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ABSTRACT
Substantial inter-individual variability (IIV) in monoclonal antibody (mAb) pharmacokinetics has been
reported in the clinic. The sources of variability are not well understood and often not explored. Very few
preclinical and clinical studies have attempted to examine the sources of IIV. Preclinical investigations,
using appropriate mouse models, may allow detailed, mechanistic investigation of possible sources of IIV.
The overall objective of this dissertation is to examine putative mechanistic determinants of mAb
disposition, identify the sources of variability, elucidate the possible physiological mechanisms involved,
and quantify their influence on mAb disposition.

In this dissertation, we evaluate disease and co-administered drugs as the sources of inter-subject
variability in mAb pharmacokinetics. The work includes investigations of the effects of systemic lupus
erythematosus (SLE), Alzheimer’s disease (AD), sorafenib treatment (anti-angiogenic agent), and chronic
phenytoin therapy (anti-epileptic agent) on mAb elimination and tissue distribution. Genetically modified
mice were employed to reflect many of the common manifestations observed in human disease, and
immunodeficient mice harboring human tumors were also employed. Immune gamma globulin 1 (IgG1)
mAbs were used as model agents for the pharmacokinetic studies. Disease biomarkers, plasma, and tissue
concentrations were measured using enzyme-linked immunosorbent assays and with use of gamma
counting of

125Iodine-labeled

mAb. Plasma samples analyzed by gamma counting were subjected to

trichloroacetic acid precipitation, and wherever relevant, tissue mAb concentrations were corrected for
residual blood using 51Chromium-labeled red blood cells. Spatial distribution of mAb was analyzed using
autoradiography. Concentrations of the neonatal Fc-receptor, FcRn, were quantified via Western Blot.
Data analysis was carried out using non-compartmental and compartmental analyses, and with use of
standard statistical tests.
vii

Metabolic studies in SLE patients have demonstrated faster IgG clearance as compared to control subjects.
In our investigation of the influence of SLE on mAb pharmacokinetics, the average clearance of 8C2 (antitopotecan mAb, 18 mg/kg dose IV) in diseased mice was twice that of control (6.73 ± 2.66 vs. 3.6 ± 0.76
mL/day/kg; p=0.0035). We investigated multiple pathways of mAb elimination. Protein loss in feces and
urine was quantified by measuring biomarkers including fecal alpha1 anti-trypsin (A1AT) and urinary
albumin excretion (UAE) rate. Fecal loss of protein was similar between SLE and control mice (A1AT
excretion rate: 150 ± 74.6 vs. 190 ± 61.9 µg/day, p>0.05). Diseased mice exhibited significantly higher
protein loss in urine than in controls (UAE excretion rate: 236.5 ± 219.7 vs. 20.9 ± 18.0 µg/day; p=0.0067).
FcRn protein concentration in diseased and control mice were found to be similar in muscle (59.8 ± 17.2
vs. 59.6 ± 20.6 nM) or liver (468 ± 159 vs. 388 ± 99 nM) tissues. Significantly higher endogenous IgG
concentrations were observed in diseased mice as compared to control mice (43.5 ± 14.3 vs. 7.82 ± 2.73
mg/mL, p<0.0001). Simulations conducted using a physiologically-based PK model indicated that
increased 8C2 elimination in SLE mice is predominately explained by increased renal clearance (increased
renal protein excretion and catabolism) and, to a minor degree, by decreased efficiency of FcRn recycling
(owing to increased competition with endogenous IgG).The experimental results and simulations suggests
that loss of protein via kidneys may explain the faster IgG/mAb elimination observed in SLE.

In our investigations of the influence of AD on mAb brain PK and distribution, we evaluated the effect of
mAb pI, mAb glycosylation, and gender on the disposition of mAb in the brains of AD and control mice.
We found no effects of mAb pI, using mAb with pI values of 6.6, 7.7 and 8.82, on plasma or brain
pharmacokinetics. Brain to plasma area under the curve (AUC) ratios were significantly higher in AD
mice relative to control mice, for the three charge variants, by 1.5-2.5 fold (p<0.05). Glycosylation and
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gender were found not to influence mAb brain exposure. Diseased mice displayed higher mAb brain
uptake and severity of AD may be a significant source of variability in mAb brain distribution.

Investigations conducted to evaluate the effect of co-administration of sorafenib on the pharmacokinetics
of T84.66, a murine IgG1 anti-carcinoembryonic antigen (CEA) mAb, in plasma and in tumors revealed
a significant mAb-drug PK interaction. T84.66 tumor AUC (0-7d) was significantly reduced (by 40.8%) in
sorafenib-treated mice as compared to control mice (5.61×102 ± 4.27 x 101 vs. 9.48×102 ± 5.61 x 101 nM
x day, p<0.001). Sorafenib treatment lead to a 46.4% reduction in tumor uptake of Evans Blue dye,
suggesting

a

significant

reduction

in

macromolecular

extravasation

in

tumor

tissues.

Immunohistochemical analysis of treated tumor tissues showed a marked decrease in microvessel density
in sorafenib-treated tumors as compared to control mice. Sorafenib therapy markedly altered the spatial
distribution of mAb within the tumor. Plasma pharmacokinetics mAb disposition in non-tumor tissues
were not altered by sorafenib treatment (p>0.05). Results suggest that co-administration of sorafenib with
a tumor-specific mAb may cause a drug-drug interaction and hinder the delivery of the mAb to the tumors.

The effects of chronic phenytoin therapy (doses: 10, 20 and 50 mg/kg IP, daily for 28 days) on mAb
pharmacokinetics were investigated using Swiss-Webster mice. Phenytoin treatment lead to a significant,
dose-dependent decrease in the IgG immune response against bovine serum albumin (BSA) in immunized
mice. However, no effects of phenytoin therapy on mAb clearance were observed across the three
treatment groups. Phenytoin therapy had no effect on endogenous IgG concentrations. The results
collectively suggest that although chronic phenytoin therapy decreased the ability of treated mice to
generate an immune response, phenytoin therapy had no influence on mAb pharmacokinetics. Phenytoin
therapy is unlikely to cause a mAb-drug interaction.
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The disposition of therapeutic proteins (TP) in select regions of the brain was evaluated and compared
between control mice and a mouse model of AD. The disposition of a model mAb, 8C2, and a model
single domain antibody fragment (sdAb), 1HE, was evaluated in the left cerebral cortex, right cerebral
cortex, olfactory lobe, cerebellum and medulla, oblongata. 8C2 tissue to plasma AUC ratios for the left
cortex, olfactory lobe, and medulla oblongata were 34.7%, 28%, and 43.9% higher in AD mice as
compared to control mice (p<0.05). The sdAb tissue to plasma AUC ratios achieved in the left cerebral
cortex and olfactory lobe were 22.7% and 48% higher in AD mice as compared to controls (p<0.05). The
data indicate that AD induces region-specific changes in the brain disposition of therapeutic proteins in
mice.

A PBPK model was developed to predict the systemic and brain pharmacokinetics of a series of antitransferrin (TfR) antibodies varying in affinity. The five mAbs evaluated had equilibrium dissociation
constants (KD) ranging from 1.7 to 50000 nM. In addition to providing reasonably accurate predictions
of anti-TfR disposition in plasma and in the brain, the PBPK model allowed investigation of the complex
interrelations of the kinetics and dynamics of mAb-TfR binding, internalization, and transcytosis. The
model and the simulation results may find utility in guiding future experiments and in guiding efforts to
engineer mAb for optimal delivery to the brain.

Overall, the work conducted in this dissertation evaluated possible sources of inter-subject and interantibody variability on mAb disposition. The mechanistic hypotheses tested within this dissertation
improved our understanding of the physiological factors that contribute to variability in mAb
pharmacokinetics. We anticipate that the mathematical models and biomarkers identified within this
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dissertation may be amenable to translation for further development and evaluation in clinical
investigations, potentially leading toward the development of personalized mAb dosing regimens for
patients.
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INTRODUCTION
Monoclonal antibodies (mAbs) have paved the way for targeted therapies and are currently the most
rapidly expanding class of biopharmaceuticals. mAbs are generally found to exhibit favorable
pharmacokinetic (PK) characteristics like slow clearance, long half-life and low toxicity. In clinical
studies, considerable inter-individual variability (IIV) is observed in some of the key PK parameters of
mAbs like clearance, volume of distribution and half-life, sometimes the coefficient of variation on these
parameters is greater than 75%(1). Covariates like weight, age, gender, anti-drug antibody, serum albumin,
dose, co-morbidities are routinely considered in clinical development of mAbs with the use of population
PK modeling, yet most of the IIV in mAb clinical PK remains to be explained. Very little effort is placed
in identifying and delineating the sources of variability.

In this dissertation, our objective is to investigate the sources of inter-subject variability. We recognize
there are many possible sources of variability that may separately or in tandem contribute to IIV. To
achieve our experimental goals, our strategy was to take into consideration the existing clinical/preclinical
data and correlate it with the “known” determinants of mAb disposition. Based on this information, we
developed mechanistic hypotheses. These hypotheses were comprehensively tested in relevant murine
models using prototypical mAb agents. Efforts were made to develop quantitative tools like
physiologically based PK models to explain mAb PK. Preclinical investigation using relevant mouse
models allowed us to delineate the different sources of variability and quantify its influence on mAb PK.
We investigated two main sources of IIV within this dissertation: disease and co-administered drugs.
Additionally, we also investigated sources of inter-antibody variability: charge, glycosylation and mAbtarget affinity.
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Chapter One is a comprehensive review of literature aimed to understand the sources of IIV and its
influence on the mechanistic determinants of antibody disposition. The review elucidates the mechanism
of antibody disposition, variability in the determinants of mAb disposition, common covariates considered
in population pharmacokinetic modeling and the factor contributing to IIV.

Chapter Two investigates the influence of systemic lupus erythematosus (SLE) on mAb elimination.
Patients with SLE exhibit diverse pathological manifestations and progressively develop several comorbidities. Clinical studies have demonstrated that SLE patients have a two-three fold increase in total
body immunoglobulin G (IgG) catabolism (2, 3). The hypercatabolism observed still remains to be
explained and has not be investigated. In this chapter, we investigated mAb pharmacokinetics in mouse
model of SLE. We examined multiple pathways of mAb elimination like loss of protein via kidneys and
feces, by using suitable clinical biomarkers: urinary albumin excretion rate and fecal alpha-1 excretion
rate respectively. We investigated changes in neonatal Fc receptor (FcRn) tissue expression, as a decrease
in expression may lead to increase in mAb clearance. We measured the total endogenous IgG
concentrations, as increase in IgG concentration may lead to saturation of FcRn and decrease the efficiency
of FcRn-mediated mAb recycling. A physiologically-based PK model was developed to understand the
quantitative significance of the competing mechanisms in mAb elimination.

Chapter Three investigates the influence of Alzheimer’s disease (AD) on mAb brain distribution using
mouse model of AD. We investigated the effect antibody charge and AD using a series of charge variants
with pI ranging from 5.6 to 8.82. Additionally, we investigated the effect of glycosylation and gender in
mAb brain distribution and plasma PK. The overall objective of this chapter was to delineate the influence
of sources of IIV and inter-antibody variability on mAb brain distribution.
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Chapter Four investigates the effect of the co-administration of anti-angiogenic agent sorafenib on the
tumor uptake and PK of a tumor-specific mAb using anti-carcinoembryonic antigen (CEA) mAb T84.66
in CEA expressing xenograft (LS174T) mouse model. We investigated the effect of sorafenib on LS174T
tumor growth, tumor microvessel density, mAb spatial distribution and the mAb tumor uptake. The effect
of sorafenib on plasma and non-tumor tissue PK was also investigated. The objective of this chapter was
to investigate the PK interaction between sorafenib and tumor-specific mAb in solid tumors.

Chapter Five investigates the effect of anti-epileptic agent phenytoin therapy on the mAb plasma PK in
mice. Several clinical studies (4-13) have shown that chronic phenytoin therapy causes a immunological
defects and IgG deficiency. Patients on long-term phenytoin therapy also demonstrate suppression in
cellular and humoral response. The objective is to investigate the PK drug-drug interaction between mAb
and phenytoin.

Chapter Six investigates the effect of AD on the brain distribution of therapeutic proteins (mAb and
single domain antibody sdAb) in the select regions of the brain- left cerebral cortex, right cerebral cortex,
olfactory lobe, cerebellum and medulla oblongata. The objective is to understand the effect of AD on the
regional distribution of therapeutic protein in brain.

In Chapter Seven, we developed a catenary physiologically based PK (PBPK) model to describe the brain
and systemic PK of anti-transferrin (TfR) mAbs. The objective of the model is to incorporate receptor
mediated transcytosis of transferrin in PBPK system and understand the effect of mAb affinity on overall
brain uptake. This chapter also explores the receptor (expression, trafficking, internalization kinetics) and
mAb characteristics (affinity) on transcytosis efficiency and mAb brain distribution.
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CHAPTER ONE

Understanding Inter-individual Variability in Monoclonal Antibody Disposition

Contributors to this work- Veena A. Thomas and Joseph P. Balthasar
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ABSTRACT
Monoclonal antibodies (mAbs) are currently the largest and most dominant class of therapeutic proteins.
Inter-individual variability has been observed for several mAbs; however, an understanding of the
underlying mechanisms and factors contributing to inter-subject differences in mAb disposition is still
lacking. In this review, we analyze the mechanisms of antibody disposition and the putative mechanistic
determinants of inter-individual variability. Results from in vitro, preclinical, and clinical studies were
reviewed to evaluate the role of the neonatal Fc receptor and Fc gamma receptors (including variability in
expression and polymorphism), target properties (expression, shedding, turnover, internalization,
heterogeneity, polymorphism), and the influence of anti-drug antibodies. Particular attention is given to
the influence of co-administered drugs and disease, and to the physiological relevance of covariates
identified by population pharmacokinetic modeling, as determinants of variability in mAb
pharmacokinetics.
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INTRODUCTION
Monoclonal antibodies (mAb) are generally found to exhibit desirable pharmacokinetic (PK)
characteristics such as slow clearance and long biological half-lives; however, significant inter-individual
variability (IIV) in PK is often noted. Anthropometric variables (weight, body surface area), demographic
variables (age, gender, and race), anti-drug antibodies (ADA), serum albumin, dose, co-administered
drugs, and co-morbidities are often considered as covariates in clinical population modeling of antibody
PK. Despite inclusion of these covariates, much of the IIV remains to be explained. Relatively few
dedicated studies have been undertaken to examine determinants of variability in mAb PK, and little effort
has been placed on the identification of mechanistic biomarkers of IIV. In this review, we discuss a)
mechanisms of mAb pharmacokinetics, b) variability in determinants of mAb disposition, c) common
covariates identified through population PK modeling, and d) factors contributing to IIV. We assess and
analyze evidence from in vitro, pre-clinical, and clinical studies to understand the sources of IIV and their
implications on mAb disposition.

MECHANISMS OF ANTIBODY PHARMACOKINETICS
Mechanisms of Antibody Absorption
Intravenous (IV) administration is commonly employed for mAb dosing, but there is substantial interest
in extravascular dosing for mAb. The subcutaneous (SC) route is a convenient option; however, complex
PK, site-related proteolytic catabolism, incomplete bioavailability (between 20-95%) [1], injection
volume restrictions (limited to 1-2 mL), and concerns for increased immunogenicity complicate the
pursuit of this route. Adalimumab, canakinumab, denosumab, golimumab, omalizumab, rituximab,
tocilizumab, trastuzumab, and ustekinumab are currently approved for administration via SC dosing. In
3

clinical trials, the IIV observed in PK parameters like bioavailability and the rate constant of absorption
of mAb is typically high, with coefficients of variation ranging from 40 to 53% [2]. Determinants of
convective transport, the site (anatomical) of injection, mAb dose, neonatal Fc receptor (FcRn) expression
and function, rates of pre-systemic catabolism, pre-systemic target engagement, and mAb formulation are
possible determinants of mAb absorption following SC dosing. Numerous investigators have attempted
to delineate the relative contribution of each of these determinants.

