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TUTORIAL

Tutorial on Monoclonal Antibody Pharmacokinetics
and Its Considerations in Early Development

Meric Ovacik1 and Kedan Lin2,∗

The tutorial introduces the readers to the fundamentals of antibody pharmacokinetics (PK) in the context of drug devel-
opment. Topics covered include an overview of antibody development, PK characteristics, and the application of antibody
PK/pharmacodynamics (PD) in research and development decision-making. We also discuss the general considerations for
planning a nonclinical PK program and describe the types of PK studies that should be performed during early development of
monoclonal antibodies.

BRIEF HISTORY OF ANTIBODY DEVELOPMENT

Endogenous antibodies are mainly produced by differenti-
ated plasma B-cells. They function to neutralize pathogens
such as bacteria and viruses. As the largest class of bio-
pharmaceuticals, therapeutic antibodies have been devel-
oped for the treatment of a broad range of diseases including
cancer, immunological disorders, and infectious diseases.1,2

Over 60 antibodies have been marketed in the United States,
and �350 new antibody entities are in active clinical
development.3 Of the five antibody immunoglobulin (Ig) sub-
types (IgA, IgD, IgE, IgG, and IgM), the IgGs are the most
abundant and most frequently explored as therapeutics.4

Development of monoclonal antibodies (mAbs) as thera-
peutics was initiated by the introduction of mouse hybridoma
technology 40 years ago.5 However, the use of mouse
mAbs as therapeutics was handicapped by their ubiqui-
tous induction of antidrug antibodies (ADA), their short half-
life, and the lack of an effector function.6 Efforts to reduce
immunogenicity led to the development of chimeric and
humanized antibodies, which constitute the majority of mar-
keted antibodies today.7 Moreover, phage-display technol-
ogy, which utilizes bacteriophage expressing recombinant
human antigen-binding fragments for high-affinity binder
selection, led to the development of fully human antibod-
ies with enhanced diversity and potency.8 Human antibod-
ies can also be generated from transgenic mice engineered
with human immunoglobulin genes, human hybridomas, and
patient-derived lymphocytes.9

IgGs are Y-shaped 150 kDa immunoglobulins consisting
of two pairs of identical heavy and light chains linked by
disulphide bonds10 (Figure 1). The two arms of the Y con-
stitute the antigen-binding region (Fab) and are formed by
the variable domains from both the heavy and light chains
(Fv). The selective binding of antibody to antigen through
variable domains serves crucial pharmacological functions,
such as blockage of cytokines and growth factors, as shown
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by antagonistic antibodies against the TNF family (e.g.,
infliximab)11 and receptor blockade and/or receptor modu-
lation, as shown by antibodies against programmed death
1 (PD-1) receptor (e.g., pembrolizumab).12 The stem region
of the Y constitutes the so called fragment crystallizable
region (Fc) and is composed of only the heavy chains. This
region is responsible for mAb binding to Fc receptors for
IgG and proteins of complement system, i.e., Fc gamma
receptors (FcγRs), complement (C1q) protein, and neona-
tal FcR (FcRn).13 The main therapeutic functions of IgG are
dictated by their interactions with several classes of binding
partners: antigen, complement, Fc receptor for IgG (FcγRs),
and the neonatal FcR (FcRn). Among them, the selective
binding of antibody to antigen through variable domains
serves crucial pharmacological functions, such as blockage
of cytokines and growth factors, as shown by antagonis-
tic antibodies against the TNF family (e.g., infliximab)12 and
receptor blockade and/or receptor modulation, as shown
by antibodies against programmed death 1 (PD-1) receptor
(e.g., pembrolizumab).13 Other functions of IgG are depen-
dent on the interaction of the Fc region with other proteins.
Binding of mAb Fc to FcγRs and complement protein leads
to cellular depletion through both Fcγ -mediated antibody-
dependent cytotoxicity (ADCC) and C1q-mediated comple-
ment protein-dependent cytotoxicity (CDC), as exemplified
by anti-CD20 antibodies14 and binding to FcRn leads to long
half-life of mAb in circulation. Similar to its biological func-
tions, the pharmacokinetic (PK) characteristics of antibody
are also driven by interactions with their binding partners
(antigen, FcγRs, and FcRn).

mAb PHARMACOKINETICS

Typically, systemically administered mAbs exhibit bipha-
sic PK profiles in circulation, i.e., a relatively fast dis-
tribution phase followed by a slower elimination phase.
Other mAb-specific PK characteristics include their confined
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Figure 1 Schematic structure of IgG antibody: A simplified repre-
sentation of IgG structure. VL = variable light chain; VH = variable
heavy chain; CH1 = constant heavy chain domain 1; CH2 = con-
stant heavy chain domain 2; CH3 = constant heavy chain domain
3; CDR = complementary determining region (responsible for spe-
cific antigen binding); Fab = fragment antigen-binding (Fab); Fc =
fragment crystallizable region; Fv = fragment variable.

distribution in vasculature and interstitial space because
of their size and polarity, long half-lives (�11–30 days in
humans, Table 3) from FcRn-mediated recycling, and non-
linear PK due to target-mediated clearance. A summary of
the key features of mAb-specific concepts and important PK
parameters is presented in Table 1. While this tutorial focuses
on mAb PK and its key determinants, a high-level com-
parison of PK characteristics between small molecules and
mAbs are shown in Table 2. A list of recently approved mAbs
with their indications, dosing regimens, important PK param-
eters, and immunogenicity rates are presented in Table 3.

ABSORPTION AND ROUTES OF mAb ADMINISTRATION

mAbs have limited oral bioavailability (typically <1–2%)15

and are therefore not usually administered orally. The limited
bioavailability of orally administered mAbs is due to their lim-
ited penetration across the intestinal epithelium16 and sus-
ceptibility to enzymatic degradation by proteases and pepti-
dases in the intestinal lumen.17 The administration routes of
choice for mAbs are intravenous (i.v.), subcutaneous (s.c.),
and occasionally intramuscular (i.m.).
While the i.v. route may result in higher systemic expo-

sures, s.c. administration is an established modality for
almost all disease indications given its convenience and
option of self-administration.18 Since blood capillaries only
allow substances with less than 16 kDa to reach systemic cir-
culation, s.c. or i.m. administeredmAbs presumably enter the
circulation through lymphatic fluid drainage.19 The maximum
plasma concentrations of mAbs are often reached around
3–7 days postdosing and bioavailability varies between 50–
90% following s.c. dosing in humans (Table 3). Low circu-

lating concentrations and/or variable bioavailability of mAbs
can be attributed to: 1) physiological factors such as blood
flow and skin morphology, etc. At the site of injection, 2) bio-
logical interactions (target expression, binding, degradation
at the site of injection, etc.),20 and 3) molecule and product
specific characteristics (molecule charge, glycosylation, for-
mulation, and volume of the injection, etc.).

