic stability across species using liver micro-
somal preparations was set up as a key element of the
research operational plan to guide compound selection and
structure modification. The structure activity relationship
built up from the data obtained from these in vitro studies
allowed chemists to make informed decisions on structure
design and thus allowed identification of potent compounds
with significantly improved metabolic stability and reduced
bioactivation potential, especially in humans. Of note, LC-MS
played a pivotal role in dealing with both issues, enabling
rapid and specific analysis of large number of samples with
quick data turnaround.

Efforts dealing with these two issues were rewarded with
identification of a lead structure with a 7-methyl substitution
on the diazepane core, and ultimately selection of MK-4305
(27). Coupled with the good potency, the improved PK
properties of this compound have warranted the low effica-
cious dose range in patients.

Example 2: DMPK Aided in Risk Management Decision
in Early Development Space

Compound A is a dual alpha/gamma peroxisome pro-
liferator-activated receptor (PPAR a/vy) agonist with compa-
rable potency for both subtype receptors (ECs, of 70 nM and
50 nM for the a and v, respectively). According to the
prevailing hypothesis at the time, dual activity was required
for the efficacy. However, characterization of the metabolism
of Compound A revealed a para-hydroxylated metabolite in
human liver microsomes which was selective for the PPAR -y
receptor (ECsy of 30 nM for vy versus 800 nM for «). In
addition, formation of this metabolite was catalyzed by two
polymorphic enzymes, CYP2C8 and 2C19. Furthermore,
significant circulating levels of this metabolite were found in
preclinical species with varying AUC ratios of the metabolite
to Compound A (0.2-0.4 in rodents, 0.5 in monkeys and 11 in
dogs). These findings raised a concern over the suitability of
Compound A to test the working hypothesis in humans given
the likelihood of significant but also variable formation of the
metabolite. To mitigate the risk, the exposure levels of the
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metabolite relative to Compound A in plasma samples from
the first-in-human study was proposed as the early Go/No Go
criteria. With the readiness of LC-MS bioanalysis, the
exposure of the metabolite in those human plasma samples
was quickly determined (28). It was found that the exposure
ratio of the metabolite to Compound A was about 3 from a
single dose human study. This finding facilitated a quick
decision to discontinue the development of Compound A,
avoiding further costly development.

Regulatory Considerations

Successful development of a drug candidate requires the
right set of high quality data to help inform decisions not only
internally, as exemplified by the above two case examples, but
also decisions by regulatory authorities. In-depth industry
analysis by PhARMA has attributed much of the increasing
R&D costs to the extending development times in clinical
phases (10-15 years), greatly influenced by the increased
regulatory demands in today’s low-risk, low-tolerance envi-
ronment and stemmed primarily from the withdrawal from
the market over the past decades of several prominent
prescription drugs for safety reasons. This is not unexpected
considering the regulatory history. Following major safety
incidents, including the well-publicized thalidomide case, the
Federal Food, Drug and Cosmetic Act was introduced in
1938, and the Drug Amendments Act of 1962 was passed by
Congress requiring the FDA to approve all new drug
applications based on proven efficacy and safety. Of special
note are the withdraw of the drugs from the US market
between 1999 and 2003, half of which due to serious and
unmanageable DDIs over the period 1995 to 2002. These
occurrences prompted the FDA to publish guidance docu-
ments for industry to encourage the characterization of DDI
potential for a new molecular entity early in the drug
development process (29). The first two guidance documents;
one on in vitro DDI, published in 1997, and the other on in
vivo DDI, published in 1999, focused on metabolic DDI due
to CYPs, and was based primarily on considerable advances
in our understanding of roles of the CYP family at the time.
These two guidance documents were later revised and
combined into one comprehensive document in 2006, which
includes both in vitro and in vivo CYP and drug transporter
studies. The revision was said to be based on additional
scientific understanding in the role of drug-metabolizing
enzymes and transporters, particularly P-glycoprotein (P-
gp), in drug interactions. Although it is apparent that the
advent of technology/understanding of sciences led to devel-
opment of regulations and Guidance, given the current status
and understanding of drug transporter sciences relative to the
CYPs, the inclusion of P-gp in the latest guidance suggested
that the FDA has become even more proactive in embracing
evolving sciences in their decision making. This is even more
evident in the latest draft DDI guidance recently issued
(30,31), where recommendations to conduct many additional
drug transporters and drug interaction studies for LMs have
been included for the first time. It is widely recognized that
unlike the CYP-mediated drug interactions that can be
readily defined by inhibition or induction of CYP enzymes,
the evidence for the so-called transporter-mediated drug
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interactions is often less conclusive (32). Likewise, much less
is known about LM drugs in their DMPK properties and
underlying DDI mechanisms in comparison with SM drugs.
Consistent with this, the time span between the first approved
LM drug in 1986 and the anticipated DDI guidance is much
shorter than the corresponding time span of many decades for
SM drugs. This apparently speedy process for LMs may be
attributable to the 2003 FDA’s decision to transfer the
regulatory responsibility from the Center for Biologics
Evaluation and Research to CDER, who has been overseeing
the regulatory approval of SM drugs and is used to more
comprehensive information on ADME properties and asso-
ciated DDI implications. It is conceivable that there will be
increasing regulatory demands for other DMPK-related
information for LMs in the near future.