Determinants of Convective Transport
Monoclonal antibodies administered to the SC site travel through the interstitium by convection and
diffusion. From the interstitial space of the hypodermis, mAb may enter the systemic circulation via
paracellular pores within capillaries, and/or via transit into and through the peripheral lymphatics, passing
through regional lymph nodes, with subsequent entry into the systemic circulation via central lymphatics
(mainly via the thoracic duct). Lymph vessels are known to have an irregular basement membrane, where
endothelial cells are devoid of tight junctions between the cells [3]. The paracellular clefts open in
response to the hydrostatic pressure difference created from lymph flowing from terminal capillaries into
larger vessels [4]. Due to absence of smooth muscles, lymphatic vessels have no vasomotor activity, and
are much larger in diameter than blood capillaries. These structural characteristics facilitate the lymphatic
uptake of macromolecules up to a diameter of 100 nm [4], while the pore size of blood capillaries are
much more modest (ranging 5 -12 nm) [5]. Also, the capillaries that collect lymph from the interstitial
space are about ten times more distensible than blood capillaries [6]. Immunoglobulins (IgGs) are
approximately 10 nm in length [7]; hence, absorption via lymphatics might be considered as the likely
pathway for the uptake of mAbs from the SC space [8]. However, it is also proposed that endothelial cells
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of blood capillaries transport macromolecules via caveolar channels, the tubular-vesicular system, and/or
additional transcytosis mechanisms, plausibly contributing to the SC absorption of mAb [9-11].

A review of literature has shown that there is a conflict in opinion regarding whether the dominant pathway
of absorption of macromolecules from the SC space is via lymphatic transport or via the more direct entry
into vascular capillaries. Starling in 1896 was the first to suggest that a fluid rich in protein would have
the same osmotic pressure as that of blood and, given the limited permeability of blood capillaries to
macromolecules, protein in interstitial fluid was considered to be most likely to gain access to the vascular
space via the lymphatics [8]. Early studies performed in dogs [12, 13] extended support to Starling’s
concepts and for many years this theory were not disputed. It was later shown in humans that
subcutaneously administered mAb localizes in the lymphatics [14, 15]. In recent years, using model
proteins, numerous studies have been conducted across different animal models, where the percentage of
dose recovered in the lymph was estimated by cannulating the single efferent lymphatic duct exiting the
lymph node proximal to the site of SC injection, or by non-invasive fluorescence imaging of the SC
injection site and the corresponding draining lymph node. It is assumed that the selected efferent lymphatic
duct is the only conduit for the draining lymph from the lymph node to the peripheral lymphatic system
and that the selected lymph node is the sole node involved in transport from the injection site. Results
observed from such work (Ref: Table I) were not consistent between animal models and within animal
models. Studies conducted in sheep, pig, and dog models agreed with the concepts proposed by Starling,
as they showed that protein absorption from the SC site occurred primarily via the lymphatic system [1625]. However, studies conducted in rabbits [26] and rats, for a range of model proteins [27, 28], showed
minimal accumulation (<5%) of protein in lymph (collected via thoracic duct). These studies concluded
that the lymphatic system did not contribute substantially to the absorption process. Contrary to these
5

findings, polyethylene glycol-protein conjugates and trastuzumab were found to be primarily transported
to the lymphatics following SC dosing in rats [23, 24, 29, 30]. In series of studies conducted by Wu and
co-workers in mouse models [31-33], using fluorescence based imaging, higher lymph node exposure of
the protein was found following SC administration as compared to IV. However, in a subsequent
investigation, the authors found only 1% of infrared dye 800CW labelled bevacizumab was taken up by
the lymphatic absorption [34].

The lack of agreement in the results could be due to dissimilarities in the lymphatic drainage pathways
between animal models, and due to differences in the selected site of injection within the same animal
model. In studies conducted in sheep and dogs (Ref: Table I), the dose was given in the inter-digital
space/left hind leg, and lymph was collected via the thoracic duct (central lymph) or via the efferent duct
of the popliteal lymph node (peripheral lymph). This approach is commonly employed in these animal
models, as cannulation can be conveniently performed very close to the point where lymph predominantly
enters the venous circulation. In rat studies [27, 28], where minimal recovery of administered protein was
found in the lymph, the macromolecule was administered at lateral side of thigh, and the cannulated
lymphatic vessel was the thoracic duct. Mapping of rat lymphatic drainage pathways by Tilney et al. [35]
have shown that lymph drains from the thigh region to branchial, inguinal, and axillary nodes into the
subclavian duct, bypassing the thoracic duct. In the rat studies [23, 24, 29, 30] where lymphatic absorption
was found to contribute to SC absorption, the site of injection was in the lower hind leg, from where the
lymph is found to drain to the thoracic duct [35]. In the surveyed mouse studies [31, 33, 34], mice were
injected in the front footpad and the drainage from the axillary lymph node was monitored. Also, in the
studies [26-28] that concluded that the lymphatic system had minimal contribution to protein absorption
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following SC injection, central lymph was collected via the thoracic duct and loss of protein during lymph
transport was not considered.
The cumulative absorption of a macromolecule given SC via lymph is found to increase with the molecular
weight (MW) of the protein (strong linear correlation, r 2=0.998) [16, 17]. Proteins of MW greater than 16
kDa were found to be absorbed primarily via the lymphatics with 50% recovery in the lymph after SC
administration. Dedicated studies conducted in rat [36] and mouse models [31, 37] have consistently given
similar linear relationships, suggesting that MW is an important determinant of lymphatic uptake. But
MW is not found to affect overall bioavailability of the protein [38].

In humans, variability in the lymph flow rate has been reported and is found to be related to diurnal rhythm,
exercise, limb movement, hyperthermia, massage, and pressure [39-42]. Severe weakening of the
lymphatic pump has been observed with age including diminishing of the lymphatic contraction amplitude
and frequency [43]. For mAbs like canakinumab [44, 45], denosumab [46, 47] and anti-interleukin
receptor IL-4Rα (AMG 317) [48], age was found to be a negative covariate for the absorption rate
constant. A decrease in lymph flow rate with age is likely to explain the decrease in rate of absorption. In
inflammatory disease conditions, elevation of cytokines may significantly alter lymph flow and decrease
the integrity of the lymphatic barrier [49]. Cytokines like interleukin-6 (IL-6), tumor necrosis factor-α
(TNF-α), and interleukin-1 beta (IL-1 β) have been found to decrease systemic lymphatic propulsion [50],
probably due to dilation of vessels in response to inflammatory cytokines and stagnant pooling of the
lymph. The significance of these cytokine-induced changes on the SC absorption of therapeutic proteins
has been not been evaluated.
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In humans, the time to peak in SC absorption often ranges from 3-8 days. Experimental evaluations have
found sustained retention of protein at the SC site of injection (e.g., the half-life of protein loss from the
SC injection site has been reported to be 33.4 h for

131Iodine

labeled albumin in humans [51] and 6.81 h

for fluorescence labelled bevacizumab in mice [34, 52]). The lymph flow rate is reported to be in the range
of 3 ml/min in the largest thoracic duct, and 0.15-0.6 mL/h in superficial leg lymphatics in humans [6].
Following intradermal injection of 99mTc-human IgG in humans, the lymph transit time from the hand to
axilla was reported to be 9.6±7.2 min [53]. Although the lymph flow rate is slow, and lymph transit time
is long, lymph transit time is much faster than the calculated residence time for SC absorption. As such,
lymph flow rate is unlikely to be the rate limiting step in protein absorption from the SC site; rather, the
interaction of protein with extracellular matrix (ECM) and slow interstitial transport are most likely
responsible for the observations of slow SC absorption [52].

The thickness of the hypodermis decreases with age [54] and increases with body weight [55] . The
composition of the ECM in adipose tissue is altered in obesity and in disease conditions including diabetes
and dermal dysfunction [56]. Increased adipose tissue has been associated with poor lymphatic drainage.
Both in preclinical [23] and clinical studies, body weight is has been found to be a negative covariate with
bioavailability for therapeutic proteins such as human growth hormone [57] and erythropoietin [58]. For
SC dosing of human growth hormone, obese women were found to have lower bioavailability, lower
maximum serum concentrations (Cmax), and lower area under the plasma concentration v. time curve
(AUC)[57].

Role of Anatomical Site for Subcutaneous Injection
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The site selected for injection has been found to influence the rate and extent of SC absorption for
numerous therapeutic proteins in clinical use, including insulin [59, 60], human growth hormone [61] and
erythropoietin [62, 63]. For example, in the clinic, the rate of SC absorption of insulin was slower (longer
half-life of absorption) following deltoid and femoral administration in comparison to abdominal
administration. Slower rates of absorption may lead to greater degradation of insulin at the injection site,
resulting in a lower Cmax [59, 60]. In preclinical studies conducted in rodent and sheep models [64-67],
SC injection at inter-digital sites, the foot, and foot pads showed higher macromolecular SC
absorption/bioavailability when compared to SC injection at the lower back, the shoulder, and the
abdominal region. In humans, the depth and nature of the SC space is known to vary with anatomical
location, race, age, gender, body mass index (fat composition), pigmentation, and smoking habits [68, 69].
However, in dedicated clinical studies carried out for mAbs like golimumab and sirukumab, differences
in the injection site (upper arm, abdomen and thigh) and race (between Japanese and Caucasian) were not
found to influence SC PK significantly [70-72].

Role of Neonatal Fc Receptor
In SC absorption, FcRn has been suggested to have two main contributions: protection of mAb from
catabolism and participation in transcytosis of mAb across the vascular endothelium. FcRn is considered
to be a primary determinant of SC bioavailability of IgG/mAb. Garg and Balthasar [73] showed a
significant decrease in mean SC bioavailability of IgG in FcRn knockout mice compared to control mice
(82.5±15.6% vs. 28.3±6.9%, p<0.0001). A trend towards saturation of capacity limited FcRn-mediated
protection was observed with increase in dose, where bioavailability decreased with increasing dose in
wild-type mice (expressing functional FcRn). Deng and co-workers [74, 75] strategically engineered a
range of mAbs with different binding affinities to FcRn at pH 6. They found that mAb with higher FcRn
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binding affinity at pH 6 (with no binding at pH 7.4) had higher bioavailability in mice than the
corresponding wild-type or in comparison to a variant with lower binding affinity (at pH 6). However,
Datta-Mannan et al.[76] failed to see a benefit in bioavailability of similarly engineered mAb variants in
monkeys, despite improvements in clearance and half-life. Using mathematical modeling, Kagan and coworkers [66, 67] attempted to delineate the relative contribution of FcRn-mediated protection from
catabolism and FcRn-mediated transcytosis, and showed that FcRn-mediated transcytosis is the main
determinant of SC bioavailability. There is no experimental evidence favoring the contribution of one
mechanism over the other; however, the available data clearly demonstrate that FcRn is a main
determinant for mAb SC absorption.

Role of Pre-Systemic Catabolism
Pre-systemic catabolism at the SC site and during lymphatic transport has been reported for therapeutic
proteins like insulin [77-79], human growth hormone [20], and erythropoietin [23]. The act of injection
induces a transient injury that incites the release of proteases and peptidases from resident fibroblasts into
the SC space, which is typically devoid of such repertoire of enzymatic activities [69]. Proteases may also
enter SC site via blood capillaries. It is possible that a saturation of proteolytic enzymes may occur with
an increase in SC protein dose. Proteases like metalloproteinase, calpain, cathepsin, and caspase are found
to elevate in pathological conditions like cancer, inflammation, diabetes, obesity, osteoporosis and
hypertension [80]; the significance of these changes on SC bioavailability of therapeutic proteins has not
yet been evaluated.
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Enzymatic catabolism may be responsible for the observed incomplete SC bioavailability of mAb. Wang
et al. [23] analyzed SC tissue and lymph node homogenates, finding catabolites of PEG linked
erythropoietin at the SC site and at the lymph node, suggesting catabolism of the protein during lymphatic
transport. The fragments detected at early time points in the thoracic lymph were suggested to result from
catabolism during lymphatic transport. Previously, Charman et al.[20] had also found evidence of
catabolism for human growth hormone in lymphatic transport. Similar experimental evaluation for mAbs
have not been yet conducted; it is likely that the incomplete bioavailability observed with slower rate of
absorption may be due to catabolism that may occur at the injection site or/and during convective
lymphatic transport.

Role of Target at Subcutaneous Site
Antibody interaction with the target at the SC site may mediate mAb elimination (i.e., pre-systemic targetmediated elimination). In such cases, the application of standard non-compartmental methods may be
expected to yield inaccurate estimates of bioavailability (due to the inherent nonlinearities of targetmediated elimination). On the other hand, the influence of target-mediated pre-systemic elimination may
be of minor importance if the administered dose far exceeds the binding capacity of target. For example,
assessments of anti-CD4 mAb in human CD4 transgenic mice showed that the presence of target CD4 at
the SC site led to a dose dependence in SC bioavailability with no systemic absorption at low dose (0.4
mg/kg) and with high systemic bioavailability following a high dose (100 mg/kg) [81]. Similar results
have been shown for rituximab (RTX), which binds to CD20 on lymphocytes [82].

Role of Antibody Dose
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Using wild-type rat and mouse models (i.e., devoid of human CD20), Kagan and co-workers [65-67]
showed that SC bioavailability of RTX was inversely correlated to the dose level, and the authors suggest
that saturation of FcRn may lead to the observed decrease in bioavailability with increasing doses. They
found co-administration of non-specific IgG at 1 and 10 mg/kg along with RTX decreased exposure by
6.5 and 2.6 fold compared to RTX alone [66]. The inverse relationship between SC dose and
bioavailability could also result from aggregation of mAb at high doses. Shah et al. also observed a similar
trend of decreasing bioavailability with increasing doses [83]. Using a dose of 10 mg/kg, Kagan et al.
estimated RTX bioavailability to be 44% (abdomen site) and 31.2% (back site) in the rat model [65], and
77% (abdomen site) and 88% (back site) in the mouse model [67]. Shah et al. employed a modeling
approach to estimate bioavailability of a model murine IgG1 mAb, 8C2, to be 99.7% at 10 mg/kg and
48.6% at 3.77 g/kg [83]. Although both groups speculated that the observed dose dependency was due to
saturation of FcRn, which protects IgG from intracellular catabolism, the work of Kagan and co-workers
[66] suggested that saturation of FcRn occurred at much lower doses than suggested by the analyses of
Shah et al. The differences between the analyses may be related to differences in model assumptions and
/ or related to differences between FcRn interaction with 8C2 and RTX.

Role of Formulation Strategies
PEGylation of therapeutic proteins has been considered as a strategy to improve SC absorption and
decrease pre-systemic catabolism. Studies have shown PEGylation improves lymphatic uptake of smaller
proteins like polylysine dendrimers [29], erythropoietin [23] and interferon α [84] as PEGylation augments
the MW of the protein, increases lymphatic uptake and improves bioavailability. For larger proteins like
mAbs, PEGylation of trastuzumab with a single linear 40kDa methoxy PEG was found to increase the
bioavailability from 86.1% to 100% [85]. Although the bioavailability improved, compared to IV, the
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mono-PEGylated trastuzumab had an accelerated plasma clearance following SC absorption, possibly due
to formation of immunogenic response against the formulated moiety. PEGylation was also found to
restrict basolateral to apical vascular transport, decrease binding to HER2, and, possibly, interfere with
FcRn binding [85].