Non-human primate (NHP) models are often used for early
assessment of bioavailability for their physiological and bio-
chemical proximity to humans.21 Rodents and mini pig have
also been explored to further understand the mechanism and
variables in mAbs absorption.22 Despite efforts in predicting
mAbs bioavailability in humans using preclinical models, the
translatability remains uncertain.20

DISTRIBUTION MECHANISMS OF mAbs

At steady state, mAbs generally exhibit a low volume of
distribution of 3–8 L (Table 3), reflecting their confined distri-
bution to the vascular and interstitial spaces because of their
size and polarity.23 The primary mechanism of antibody dif-
fusion in tissues is through the convective transport through
paracellular pores in vascular endothelial cell membranes.19

Additional factors influencing mAbs distribution to individual
organs or tissues include: drug-specific features such as
their binding affinity to specific target antigens, targets
internalization rate,24 mAb hydrophilicity, charge,25 and
tissue-specific features such as membrane structure and
blood flow.26 Optimizing these determinants to improve the
distribution to relevant organs or tissues is currently being
explored. For example, Rudnick et al. showed that when tar-
geting high-density and rapidly internalized antigens such as
HER2, a lower-affinity antibody could penetrate tumors more
effectively, while an ultrahigh-affinity antibody could limit the
distribution of the antibody to tumor as a result of “binding
site barrier.”27 Another effective utility of target-specific
binding is to deliver antibodies to “off-limit” sites such as
the central nervous system (CNS), which is discussed in a
later section (see “Next-generation antibody”).

It is worth noting that insights on mAbs distribu-
tion are often revealed through physiologically based PK
modeling28,29 integrated analytical tools including enzyme-
linked immunosorbent assay (ELISA), radioisotope quan-
tification, imaging, and liquid chromatography-mass spec-
trometry (LC-MS)19 along with physiologically based PK
modeling28,29 using tissue specific exposure data.

METABOLISM/CATABOLISM AND CLEARANCE
MECHANISMS OF mAbs

Elimination of mAbs through the kidney is considered
insignificant, since typical mAb molecular weight (150 kDa)
is higher than the glomerular filtration threshold (�55
kDa).23 Instead, mAbs are mainly metabolized and elimi-
nated through proteolytic degradation that results in smaller
peptides and amino acids. Clearance pathways for the
metabolism and elimination of therapeutic antibodies from
circulation include nonspecific clearance through pinocy-
tosis and proteolysis, target-mediated specific clearance,
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Table 1 Key mAb-specific concepts and PK parameters

Concepts/parameters Determinants

Target mediated drug disposition
(TMDD)

TMDD is the phenomenon when the interaction between the mAb and its target contributes significantly to the
kinetics of mAb distribution and clearance. Key determinants are binding affinity of mAb, antigen density,
turnover rate, internalization rate, and dose levels.33

Specific or dose-dependent
clearance

As the result of TMDD, interactions between mAbs and their targets may lead to fast removal of mAbs from
circulation at non-saturable dose range. Rate and extent of dose-dependent clearance depend on internalization
rate, antigen density, binding affinity and turnover kinetics of antigen.

Nonspecific clearance Nonspecific clearance of mAb refers to target independent, nonspecific cellular uptake of mAbs via
pinocytosis/proteolysis and subsequent removal from circulation. Recently marketed mAbs exhibit clearance
values between 90–560 mL/ day and half-lives between 11–30 days (Table 3), comparable to endogenous IgG
half-life (�21 days).31

Volume of distribution mAbs generally exhibit a low volume of distribution of 3–8 L at steady state reflecting the volume of vascular and
interstitial spaces.23

Immunogenicity and ADA Immunogenicity refers to the immune response of the host against the therapeutic protein. These responses include
anaphylaxis, cytokine release syndrome, and ADA formation, may affect exposure, efficacy and safety and should
be closely monitored. ADA formation may contribute to accelerated mAb clearance. In some cases, higher ADA
titers were associated with lower therapeutic trough concentrations.62

Table 2 Comparison of PK characteristics between small molecules and monoclonal antibodies

Features Small Molecules mAbs

Molecular weight <500 Da preferred �150 kDa

Drug substance Chemical entities Proteins

Administration routes Oral administration feasible and preferred i.v. or s.c. /i.m.

Absorption Through passive diffusion/permeability and active
transporters

Mainly through lymphatic uptake due to their large molecular
size

Distribution High volume of distribution to tissues, often exceed the
biological volume except acidic chemical compounds.
Volume of distribution of small molecules depend on
plasma and tissue protein binding.

Distribution is mainly limited to vascular and interstitial fluids

Metabolism Metabolized through CYP P450 enzymes followed by
conjugation reactions with transferase enzymes

Metabolized /catabolized through proteolysis to small
peptides and amino acids

Excretion Biliary and renal Recycled through FcRn receptor

Clearance and half-life Mostly linear, dose dependency is mainly due to saturation of
metabolic pathway. Nonlinearity may be observed due to
absorption processes, inactivation of metabolic pathways,
auto induction of clearance pathways or saturation of
transporters

Half-life is typically short, often dosed daily, or multiple times
a day

Dose dependent and nonlinear clearance is expected and
often observed at low dose levels; linear and predictable
clearance expected at above saturable dose range

Half-life is typically long, dosed less frequently, e.g.,
bi-weekly or monthly

Bioanalysis LC-MS/MS Ligand based ELISA and recently LC-MS/MS

Selectivity and toxicity Off-target toxicity is observed as well as on-target toxicity Highly specific, mostly on target toxicities or exaggerated
pharmacology

Target Both intracellular and surface targets Membrane proteins or soluble proteins in circulation

Drug–drug interaction Expected and need to be investigated for CYP P450 and
transporter interactions

Rarely observed with some exceptions (e.g., mAbs
modulating cytokine pathway may interact with
CYP3A4-mediated clearance of small molecule drugs)100

Pharmacodynamics and
PK/PD interactions

Short acting, in line with PK properties; PK is usually not
affected by PD

Long acting PD effect and direct impact on PK; PK/PD are
mechanistically linked

Immunogenicity Not commonly observed Expected and need to be monitored

and other mechanisms such as ADA-mediated clearance
(Figure 2).