LM DRUG DISCOVERY AND DEVELOPMENT:
LINKING TO SM DRUG EXPERIENCE

High-Level DMPK Support: Current State

From a DMPK perspective, the current state for a LM
support paradigm is similar to where we were with SM drugs
a few decades ago. This notion is supported by several lines of
evidence. First, DMPK is involved primarily in the develop-
ment space after a preclinical LM candidate has already been
selected, and much less at the early drug discovery stage of
the optimization and selection of LM candidates (4: informal
survey at June 2011 International Consortium for Innovation
and Quality in Pharmaceutical Development meeting with
members from over 20 pharmaceutical firms). This conven-
tional mindset, especially widespread in many pharmaceutical
firms, resembles what was practiced for SMs prior to the
1990s, and may stem from a wide belief that PK of Biologics
is well behaved/predictable, and that this property is not
known to be a major success-limiting factor, based on a
historical record of relatively low attrition rate for LMs versus
SMs. However, the view that PK of mAbs is well behaved due
primarily to their on-target specificity has recently been
challenged. For example, a specific off-target interaction of
an anti FGFR4 monoclonal antibody candidate has been
identified as the cause for its rapid clearance, poor target
tissue biodistribution and limited efficacy (33). The authors
concluded that screens typically developed to identify general
non-specific interactions are likely to miss the rare and highly
specific cross-reactivity observed in this study. This case
highlights the importance of more mechanistic studies in
avoiding unexpected clinical outcomes. Similarly, we found
several of our early mAb candidates that displayed much
shorter half-life (¢;,) than anticipated (34). This less than
desirable DMPK property, likely linked to off-target inter-
actions, was recognized only after DMPK involvement
following candidate selection. Some of the candidates were
eventually terminated due to the poor PK behavior and safety
concerns. It is also notable that the relatively low attrition
rate of LMs that is often referred to is based on compounds
that entered clinical development over two decades ago. This
good record may not be replicated going forward, considering
the recent examples above, and an evolving LM landscape
enriched with a variety of new and untested engineering
technology platforms (see below).
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Secondly, current DMPK approaches for LM support in
preclinical development is usually limited to in vivo PK
studies in laboratory animals, including mice, rats, dogs, and
monkeys. Prediction of human PK is typically done using an
empirical allometric scaling approach, without mechanistic
understanding or molecular consideration for possible species
differences (35), similar to the much earlier practice with
SMs. In the case of mAbs, it has been widely accepted that
non-human primate (NHP) is a representative animal model
for human PK, and human PK prediction is heavily depen-
dent on this single species (35). Not surprisingly, recent
publications suggest potential issues with this approach.
Vugmeyster et al. have shown that an anti-amyloid beta
Ab2, a humanized mAb against amino acids 3-6 of primate
amyloid beta, exhibited faster clearance, with a much shorter
t, of <2.5 days, compared to ~13 days for a control antibody
(no affinity to the target) in monkey (36). Additional
mechanistic studies revealed that the fast elimination of Ab2
was linked to off-target binding to fibrinogen specific to
monkeys and not humans and thus provided a basis for a
projected much slower elimination of Ab2 in humans. The
prediction was later proven in a clinical trial. Clearly, without
appropriate DMPK input and mechanistic insights, this
compound would have been precluded from further develop-
ment. A few other examples along this line have also been
highlighted (Dr. Frank-Peter Theil, personal communication),
where NHP PK failed to inform human PK correctly, due to
either under- or over-prediction. Collectively, these cases
underscore our currently limited knowledge about the
ADME processes of LMs and their determinants, which are
even less adequate than those we knew for SMs in the 1980s.
As a case in point, the neonatal Fc receptor (FcRn), a key
determinant of IgG homeostasis, was proposed in 1964, but
not until 1996 was it shown to be a key determinant of IgG
pharmacokinetics (37-40). In agreement, FcRn related re-
search publications have also been relatively sparse since its
discovery in 1958, as compared to those on CYPs over a
similar 30-year period.