Co-formulation of mAb with hyaluronidases like the Food and Drug Administration (FDA) approved
recombinant human PH20 enzyme (rHuPH20, Hylenex® recombinant) has shown clinical benefit in
improving the SC absorption of trastuzumab and RTX [66, 86-88], with a low incidence of
immunogenicity (3-18%) [89]. rHUPH20 cleaves hyaluronan, disrupts the channels of the ECM,
decreases the viscosity of the gel-like matrix, reduces interstitial pressure, and thus allows administration
of volumes greater than 1-2 mL [86]. Apart from increasing the volume of injection, Kagan et al. showed
that hyaluronidase increases rate of absorption and bioavailability of RTX [66], possibly by decreasing
resistance from the ECM. Other formulation excipients like albumin (to manipulate oncotic pressure) [26]
and hypertonic buffer [90] have been used to alter and enhance the bulk movement of fluid in the
interstitial space and facilitate the absorption of therapeutic proteins via lymphatic uptake.

Mechanisms of Antibody Distribution
Following IV administration, mAb in plasma may extravasate via convection, diffusion, and pinocytosis.
Extravasation from blood capillaries by paracellular transport is likely to be the primary mechanism of
transit from blood to interstitial fluid for most proteins. Capillaries found in connective tissue, skin,
muscle, fat, nervous tissue, and brain are mostly continuous with tight junctions between vascular
endothelial cells. Fenestrated capillaries (renal glomeruli, intestinal villi, endocrine glands) and sinusoids
13

(found in liver, spleen, bone marrow) have intercellular clefts of 30-80 nm and 100 nm respectively [91].
Due to their size ( ̴ 10 nm in length), polarity, and lipophobicity, mAbs are considered to be mainly
dependent on convection and to a lesser extent on diffusion for transvascular and transcapillary transport.
Consistent with Poiseuille’s equation for hydrodynamic flow, convective transport is thought to be
dependent on hydrostatic and osmotic pressure gradients between vascular and interstitial fluids [92].

After extravasation, mAb may distribute through interstitial fluid via diffusion and convection. Cells
within tissues may internalize mAb within interstitial fluid by receptor-mediated endocytosis (e.g.,
mediated by Fc gamma receptors, membrane bound target antigen, etc.) or by fluid-phase endocytosis. In
the absence of efficient receptor-mediated endocytosis (e.g., for mAb exhibiting target-mediated
disposition), fluid phase endocytosis, which may be considered to be a non-specific mechanism, likely
serves as the primary pathway of cellular entry of most mAb within most tissues. Following endocytosis,
mAb within cellular endosomes is exposed to acidic pH that favors mAb binding to endosomal FcRn.
Binding to FcRn protects mAb from lysosomal degradation and facilitates exocytosis to the interstitial
space. mAb may be removed from the tissue interstitium by the drainage of interstitial fluid into lymphatic
capillaries, which then eventually drain into the venous circulation. Due to differences in the porosity of
blood and lymph capillaries, there is a greater restriction to mAb uptake into interstitial fluid when
compared to mAb uptake into lymph fluid. As such, the convective elimination clearance is typically
greater than the convective uptake clearance of mAb in tissue, and, consequently, mAb concentrations in
tissue interstitial fluid are typically much lower than mAb concentrations in plasma.
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Due to the role of FcRn in limiting the intracellular catabolism of mAb, the transporter contributes
substantially to the long biological half-life of mAb. FcRn is composed of a transmembrane α-chain
(heavy chain) and β2-microglobulin ( ̴14kDa, light chain), closely resembling the structure of major
histocompatibility complex class I molecules [93]. Investigations conducted with FcRn knockout mice
[94], with evaluation of skin and muscle tissue samples, showed that IgG mAb co-localize with vascular
endothelial cells, whereas IgG mAb demonstrated a more extensive and more homogenous distribution
throughout interstitial fluid in wild-type mice (with functional FcRn). For highly perfused organs like the
heart, lung, liver, spleen, GI tract and kidney, tissue to plasma exposure ratios of mAb were found to be
similar in both wild-type and FcRn knockout mice. Hence, FcRn does not appear to be a critical
determinant of the tissue selectivity of mAb distribution [94]. Similar results were obtained by Chen et al.
in FcRn α-chain knockout mice [95]; however, higher tissue to plasma ratios were reported for the liver,
spleen, and kidney of FcRn knockout mice vs. wild-type mice.

Tissue-Specific Properties Affecting mAb Distribution
Target. For many mAb, mAb-target binding influences the rate and extent of mAb tissue distribution. For
such mAb, tissue distribution is a function of the expression of target in tissues, the affinity of mAb-target
binding, the fate of mAb-target complexes, and the accessibility of mAb to target (i.e., tissue blood flow,
tissue vascular porosity, etc.).

Vascular Porosity. The nature of paracellular pores in vascular capillaries is associated with substantial
tissue-to-tissue heterogeneity. Antibody distribution in the brain is quite limited. Several preclinical
studies indicate that brain:plasma concentration ratios of monoclonal antibodies are ~1:500, which is far
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below the values found for other tissues. Although several mechanisms may contribute to the low exposure
of mAb in the brain, the tight junctions of the blood brain barrier, which limit the transcellular movement
of macromolecules, are thought to play a major role [96]. Other mechanisms that may contribute are the
rapid turnover of interstitial fluid within the brain, which enhances the convective elimination clearance
of antibody [97], and the possible role of receptors (e.g., FcRn) in facilitating the efflux of antibody from
brain fluids, and potentially from other tissues (discussed below) [98].

Barriers associated with solid tumors. Due to disorganized cell growth, solid tumors present unique
barriers to mAb distribution. Tumors often lack functional lymphatics, with abnormal blood vessels that
are highly irregular, with increased porosity, complex branching patterns, and with poorly vascularized
regions (especially in large solid tumors). The blood flow rate is sluggish and unstable leading to nutrient
and oxygen deprivation, and resulting in areas that are acidic and necrotic [99]. The ECM in tumors has
been found to retard the movement of solutes. Additionally, due to the lack of functional lymphatic vessels
and inefficient drainage of interstitial fluid, solid tumors often exhibit high interstitial fluid pressure, which
minimizes the hydrostatic pressure driver for mAb extravasation in tumors by convection [100]. On the
other hand, tumor blood vessels are reported to exhibit a ten-fold wider diameter of paracellular pores
compared to normal vessels, which decreases sieving and, thus, enhances the efficiency of paracellular
transport.

Mechanisms of Antibody Elimination
Putative mechanisms of mAb elimination include: (a) intracellular catabolism following fluid phase
pinocytosis, (b) intracellular catabolism following target- or receptor-mediated endocytosis, (c)
intracellular catabolism following cellular uptake of immune complexes (i.e., following interaction with
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host ADA), and, to a very limited degree, (d) excretion into the bile and urine. As indicated above,
intracellular catabolism of IgG mAb is modulated by the function of the FcRn receptor. The role of FcRn
in mAb disposition has been evaluated and characterized by use of high IgG doses to saturate FcRn,
engineered mAb with increased and decreased FcRn affinity, anti-FcRn antibodies and peptides, and
through the use of FcRn-deficient mouse models. Hansen and Balthasar [101] showed that high-dose
intravenous immunoglobulin (IVIG) therapy, which is utilized clinically for the treatment of
autoimmunity, leads to a dose-dependent increase in the clearance of a model monoclonal antibody, 7E3
(an antiplatelet IgG1 mAb), with a 2 fold increase in clearance following 2 g/kg IVIG. Specific anti-FcRn
inhibitors were shown to be more efficient in achieving increased antibody elimination; for example,
60mg/kg dosing of the anti-rat FcRn mAb 4C9 led to a doubling in the clearance a model IgG antibody in
rats [102]. Several groups showed a 10-15 fold increase in IgG clearance in FcRn-deficient mouse models
[103-105]. mAbs engineered for decreased FcRn binding affinity show more rapid elimination [106], and
several reports have shown that mAb clearance may be decreased through engineering mAb for increased
FcRn affinity [107, 108]. These studies have strongly supported a key role for FcRn as a determinant of
IgG elimination kinetics.

Due to the large molecular size of IgG, glomerular filtration and biliary excretion appear to play a minor
role in mAb clearance. However, FcRn is expressed within the kidney, and it may play a role in IgG
reabsorption, as suggested by Haymann et al. [109]. Additionally, FcRn expressed on podocytes has been
suggested to be involved in increasing the renal clearance of filtered IgG, FcRn expressed on the
endothelium of the renal blood vessel has been proposed to transport IgG into the kidney interstitium, and
FcRn expressed on the brush border of proximal tubular epithelial cells may modulate IgG elimination in
the urine [110, 111].
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In addition to the role played by target interactions in mAb distribution (discussed above), target binding
often mediates mAb elimination. Key determinants of target-mediated mAb clearance include mAb-target
affinity, the extent of target expression, kinetics of target turnover, the fate of the mAb-target complex,
and the accessibility of target to mAb (e.g., in plasma or in tissue fluids) [97].

Interaction with Fc gamma Receptors (FcγRs) may initiate endocytosis and catabolism of monomeric IgG
mAb or mAb immune complexes. The significance of FcγRs in mAb clearance is expected to be
modulated by the extent of saturation of FcγRs by monomeric endogenous IgG, as IgG concentration in
plasma (typically ~65 µM) [97] is far above the equilibrium dissociation constants between IgG and FcγRs
(~ 10 nM – 1 µM) (Ref: Table II). Preclinical studies with selected mAbs suggest that FcγRs may play a
minor role in mAb clearance [112]; however, the influence of gamma receptors would be expected to be
increased in conditions of depleted concentrations of endogenous IgG, the development of immune
complexes (e.g., between mAb and ADA), and in conditions when mAb has been engineered for high
affinity binding to gamma receptors [113].

ADA that bind therapeutic mAb have been shown to dramatically increase mAb clearance [113]. mAbADA immune complexes may be rapidly internalized by cells of the reticuloendothelial system through
FcγRs -mediated endocytosis (discussed above). Additionally, it has been suggested that the red blood
cells may bind immune complexes, and then deliver the complexes to Kupffer cells in the liver, which
then ingest and catabolize the complexes [114-116].
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VARIABILITY IN DETERMINANTS OF ANTIBODY DISPOSITION
FcRn Gene Polymorphism and Expression
FcRn has an undeniably crucial role in regulating IgG clearance and homeostasis. Genetic mutation and
polymorphism can affect the expression and function of FcRn and, consequently, determine the degree of
exposure of therapeutic antibodies. Preclinical studies have evaluated the disruption of the FcRn
transmembrane α-chain (heavy chain) and β2-microglobulin ( ̴ 14kDa, light chain) [93]. Disruption of the
β2-microglobulin gene has resulted in unusually short half-lives of IgG [104, 117] and decreased
protection from catabolism [105, 118] in β2-microglobulin deficient mice. Similar results were obtained
for the FcRn α-chain knockout mice as well [95]. In humans, individuals with mutated β2-m gene sequence
are reported to have familial hypercatabolic hypoproteinemia with severely reduced serum concentrations
of IgG and albumin [119].

The human FCGRT gene (14 kb) encodes the heavy chain of FcRn and it is located on chromosome 19
[120]. FCGRT gene polymorphism has been shown to result in effects on FcRn expression, changes in
FcRn function, and alteration of FcRn binding capacity in several animal species. Haplotypes identified
in the bovine FCGRT locus were found to be significantly correlated with the concentration of serum IgG
observed in neonatal calves [121]. Polymorphism was also found to influence the IgG content found in
bovine colostrum [122] and haplotypes identified in the β2-m gene were found to associated to the
variability in IgG concentration in newborn calves [123]. Similarly, polymorphism in porcine FcRn gene
was found to be associated with variability in serum antibody concentrations [124]. In sheep, IIV in
colostrum IgG concentration was attributed to the genetic polymorphism of Fcgrt gene [125]. In humans,
five alleles were identified in the variable number of tandem repeats (VNTR1-VNTR5, 37-bp-long motif)
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region within the FcRn promoter [120]. VNTR3/VNTR3 is the most common genotype. Monocytes from
individuals homozygous for VNTR3 displayed increased binding to human IgG, suggesting that
polymorphism can influence the transcription of the α-chain causing differences in IgG-binding capacity
[126]. Passot and co-workers reported that patients homozygous to VNTR3 has lower distribution
clearance of cetuximab than patients with VNTR2/VNTR3 and VNTR3/VNTR4 phenotype (p=0.021)
[120]. Similarly, Billiet et al. reported that inflammatory bowel disease patients with VNTR2/VNTR3
genotype were found to have 14% lower infliximab AUC and 41% lower adalimumab AUC concentration
compared to patients homozygous for VNTR3/VNTR3 (p=0.03)[127] . Recently, Caulet et. al. reported
that volume of distribution of bevacizumab was significantly higher in VNTR3/VNTR3 patients
(p=0.039), as compared to other genotypes[128].

Fc gamma Receptor Expression and Polymorphism
FcγRs are expressed on variety of effector cells like mast cells, natural killer (NK) cells, macrophages,
neutrophils, basophils, dendritic cells, monocytes, platelets and are crucial to effector machinery. IgG
engagement of Fc receptors FcγRI, FcγRII (a,b,c) and FcγRIII (a,b) initiates inflammatory responses
resulting in the activation of platelets and mast cells, degranulation of neutrophils, antibody dependent
cell cytotoxicity (ADCC), and phagocytosis of targets [129]. IgG-FcγR interaction also facilitates release
of pro-inflammatory mediators like histamine, eicosanoids, cytokines, and chemokines [129]. FcγRs play
a critical role in the functioning of the humoral immune system, mediating inflammatory response, and
clearing of immune complexes [130, 131]. The FcγRs vary in terms of their expression on cell types,
binding affinity to IgG subtypes, and activation by immune complexes (Ref: Table II). FcγRI (CD64) is
a high-affinity receptor that binds to monomeric IgG and is critical to T cell mediated immunity [129].
FcγRII (CD32) and FcγRIII (CD16) are low affinity receptors that bind with high avidity to multimeric
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immune complexes [132]. FcγRIIa has an immunoreceptor tyrosine-based activation motif (ITAM), while
FcγRIIb has an immunoreceptor tyrosine-based inhibitory motif (ITIM) that exerts inhibitory function on
ITAM pathway [129]. IgG1-FcγRIII receptor interaction occurs via CH2 and CH3 domains results in
ADCC [133] while interaction between IgG1 and C1q of the complement system occurs via CH2 domain
activates the complement cascade.