Nonspecific clearance
There are at least two distinct mechanisms that contribute
to nonspecific clearance of mAbs: nonspecific endocyto-
sis in cells, and proteolysis in liver and in reticuloendothe-
lial system (RES). Both processes are employed as clear-
ing mechanisms for endogenous antibodies, and provide the
biological basis for a predictable range of clearance and
half-life of well-behaved antibody therapeutics (Table 3).

Nonspecific endocytosis refers to target-independent, non-
specific uptake of mAbs by the cells via pinocytosis (e.g.,
fluid-phase endocytosis), and subsequent removal of mAbs
from the circulation. One key mediator of this process is
the FcRn, which protects the internalized antibody from
rapid intracellular catabolism.30 FcRn binds to the Fc region
of the IgG in a pH-dependent manner, i.e., the binding
between IgG and FcRn is strong at acidic pH of 6.0–6.5
and weak at neutral pH of 7.0–7.5. When early endocytic
vesicles are acidified, IgG-FcRn binding is enhanced. The
IgG-FcRn complex is protected from lysosomal pathway
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Table 3 Summary of PK parameters for marketed mAb (2011–2017) as indicated in their labels

mAb and company MOA Indication
Dosing regimen,

bioavailability
Clearance+

(mL/day*) Vss, (L)
Half-life
(Days)

Cmax,
(μg/mL)
& Tmax,

Immunogenicity
(%)*

Avelumab (Bavencio)
Merck

PD-1 blocker Merkel cell
carcinoma

i.v. infusion (60
minutes) 10
mg/kg every 2
weeks

590 4.72 6.1 4.1

Ocrelizumab (Ocrevus)
Genentech/Roche

CD20-directed
cytolytic
antibody

Relapsing and
primary
progressive
forms of multiple
sclerosis

i.v. infusion 300 mg
every 2 weeks
for a month,
then 600 mg
every 6 months

170 2.78 26 141- 212

Dupilumab (Dupixent)
Regeneron

IL-4Rα

antagonist
Moderate-to-

severe atopic
dermatitis

Two 300 mg s.c.
injections,
followed by one
300 mg every
other week, 64
%

4.8 ± 1.3 70.1 ±
24.1

7 days

Durvalumab (Imfinzi)
AstraZeneca

PD-L1blocking
antibody

Urothelial
carcinoma

i.v. infusion (60
minutes) 10
mg/kg every 2
weeks

342 5.6 17 3.3

Sarilumab (Kevzara)
Sanofi

IL-6 receptor
antagonist

Rheumatoid
arthritis

200 mg s.c.
injections every
2 weeks

7.3 8-10 395 ± 207
2-4 days

9.8

Brodalumab
(Siliq)
Valeant

IL-17RA
antagonist

Moderate to
severe plaque
psoriasis

210 mg s.c.
injections at
weeks 0, 1, 2
and followed
every 2 weeks,
55 %

3000 ± 3500 8.9±9.4 13.4 ± 7.3
3 days

3

OLARATUMAB
(Lartruvo)

Eli Lilly

PDGFR- α

blocker
Soft tissue

sarcoma
i.v. infusion (60
minutes, 21-day
cycle)

15 mg/kg

560 7.7 11 3.5

BEZLOTOXUMAB
(Zinplava)

Merck Sharp Dohme

mAb against
Clostridium
difficile toxin
B

Reduce recurrence
of Clostridium
difficile infection
in 18+ years
patients

i.v. infusion (60
minutes)

10 mg/kg

317 7.33 19 185 0

SECUKINUMAB
(Cosentyx)

Novartis

IL-17
antagonist

Moderate to
severe plaque
psoriasis in adult
candidates

300 mg s.c.
injection (Weeks
0, 1, 2, 3, 4, and
every 4-weeks),

55-77%

140 7.10- 8.60 22-31 27.3 ± 9.5
6 days

<1

DINUTUXIMAB
(Unituxin)

United Therap

GD2-binding
mAb

Pediatric
neuroblastoma

i.v. infusion (10-20
hours for 4
days/5 cycles)

17.5 mg/m2/day

210 5.4 ± 1.5 10 11.5 ± 2.3 13-18

ALIROCUMAB
(Praluent)

Sanofi Aventis

PCSK9
inhibitor

Treatment of adults
with
heterozygous
familial hyperc-
holesterolemia
or clinical
atherosclerotic
cardiovascular
disease

75-150 mg s.c.
injection (once
every 2 weeks),

85%

40-50 L/kg 17-20 3-7 days 4.8

EVOLOCUMAB
(Repatha)

Amgen

PCSK9
inhibitor
mAb

heFH, Clinical
atherosclerotic
CVD, HoFH

420 mg s.c.
injection,

72%

288 3.3 11-17 59.0 ±
17.2

3-4 days

0.1

MEPOLIZUMAB
(Nucala)

Glaxosmith Kline

IL-5 antagonist
mAb

Severe asthma
patients with an
eosinophilic
phenotype

100 mg s.c.
injection (once
every 4 weeks),

80%

280 3.6 16-22 6

(Continued)
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Table 3 Continued

mAb and company MOA Indication
Dosing regimen,

bioavailability
Clearance+

(mL/day*) Vss, (L)
Half-life
(Days)

Cmax,
(μg/mL)
& Tmax,

Immunogenicity
(%)*

DARATUMUMAB
(Darzalex)

Janssen Biotech

CD38-directed
monoclonal
antibody

Multiple Myeloma i.v. infusion
16 mg/kg

171.4 ± 95.3 4.7 ± 1.3 18 ± 9 915 ± 410 Not reported due to
Daratumumab
interference in
assay

NECITUMUMAB
(Portrazza)

Eli Lilly

EGFR
antagonist

Squamous
non-small cell
lung cancer

i.v. infusion (60
minutes, every 7
days for 3
weeks)

800 mg

338.4 7.0 14 days 4.1

ELOTUZUMAB
(Empliciti)

Bristol Myers Squibb

SLAMF7-
directed
immunos-
timulant

Multiple myeloma i.v. Bolus (every
week for 2
cycles and every
2 weeks after)

10 mg/kg

5.8 – 17.5 (20
mg- 0.05
mg/kg
doses)

18.5

RAMUCIRUMAB
(Cyramza)

Eli Lilly

VEGFR2
antagonist

Gastric cancer or
gastro-
esophageal
junction
adenocarcinoma

i.v. infusion (every
2 weeks)