Finally, a major barrier limiting our understanding in
ADME properties of LMs may be related to lack of
appropriate analytical tools. It is well known that the
structural complexity of LMs has posed formidable bioana-
lytical challenges. The currently available and commonly used
bioanaytical methods for determination of LMs in biological
fluids are ligand-binding assays that are immunological in
nature. These assays usually have an associated degree of
non-specificity. For example, multiple forms of mAb and
ligand can exist in vivo, including free mAb, free ligand, and
mono- and/or bi-valent complexes of mAb and ligand. Given
the complexity of the dynamic binding equilibrium occurring
in the body after dosing, and multiple sources of perturbation
of the equilibrium during bioanalysis, ex vivo quantification of
the forms of interest (free, bound, or total mAb and ligand)
may differ from the actual ones in vivo (41). Several other
possible weaknesses that may result in erroneous character-
ization of drug disposition have also been identified and
recognized by regulatory agencies. These shortcomings,
which include interferences from structurally related com-
pounds such as endogenous proteins, degraded or catabolic
products that are immunoreactive but may or may not be
active or may elicit activity with different potencies (42), will
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certainly complicate data interpretations and hamper in-
depth understanding of underlying mechanisms (43). Al-
though LC-MS is emerging as a tool for qualitative and
quantitative applications of LMs (44-46), this technology is
still in its infancy for the applications to the quantification of
LM drugs. The routine use of LC-MS is mainly hampered by
the relatively time-consuming development process due to
complex sample preparations, such as immunocapture and
enzyme digestion of LMs, and limited sensitivity as compared
to a typical immunoassay (46).

Evolving Biologics Landscape: Trend

The clinical success of mAbs and other therapeutic
proteins continues to reinforce protein engineering research
with a focus on discovering the next generation of therapeu-
tics that are beyond conventional forms (47-50). Recent
advances in selection processes using display platforms and in
maturation development have been reported to facilitate this
evolution. Coming with these new technological progresses
are developments of more unnatural LMs with concomitantly
greater unknown properties, necessitating more extensive
research. Additionally, many LMs are being developed for
several new target indications, including neurological dis-
eases. These new endeavors yield increasing complexity
beyond life-threatening diseases that have traditionally been
the area of focus for Biologics in the past. Noticeably, the
reportedly higher success rate of clinical development of
biotech drugs as compared to SMs was based on these
traditional biotech drugs, and may not hold true for future
LM generations. Moreover, the expansion to non life-
threatening diseases will likely stipulate a higher bar for
regulatory approval, which in turn would necessitate more
studies to ensure safety and efficacy of a drug product,
especially under the current regulatory environment. Consis-
tent with this, the CDER Science Prioritization and Review
Committee has recently highlighted several relevant LM
DMPK aspects warranting additional research and further
understanding (51). These include key ADME determinants
of LMs, such as a variety of specific receptors that can
influence protein t;, and distribution (e.g., delivery of
therapeutic enzymes to the correct cellular compartment).
Finally, the heightened competition for the global market
share and reimbursement challenges will also raise the bar to
drive best-in-class with respect to safety, efficacy and compli-
ance (52). These factors, although not all unique to LM
development, collectively provide a strong case for more
investigations to gain insight into ADME of Biologics.