Heterogeneity in FcγRIIa, FcγRIIIa and FcγRIIIb has been reported and the corresponding
polymorphisms: FcγRIIA-R/H131, FcγRIIIA-V/F158 (also called FcγRIIIA-V/F176) and FcγRIIIBNA1/NA2 are found to alter binding to IgG and consequently affect IgG effector functions [130]. The
H131 allele has higher binding for IgG2 immune complexes compared to R131, and heterozygotes tend
to have intermediate function. About ~50% of healthy European and African subjects have R131 allele
and the frequency goes down to ~30% in individuals of Asian ancestry. Among the allelic variants of
FcγRIIIA, the V allotype has higher avidity for IgG1 and IgG3 while the F allotype is represented in higher
frequency healthy individuals of Asian (~68%) and European/African ancestry (~58%). Individuals
homozygous for the NA1 allele are found to have neutrophils with more robust capacity for phagocytosis
compared to individuals with NA2 allele. NA2 has a frequency of ~65% in European and African
individuals. FcγR polymorphism has been found to have differential effects on an individual’s
susceptibility to various inflammatory and pathologic diseases [134]. The exact role of FcγRs in disease
manifestation is unclear but it has been suggested that harboring a certain FcγR phenotype could be risk
factor in development of specific diseases [135]. For example, FcγRIIa-H131 genotype was found to be
associated with increased production of the pro-inflammatory cytokine IL-1β by mononuclear cells,
leading to inter-individual differences in the risk for acquiring periodontitis [136]. In multiple studies
carried out in diverse ethnic populations, significant associations were found between FcγR
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polymorphisms and inter-individual differences in susceptibility, prevalence, and prognosis of diseases
like systemic lupus erythematosus (SLE) [137-140], rheumatoid arthritis (RA) [141, 142], immune
thrombocytopenia [143], Guillain–Barré syndrome [144-146], myasthenia gravis [147] pediatric
autoimmune neutropenia [148], IgA nephropathy [149], inflammatory myopathies [150], anti-glomerular
basement membrane antibody disease [151], Kawasaki Disease [152], periodontitis [153, 154], malaria
[155, 156], dengue [157], and sickle cell disease [158].

Prior studies done by Abuqayyas and Balthasar have shown that FcγR expression has minimal influence
on antibody plasma PK and tissue distribution [112, 159]. Alteration in FcγR binding also has not been
found to affect mAb PK in cynomolgus monkeys compared to wild-type antibody [160]. FcγR
polymorphism becomes a relevant clinical concern for mAbs like trastuzumab, cetuximab and RTX whose
efficacy is dependent on the cytotoxicity resulting from mAb engagement of FcγRII and FcγRIII.
Individuals with certain polymorphic FcγR phenotypes have effector cells with higher affinity for IgG1
and ability to induce more potent ADCC at lower antibody concentrations; the allotypes do not seem to
differ in intracellular signaling [161]. The polymorphic residues in FcγR co-localize with the docking sites
of IgG Fcs and hence polymorphism modulates IgG binding interactions [162]. FcγRIIIa has a functional
allelic dimorphism at amino acid position 158 resulting in three genotypes FcγRIIIa-158 V/V, FcγRIIIa158 F/F and FcγRIIIa-158 V/F. Individuals harboring V/V genotype have a more effective ADCC via
better binding of natural killer cells to Fc region of the mAb [163, 164] . Populations with V/V phenotype
patients were found to have better response to RTX in non-Hodgkin’s lymphoma (NHL) [161, 165-167]
with no influence on the clinical course of the disease or response to other chemotherapeutic drugs [168,
169]. Similarly, FcγRIIA-R/H131polymorphism was found to predict response to RTX in NHL patients
independent of FcγRIIIa polymorphism and patients with FcγRIIA-131 H/H showed better response [166,
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170]. Congy-Jolivet and co-workers confirmed that V/F158 polymorphism did not influence FcγRIII
receptor expression in NK cells, rather the improvement in clinical outcome was associated with higher
affinity for IgG1 [171]. FcγRIIIA-V/F158 polymorphism was found to influence the clinical outcome of
RTX therapy in Waldenström’s macroglobulinemia [172] and systemic autoimmune disease [173] but not
chronic lymphocytic leukemia (CLL) [174]. The lack of influence of polymorphism in CLL has been
suggested to be due to low contribution of ADCC in efficacy of RTX in CLL as well as low expression
of CD20 in CLL [174]. Clinical evaluation of polymorphism require large cohort of patients with similar
disease baseline and dosing regimen to accurately investigate associations between a genetic phenotype
and therapeutic response. In most studies, the long term implications of genetic polymorphism on mAb
treatment is not done and its effect on antibody PK is underreported or not carefully examined.
Interestingly, in infliximab (IFX) therapy of Crohn’s disease, patients with V allotype have shown to be
significantly better responders to mAb treatment [175, 176]. In one of the first studies analyzing effect of
polymorphism on mAb PK, Ternant et al. showed that patients with V allotype had a higher elimination
rate constant of 0.057 day-1 (versus 0.049 day-1 observed in F carriers, p=0.0028). IFX treatment was
found to be effective in V/V patients; however, the drug was cleared much faster leading to underexposure
and increased risk of relapse, especially in V/V subjects that had high disease activity [177]. Using
population PK modeling, Ternant et al. also demonstrated that in CLL patients, the FcγRIIIa -158V/V
genotype was identified as a significant covariate on the target-mediated elimination of RTX
(p=0.0016)[178]. This finding, however, contradicts an earlier report [174], which indicated that FcγRIIIa
polymorphism did not impact RTX effects in CLL patients. For cetuximab, in vitro studies [179, 180]
suggested improved activity for the V/V genotype, while in vivo studies [181, 182] showed that patients
with the F/F genotype showed superior outcomes, indicating a possible involvement of other factors.
However, FcγR polymorphism could possibly influence both mAb pharmacodynamics (PD) and PK.
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Target Properties
Antibody therapeutics have opened new possibilities for a repertoire of prospective targets. mAbs are
currently employed for four broad applications: neutralizing toxins, mediating cell destruction, altering
cell function, and facilitating drug delivery, thus covering a diverse array of targets like venoms, toxins,
endogenous ligands, drugs, cell surface receptors, trans-membrane receptors, extracellular proteins,
substrates and metabolites [113, 183]. Advances in antibody-drug conjugation strategies may further
expand the utility of antibody therapeutics to untapped intracellular targets [184]. Target proteins may be
broadly classified as soluble antigens and as membrane-bound antigens. Antibodies against soluble
antigens are typically, but not always, found to exhibit linear, dose-proportional PK, while antibodies that
bind to cell-associated antigens often exhibit non-linear, dose-dependent PK [185]. The influence of drug
binding to target on drug PK (i.e., target mediated drug disposition (TMDD)) is well appreciated through
the literature, and the PK / PD implications of TMDD are now considered throughout the process of mAb
development. Modeling and simulation strategies have been used to investigate mAb-target interaction,
to understand the pharmacology of the system, and gain insight into the target properties controlling
antibody disposition [186]. The TMDD model introduced by Mager and Jusko [187] and its numerous
variations with quasi equilibrium, quasi steady-state, and Michealis Menten approximations [188, 189]
have been widely used in population modeling approaches for mAb therapeutics.

In one of first published investigations of the effects of target expression on mAb PK, Lammerts van
Bueren et al. reported that higher plasma of concentrations of an anti-epidermal growth factor receptor
(EGFR) antibody (2F8) were required to saturate EGFR in animals bearing tumors with high expression
of the target. The target was shown to serve as an ‘antigenic sink’ [190]. High target expression is
desirable in many ways, as this often allows improved selectivity of antibody-based therapy; however,
24

high antigen density also may impede antibody penetration (referred to as the ‘binding site barrier’), lead
to rapid target-mediated elimination, and lead to a requirement for high mAb doses to achieve a desired
degree of target occupancy [191]. Interestingly, the rates of target-mAb internalization and target turnover
has been predicted to influence tumor penetration [192]. Rapid internalization and target-mediated
clearance of mAb leads to an increased sink effect, further impeding antibody penetration and distribution
within the tumor. Slower internalization rates may also facilitate ADCC and complement dependent
cytotoxicity (CDC) mechanisms of mAb action, which proceed through the engagement mAb, via Fc
domains, on the surface of tumor cells [193]. Target-specific variables like expression, internalization rate,
turnover, shedding rate, and polymorphism can govern the relationships of antibody disposition, efficacy,
and dosing. Variability in the aforementioned target properties can be a source of inter-individual
differences in PK and PD.

Target Expression
Some targets are highly variable in their expression (Ref: Table III). For readily accessible targets like
soluble antigens, target concentration has been the basis for dose selection, while also serving as a marker
for disease activity, efficacy, and prognosis. Takeuchi et al. found ten-fold variability in baseline TNF-α
concentration in RA patients (n=327) ranging from 0.92 to 9.68 pg/mL. Patients with low baseline TNFα concentrations responded to lower doses of IFX and they did not benefit with higher doses of IFX;
alternatively, dose escalation was required for IFX efficacy in patients with higher baseline TNF-α
concentrations [194]. Use of pretreatment measures of soluble target in plasma to facilitate dose selection
may enable individualized therapy, allowing improved efficacy and safety. This type of strategy has been
implemented for omalizumab (anti-IgE mAb) in asthma patients where doses are selected based on patient
weight and baseline concentrations of IgE [195]. This approach helps to overcome the very significant
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IIV in baseline IgE concentrations, which were shown to range from 51-1692 ng/mL in a sample of 245
patients with severe persistent allergic asthma.

In an early clinical study done in NHL patients, mAb tumor uptake was found to be inversely proportional
to tumor burden [196]. Koon et al. showed that differences in tumor burden could explain the differences
in the clearance observed in CD25 positive leukemia patients (n=10) treated with daclizumab (anti-CD25
antibody) [197]. In the past, tumor burden has been suggested as a useful metric to determine the extent
of the disease, identify high risk patients, and predict prognosis [198]. Dayde et al. evaluated the effect of
tumor burden on the concentration-response relationship of an anti-CD20 antibody, RTX, in syngeneic
bioluminescent mice expressing CD20 [199]. Using PK/PD modeling, the authors demonstrated that high
tumor burden led to low mAb exposure [199]. In a pre-clinical investigation performed by Boross et al.,
it was found that the mechanism of action of CD20 antibodies varied with tumor antigen burden. A tumor
with low antigen burden could be effectively be eliminated by CDC alone but a combination of effector
mechanisms (ADCC, CDC, and apoptosis) was required for efficient removal of higher tumor burden
[200]. Tumor burden was identified as a significant covariate in the phase I-II clinical trial of ofatumumab,
an IgG1 anti-CD20 antibody that targets the membrane proximal epitope of CD20 in refractory CLL [201].
Similarly, inclusion of the baseline tumor size (5,390 ±19,100 mm2) partly explained the IIV observed in
CLL and NHL patients (n=678) treated with obinutuzumab, an anti-CD20 mAb having enhanced ADCC
activity relative to RTX. Clearance of obinutuzumab was found to be affected by baseline tumor size
[202]. Likewise, it was found tumor burden increased the target-mediated clearance of trastuzumab in
non-metastatic breast cancer patients [203]. Determination of baseline target concentration and tissue
antigen burden in mAb clinical development could allow appropriate dose selection, improved
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development of mAb concentration-efficacy relationships, and improve our understanding of the interpatient variability observed in therapeutic response.

Target Shedding
Antigen shedding is a common feature of metastatic cancer cells [204]. In pre-clinical studies, shed
antigen was found to alter antibody biodistribution and clearance, the antibody complexes with the
circulating antigen, which is subsequently removed by liver and spleen, decreasing tumor uptake and
efficacy [205-207]. It has also been highlighted that apart from circulating antigen, the antigen released
within the tumor interstitium could be a undetectable barrier to antibody based therapies [208]. In a
preclinical study, Davies et al. showed that antibody tumor uptake was decreased by approximately 50%
in the ovarian cancer xenograft mouse model having shed antigen in circulation compared to the
corresponding xenograft that did not shed antigen [209]. In early studies carried out in ovarian cancer
patients, there was supporting evidence of complex formation between shed antigen and therapeutic
antibody [210]. McQuarrie et al. reported if the antibody concentration was in excess of the shed antigen,
mAb therapy was largely unaffected [211]. In a pre-clinical experiment, Pastuskovas et al. confirmed if
mAb concentrations markedly surpass the shed antigen concentration levels, mAb PK remained
unperturbed [212].

Target Turnover and Internalization
Turnover rate of cell membrane receptors depends on their biosynthesis and degradation rates, which may
range from minutes to 100 h or more [213]. Receptor dimerization, activation, half-life, and degradation
are regulated by the intrinsic properties of the receptor itself [214]. Turnover rates may be measured in
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vitro, for example through pulse-chase experiments or SILAC (stable isotope labeling by amino acid in
cell culture) [215]. Although the turnover rates for certain receptors like EGFR have varied substantially
in literature reports [215-217], it is unclear whether this variability relates wholly or partially to the
methods employed for quantification of receptor turnover, and there is some uncertainty regarding the
extent of inter-subject variability in receptor turnover, particularly with regard to healthy cells or subjects.
In the context of disease, such as cancer and neurodegenerative disease, clear data are available that
demonstrate substantial variation in receptor turnover. For example, the RET51 isoform of RET tyrosine
kinase receptor, which is associated with increased oncogenic potential, has a three-fold higher turnover
rate than the RET9 isoform [218]. The turnover rate of B cells, and B cell membrane proteins such as
CD20, varies between 15.40 to 59.13% among NHL patients (as estimated by the proliferation index)
(n=72)[219]. In CLL patients, a significant reduction in B cell turnover rate has been observed in clinic
compared to healthy subjects [220], and via histological assessments it has been shown CLL patients have
significantly lower expression of CD20 as compared to NHL (approximately 6 fold difference, 14064 vs.
82726 molecules of soluble fluorochrome, p<0.002) [221]. The median terminal half-life of RTX is lower
in NHL patients (22 days, range 6.1 to 52 days, n=298) as compared to CLL patients (32 days, range 14
to 62 days, n=21)[222], the reduced B cell turnover and decreased CD20 expression observed in CLL
patients is most likely to explain these PK differences.

Relative to the turnover of the target protein in the absence of mAb, the internalization rate of antibodytarget complex is often faster [213]. In case of some mAbs like trastuzumab, the increased rate of
internalization of the receptor in complex with mAb leads to downregulation of the receptor [223].
Differences in receptor turnover rates and internalization rates between subjects is difficult to assess
experimentally; however, in some cases, modeling approaches may allow a priori predictions. Using
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Michealis Menten and TMDD models, Krippendorff et al. showed that the extent of non-linearity in
antibody disposition is dependent on receptor density and the rates of mAb-receptor internalization. Nonlinearity is higher for systems with higher receptor density and faster internalization [224].

Target Heterogeneity
Substantial heterogeneity in the expression of tumor-specific antigen has been observed in cancer patients
causing major obstacles in diagnosis and treatment [225, 226]. Antigenic heterogeneity resulting from
phenotypic instability and clonal destabilization is suggested to be integral to cancer pathology to
circumvent immune surveillance [225, 226]. Clonal heterogeneity is found to follow the Darwinian model
of evolution, leading to clinical resistance to targeted therapies [227]. Considerable antigenic variability
has been observed in tumors obtained from patients having breast [228, 229], lung [225], ovarian [229231], prostrate [232], and head and neck cancer [233]. Apart from inter-tumoral heterogeneity, intra-tumor
heterogeneity has also been reported in many human tumors [233-239].

Cetuximab and panitumumab are anti-EGFR mAbs effective in subset of colorectal cancer patients with
wild-type KRAS. In clinical investigations, 38-60% patients initially harboring wild-type KRAS were
found to acquire secondary resistance to EGFR blockade, ~5-6 months post-treatment initiation, by
developing mutant KRAS [240, 241]. It is possible the mutation resulted from de novo acquisition or
expansion of a pre-existing resistant sub-clone. Montagut et al. identified a missense point mutation
arising in the EGFR ectodomain during cetuximab treatment preventing mAb binding and leading to
resistance, the mutation did not affect panitumumab binding [242]. Given the mechanisms involved, it is
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likely that the development of resistance to EGFR targeted therapy is a convergent phenotype, i.e., cancer
cells adopt multiple mechanisms to resist the given drug.