8 mg/kg

7.4

SILTUXIMAB (Sylvant)
Janssen Biotech

IL-6 antagonist Multicentric
Castelman’s
disease (HIV
negative and
(HHV negative)

i.v. infusion (1 hour
every 3 weeks)

11 mg/kg

230 4.5 20.6 332 ± 139 0.2

VEDOLIZUMAB
(Entyvio)

Takeda
Pharmaceuticals

Integrin
Receptor
Antagonist

Adult UC & Adult
Crohn’s Disease

i.v. infusion (30
minutes)

300 mg

157 5 25 4 (during treatment)
& 13 (end of
study)

PEMBROLIZUMAB
(Keytruda)

Merck Sharp Dhome

PD-1 blocking
Ab

Unresectable or
metastatic
melanoma

i.v. infusion (30
minutes; every 3
weeks)

2 mg/kg

220 26 0

NIVOLUMAB (Opdivo)
Bristol Myers Squibb

PD-1 blocker
Ab

Unresectable or
metastatic
melanoma

3 mg/kg 228 8 26.7 8.5

GOLIMUMAB
(Simponi)

Centocor Ortho
Biotech

TNF blocker Moderate to
severe RA &
Active PsA &
Active AS

50 mg s.c.
injection (once a
month);

53%

4.9-6.7
mL/day/kg

58 to 126
mL/kg

14 2.5
2-6 days

4

TOCILIZUMAB
(Actemra)

Genentech

IL-6 receptor
inhibitor

RA i.v. infusion (every
4 weeks)

8 mg/kg

300 13 183 ± 85.6 2

OBINUTUZUMAB
(Gazyva)

Genentech

CD20-directed
cytolytic
mAb

Chronic
lymphocytic
leukemia

i.v. infusion 90 3.8 28.4 13

PERTUZUMAB
(Perjeta)

Genentech

Her2/neu
receptor
antagonist

Her2 + metastatic
breast cancer
patients

i.v. infusion (60
minutes)

840 mg

240 18 2.8

RAXIBACUMAB
(ABthrax)
Human Genome
Sciences

Antibody that
binds to the
Protective
Antigen of B.
anthracis

Inhalation anthrax
due to Bacillus
anthracis

i.v. infusion (2
hours and 15
minutes)

40 mg/kg

1020.3 ±
140.6

0

(Continued)

and transported back to the cell membrane, where pH is
neutral and the antibody is released back into the circula-
tion. This recycling process is most likely responsible for the
observed relatively long half-life of mAbs of 11–30 days in
humans (Table 3), which is similar to the half-life of endoge-
nous IgG (�21 days).31 Nonspecific clearance is consid-
ered dose-independent since most therapeutic antibodies at

clinically relevant dose levels would fall far below the cir-
culating endogenous IgG levels of �10 g/ml.23 Improved
understanding of the IgG-FcRn interaction along with
advances in protein engineering has led to opportunities to
engineer mAbs with extended half-life.32

Nonspecific clearance of mAbs also occurs through pro-
teolysis in the liver and the reticuloendothelial system (RES)
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Table 3 Continued

mAb and company MOA Indication
Dosing regimen,

bioavailability
Clearance+

(mL/day*) Vss, (L)
Half-life
(Days)

Cmax,
(μg/mL)
& Tmax,

Immunogenicity
(%)*

BELIMUMAB
(Benlysta)

Human Genome
Sciences

B-lymphocyte
stimulator
specific
inhibitor

Systemic lupus
erythematosus

i.v. infusion
10 mg/kg

215 5.29 19.4 313 0.7

IPILIMUMAB (Yervoy)
Bristol Myers Squibb

Human
CTLA-4
blocking
antibody

Melanoma i.v. infusion (90
minutes)

3 mg/kg

367.2 7.21 14.7 21.8 1.1

*Unless stated otherwise; + Clearance values describe the elimination rate observed in clinic at the approved dose. For some mAbs, multiple clearance values
were reported. Different clearance values address nonlinear clearance at given doses. *Immunogenicity incidence rate is described as percentage value. The
percentage value is the percentagewise ratio of the number of patients where immunogenicity was confirmed to the patients dosed in the trials.
i.v. = intravenous; s.c. = subcutaneous; IL = Interleukin; IL-17RA = IL-17 Receptor A
PSA = Psoriatic Arthritis; AS = Ankylosing Spondylitis; RA = Rheumatoid Arthritis; UC = Ulcerative Colitis; CTLA-4 = cytotoxic T-lymphocyte antigen 4; TNF
= Tumor Necrosis factor; PD-1= Programmed death receptor-1; HoFH = homozygous familial hypercholesterolemia; HHV = human herpes virus 8; VEGFR2 =
Vascular endothelial growth factor receptor 2; EGFR= Epidermal growth factor receptor; CVD = cardiovascular disease; PDGFR- α = Platelet derived growth
factor receptor alpha; heFH = Heterozygous familial hypercholesterolemia; PCSK9 = Proprotein convertase subtilisin kexin type 9, SLAMF7= Self-ligand receptor
of the signaling lymphocytic activation molecule

Figure 2 Representative PK profiles for linear and nonlinear clear-
ance at the same doses. (a) The linear PK profiles with parallel
elimination slopes. (b) The nonlinear PK profiles: the slope of the
terminal phase decreases as the dose increases and approaches
linear PK range as the dose reaches saturation dose level.

located in reticular connective tissue.33 This elimination
pathway of mAbs is mediated through binding of the Fc
region of the antibody to FcγR-expressing cells, such as
Kupffer cells in liver, monocytes and/or macrophages of the
RES, followed by receptor-mediated endocytosis and degra-
dation in lysosomes. The FcγR-mediated elimination path-
way is not saturable for mAbs therapeutics; therefore, FcγR
binding alone is not expected to impact mAb PK when
nonspecific clearance is dominant. However, it may have
an impact on mAb PK through its pharmacodynamic (PD)
interactions. For example, Fc-mediated effector functions
(ADCC or CDC) upon antibody–antigen interaction may con-
tribute to observed clearance by depleting target cells, as
shown for rituximab.34 The contribution of FcγR binding
to mAb elimination is not fully understood and additional
research is required to elucidate the mechanism.

Target-mediated or specific clearance
Target-mediated clearance refers to the elimination of mAbs
through its antigen-specific interactions. After mAbs bind to
a specific antigen (soluble or membrane bound) they may
be internalized and catabolized through lysosomal degra-
dation as an antibody–antigen complex.35 Target-mediated
clearance is usually identified and characterized with dose-
ranging studies in both preclinical and clinical settings.