SM/LM DMPK Analogy

On a high level, PK/PD models and concepts are generally
similar between SMs and LMs. In other words, PD is linked to
PK (or specifically drug concentrations at biophase (Ce), which
is related to systemic concentrations (Cp)), following certain
relationships defined by molecular mechanisms of action of a
drug, irrespective of its modality (53 and Fig. 2). Similarly, PK is
a collective depiction of ADME processes for both SMs and
LMs. However, at the next level down, including ADME
processes and associated underlying determinants, there are
differences between the two modalities (Fig. 2). For SMs, the



ADME of Small and Large Molecules

Drug (SM or LM)

Similar high level PKPD concept

415

Response
| PK | 1 PD |
Different ADME mechanisms

1

Different underlying ADME determinants

Fig. 2. An illustration of pharmacokinetics and pharmacodynamics and DMPK concept
analogy

ADME processes are relatively well studied and are mainly
governed by (1) specific characteristics of a compound, including
its physico-chemical properties and ability to interact with
transporters, drug-metabolizing enzymes and binding proteins,
and (2) physiological factors which govern the exposure of the
compound to those proteins, such as distribution, tissue
localization, and organ blood flow (54). Not only have the
nature of these interactions and their governing factors been
largely characterized, appropriate tools required for the studies
have also been largely available. As illustrated in Fig. 3,
following a typical oral administration, a SM drug is absorbed
either via passive diffusion and/or active transport, and then
subjected to first-pass metabolism in the intestine and/or liver,
prior to reaching systemic circulation for distribution to tissues
and other organs of elimination, including kidney. The majority
of SMs enter tissues by passive diffusion, and the key
determinant of tissue distribution includes non-selective binding
to tissue proteins. Many SM drugs have also been reported to
enter tissues via active transport, and the transporters involved
have been identified. As described earlier, SMs are eliminated
from the body predominantly via metabolism with CYPs as the
major metabolizing enzymes. Biliary and renal excretion is the
two major pathways for the elimination of a variety of
compounds that escape metabolism. Systemic bioavailability

Small molecules

Oral Dose Gut wall

Portal Vein

(F), a PK parameter central to efficacy and safety of a drug
candidate, is a product of these processes (Fig. 3).

Unlike SMs, LMs are administered intravenously, intra-
muscularly or subcutaneously. Oral administration is preclud-
ed by molecular size, hydrophilicity, and gastric degradation
of LMs. In general, the ADME processes for LMs are much
less characterized, as compared to SMs. Nevertheless, their
ADME processes are similar in concept. As illustrated in
Fig. 3, following a subcutaneous (SC) administration, a LM is
absorbed and potentially subjected to metabolism/catabolism
at the injection site as well as during transport through the
lymphatic system before reaching blood circulation. This is
based largely on limited studies in sheep, and more recently
in rats and dogs (55). There still remain many unknowns,
including impact of physiological factors on SC absorption,
which can be compound-dependent, that will require further
studies to resolve (4,55). Similar to SMs, once entering the
blood circulation, they must cross the vascular wall to reach
the site of action in target tissue(s) in order to exert their
pharmacological activity before being eliminated via metab-
olism or other elimination pathways. Because of their
molecular size, distribution of LMs into tissues is generally
slow, and via the so-called convective transport through pores
on capillary walls, as well as transcytosis from circulation to

Urine, bile
Systemic
F=F,xF,xF, Tissues

Metabolism/biliary

. excretion
Metabolism
Absorption Intestinal first Hepatic first Distribution/elimination:
E=1. cE =1 Perfusion, tissue binding, CYPs;

F, [FERES Eﬂ 1 F9 pass; E,= 1-F, renal and biliary excretion
Biologic analogy

SC Absorption Injection site: Lymphatic: Distribution/elimination:

Metabolism Lymph node uptake Convection/transcytosis
metabolism Catabolism/target

mediated/FcRn

Fig. 3. ADME and pharmacokinetic concept analogy between SMs and LMs



416

the extracellular space (56,57). This fundamental difference
between the two modalities is in line with the location of their
respective biological targets. Namely, the targets are mostly
on the cell surface for LM drugs, which are in contrast to the
intracellular location for most SM drugs. This difference also
explains why tissue distribution studies have been more
frequently conducted (versus other ADME related types of
studies) for LMs (58). However, in-depth studies on these
processes are scarce, and currently it is still unclear which
transport pathway, convective transport or transcytosis, would
be quantitatively more important in terms of extravasation of
protein drugs from blood circulation (4). In comparison, LMs
are also subjected to elimination, involving metabolism and
excretion via kidney and bile. Contrary to SMs, LMs are
typically not subjected to metabolism by CYP enzymes, but
generally metabolized to peptides and amino acids in several
tissues, by circulating phagocytic cells. A unique elimination
mechanism for LMs is associated with the binding to their
targets on the cell surface. Subsequent to the internalization,
the LMs inside the cells may be degraded, a process typified
by target-mediated disposition. On the other hand, antibodies
and endogenous immunoglobulins are protected from degra-
dation by binding to FcRn, resulting in relatively long
elimination half-lives (4,56). As is the case for their absorp-
tion, distribution and metabolism, the underlying mechanisms
and factors influencing elimination of LMs have not been
extensively investigated, especially as compared to SMs.

Key Focus Examples: Following SMs Path

Given all of the considerations above, there is a need to
advance LM ADME sciences and develop enabling tools/
technologies for ADME studies of LMs, similar to the two
fundamental elements vital to the successful SM discovery and
development. Equally important, realization of these two
elements requires more active and timely participation of
DMPK scientists over the entire continuum of LM drug
discovery and development. In this section, we present two
examples analogous to the aforementioned SM examples to
illustrate how the same principles can be applied to LMs,
exemplifying the impact of early and better understanding in
ADME processes in the discovery and early preclinical
development spaces.
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Example 1: FcRn Tool Aided in mAb Lead Optimization
and Product Qualification

Although the impact of the FcRn salvage pathway on
IgG PK has been established since the early 1990s, our
understanding of the relevant molecular mechanisms and
implications is still limited. For example, since FcRn is an Fc
receptor, it had been commonly assumed that IgGs with the
same Fc sequences would bind to FcRn equally and be
protected by FcRn similarly. Until our recent publication, this
assumption has not been systematically challenged, even
though marketed therapeutic mAbs with wild-type human
Fc sequence can exhibit a wide range of ¢, and clearance
values. Wang et al. (34) have shown that mAbs with wild-type
human Fc sequences interacted with FcRn with considerable
differences in both binding at acidic pH and dissociation at
neutral pH, indicating that the Fab domain may also impact
the FcRn interaction. Importantly, these in vitro FcRn binding
differences, especially at neutral pH, were correlated to the
PK properties of these mAb in humanized FcRn mice, where
a target-mediated mechanism was expected to be insignificant
(34). A similar in vitro—in vivo correlation was also observed
for a limited number of mAbs having PK datasets available
for NHPs and humans, under conditions where the target-
mediated clearance mechanism was minimized. Based on
these results, we have implemented in vitro FcRn binding/
dissociation assays, and in vivo human FcRn mouse studies,
as useful screening and funneling tools for PK assessment of
mAbs with wild-type Fc sequences. It is noteworthy that in
vitro FcRn binding properties have been used extensively to
aid in Fc engineering of mAbs with varying Fc sequences (Fc
mutants) for their optimal #;, potential in humans, and that
for these Fc mutants, there is a good correlation between
FcRn binding affinities (primarily at acidic pH) and mAb PK
(59,60).