In the case of trastuzumab, less than 30% of HER2 positive patients are responsive, and the remaining
fraction exhibit ab initio resistance to mAb monotherapy [243]. Unfortunately, 74% of patients of the
initial responders acquire secondary resistance during the course of the 5-9 month treatment period [244].
Multiple mechanisms of resistance have been proposed for trastuzumab, including co-expression of
mucin1/mucin4 that hinders mAb binding [245, 246] and activation of alternate signaling pathways via
compensatory receptors such as EGFR [247], HER3 [248], insulin like growth factor receptor [249] and
overexpression of MET receptor tyrosine kinase [250].

Target Polymorphism
Target polymorphism has been explored as a source of inter-individual variability. Some individuals
respond rapidly to a course of therapy while others remain partially responsive or completely nonresponsive. Genetic polymorphism may predispose an individual to a certain treatment outcome.
Differences observed in mAb clinical efficacy in patient populations is not clearly understood especially
in chronic inflammatory diseases. For example in luminal and fistulizing Crohn’s disease patient
populations, an average of 19.5 - 31.6% are partial responders and 25.6-28.7% are non-responders to IFX
therapy [251]. Hlavaty et al. investigated the influence of FasL/Fas system and caspase-9 polymorphism
on patient response, and found that Fas ligand -843 TT genotype was strongly associated with lack of
response to IFX therapy [252].
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Assessment of target polymorphism has been pursued as a strategy to predict which patients are likely to
respond to mAb treatment. SNPs in gene promoter regions, introns, and gene sequence have been found
to be associated with variability in cytokine synthesis [253]. Certain TNF-α and IL-10 haplotypes were
associated with higher production of TNF-α and IL-10 in Crohn’s disease and Ulcerative colitis [254],
possibly explaining the differences observed in baseline target concentrations and response observed in
patients. Medrano et al. found an association between patient response to IFX and polymorphism in TNF
receptor superfamily (TNFRSF1B) in Japanese Crohn’s disease patients [255]. Similarly, in RA,
polymorphism found in IL-6-R receptors rs12083537, rs2228145, and rs4329505 were found to predict
of response to tocilizumab therapy [256]. Many reports have found associations between polymorphic
variants of cytokines and the efficacy of the corresponding mAb-based cytokine modulators, but so far
testing for polymorphism prior to therapy is not practiced in the clinic.

Anti-Drug Antibodies
Although the determinants of immunogenicity of therapeutic mAb are not well understood, humanization
of the primary sequence has enabled reductions in immunogenic risk [257]. Product and process related
impurities (degradation, oxidation, contaminants, conformational alterations, aggregates, micelles,
excipients) contribute to immunogenic potential [258], but other factors (glycosylation/pegylation, route
of administration, dosing interval, and genetic/disease/immune status of the patient) may also contribute
to risk [259]. The direct consequence of immunogenicity is loss of efficacy and in some cases immunerelated toxicity (anaphylaxis, cytokine release syndrome, infusion reactions, serum sickness) [260];
however, development of ADA is highly variable among patients and, in some cases, within patients (i.e.,
where ADA are produced transiently) [261]. For example, 25% of patients developed ADA against IFX
in alkylosing spondylitis [262] and 33% in RA patients [263]. The efficacy was compromised in patients
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with low serum mAb; however, in the remaining patients, the drug was found to be effective. Similar
observations were found for natalizumab where 5-10% of Crohn’s disease patient developed ADA
reducing efficacy and patients experienced infusion related reactions like uritcaria and pruritus [264].
Development of ADA is reported to impact mAb clearance and elimination half-life (Ref: Table IV).
Ternant et al. quantified the influence of ADA on IFX PK and reported a 2.7 fold increase in clearance
and a 34% decrease in elimination half-life in inflammatory bowel disease patients [265]. ADA is a
clinically significant covariate for clearance of number of mAbs like golimumab [266, 267], ustekinumab
[268, 269], anti-IL1β mab [270], daclizumab [271], amatuximab [272], atezolizumab [273] and
benralizumab [274] (Ref: Table IV). For most of the above cited therapeutic mAbs, the patients developed
ADA 12 weeks after initiation of therapy, in line with the known somatic hypermutation kinetics of IgGs
[259]. Persistent ADA led to reduced efficacy due to reduced target binding, as well as clearance of
immune complexes via the reticuloendothelial system and elimination by complement activation and Fc
receptors.

ADA is most commonly observed in autoimmune diseases as compared to cancer, possibly due obvious
differences in nature of the diseases. The underlying mechanisms for immunogenicity and the sources of
variability in patient immune response have not been clearly elucidated. Pre-clinical risk assessment
carried out using transgenic animal models can, to a certain extent, inform assessments of relative
immunogenicity, but has limited utility for the prediction of clinical immunogenicity [275]. Non-human
primates have been shown to be poor predictors of human immune response [276]. Immune response
varies from patient to patient and also within patients, as the concentration and nature (isotype, affinity)
of the ADA distribution change with time and with continued drug dosing [259]. Mathematical models
have shown utility in their ability to characterize ADA responses following different doses, and to develop
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relationships between drug exposure and the impact of ADA on drug clearance [277, 278]. In the clinic,
increasing the mAb dose, co-administration of immunosupressants [279-281] and switching to a different
mAb [282] are considered as strategies to overcome immunogenicity and have shown moderate benefit.

COMMON

COVARIATES

IDENTIFIED

IN

POPULATION

PHARMACOKINETIC

MODELING
We evaluated 100 mAb clinical trials (phase I-III) from 2000-2018 and the most commonly identified
significant covariates on mAb PK have been depicted in Fig 1. Among the 100 clinical trials that
conducted population PK modeling, the percentage of clinical trials that identified the variable as
significant were: body weight/body surface area (82%), gender (18%), ADA (19%), creatinine clearance
(CL, 7%), age (7%), disease activity (7%) and C-reactive protein (CRP, 7%). In this section, the biological
relevance of commonly considered covariates on mAb PK are discussed.

Body Size
Body weight (BW) and body surface area (BSA) are the most commonly identified covariates for mAb
PK parameters via population modeling. BW/BSA based dosing has been applied as a strategy to limit
exposure variability among subjects; however, superiority over fixed dosing has not been shown in several
clinical evaluations. A review of 12 approved mAbs showed AUC variability of 42.4% for fixed dosing
strategies and a mean variability of 44.2% for BW/BSA dosing strategies [283]. This finding may relate
to the importance of target-mediated disposition to the PK of many mAb, and result from the lack of
correlation of determinants of TMDD (e.g., receptor expression, receptor turnover) to body size [284].
Body size may affect non-specific clearance pathways and may be of importance for mAb with linear PK.
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However, the relevance of these elimination mechanism is likely to be low for mAbs associated with
significant non-linear PK, although there may be exceptions (e.g., panitumumab, where among all
examined covariates, BW had most influence on the non-linear clearance [285]). Fixed dosing strategies
may be preferred for first-in-human trials; however, following the collection of data relating body size to
PK parameters, there may be sufficient justification for BW/BSA based dosing for Phase II or Phase III
clinical trials [283, 286].

Body size and composition may impact mAb disposition by several biologically plausible mechanisms.
Decreased lymph flow rates have been reported in obesity [287], which may influence the rate and extent
of mAb distribution in tissues. Additionally, cancer patients with below average body size may be more
likely affected by cachexia [288], which may increase global rates of protein endocytosis and catabolism
(increasing mAb clearance). Of course, body size is expected to correlate to physical volumes (e.g., plasma
volume, interstitial fluid volume) that are determinants of mAb distribution.

Modeling strategies may aid in defining clinical dosing regimens that accommodate a broad spectrum of
body size. Lebwohl et al. used a population modeling method to justify a fixed dosing strategy for
ustekinumab in normal and obese psoriasis patients (45 mg for <100 kg BW and 90 mg for > 100 kg BW)
[289]. This regimen is employed clinically, and comparable therapeutic outcomes have been reported for
patients above and below the BW threshold [290]. Narwal et al. used a population PK model to support
the use of a fixed dosing strategy for sifalimumab (anti-interferon alpha mAb) in SLE patients for a phase
II clinical trial [291], and a similar approach was used to select and confirm the appropriateness of a fixed
dosing strategy for pertuzumab (anti-HER2 mAb) [292]. Population PK/PD simulations have been used
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to suggest revisions to the omalizumab dosing protocol [293], and to support the extension of omalizumab
dosing to patients who do not meet the criteria set in the approved omalizumab dosing table [294].

Sex
Sex is very frequently considered as a possible covariate in population PK modeling. Generally, females
tend to have lower BW/BSA, higher body fat, lower muscle mass, lower glomerular filtration rates, and
hormonal fluctuations during the menstrual cycle that may impact drug disposition. Other factors like use
of hormonal contraceptives, and physiological changes associated with pregnancy and menopause, may
contribute to sex-related biological differences [295].

Preclinical investigations indicate that Fc receptor expression and function may be modulated by a variety
of hormones. Estradiol was found to significantly increase macrophage Fc receptor mediated clearance of
IgG coated erythrocytes [296], and progesterone was found to reduce FcγR expression, activity, and
macrophage dependent clearance [297, 298]. Alteration in mammary FcRn expression during the course
of lactation period has also been noted in a preclinical model, suggesting hormonal regulation of FcRn
[299]. High doses of thyroxine was found to decrease FcRn expression in a dose and time dependent
manner [300]. FcRn expression in conditions like hyperthyroidism have not been investigated but thyroid
abnormalities are quite common in females (i.e., 2-8 times more common is females than in males) [301].
The available preclinical data suggests that gender related hormones may influence FcRn and FcγR
receptor expression and function, possibly leading to sex-based variability in mAb disposition and
efficacy; however, clinical assessment is lacking.
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In clinical studies, sex-based differences in PK parameters have been often attributed to differences in
BW between male and female subjects. In general, males have higher BW and hence higher plasma
volume than females, possibly explaining the relatively common finding that sex is a significant covariate
on central volume of distribution (Vc) in PK models. For IFX, central volume was higher in males
compared to females (2.3 L in male vs. 1.1 L in female)[265], and sex was identified as a significant
covariate on Vc in inflammatory bowel disease, ankylosing spondylitis [302], and in ulcerative colitis
[303]. In another clinical trial for IFX, sex was significant covariate on both Vc and clearance, where
clearance was 35% higher in males compared to females [304]. Similarly, tocilizumab clearance in women
was 16% lower compared to men [305]. Investigations of RTX PK in diffuse large B-cell lymphoma
(DLBCL) showed a faster clearance (12.68 vs. 8.21 mL/h, p=0.003) in males compared to females, with
significantly shorter terminal half-life (t1/2=24.7 vs. 30.7 days, p=0.003) [306]. Correspondingly, poorer
clinical outcome was observed in men, and the male gender is considered as an adverse prognostic factor
in RTX therapies of DLBCL (event free survival 63% in women vs 46% in men) [307] as well as NHL
and CLL [308]. Given the significance of TMDD for RTX, differences in CD20 expression between
genders may contribute to the observed results; however, the impact of gender on CD20 expression has
not been reported (to our knowledge).

Race
Individuals of European descent constitute 77% of the United States population, and patients from
minority ethnic groups are not well represented, historically, in clinical trials. After accounting for BW,
race is seldom found to be a significant covariate for mAb PK [309, 310]. Ling et al. evaluated the
differences between Caucasian and Japanese subjects, but found no significant differences in exposure
following SC dosing of golimumab [71]. Similar results were found for omalizumab PK in Japanese and
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Caucasian populations [311, 312]. Differences in gene/target expression [313], tumor burden [314],
disease progression, FcγR polymorphism have been noted between different ethnic groups, but a clinically
significant effect on mAb PK has not been recorded in the clinic. Nonetheless, the effects of race may be
understudied, and long term studies in diverse populations may be needed to evaluate appropriately the
role of race on mAb PK [315].

Age
For most clinical trials, the adult patients enrolled have a broad range of age; however, age is rarely
identified as a significant covariate on mAb PK parameters. Among approved mAbs, age was found to
correlate with efalizumab clearance in psoriasis patients, but the effect was modest [309]. Age has been
found to be a significant covariate for the rate of absorption (ka) for anti-interleukin receptor IL-4Rα
(AMG 317) in healthy subjects [48], denosumab in women with osteoporosis [46] and in solid tumors
[47], and for canakimumab in healthy patients [44] and patients with gouty arthritis [45].

Developmental differences between adults and children in body size, physiological maturation, disease
activity, target expression, lymph flow rates, and ADA response may contribute to variability in mAb PK.
Nine mAbs are approved in United States in pediatric populations. In many cases, the mAb dose applied
to pediatric patients is derived using linear extrapolation of the adult regimen, as ethical and practical
impediments limit pediatric clinical trials [316]. Consistent relationships between mAb PK parameters in
pediatric relative to adult patients have not been found. For example, alemtuzumab clearance is faster in
pediatric patients [317], but basiliximab clearance is slower in pediatric vs. adult renal transplant patients
[318]. In most cases, similar clearance has been found (e.g., gemtuzumab in acute myeloid leukemia)
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[319], bevacizumab [320], IFX [321], cetuximab [322]). Higher absorption of mAb has been observed in
younger subjects compared to adults [48]. Lowe et al. developed a model to predict omalizumab
concentrations in patients 12-79 years of age. The model was able to correlate the suppression of free IgE
concentration to improvement in clinical outcome [323]. In the geriatric patients, the physiological
functions like lymph flow rate, target expression, vascular permeability, hormones may have undergo
changes, but no significant findings have been observed in the clinic.

Albumin
Albumin, the most abundant protein in the plasma, is primarily produced by the liver and widely
distributed between the intravascular and extravascular space. Albumin is routinely evaluated as covariate
for mAb PK parameters. Progressive loss of vital proteins during an inflammatory response may cause
hypoalbuminemia and can be prognostic marker [324]. Albumin correlates with BW, and may be
considered as a derived anthropometric parameter; however, its significance as a covariate may relate to
the fact that albumin, like IgG, is protected from intracellular catabolism by FcRn. Albumin binds to FcRn
non-cooperatively at a site distinct from IgG [325]. Although the impact of FcRn on IgG clearance is
much greater than the impact of FcRn on the clearance of albumin, owing to the much higher concentration
of albumin relative to IgG, it is estimated that 35-fold more albumin is salvaged by FcRn per unit time
(i.e., relative to FcRn salvage of IgG) [326].

In clinical trials, serum albumin was identified as a significant covariate explaining IIV in clearance for
IFX (in ulcerative colitis [303] and Crohn’s disease [327]), ustekinumab [269], and pertuzumab [328]. For
other mAbs including trastuzumab [329] and golimumab (psoriatic arthritis [267] and ankylosing arthritis
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[266]), albumin was not found to be a statistically significant covariate for clearance. Serum albumin
concentration was found to correlate inversely with IFX elimination in ulcerative colitis patients [303].
Fasanmade et al. evaluated serum albumin as a predictive factor in ulcerative colitis and inferred that the
relationship between steady-state albumin concentration and IFX clearance might be explained by FcRn
expression, efficiency, and/or activity [330]. Although the FcRn hypothesis has not been tested
thoroughly, increased protein catabolism due to disease, increased renal excretion due to kidney
dysfunction, decreased production due to liver dysfunction, and loss of protein into the gut due
gastrointestinal pathology are additional mechanisms that may explain the observed results. In a
preclinical study by Engler et al., urinary albumin excretion (UAE) rate was used as a covariate to explain
the increase in mAb clearance observed in mouse model of diabetic nephropathy, greatly reducing residual
variability [331]. Diabetic nephropathy may lead to damage of glomeruli, increasing porosity and
increasing the filtration of albumin and IgG into the urine (discussed below).