Target-mediated clearance decreases with the saturation
of the target, which in turn is dependent on dose. At
and above the saturation dose level, the target-mediated
clearance becomes insignificant, and the clearance of anti-
body is largely mediated through nonspecific the FcRn
pathway (discussed in “Nonspecific clearance” section)
(Figure 2).

Multiple factors including binding affinity of mAbs, antigen
density, turnover rate, and internalization rate, etc., affect
the extent and depth of targeted mediated clearance. Its
contribution to overall clearance diminishes with increased
dose and elapse of time because of the gradual deple-
tion of available targets. For example, alemtuzumab,
an antibody targeting CD52-expressing tumor cells,
showed time-dependent PK with decreased clearance and
extended half-life as tumor burden decreases after repeated
dosing.36

It is important to characterize target-mediated clearance
and its relationship with dose and efficacy since PK in the
nonlinear range often demonstrates significant variability,
which may lead to variability in efficacy and safety. For exam-
ple, Gibbs et al. demonstrated the critical importance of char-
acterizing target-mediated clearance in selecting an optimal
dosing regimen for protein convertase substilisin kexin type
9 (PCSK9) antibody evolucumab.37 Their target-mediated
drug disposition PK/PD modeling suggested that doubling
the dose and extending the dosing interval from biweekly to
monthly did not adequately maintain the reduction in low-
density lipoprotein cholesterol (LDL-C), and a higher dose
was required to maintain stable levels of LDL-C levels for a
monthly dosing schedule.

Many other factors, such as antibody properties
(hydrophobicity, charge,38 glycosylation patterns39), inter-
subject variability (disease status, body size, genetic
polymorphisms, concomitant medication, comorbidities,
etc.40), and immune-mediated response generated by mAbs
administration can also impact mAb clearance. Among
these, the physicochemical characteristics of mAbs and
ADA formation from immune-mediated responses can have
a major impact on mAb clearance and efficacy/safety.
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Impact of physicochemical characteristics of mAbs
on their PK
Physiochemical properties including hydrated size (Stokes
radius), charge, hydrophobicity, electrophoretic mobility, iso-
electric point (pI), and glycosylation can potentially influ-
ence mAb PK.38,39 Igawa et al. showed that lowering the
total pI by 1–2 units resulted in longer half-lives and slower
elimination rates.41 Yadav et al. also demonstrated that
modifying Fv charge and hydrophobicity altered mAb PK
and s.c. bioavailability42: more positive-charged antibody
variants showed faster nonspecific clearance than the less
positively charged variants or the wildtype. In addition to
charge and hydrophobicity, glycosylation is another factor
that may significantly impact both the PK and PD of mAbs.
IgGs contain a glycosylation site in the Fc region at amino
acid position 297 and, in some cases, in the Fab region. Gly-
cans that have a major impact on PK and PD of mAb include
mannose, sialic acids, galactose, and fucose. For exam-
ple, therapeutic mAbs with high terminal mannose glycans
exhibit fast elimination from systemic circulation and lower
efficacy.43,44 The fast elimination of mAbs with high man-
nose content was attributed to mannose receptor and asialo-
glycoprotein receptor, which are the endocytotic receptors
expressed on hepatocytes and endothelial cells. Depend-
ing on the expression system, antibodies with different gly-
cosylation patterns demonstrate different binding affinity to
various Fcγ Rs resulting in altered ADCC activities or CDC
activity, which has implications for both efficacy and safety.44

The tools to evaluate the mAb PK based on its physiochem-
ical properties are furthered discussed in the “How to derisk
mAbswith undesirable PK properties in early lead selection?”
section.

ADA-mediated clearance and immunogenicity
mAb-based therapeutics may induce humoral immune
responses when administered. Immunogenicity reflects the
capacity of a given therapeutics to induce such a response
and is characterized by the generation of antidrug antibod-
ies (ADA). ADA response may result in the formation of
immune complexes with the mAbs. Varying in size and struc-
ture, immune complexes are more likely cleared via FcγR-
mediated endocytosis at a different rate than mAb alone
(faster or sometimes slower) and accelerate (or less fre-
quently delay) the overall mAb clearance.45 ADA response
can reduce efficacy and induce adverse events through
diverse immunological mechanisms and through PK/PD
interactions. For example, studies have shown that ADA
response in rheumatoid arthritis patients treated with anti-
TNF immunobiologicals leads to loss of therapeutic benefit
after an initial positive response.46 From a survey of recently
approvedmAbs, immunogenicity incidence rates varied from
0% to as high as 42% (Table 3).
In general, minimizing or eliminating murine sequences

reduces the frequency of mAb-induced immune responses
and hypersensitivity reactions. However, sequence alone is
not a reliable predictor of immunogenicity. Determinants of
immunogenicity include product characteristics such as oxi-
dation and deamidation sites, as well as target biology,
patient population, dosing routes, and regimen.47 Immuno-
genicity in preclinical species cannot predict the incidence of

human ADAs but may have utility in characterizing the conse-
quences of potential ADAs.48 Despite these challenges, there
are efforts aimed at predicting immunogenicity using in silico
and in vitro tools.49

CONSIDERATIONS FOR CHARACTERIZING mAb PK
IN DRUG DEVELOPMENT

PK characterization serves distinct roles at different stages
of discovery and development. Early initiation of PK/PD
assessment facilitates understanding of the biology by vali-
dating and confirming target engagement.50 Once at the lead
selection and optimization stage, PK screening should be
included as one of the lead “developability” criteria along
with efficacy and toxicity evaluation to minimize the risk of
off-target binding.51 At the investigational new drug (IND)
enabling stage, integrated PK/PD knowledge along with
safety studies serve a critical role in translating preclinical
findings to first-in-human dose and regimen selection in the
clinic.52,53 Once in clinical development, clinical pharmacol-
ogy studies can identify the covariates and potential sources
of intersubject variability; establish exposure–response rela-
tionships in patients, and aid in development of a dosing
regimen.40 The alignment of major PK/PD-related studies
with the decision points of mAbs development are shown in
Figure 3.