Additionally, we have recently applied this concept and
the in vitro and in vivo FcRn tools to aid in mAb product
qualifications under various storage conditions. Specifically,
we showed that methionine (Met) oxidation of mAbs resulted
in a significant reduction of their serum circulation #, in
human FcRn mice, and that the magnitude of the change
correlated well with the levels of Met oxidation and changes
in FcRn-IgG binding affinities (61). We also demonstrated for
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a mAD of interest that relatively low levels of Met oxidation
accumulated during extended refrigerated storage did not
have a significant impact on FcRn binding and serum ¢, in
the human FcRn mouse model. Based on the correlation
established above between the mouse model and human, we
anticipated similar results in humans.

Example 2: LC-MS - Key Enabler in Candidate Selection:
In Vivo Transformation of mAb

Therapeutic proteins are subjected to transformation
mechanisms such as deamidation, oxidation, and isomeriza-
tion. These processes usually result in relatively small
structural changes in the parent drugs. Such small structural
changes may be difficult for a conventional immunoassay to
differentiate, but they can still affect biological activity, PK
and immunogenicity of a therapeutic protein (62). LC-MS is
commonly used to detect Asp isomerization in proteins
during stability testing at relatively high protein concentra-
tions (mg/ml levels). To our knowledge, there have been no
reports on the detection of Asp isomerization in plasma from
in vivo studies, due in part to the difficulties in sample
analysis resulting from the complex matrix and requirement
for high sensitivity.

Presented here is the first demonstration of in vivo Asp
isomerization with significant impact on the function of a model
mAb (mAb X).! In this case, liquid chromatography with high
resolution mass spectrometry (LC-HRMS) provided qualitative
and quantitative information on the structurally modified
products of therapeutic proteins in biological matrices. It was
found that this mAb completely lost its target-binding ability
due to isomerization of a single Asp (Fig. 4) in the CDR region
(isoAsp-mAb X) following an accelerated stability test at 40°C
over 3 months. This raised a question with respect to the in vivo
relevance of this in vitro occurrence and the developability of
this mAb. Unfortunately, an immunoassay used for the phar-
macokinetic evaluation of mAb X was incapable of distinguish-
ing the parent compound from its inactive isomer, thereby
necessitating a more specific LC-MS assay. To overcome the
issue of sensitivity, analytes in plasma samples from mouse PK
studies were enriched via immuocapture, using biotinylated
mouse anti-human IgG (Fc) antibody coupled to magnetic
beads. Following trypsin digestion of mAb X, a unique 43-amino
acid peptide that contains the Asp of interest (Pep A) and
isoPep A (surrogates for the parent and isoAsp-mAb X,
respectively) were separated and detected by LC-HRMS. The
isoAsp-mAb X/parent ratio was found in mouse serum to
increase from 1:10 at day 2 to 1:2 at day 14 and 1:1 at day 28,
representing an increase in the absolute levels of isoAsp-mAb X
of ~45 % from day 2 to day 28. The result from this work
provided direct evidence of Asp isomerization in vivo and thus
disqualified mAb X from further development consideration.

CONCLUSIONS

Over the past few decades, a better understanding of
ADME processes, brought about by participation of DMPK

! Wang er al., Poster presented at the ADME Protein Therapeutics
Introductory Workshop in August, 2011 at the State University of
New York at Buffalo
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scientists in early discovery through late development, has
been crucial to enhancing the possibility of success of SM
drugs. We attribute the success of DMPK involvement to the
combination of substantial progresses in the drug metabolism
sciences, particularly in the area of CYPs, the major enzymes
responsible for clearance mechanisms of a large number of
SMs, with the availability of powerful tools, notably the LC-
MS technology. Compared to SMs, the role of DMPK in
supporting LM drug discovery and development is far behind
and should be increased and expanded to cover the entire
process. This point of view is underpinned by a number of
factors, including the evolving and competitive biotechnology
landscape, and imminent/growing regulatory pressure. A few
case examples are presented to illustrate the relevance and
transferability of strategies and experiences of DMPK
support for SM drugs to LM drugs. We submit that a similar
path used for SM drug discovery and development, especially
with respect to establishing mechanistic understanding in
ADME properties and associated determinants, as well as
developing necessary tools and technology, be followed in the
endeavors to increase the possibility of success of a safe and
efficacious LM candidate.
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