FACTORS CONTRIBUTING TO INTER-INDIVIDUAL VARIABILITY
Influence of Pathophysiological Elements of Disease
Proteinuria and Renal Protein Catabolism
Antibodies are not efficiently eliminated via renal filtration and subsequent catabolism due their large
size, hence this pathway is considered inconsequential to mAb clearance [97]. Disease related damage to
the kidneys caused by leucocyte infiltration and inflammatory mediators may increase the radius of
glomerular pores and facilitate protein loss. Progression in renal protein loss is accompanied with proximal
renal tubular protein catabolism. The kinetics of protein catabolism in patients is found to correlate with
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proteinuria [332]. Renal impairment is commonly observed in diseases like diabetes mellitus, SLE, RA,
sarcoidosis, multiple myeloma and CLL.

Around 40% of patients with diabetes mellitus develop diabetic nephropathy (DN) [333] resulting from
progressive glomerular injury/sclerosis, loss of charge-dependent restriction of protein, and podocyte
insufficiency. DN leads to a loss of glomerular size selectivity, which precipitates microalbuminuria and,
as the condition advances, overt macroalbuminuria. Numerous clinical studies have reported severe IgG
loss via urine in patients with DN. Several fold increases in urine IgG concentration were reported in Pima
Indians with type 2 diabetes with microalbuminuria or macroalbuminuria [334]. A greater than 20%
increase in ustekinumab clearance was observed in plaque psoriasis patients having diabetes compared to
non-diabetic psoriasis patients [269]. Urinary IgG has been also suggested as a marker for proteinuria
progression in type 2 diabetic patients [335]. Preclinical investigations carried out by Engler et al. reported
a 1.8-fold increase in mAb clearance in a mouse model of streptozotocin-induced DN. Increases in mAb
clearance were found to strongly correlate with urinary albumin excretion rate [331]. Similar results were
obtained by Chadha and Morris with a 3.5-fold increase mAb clearance in the Zucker diabetic rat model
[336].

Faster elimination of IgG in SLE patients has been reported [337, 338], and a preclinical study carried out
in mouse models with lupus-like autoimmune syndromes have reported several fold increases in IgG
clearance [339]. Around 60-66% of patients with SLE develop lupus nephritis, where proteinuria can
exceed 6g/day [340]. Significant associations between belimumab clearance in SLE patients and
proteinuria have been reported, but the available data are somewhat limited as clinical investigations of

40

belimumab excluded patients with proteinuria >6g/day [341]. In SLE patients with lupus nephritis,
proteinuria can be severe, ranging from 6-30g/day for many patients. A more direct clinical investigation
evaluating effect of severe lupus nephritis on mAb PK has not yet been performed. Other mechanisms
like saturation of FcRn due to increases endogenous IgG production, loss of mAb due to co-morbidities
such as protein losing enteropathy, and disease-related changes in FcRn expression/function may also
influence mAb PK.

Approximately 17% of patients with RA develop nephropathy with moderate proteinuria [342]. Although
the clinical relevance of RA associated nephropathy on mAb PK has received little investigation, 5-fold
decreases in RTX concentrations were observed in RA patients with idiopathic membranous nephropathy
with proteinuria vs. RTX concentrations found in RA patients without proteinuria [343]. RTX was
recently introduced as a second in line treatment for pediatric nephrotic syndrome, and was found to have
a very short half-life (less than a day). RTX failed to meet clinical efficacy end-points, possibly due to
excessive loss of RTX via non-selective proteinuria [344]. Proteinuria is also frequently observed in other
diseases including sarcoidosis (7-27%), CLL (42%), renal cell carcinoma, and multiple myeloma [345347].

Protein losing enteropathy
Protein losing enteropathy (PLE) is a co-morbidity characterized by a loss of gastrointestinal integrity due
to mucosal disruption, lymphatic channel obstruction, or gut wall erosion/ulceration. PLE has been
associated with inflammatory bowel disease, Crohn’s disease, ulcerative colitis, RA, gastric cancer, and
SLE.
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In preclinical investigations carried out in Balthasar laboratory, the influence of PLE on mAb PK was
quantified using a mouse model [348]. Compared to control, the area under the plasma concentration-time
curve of 8C2, a model IgG1 mAb, was substantially reduced in PLE mice (1368 ± 255 vs 594 ± 224 day
µg/mL, p=0.001). Alpha-1 antitrypsin (A1AT), a protease inhibitor which is resistant to degradation by
fecal enzymes, is considered a reliable disease biomarker to assess gastrointestinal loss of plasma proteins
in human subjects [349]. In preclinical mouse study referenced above, A1AT was measured and used as
marker to predict mAb clearance. Using population PK modeling, a quantitative relationship was
developed between A1AT clearance and 8C2 clearance [348].

Interestingly, the impact of PLE on mAb PK may explain the clinical observation that mAb clearance is
significantly increased in patients with gastric cancer, as PLE is commonly observed as a co-morbidity
for this disease. For example, in patients with advanced gastric/gastroesophageal junction cancer, the
median values of trastuzumab AUC and Cmax were 30-40% lower than values found in patients with
metastatic breast cancer [350]. Median bevacizumab clearance was increased by ~50% in patients with in
advanced gastric cancer when compared to bevacizumab clearance in patients with cancers (4.5 vs 3
mL/day/kg, p<0.05) [351]. Similar results were obtained for pertuzumab in HER-positive advanced gastric
cancer where the trough concentration (Cmin) observed was 37% lower as compared to values found in
patients with metastatic breast cancer [352]. Further clinical evaluation is needed to determine whether
these observations relate to the development of PLE. The role of PLE is likely to significant, and
underappreciated, in severe ulcerative colitis, where fecal loss of IFX has been detected in 66% of patients,
and where the observed fecal loss of IFX was correlated to a lack of clinical response [353].
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Blood-Brain Barrier
Currently, mAbs are in clinical trials for Alzheimer’s disease (AD), Huntington’s disease, and Parkinson’s
disease [354].

However, there is a significant blood-brain barrier for IgG mAb, and antibody

concentrations in the brain are often reported to be 1:100 – 1:1000 of concentrations found in plasma.
There is some debate and uncertainty regarding the mechanisms responsible for the relatively low
concentrations of IgG in the brain. One hypothesis is that FcRn mediates ‘reverse transcytosis’ of IgG,
actively effluxing IgG molecules from brain interstitial fluid across the brain vascular endothelium [355].
FcRn is highly expressed in the brain capillary endothelium and choroid plexus epithelium [356].
However, investigations in mouse FcRn knockout models have not shown a significant impact of FcRn
on brain:blood or brain:plasma exposure ratios for model mAb [357, 358]. Subsequent investigations
conducted by Yip et al., which employed engineered mAb with low FcRn binding affinity, demonstrated
similar data as found in the knockout studies, where FcRn affinity did not influence brain to plasma mAb
exposure ratios [108]. On the other hand, some data have been published in support of the reverse
transcytosis hypothesis [355, 356, 359, 360].

There is little debate that tight junctions between brain vascular endothelial cells contribute to the bloodbrain barrier, decreasing the efficiency of paracellular transport of macromolecules from plasma to brain
interstitial fluid. Inflammatory processes are well known to increase vascular porosity, thereby facilitating
the entry of immune cells at sites of inflammation. There are contradictory reports on the influence of
inflammatory processes, including central nervous system (CNS) diseases such as AD, on the integrity of
the blood-brain barrier [361, 362], and the impact of CNS disease on mAb delivery to the brain has not
been defined.
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Influence of Co-administered Drugs
Saturation of Neonatal Fc Receptor
IVIG therapy has been in the clinic to treat autoimmune conditions since 1981, when Imbach and
coworkers demonstrated the efficacy of IVIG for the treatment of immune thrombocytopenia [363].
Although many mechanisms may contribute to the effects of IVIG in autoimmunity [364], it is now clear
that a substantial contribution relates to the influence of IVIG on FcRn-mediated transport of pathogenic
IgG. As discussed above, FcRn protects IgG antibodies from intracellular catabolism; however, the
transport mediated by FcRn is, of course, capacity limited. IVIG therapy employs doses of up to 2 g/kg of
pooled IgG, which leads to a substantial increase in IgG concentrations in plasma and in other biofluids.
The increased IgG concentrations saturate FcRn, leading to a transient increase in IgG elimination,
including the elimination of pathogenic IgG antibodies associated with humoral autoimmune conditions.
Preclinical support for this mechanism was provided through a series of investigations in rodent models,
that showed that IVIG leads to a dose-dependent increase in the clearance of 7E3, a model anti-platelet
IgG mAb, [101], and that IVIG treatment did not increase 7E3 clearance in FcRn knockout mice
(supporting the hypothesis that IVIG effects on 7E3 PK were mediated by FcRn) [365]. Further work
demonstrated that similar effects on mAb PK could be achieved by high dose administration of mAb (i.e.,
indicating that the PK effect was not related to non-IgG substances that are present in clinical preparations
of IVIG) [366]. Given that this interaction is mediated by saturation of FcRn, which is a determinant of
the PK of virtually all therapeutic IgG mAb, increased mAb clearance with concomitant IVIG therapy
should be anticipated for all mAb.

Alteration in Convective Transport and Tumor Uptake
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Preclinical investigations have evaluated the effects of antibody and small molecule anti-angiogenic
agents on the tumor uptake and distribution of tumor-specific mAb. Effects of anti-vascular endothelial
growth factor (VEGF) therapy on T84.66, an anti-carcinoembryonic antigen (CEA) mAb, was examined
in a CEA expressing colorectal xenograft mouse model. Results demonstrated a reduction in the area under
the tumor concentration v. time curve of T84.66 in anti-VEGF treated, with no significant effects of antiVEGF therapy on plasma PK or on non-tumor tissue PK [367]. Similar observations were made by
Pastuskovas and co-workers; bevacizumab therapy was found to decrease tumor exposure of trastuzumab
and isotype control mAbs in a human epidermal growth factor receptor (HER-2) expressing xenograft
mouse model [368]. In another preclinical investigation, the effect of the small molecule anti-angiogenic
agent sorafenib on T84.66 tumor disposition was evaluated. Sorafenib treatment decreased tumor
microvessel density, decreased macromolecular extravasation in tumors, and decreased tumor exposure
to T84.66 [369].

Numerous clinical trials have evaluated the efficacy of combination therapies involving anti-angiogenic
agents and tumor-specific mAbs. Sorafenib has been given in combination with IFX [370], bevacizumab
[371], tigatuzumab [372], and ramucirumab [373] in different cancers failed to improve the primary
efficacy endpoint, when compared to sorafenib or mAb monotherapy. However, some mAb-sorafenib
combination therapies have shown clinical benefit [374-376]. Similarly, the addition of bevacizumab to
trastuzumab therapy in HER-2 positive breast cancer patients did not improve overall survival [377].
Muselaers et al. used an imaging technique to show that 4 week sorafenib treatment (400 mg twice daily)
in patients with renal cell carcinoma decreased microvessel density in tumor tissue and caused a 38.4%
reduction in the uptake of

111In-girentuximab

[378], in line with preclinical results reported from the

Balthasar laboratory.
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Decrease in Anti-Drug Antibody Response
Observations originating in the late 1990’s have shown that co-administration of mAb with some
immunosuppressive drugs decreases mAb clearance and decreases the development ADA (e.g.,
methotrexate [279], azathioprine [280], and mycophenolate mofetil [280, 281]). Although there is rather
limited understanding of the mechanistic determinants of ADA development and immunogenicity, and
there is also little mechanistic understanding of the effects of immunosuppressive therapy on ADA
development, it is very well established that immunosuppressive agents decrease ADA development and,
thus, impact mAb PK. As such, therapy with agents such as methotrexate, azathioprine, and
mycophenolate mofetil may influence the IIV of mAb PK, and may warrant consideration within covariate
analyses in population PK analyses.

Alteration in Target Expression and Conformation
It is plausible that the administration of some therapeutic agents will alter the expression or confirmation
of target proteins and, consequently, alter the target-mediated disposition or pharmacodynamics of mAb.
Interestingly, the combination of anti-CD20 mAbs with ibrutinib, a kinase inhibitor, has been reported to
lead to an antagonistic interaction, where ibrutinib downregulates CD20 expression (in vivo) and inhibits
ADCC and antibody-dependent cellular phagocytic activity mediated by RTX, ofatumumab, and
obinutuzumab [379-381].

Given that anti-CD20 mAb exhibit TMDD, it may be expected that

downregulation of CD20 will impact mAb PK (e.g., decreasing clearance); however, the pharmacokinetic
implications of ibrutinib on anti-CD20 mAb require clinical evaluation.
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Statins (lipid lowering agents) are commonly administered for hypercholesterolemia and for prevention
of cardiovascular diseases. Statins are typically employed as a chronic therapy, and many patients are
prescribed daily dosing. In an in vitro study conducted with freshly isolated B cells, statins were found to
cause conformational changes to CD20 and it has been suggested that the effects of statins on CD20 and
on cholesterol homeostasis may impair recognition of CD20 and decrease RTX-mediated CDC [382].
Additionally, statin therapy can lead to increased expression of proprotein convertase subtilisin/kexin type
9 (PCSK9), which is the pharmacological target for anti-PCSK9 antibodies such as evolocumab and
alirocumab. Statin therapy has been shown to increase the clearance of anti-PCSK9 mAb, leading to a
20% decrease in Cmax and AUC of evolocumab, presumably by increasing the extent of target-mediated
evolocumab elimination [383]. Similarly, statin therapy has been shown to lead to a 40% decrease in
exposure of alirocumab [384].

Co-administration of drugs targeting the same antigen may lead to alterations in mAb distribution and
elimination. Recently, Cilliers et al. showed that co-administration of trastuzumab with ado-trastuzumab
emtansine (T-DM1) improved the tumor distribution of T-DM1 by competing with T-DM1 and allowing
better penetration of T-DM1 (by overcoming binding site barrier) within tumor tissue [385]. In another
example, the co-administration of two anti-CD20 drugs, inotuzumab ozogamicin (INO, anti-CD22 mAb)
and RTX (anti-CD20), was simulated with the use of a mathematical model. The model predicted that
RTX would decrease the target-mediated non-linear clearance of INO by depleting the B cells, thus
explaining the 14% decrease in INO clearance that had been observed clinically [386].