FREQUENTLY ASKED QUESTIONS ON PK RELATED
ACTIVITIES DURING EARLY STAGE DRUG
DEVELOPMENT
What are the most appropriate assays to quantify
mAbs?
Currently, the majority of bioanalytical methods used to
determine mAb concentrations are ligand-based assays
(e.g., ELISA).54 In addition to ligand-based assays, LC-MS
technologies have also been utilized for high-throughput
quantification of mAbs.55 Depending on the specific reagent
used, ELISAs may detect one of the multiple forms of mAbs
in circulation, including free mAb, antigen-bound mAb, total
antibody, and ADA-mAb immunocomplex. Free mAb is often
the most desirable analyte since it is assumed to be the
driver for biological activities. In practical terms, the assay
strategy is often evolving with the information required for
decision-making and the availability of reagents. For exam-
ple, in the early stages of lead selection, a generic assay
for total antibody that uses anti-human IgG as a capture
reagent might be sufficient in rodent PK studies, while a
specific assay that utilizes antigen-specific reagents or anti-
idiotype (anti-ID) antibody is required for human studies.
When the target antigen is soluble, free and total antigen
concentrations may also be required for appropriate PK/PD
assessment. For example, an anti-ID antibody was used to
measure unbound anti-PCSK9 antibody (evolocumab), while
unbound PCSK9 was measured using evolocumab for cap-
ture and a second biotin-conjugated anti-PCSK9 antibody
for detection.56 PK/PD analysis using unbound evolocumab,
unbound PCSK9, and LDL-C data has enabled dose and
regimen selection in clinical trials37 (see “Target-mediated or
specific clearance” for further details).
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Figure 3 The alignment of major PK/PD-related studies with the decision points of mAb development in both objectives and recom-
mended studies.

How to derisk mAbs with undesirable PK properties
in early lead selection?
Marketed antibodies often show relatively narrow ranges of
PK parameters (Table 3). In reality, candidate molecules at
the early stage of discovery often display amuch broader and
sometimes undesirable range of PK behavior.57 Given the
relative abundance during lead generation and the intense
investment needed at later development stages, it is essen-
tial to include “PK developability” as one of the lead selec-
tion criteria. Recent publications highlighted the feasibility
andmultiple approaches employed in such efforts. The study
by Jarasch et al. presented a set of comprehensive meth-
ods to assess “PK developability” to help with lead candi-
date selection51 and Jain et al. demonstrated the feasibility
of using multiple biophysical metrics to characterize mAbs
for drug-like behavior.58

A comprehensive review by Dostalek et al. summarized
the various in silico, in vitro, and in vivo tools in predict-
ing PK liability of lead candidates.59 Those tools often focus
on two general areas of interest: antibody integrity/stability
and nonspecific or off-target binding. Antibody integrity
and stability predictions can be determined using in silico
sequence analysis. This type of analysis can identify poten-
tial post-translational modification hotspots (i.e., cysteines,
asparagine/aspartate degradation, glycosylation sites, etc.),
assess charge and hydrophobicity,42,60 and model three-
dimensional structure. In vitro assays can be used to ana-
lyzemAb hydrophobicity using hydrophobic interaction chro-
matography, Fv-FcRn interactions, and overall IgG integrity
using FcRn affinity chromatography.61 Nonspecific binding

can be assessed using ELISA-based baculovirus (BV) bind-
ing assays,57 and flow cytometric-based binding assays
using soluble HEK293 and CHO membrane proteins.62

How to select preclinical species for PK studies?
In general, we conduct preclinical PK studies to answer
two categorical questions: whether the lead candidate mAb
exhibit optimal efficacy and safety profiles to justify further
development and whether the antibody has the desired PK
behavior that will enable dosing regimen selection that is
compatible with predefined target candidate profile. Fully
integrated PK/PD evaluations in both efficacy and safety
studies and/or stand-alone studies help address these two
questions. For both purposes, PK studies in pharmacologi-
cally relevant species provide the best information and opti-
mal support for safety and efficacy evaluations.

Selecting the relevant preclinical species for mAb devel-
opment involves several steps: first, the target protein
sequence comparison, particularly the sequence of binding
epitopes between human and preclinical species, typically
rodents and non-human primates. A high degree of homol-
ogy between epitopes often signals the likelihood of crossre-
activity for a givenmAb. Next, the binding affinity of mAbwith
targets derived from different species needs to be assessed
through surface plasmon resonance (SPR) or other ligand
binding assays. Empirically, species with affinity differences
within 10-fold of affinity to a human antigen can be consid-
ered for further evaluation. Biological activity of the antibody
in cell-based assays provides another means of assess-
ing species relevance. Ideally, lead candidate mAbs should
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have a comparable binding affinity to its antigen in at least
one preclinical species to facilitate both toxicity and efficacy
evaluation.
It is not unusual to have lead candidates that show lim-

ited binding to rodent and NHPs are the only relevant species
that support toxicity or PD studies. When rodents are not a
relevant species for safety assessment, it may still be nec-
essary to characterize mAb PK in rodents if they are used to
assess efficacy such asmouse xenograft models with human
tumors. In addition, given the limited predictive ability from
in vitro and in silico studies, it may be informative to conduct
PK studies in rodents to obtain an early read on in vivo PK.59

A cassette dosing strategy along with differentiating assays
has been explored in screeningmultiple antibodies in a single
study for maximal efficiency.63

How to project mAb PK in human?
The practice of projecting mAb PK in humans is well
established,63–67 and two general approaches for antibodies
with linear PK are commonly used.
The first approach is empirical allometric scaling that is

based on a power law relationship between body weight and
PK parameters (V or CL) as described by Eq. 1.

Y = aBWb or log(Y ) = log(a) + b log(BW ) (1)

where Y is the parameter of interest (V or CL); a and b are the
empirical values to scale parameters of interest; BW is the
body weight of the species of interest.
Among different variations of allometric scaling meth-

ods, the “simplified allometry,” which only uses data from
cynomolgus monkey instead of multiple species, is the
most effective approach given the anatomical, physiological,
and biological similarities between cynomolgus monkey and
human, including FcRn binding affinity and antibody bind-
ing specificity. Using this method, the volume of distribution
scales proportionally with body weight and clearance often
follows an exponent between 0.8–0.9 along with body weight
scaling.66

The second approach is the species-invariant time
method (or elementary Dendrick plot), which is based on
the assumption that the dose-normalized drug concentra-
tions in preclinical species are equivalent to humans, while
“PK-time” in animals is transformed to human equivalent
time based on body weight. This method provides projec-
tion of human PK profiles with specific dose and dosing
regimens. The species-invariant time method was reported
to have better predictions than simplified allometry for both
membrane-bound and soluble targets.65

Mechanistic approaches are often used when mAbs have
a dose-dependent PK profile. Specifically, by incorporat-
ing the Michaelis–Menten equation into a conventional
two-compartment model, target-mediated drug disposi-
tion (TMDD) modeling has been employed successfully
to capture the dynamic interactions between antibody
and antigen.67 Recently, physiologically based PK (PBPK)
modeling has been adapted in mAb scaling despite its
complexity.29 By integrating physiological parameters,
in vitro and in vivo PK data into anatomically and physi-
ologically meaningful compartments, PBPK modeling can

capture both drug-related and system-related properties
across species and add additional insights in translational
projection.