47

SUMMARY AND FUTURE PROSPECTS
Over the past two decades, there has been a great increase in understanding in the mechanistic
determinants of the PK of monoclonal antibody drugs. The significance of, and the determinants of, targetmediated distribution and elimination, FcRn transport, interaction with FcγR, and the role of ADA are
more fully appreciated within the pharmaceutical industry. This improved mechanistic understanding is
enabling the development, and facilitating the testing, of hypotheses to explain the high degree of interindividual variability that has been observed for mAb PK. It is anticipated that the combined application
of population PK modeling, detailed mechanistic explorations with preclinical models, focused clinical
investigations, and mechanistic mathematical modeling will pave the way for personalized mAb therapy,
potentially allowing increased efficacy, while decreasing toxicity and cost.
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Table I. Results from Studies Investigating the Role of the Lymphatic System in Subcutaneous Absorption
of Proteins

Species

Model Protein

Molecular
Weight
(kDa)

Site of injection

% dose
recovery
in lymph

Selected lymph
duct/node

Efferent duct of the
popliteal lymph node
Efferent duct of the
popliteal lymph node
Efferent duct of the
popliteal lymph node
Efferent duct of the
popliteal lymph node
Efferent duct of the
popliteal lymph node
Efferent duct of the
popliteal lymph node
Efferent duct of the
popliteal lymph node
Efferent duct of the
popliteal lymph node
Efferent duct of the
popliteal lymph node

Sheep

5-fluoro-2’deoxyuridine

0.246

Lower part of right hind leg

4.0±1.5

Sheep

Insulin

5.80

Interdigital space of hind leg

17.3±1

Sheep

Inulin

5.20

Lower part of right hind leg

21.0±7.1

Sheep

Cytochrome c

12.3

Lower part of right hind leg

38.6±6.7

16.2

Interdigital space of hind leg

34.4±9.7

19.0

Lower part of right hind leg

59.5±7.1

22.0

Interdigital space of hind leg

61.7±8.5

30.4

Interdigital space of hind leg

83.9±6.6

37.0

Interdigital space of hind leg

90.2±4.4

60.4

Lower left region of hind leg

20

Thoracic lymph duct

46.0

Popliteal region of hind limb

72.9

Thoracic lymph duct

Sheep
Sheep
Sheep
Sheep
Sheep
Dog
Dog

Recombinant methionyl
human leptin
Human recombinant
interferon-2α
Human growth
Hormone
Recombinant human
epoetin-α
Darbepoetin- α
PEGylated recombinant
human erythropoietin α
PEGylated neuromedin-U
receptor agonist MRL-1

Rabbit

Interferon- α2

19.2

Hind leg

0.10±0.06

Thoracic lymph duct

Rat

Recombinant human tumor
necrosis factor-α

45.0

Back region

4.7±3.4

Thoracic lymph duct

Rat

Bovine insulin

5.60

Lateral side of thigh

0.072±0.001
6

Thoracic lymph duct

Rat

Recombinant human
erythropoietin α

30.4

Lateral side of thigh

1.44±0.26

Thoracic lymph duct

Rat

Bovine serum albumin

66.0

Lateral side of thigh

2.15±1.08

Thoracic lymph duct

68.0

Lower right hind leg

29

Thoracic lymph duct

60.4

Lower left hind leg

23.8±1.08

Thoracic lymph duct

46.0

Lower left hind leg

149

Inner left hind leg

Rat
Rat
Rat
Rat

PEGylated poly-L-lysine
Lys16 (PEG2000)32
PEGylated recombinant
human erythropoietin α
PEGylated neuromedin-U
receptor agonist MRL-1
Trastuzumab
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26.7±9.0
26.7±10.4

Thoracic lymph duct
Thoracic lymph duct

Does the
lymphatic
system
contribute
to SC
Absorption?

Ref.

Yes

[17]

Yes

[18]

Yes

[17]

Yes

[17]

Yes

[19]

Yes

[17]

Yes

[20]

Yes

[21]

Yes

[22]

Yes

[23]

Yes

[24]

No

[26]

No

[27]

No

[28]

No

[28]

No

[28]

Yes

[29]

Yes

[23]

Yes

[24]

Yes

[30]

Table II Human and Mouse Families of Fc Gamma Receptors

Name

Human Fc gamma receptors
FcγRIIB
FcγRIIC
(CD 32B)
(CD 32C)
FCGRT2B
FCGRT2C

Gene[387]

FcγRI
(CD 64)
FCGRT1A

FcγRIIA
(CD 32A)
FCGRT2A

Alleles[387]

-

H131

R131

I232

T232

Q13

Stop13 V158

Affinity IgG1
for
IgG2
Ligand IgG3
[387]
IgG4
(M-1)

~6x107
NB
~6x107
~3x107

~5x106
~4x105
~9x105
~2x105

~3x106
~1x105
~9x105
~2x105

~3x108
~1x105
~9x105
~2x105

ND
ND
ND
ND

~1x105
~2x104
~2x105
~2x105

NB
NB
NB
NB

Cell
Distribution

Macrophages
Eosinophils
Dendritic cells
Neutrophils

Macrophages
Eosinophils
Dendritic cells
Neutrophils
Mast cells
Platelets
Activation

[387, 388]

Class

Activation

Macrophages
Eosinophils
Dendritic cells
Neutrophils
Mast cells
B cells
Inhibition

Function[389, 390] Effector cell
activation
Phagocytosis

FcγRIIIA
(CD 16A)
FCGRT3A

~2x105
~7x104
~1x107
~2x105

F158
~1x105
~3x104
~8x106
~2x105

FcγRIIIB
(CD 16B)
FCGRT3B
NA1
NA2
SH
~2x105
NB
~1x106
NB

Macrophages
Neutrophils
NK cells

Macrophages
Dendritic cells
Basophils
Mast cells
NK cells

Neutrophils

Activation

Activation

Decoy,
Activation (not
clear)
Unknown

Effector cell
Inhibition of
Co-activation
activation
effector
receptor for
Phagocytosis
Activity
FcγRIIIA,
Degranulation
ADCC
ADCC
Mouse Fc gamma receptors
Name
FcγRI
FcγRIIB
FcγRIII
(CD 64)
(CD 32B)
(CD 16)
6
Affinity
IgG1
NB
~3.3x10
~0.3x106
8
6
for Ligand[388]IgG2a ~1.6x10
~0.4x10
~0.7x106
(M-1)
~2.2x106
~0.6x106
IgG2b NB
Cell
Monocytes
B cells
Monocytes
Distribution[388]
Macrophages
Dendritic cells
Macrophages
Dendritic cells
Neutrophils
Dendritic cells
NK cells
Class
Activation
Inhibition
Activation

Effector cell
activation
Phagocytosis
ADCC

FcγRIV
(CD 16-2)
NB
~2.9x107
~1.7x107
Monocytes
Macrophages
Neutrophils
Dendritic cells
Activation

Abbreviations: FcγR Fc gamma receptors, CD Cluster of Differentiation, IgG Immunoglobulin, NK Natural
Killer cells, ND Not Determined, NB No Binding, ADCC Antibody Dependent Cell Cytotoxicity
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Table III Examples of Targets that are Highly Variable in Expression
Number
of
patients

Target
Expression

Unit

Fold
Approved
range in
mAb
expression

Target

Disease

CD-20

Chronic lymphocytic leukemia

31

2737-115623

MESF

~42

CD-20
CD-20
CD-20

Diffuse large B-cell lymphomas
Follicular Lymphoma
Mantle Cell Lymphoma

64
56
34

3549-679577
8460-445755
8826-423799

MESF
MESF
MESF

~191
~52
~48

CD-20

Marginal Zone Lymphoma

18

3615-207034

MESF

~57

CD-52

Chronic lymphocytic leukemia

5

371303±117212

Receptor
Number

-

Alemtuzumab [391]

Rituximab
Ofatumumab
Rituximab
Ibritumomab
tiuxetan
Tositumomab
(I-131)

Ref.

[221]
[221]
[221]
[221]
[221]

TNF-α

Rheumatoid Arthritis

327

0.92-9.68

pg/Ml

~10.5

Adalimumab
Certolizumab
[194]
Golimumab
Infliximab

CD25

Kidney Transplantation

14

57.1±12.7

Mean % of
CD25+ within
CD4+T cells

-

Basiliximab

IgE

Asthma

245

ng/mL

~33

Omalizumab [393]

VEGF

Advanced Breast Cancer

56

12.5-445
(plasma)

pg/mL

~35

Bevacizumab [394]

1 (10%)
2 (32%)
3(55%)

IHC score
(% of patient)

-

Cetuximab
[395]
Panitumumab

IHC score
(% of patient)

-

Trastuzumab
[396]
Pertuzumab

EGFR

Colorectal Adenocarcinoma

143

HER-2

Breast Cancer

47

51-1692

1 (49%)
2 (6%)
3(55%)

Abbreviations: MESF Molecules of equivalent soluble fluorochrome. CD Cluster of Differentiation, TNF α
Tumor Necrosis Factor alpha, IgGE Immunoglobulin E, VEGF Vascular Endothelial Growth Factor, EGFR
Epidermal Growth Factor Receptor, HER 2 Human Epidermal Growth, Receptor, IHC score
Immunohistochemistry score
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[392]

Table IV: Impact of Anti-drug Antibody formation on mAb Pharmacokinetics
mAb

Type

Antigen

Route

Disease

%Immunogenicity Impact on PK
(n=Total numbe r
of patients)

Ref.

Infliximab

Chimeric
IgG1k

TNF-α

IV infusion

AS

25%
(n=8)
33%
(n=143)
19-22%
(n=264)
61%
(n=125)
~15%
(n=33)
28%
(n=272)

NQ

[262]

NQ

[263]

NQ

[397]

NQ

[398]

RA
Psoriasis
CD
IBD
Adalimumab

Natalizumab

Human
IgG1k

TNF-α

Humanized α4-Integrin
IgG4k

IV

IV infusion

RA
Psoriasis

49%
(n=80)

CD

13%-18%
(n=65 to 96)
9-82%
(n=2195)
5-10%
(n=1414)
2.9%
(n=337)

MS
CD

Golimumab

Human
IgG1k

TNF-α

SC

PA
AS

Ustekinumab

Human
IgG1k

IL-12/IL-23

SC

Psoriasis
PA

Anti-IL-1β

Daclizumab
Amatuximab
Atezolizumab
Benralizumab

Humanized IL-1β
IgG4

3.1%
(n=312)
3.2%
(n=1937)
9.2%
(n=130)
36.7%
(n=79)
2.1%
(n=96)
0.8%
(n=17139)
24.6%
(n=199)

SC

T2DM

IV

RA

Humanized IL-2
IgG1
Receptor α
Chimeric
Mesothelin
IgG1k

SC

Humanized PD-L1
IgG1
Humanized IL-5
IgG1
receptor α

IV infusion

Remitting
relapsing MS
Unresectable
malignant pleural
mesothelioma
Metastatic
31.7%
Urothelial Carcinoma (n=139)
Asthma
9.5%
(n=200)

IV infusion

SC

~2.7 fold ↑in CL;
[265]
34% ↓ in t1/2
~ 1.4 fold ↓ in mAb
[399]
median concentration
[400]
Significant ↓ in mAb
Cmin
~ 4-5.5 fold ↑ in CL
~ 3 fold ↑ in CL

[401,
402]
[403]

NQ

[403]

Antibody to mAb
significant covariate
on CL/F
36% ↑ in median
CL/F
35.5% ↑ in median
CL/F
42% ↑ in median
CL/F

[267]

37.6% ↑ in CL

[270]

19% ↑ in median CL

[271]

~ 1.5 fold ↑ in CL

[272]

16% ↑ in median CL

[273]

~4.6 fold ↑ in median
CL

[274]

[266]
[269]
[268]

Abbreviations: IgG-Immunoglobulin, TNF α-Tumor Necrosis Factor Alpha, IL-Interleukin, IV-Intravenous, SCSubcutaneous, AS-Ankylosing Spondylitis, RA-Rheumatoid Arthritis, CD-Crohn’s Disease, IBD-Inflammatory
Bowel Disease, MS-Multiple Sclerosis, PA-Psoriatic Arthritis, T2DM-Type II Diabetes Mellitus, RA-Rheumatoid
Arthritis, NQ-Not quantified, CL-Clearance, F-Bioavailability, t1/2-half life, Cmin- mAb trough concentration
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Fig. 1. Evaluation of clinical trials for the most commonly identified significant covariates. 100 clinical trials
(phase I-III, years 2000-2018) that conducted population pharmacokinetic analysis were evaluated for the identified
significant covariates. Bars represent the percentage of clinical trials that identified the variables- body weight/body
surface area (BW/BSA, 82%), gender (18%), ADA (anti-drug antibody, 19%), creatinine clearance (CL, 7%), age
(7%), disease activity (7%) and C-reactive protein (CRP, 7%) as a significant covariate.
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CHAPTER TWO

Investigation of the Influence of Systemic Lupus Erythematosus on Monoclonal
Antibody Elimination in a Mouse Model

Contributors to this work- Veena A. Thomas (VAT), Tommy R. Li (TRL) and Joseph P. Balthasar (JPB)
The western blot quantification of tissue neonatal Fc receptor was developed by TRL and JPB, and the
protocol was adapted for lupus mouse tissues by VAT for this study. The animal studies, experiments and
modeling was conducted by VAT and JPB.
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ABSTRACT
Patients with systemic lupus erythematosus (SLE) exhibit hypercatabolism of immunoglobulin G (IgG),
where total body clearance is increased by 2-3 fold. The mechanisms responsible for increased IgG
clearance in SLE have not been fully elucidated. This work investigates the pharmacokinetics of 8C2, a
model murine IgG1, in a mouse model of SLE, with evaluation of disease biomarkers and determinants
of IgG clearance. MRL/MpJ-Faslpr/J mice develop a disease condition, over time, which resembles SLE
in humans. Mice were evaluated at 9 weeks of age, before onset of SLE (control mice), and at 19 weeks
of age, when the disease is established. For each group, 8C2 was administered IV (18 mg/kg), and plasma
concentrations were collected for 14 days. Mice were evaluated for: (a) excretion of fecal alpha-1-antitrypsin (A1AT, a marker of gastro-intestinal integrity and protein leak syndrome), (b) urinary albumin
excretion (UAE, a marker of glomerular integrity and lupus nephritis), (c) FcRn protein expression (in
skeletal muscle and liver tissue), and (d) endogenous IgG plasma concentrations. Results were further
analyzed via physiologically-based pharmacokinetic (PBPK) modeling. 8C2 clearance was elevated in
diseased mice as compared to controls (6.73 ± 2.66 vs. 3.6 ± 0.76 mL/day/kg; p=0.0035). Fecal A1AT
excretion rates were similar in the two groups (150 ± 74.6 vs. 190 ± 61.9 µg/day, p>0.05). UAE in diseased
mice was significantly higher than in controls (236.5 ± 219.7 vs. 20.9 ± 18.0 µg/day; p=0.0067). No
significant differences (Student’s t test, p>0.05) were found in FcRn protein concentrations in muscle
(59.8 ± 17.2 vs. 59.6 ± 20.6 nM) or liver (468 ± 159 vs. 388 ± 99 nM). Endogenous IgG concentrations in
diseased mice were significantly higher than control mice (43.5 ± 14.3 vs. 7.82 ± 2.73 mg/mL, p<0.0001).
Further analysis using mathematical modeling suggests that increased 8C2 elimination in SLE mice is
largely explained by increased renal clearance (increased renal protein excretion and catabolism) and to a
minor degree by decreased efficiency of FcRn recycling (owing to increased competition with endogenous
IgG).
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INTRODUCTION
Systemic Lupus Erythematosus (SLE) is a complex inflammatory autoimmune disorder characterized by
B cell hyperactivity and defective T cell function with production of autoantibodies against self-antigens.
Pathogenic auto-antibodies, including anti-nuclear antibodies, form immune complexes that deposit in the
tissues and incite type II and type III hypersensitivity reactions. The breach in immune tolerance stems
from multiple derangements in adaptive and innate immunity (1). The etiology of SLE is unclear, but the
disease appears to be precipitated by an amalgamation of genetic and environmental factors (2). In the
United States, the incidence of the disease is 23 per 100,000 people, affecting females more than males
(prevalent sex ratio is 2:1 to 15:1). Most commonly affected are women of child bearing age (15 to 35
years old) and of non-European descent (3, 4). The disease is typically treated with corticosteroids and
immunosuppressants.