What are the considerations in first-in-human (FIH) dose
selection for mAbs?
The framework of an FIH dose selection for mAbs is based
on regulatory guidance.68,69 The specific choice for FIH
dose depends on several factors: species cross-reactivity,
relevance of animal models, steepness of dose response,
PK/PD relationship, nature of toxicity such as predictabil-
ity, reversibility, tolerability, manageability, and the prece-
dence of molecules in similar pathways.70 Surveys on FIH
dose selection showed that guidance based on no observed
adverse effects levels (NOAEL) was the most frequently used
method, while the PK/PD model-based approach was gain-
ing acceptance.71

Relevance of preclinical species deserves special consid-
eration for both pharmacology and safety evaluation. NHPs
are the most frequently used species for selecting FIH dose
due to their highly similar physiology to humans, similar FcRn
binding affinity to human IgG, and overall similar antibody
disposition. Based on literature, approximately 58% of stud-
ies used NHPs only and nearly 80% used both NHPs and
rodents to determine FiH dose.71

Recent surveys on the strategies and outcomes of mAbs
tested in FIH trials between 2000 and 2013 found that
severe mAb-related toxicities were infrequent, and the use-
fulness of toxicity as the criterion to guide dose escala-
tion was limited.71,72 However, in the wake of the TGN1412
incident,73 which led to the introduction of the minimal antic-
ipated biological effect level (MABEL)- or minimum effec-
tive dose (MED)-based approach,74 additional precautions
have been taken for molecules of novel pathways or for
immune modulators. The MABEL approach was used more
frequently in recent years, reflecting the increasing repertoire
of immune modulators and the recognition of translational
insufficiency for this family of molecules.75 While the MABEL-
based approach is the most conservative approach leading
to a lower starting dose, it could achieve the desired objec-
tives of FIH clinical trials effectively with a more aggressive
dose escalation.72

PK/PD modeling incorporating both in vitro and in vivo
data is an important tool in FIH dose selection. The mech-
anistic insights it provides is particularly relevant in applying
a MABEL approach.76 For example, a TMDD/PKPD model
was developed for TAM-163, an agonist antibody targeting
tyrosine receptor kinase-B (TrkB). The integration of expo-
sure, target coverage, and pharmacological activity identi-
fied an efficacy threshold to achieve significant weight gain
in monkeys.71 The subsequent scaling to humans led to the
projection of minimal and maximal pharmacologically active
doses. The recommended FIH dose for TAM-163 based on
the MABEL approach was projected to achieve <10% target
coverage at Cmax.

How to project efficacious dose in human and the utility
of the projection?
Projecting human efficacious dose is based on two key
assumptions: exposure–response relationships translate
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across species and mAb PK is predictable in humans at a
relevant dose range. It includes the following steps: 1) define
the efficacy end points and establish an exposure–response
relationships in the efficacy model; 2) project human PK pro-
files from cynomolgus monkey using a simplified allomet-
ric scaling or time-invariant time method (TMDD modeling
if expecting nonlinear PK); and 3) integrate efficacy PK/PD
models with human PK projections and estimate human effi-
cacious dose.77

The translatability of human efficacious dose projec-
tion depends on confidence in selecting the most relevant
PD/efficacy end points and identifying key PK drivers (Cmax,
Ctrough, or AUC, etc.) for efficacy. PD or efficacy endpoint
selection is critical in translation between preclinical studies
and clinical development since the underlying assumption is
that exposure–response relationships are translatable across
species. It remains an empirical and case-by-case practice
for mAbs, especially when clinical outcomes are different
from preclinical efficacy end points. For example, in a ret-
rospective population PK/PD analysis on eight targeted and
cytotoxic agents with known clinical outcome,Wong and col-
leagues showed that greater than 60% tumor growth inhibi-
tion in preclinical models at clinically relevant exposures was
more likely to lead to responses in the clinic.78 A similar report
on reverse translatability by Spilker et al. demonstrated the
same key concept of a PK-based strategy to select nonclin-
ical doses/regimen in mice for approved drugs. By identify-
ing “clinically relevant dose” instead of “maximally tolerated
dose,” this approach can maximize the translatability of effi-
cacy results, which is particularly relevant in selecting candi-
dates for combination with approved therapeutics.80 Alterna-
tively, a translatable mechanistic PK/PD model can be set up
as a more advanced method if the mode of action is known.
Dosing regimen in clinic selection poses another trans-

lational challenge. One compelling example is the regimen
finding strategy employed by Jumbe et al. to determine
the appropriate dose and schedule to achieve the desired
tumor suppression for trastuzumab-DM1 (T-DM1).79 The
authors developed a population-based semi-mechanistic
PK/PD model to describe the T-DM1 antitumor activity by
consolidating the exposure–effect relationship determined
across multiple animal models. Subsequently, the treatment
regimen, targeted exposure parameters (AUC, Cmax, or time
above minimal concentration threshold), and tumoristatic
concentration were derived from the model to support early
clinical trial design.
Frequently, the recommended phase II dose (RP2D) is

determined in the absence of a maximum tolerated dose
(MTD) for mAbs. In these cases, clinical PK data and pro-
jected efficacious dose based on preclinical studies were
the main criteria for choosing an RP2D.80 The ability of
PK/PD modeling to predict the correct dose and dosing
regimen takes on additional urgency for novel checkpoint
inhibitors in cancer immunotherapy since the majority of
these therapeutics exhibit heterogeneous tumor responses
and lack predictive biomarkers.81 Translational PK/PD mod-
eling of pembrolizumab, a humanized mAb against PD-1,
exemplified the power of this approach. Lindauer et al. uti-
lized physiologically based PK and systems pharmacology
approaches combining in vitro binding data, mechanistic

tumor growth inhibition models, and drug exposure-time-
to-event relationships to successfully identify the lowest
effective dose for evaluation.82

What are the key objectives of mAb early clinical
development?
Clinical pharmacology along with pharmacometric
approaches help identify patient-specific covariates, assess
the source of variability, explore dose/exposure response
relationships, dissect the role of predictive and prognostic
biomarkers, and ultimately, establish the dose and dosing
regimen for a given treatment.83

NEXT-GENERATION ANTIBODY-BASED
THERAPEUTICS AND THEIR UNIQUE PK CHALLENGES

Driven by biological insights and technical advances in anti-
body engineering, antibody therapeutics have blossomed
into a plethora of diverse platforms.2 Among them, bispe-
cific or multispecific antibodies, antibody–drug conjugates,
glyco-engineered antibodies, and various novel antibody
scaffolds present new challenges in applying quantitative
pharmacology and translational PK/PD.

Bispecific antibodies
Bispecific antibodies (bsAbs) target multiple antigens from
distinct signaling pathways or redundant antigens in the
same pathway. Currently, there are over 60 different bsAbs
formats with variations in modular structure, size, affinity/
avidity, PK behavior, and intended clinical application.84

One of the most active areas of bsAbs application is in
the field of cancer immunotherapy.85–87 Cancer immunother-
apy works by unleashing the body’s own immune system
to eliminate or control cancer. The basic tenet for bsAbs
in cancer immunotherapy has been the simultaneous bind-
ing of bsAbs to cytotoxic T cells and antigen-expressing
tumors. This is best exemplified by the first approved bsAbs,
catumaxomab (a bsAb binds both CD3 on cytotoxic T cells
and EpCAM on human adenocarcinomas,88) and blinatu-
momab (a CD19 × CD3 targeting bispecific scFv antibody
fragment.89) A comprehensive panel of studies is required to
assess whether bsAbs are able to preserve antigen-binding
affinity, biological activities of their parental monospecific
antibodies, and PK properties. For example, the PK of
the anti-Her2/CD3T cell-dependent bispecific (TDB) anti-
body in rats demonstrated similar clearance and half-life
as trastuzumab.92 Novel approaches in reducing produc-
tion complexity requires comprehensive PK evaluation, as
demonstrated by Dillon et al., who showed that bsAbs pro-
duced from a single host cell through multiple engineering
strategies have comparable PK profiles inmice as the in vitro-
assembled bispecific IgG.90

Target-mediated drug disposition along with efficacy and
toxicity needs to be carefully addressed for bsAbs. In
an effort to maximize the therapeutic window for the
anti-HER2/CD3 T-cell-dependent bispecific (TDB) antibody,
Mandikian et al. showed that the relative HER2/CD3 affin-
ity is a critical driver for TDB distribution and catabolism in
transgenic mouse models. They also showed that there was
a strong correlation between CD3 affinity and distribution to
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T-cell-rich tissues, with higher CD3 affinity reducing systemic
exposure and shifting TDB distribution away from tumor to T
cell-containing tissues91 (Mandikian et al.
While development of bsAbs is intrinsically more complex,

it is also an area where PK/PD and systems pharmacology
modeling can make an immediate impact. Another important
application of bsAbs is to deliver mAbs to areas generally
thought to be restricted to antibodies. For example, mAbs
exhibit limited distribution to the brain, and mAb concen-
trations was determined to be 0.1–0.2 % and 0.02 % of
the steady-state circulating mAb concentration in rodents
and cynomolgus monkey, respectively.92,93 To overcome
this limitation, a transferrin receptor (TfR) and β-secretase 1
(BACE1) bsAbs was generated. By targeting TfR, a transcy-
tosis efficient membrane protein expressed on endothelial
cells in brain, these bsAb constructs drastically improved
CNS delivery in both rodents and NHPs.94 As expected,
altering the affinity to TfR impacted systemic exposure and
safety profiles. Gadkar et al. built a PK/PD model using
data from bsAbs with a range of affinities that captured the
dependence of both systemic and brain exposure on TfR
affinity and the subsequent impact on efficacy and safety.87

Antibodies with modified effector functions and FcRn
modifications
Antibodies with enhanced effector functions: antibody-
dependent cell-mediated cytotoxicity (ADCC), antibody-
dependent cellular phagocytosis (ADCP), complement-
dependent cytotoxicity (CDC), can improve potency. The
anti-CD20 antibodies, obinutuzumab and ocrelizumab, with
their enhanced FcγR binding affinity showed greater potency
compared to a first-generation antibody, rituximab.95 On
the other hand, for certain immuno-oncology indications,
reduced effector functions are desirable for greater safety.
Atezolizumab, an human IgG1 mAb targeting PD-L1, was
engineered with a mutation in the Fc domain (N298A) to
reduce ADCC and CDC.96 Modulation of FcγR binding usu-
ally does not change PK profiles.97

Engineered antibodies with modified FcRn binding affin-
ity can increase or decrease the mAb half-life. As expected,
increasing the affinity of the IgG-FcRn interaction at
pH 6.0 results in longer serum half-life. For example,
M252Y/S254T/T256E (YTE) mutations on motavizumab led
to a 10-fold increase in affinity for human FcRn at pH 6.0 with
no change in affinity at pH 7.4 and significantly increased its
half-life in monkeys and in healthy adult humans.32 A couple
of recent reviews summarize additional applications of FcRn
modulations.98,99

CONCLUSION

In the 40 years since the introduction of hybridoma tech-
nology, antibody-based therapeutics have advanced rapidly
and become an integral part of medical intervention. The
modular architecture of antibodies has been exploited to cre-
ate different antibody formats with the most desirable mech-
anism of action, PK profiles, and ultimately optimal clinical
outcome. Along with the considerable success in antibody-
based therapies in recent years, we have witnessed the
increased application of PK/PD approaches in drug develop-

ment. A systematic implementation of PK/PD strategy with
appropriate study design and gating criteria helps the selec-
tion and the optimization of antibody candidates prior to
entering into safety studies in human, and continuing trans-
lational PK/PD and clinical pharmacology pave a successful
an ultimate path to approval.
While development of classical mAbs against novel targets

are evolving at a fast pace, development of next-generation
biotherapeutics such as bispecific or multispecific
antibodies, antibody–drug conjugates, glycol-engineered
antibodies, and various novel antibody scaffolds are gaining
momentum. These formats tend to have complex moieties
with unpredictable interactions among them, which neces-
sitate careful selection of lead candidates based on their
biochemical, biophysical, in vivo efficacy, PK, and safety
properties. Our understanding in mAb PK and experience
with translational PK/PD will facilitate new modalities to
reach patients with unmet needs.
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