Autoimmune diseases are highly heterogeneous in nature. In recent years, an increased understanding of
the mechanism of pathogenesis has facilitated identification of targets that drive the manifestation of the
disease (5). Several therapeutic proteins like monoclonal antibodies (mAbs) are currently approved or in
development for the treatment of autoimmune diseases. Belimumab (human mAb that binds to soluble B
lymphocyte stimulator), the first marketed anti-SLE mAb was FDA approved in in 2011 (6, 7). The
approval of belimumab has been considered as a major milestone for SLE drug development, as it is was
first drug to be approved in more than 50 years for use in this disease (8). Currently, there are 11-15 mAbs
in clinical trial for treatment of SLE (9, 10).

SLE is considered to be the most heterogeneous of all autoimmune diseases (11). Patients exhibit variable
clinical manifestations and experience alternating episodes of flares and remission (12). Although the
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diverse pathological manifestations associated with SLE are likely to lead to inter-individual variability
in mAb disposition, few clinical or preclinical studies have investigated the influence of SLE on IgG/mAb
disposition.

Studies conducted in the 1970’s reported that SLE patients exhibit hypercatabolism of immunoglobulin
G (IgG) (13, 14). Two independent clinical investigations reported a ̴ 2-3 fold increase in total body IgG
catabolism in SLE patients as compared to healthy subjects. The IgG fractional catabolic rate was found
to increase while the IgG survival half-life was shortened. No such increase in clearance was observed for
IgM and albumin. The hypercatabolism could not be explained by the presence of inflammation or by
corticosteroid therapy. Also, there was no correlation found between IgG catabolism and antinuclear
antibody titer. The hypercatabolism could not be explained by factors previously known to alter IgG
metabolism (13, 14).

SLE includes a variety of disease entities that affect virtually every organ system of the body. It is a
multifaceted disease, where patients develop a myriad of comorbidities. (15). As the disease progresses,
SLE patients frequently develop pathological conditions including osteoporosis, lupus nephritis, protein
losing enteropathy (PLE), cardiovascular disease, stroke, and infections (16). The co-morbidities may
have multiple ramifications including, potentially, effects on IgG clearance. For example, 66% of SLE
patients develop lupus nephritis, which leads to significant proteinuria (17). Thus, it is possible that the
observed increase in IgG clearance in SLE is due to increased renal filtration and catabolism of plasma
proteins, including IgG. Alternatively, it is possible that increased IgG clearance in SLE is explained by
PLE, which is characterized by a loss of gastrointestinal integrity due to mucosal disruption and gut wall
ulceration that increases leading to severe transmucosal protein loss (18). Further, SLE is associated with
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elevated serum IgG concentrations (19). Increase in serum IgG concentration may cause increased
competition with endogenous IgG (20). Due to the capacity-limitations in FcRn-mediated protection of
IgG from catabolism, it is well appreciated that IgG clearance increases with serum concentrations of IgG
(21). As such, it is plausible that the observed increase in IgG clearance in SLE may be explained by
increased saturation of FcRn. Lastly, in vitro studies have shown that increase in concentrations of
inflammatory cytokines (e.g., INFɣ) can lead to decreases in FcRn expression (22). It is possible that
increased IgG clearance in SLE relates to decreased FcRn expression and / or function.

Preclinical investigations in a relevant animal models may allow an examination of the influence of
disease on IgG elimination, potentially assisting in the identification of key mechanisms and “disease
biomarkers” that explain inter-individual variability in mAb PK. For example, prior studies conducted in
Balthasar laboratory have investigated the influence of diabetic nephropathy (23) and protein losing
enteropathy (24) on mAb clearance. In a notable preclinical investigation, Zhou et al. (25) reported a
greater than three-fold increase in IgG clearance in mouse models of SLE. The authors concluded that the
abbreviated IgG half-life could not be explained by the concentration-catabolism relation (i.e., saturation
in FcRn transport), and suggested that increases in IgG elimination in SLE were most likely explained by
decreases in FcRn expression or function; however, direct measures were not made (25).

The objectives of this work were: (a) to evaluate the mAb pharmacokinetics in SLE mice, (b) to examine
the effect of SLE on endogenous (mouse) IgG concentrations in plasma, protein loss in the gut, protein
loss in the urine, and the expression of FcRn in selected tissues, and (c) to apply a physiologically-based
pharmacokinetic model and to investigate the competing mechanisms of mAb elimination in SLE mice.
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MATERIALS AND METHODS
Animal Model for Systemic Lupus Erythematosus
MRL/MpJ-Faslpr/J male mice (4-5 weeks of age) were ordered from Jackson Laboratories (Bar Harbor,
ME). These mice, which have an average lifespan of 22 weeks, are homozygous for the
lymphoproliferation spontaneous mutation (Faslpr), and show systemic autoimmunity along with massive
lymphadenopathy associated with proliferation of aberrant T cells (26). This strain is commonly employed
as a model for SLE. The mice develop the disease over a period of time, starting from the age of ~12
weeks, with full development of the disease by the age of 19 weeks. Prior to 12 weeks, the mice do not
exhibit any physiological changes associated with SLE. Hence, the 9 week old mice may be used as a
control, and 19 week old mice may be used as a model of SLE. The mice were housed in individual cages
under sterile conditions with a standard light/dark cycle (12 h light/12 h dark), and they were allowed ad
libitum access to autoclaved animal chow and water. All animal experiments were conducted under the
approval of the Institutional Animal Care and Use Committee of the State University of New York at
Buffalo.

Antibody
8C2, an anti-topotecan IgG1 was selected as a prototypical mAb for this investigation. The antibody was
previously developed in Balthasar laboratory using hybridoma technology. The mAb was produced by
growing the hybridoma cells in serum free media in 1 L spinner flasks, as previously described (23). The
media was harvested two-three times a week followed by centrifugation at 13000 g to remove cell debris
(centrifuge: Beckman Coulter, Avanti J125 I model). Antibody was then purified from the supernatant by
protein G chromatography (Amersham Biosciences, Uppsala, Sweden) by using a medium pressure
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chromatography system (Bio-Rad, Hercules, CA). Approximately, 30-35mg of 8C2 antibody was purified
from each liter of cell culture supernatant.

Assessment of protein loss in urine and feces
One day prior to dosing MRL mice with 8C2 antibody, urine and feces were collected, over 24 h, from
mice housed in metabolic cages. Urine and feces samples were assayed to determine the rates of excretion
of urinary albumin and fecal alpha-1 antitrypsin (A1AT).

For assessment of the A1AT excretion rate, 10 fecal pellets were added to 1500uL of PBS, and incubated
for 5 min at room temperature. Following incubation, the pellets were then broken down and suspended
with use of a pipet tip. The fecal suspension was centrifuged at 15000 g for 20 min (27). Supernatants
were diluted by a factor of 1:500 and the A1AT excretion rate was determined using a commercial ELISA
kit (Immunology Consultants Laboratory Inc., Chicago,IL) following manufacturer’s instructions (28).

Urinary albumin excretion (UAE) rate was determined by measuring the urine albumin concentration and
volume of urine collected over 24 h. Urinary albumin concentration was quantified with a commercially
available indirect competitive ELISA kit (Exocell Inc., Philadelphia, PA), following the manufacturer’s
instructions (29).

Assessment of Endogenous Immunoglobulin Concentrations in SLE mice
Blood samples were collected from each mouse (via retro orbital site) prior to 8C2 mAb dosing.
Endogenous IgG concentrations was determined using a commercially available IgG mouse ELISA kit
(Abcam, MA), following manufacturer’s instructions (30).
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Study design
In the control arm, 10 MRL mice of 9 weeks of age were dosed 18 mg/kg of 8C2 antibody via the penile
vein. Blood samples were collected from each mouse at 3 h, 8 h, and at 1, 3, 7, 10, and 14 days after
injection. Blood samples were obtained via retro-orbital and sub-mandibular sites. In the diseased study
arm, 10 mice of 19 weeks of age were dosed 18 mg/kg of 8C2 antibody via penile vein injections. Blood
samples were collected for the same time points used for the control arm. Plasma was separated from the
blood by centrifuging blood for 10 min at 1800g and stored at – 20 °C. On the last day of the study, muscle,
skin, liver, kidney, lungs, heart and GI tissues were collected. All organs were snap frozen with liquid
nitrogen, and then stored at -80 °C prior to further analysis.

Enzyme-Linked Immunosorbent Assay for 8C2 mAb
8C2 plasma concentrations were determined with an antigen specific Enzyme-Linked Immunosorbent
Assay (ELISA). Briefly, a cationized bovine serum albumin-topetecan conjugate (cBSA-top) was
synthesized using a carbodiimide catalyzed amide bond reaction (Mannich reaction). The cBSA-topotecan
conjugate was dissolved in 0.05 M MES, and 96 well plates (Nunc Maxisorp model # 62409–002,VWR,
Bridgeport, NJ) were coated with the conjugate, at a concentration of 2 μg/ml, at 4°C overnight (250 μl/
well). The plates were washed with PB-Tween (0.1%Tween in 0.02 M Na 2HPO4) three times, followed
by three washes of double distilled water. All QCs were prepared in 100% plasma and were treated in a
manner identical to the treatment of unknown samples. QCs were stored at -20 °C prior to use. Standards
were prepared prior to each ELISA run. For analysis, working standards, samples, and QCs were diluted
100 fold with PBS, such that final solution had 1% plasma (v/v). The range of the ELISA (corrected for
1:100 plasma dilution with PBS) was 0 to 160 µg/mL, with three quality control samples (QCs) of low,
medium and high values (10µg/mL, 60µg/mL and 120µg/mL). Plates were then incubated with standards,
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QCs and samples in triplicate (250 μl) for 2 h at room temperature. At the end of incubation, the plates
were washed and then incubated with 250 μl of goat anti-mouse-Fab alkaline phosphatase conjugate
(Sigma, Cat #A1682, St. Louis, MO) for 1 h at room temperature (1:500 dilution of the conjugate with
PB-Tween with 30% BSA). After washing, p-nitro phenyl phosphate solution (Pierce, Rockford, IL), 4
mg/ml in diethanolamine buffer, pH 9.8, was added to each well (250 μl/well). The change in absorbance
at 405 nm with respect to time (dA/dt) was measured (Spectra Max 340, Molecular Devices, Sunnyvale,
CA), and standard curves were obtained by fitting the rate of absorbance change (i.e., dA/dt) vs. 8C2
concentration, using a four parameter equation (23, 31). The lower limit of quantification of the assay is
10 µg/mL.

Quantification of FcRn protein in murine tissues
Total Protein Extraction
FcRn protein extraction from mouse tissue was achieved using a glass tissue homogenizer. Briefly,
approximately 20 mg of tissue sample was weighed and homogenized with 1000µL of RIPA extraction
and lysis buffer (Thermo scientific, Rockford IL) and incubated at 4 °C for 1 h. For standards, recombinant
mFcRn protein (R&D Systems, Minneapolis MA) was spiked into hFcRn transgenic mouse tissue
homogenates to produce 6 standards with concentrations of 0.075 ng/µL, 0.1 ng/µL, 0.15 ng/µL, 0.3
ng/µL, 0.5 ng/µL and 0.75 ng/µL. (Note: tissues from hFcRn transgenic mice were used as this strain has
been genetically modified to “knockout” expression of mFcRn; as such, the transgenic mice do not express
mFcRn, which would complicate efforts to develop quantitative assays for tissue concentrations of
mFcRn). QCs were prepared by spiking recombinant mFcRn protein (R&D Systems, Minneapolis MN)
into approximately 20 mg transgenic mouse tissue along with 1000 µL of RIPA buffer. Tissues were then
homogenized and processed like samples. After incubation, both QCs and samples were centrifuged at

85

15000g for 20 min and the supernatant was collected. Final QC mFcRn concentrations used were 0.1
ng/µL, 0.2 ng/µL and 0.4 ng/µL. Protein concentration was determined in unknown samples using the
Bradford method, with standard curves constructed using BSA (U.S Biological, Massachusetts MA).

Quantitative western blot analysis for FcRn protein
The samples, standards and QCs were prepared with 5x Laemmli Buffer (reducing condition), with use of
PBS for dilution, when necessary. Prepared unknown samples, standards, and QCs were heated in a water
bath at 90-100 °C for 10 min. Unknown samples, standards and QCs were centrifuged and then vortexed
before loading. 20 µL of each standard was loaded onto 8% Tris-HEPES gel (Thermo Scientific, Waltham
MA) to obtain a total mass of loaded recombinant mFcRn protein of 1.5 ng, 2 ng, 3 ng, 6 ng, 10 ng and
15 ng. 20 µL of QC solutions were loaded onto the gel to obtain a total mass of loaded recombinant hFcRn
protein of 2, 4 and 8 ng. Predetermined unknown sample protein (usually ranging from 2 to 12 μg of total
protein) were loading onto 8% Tris-HEPES gel (Thermo Scientific, Waltham MA) in Tris-HEPES SDS
running buffer. Loaded proteins were separated at 100V for 50 min. Separated proteins were transferred
onto PVDF membranes (Bio-Rad Laboratories Inc., Hercules, CA) at 40V for 90 min in Tris-Glycine
buffer containing 20% methanol. The membrane was blocked with TBS containing 5% non-fat milk
(blocking solution) for 60 min at room temperature or overnight at 4 °C. The membranes were then washed
with TBST (TBS with 0.1% tween 20) for 10 min and probed with 20 µL of mouse anti-mFcRn antibody
(polyclonal goat IgG) at concentration of 0.2 μg/µL in 2mL blocking solution for overnight at 4 °C.
Vinculin was used as the loading control. Vinculin was quantified with use of 0.15µL of anti-vinculin
antibody (Abcam, Cambridge MA) in 4 mL of blocking solution. The membrane was then washed 4 times
with TBST at room temperature for 10 min (each), and probed with 4µL donkey anti-goat IgG HRP
conjugated antibody (Milipore, Billerica, MA), in 4mL blocking solution, at room temperature for 90 min.
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The loading control was probed using donkey anti-rabbit IgG antibody HRP conjugate (Milipore,
Billerica, MA). The lane marker was detected by adding 0.1 µL of precision protein™ strepTactin- HRP
conjugate (Bio-rad Hercules, CA) to both the above secondary antibody solutions. The membrane was
washed 4 times with TBST at room temperature for 5 min (each), and then visualized with 3 mL of Pierce
ECL Western Blot substrate (Thermo Scientific, Waltham MA) on ChemiDoc XRS+ system (Bio-Rad
Laboratories Inc., Hercules, CA). Quality control sample recovery was analyzed, and the amount of
mFcRn in the unknown samples was calculated based on the constructed standard curve. The samples
were then normalized based on the loading control. FcRn concentrations were then determined, based on
the weight of tissue (fmol/mg of tissue) and assuming a density of 1g/mol

Data Analysis
Student’s t-tests were performed to test the statistical significance of differences in clearance, UAE rate
and A1AT excretion rate, between diseased (19 weeks old) and control (9 weeks old) mice. 8C2
pharmacokinetic data were analyzed by standard non-compartmental analysis in Phoenix WinNonlin 6.1.
(Pharsight, Mountain View, CA). Grubbs’ test was used to detect outliers in the UAE rate assay. Statistical
significance for Student t-test and Grubbs’ test was set at a threshold of P<0.05.

Model fitting
The catenary PBPK (Fig. 1A and B) developed by Chen and Balthasar (32) was employed to test
competing hypotheses and develop covariate relationship. Among the key features of the model is the
incorporation of the time course of FcRn binding and endosomal transit. The model assumes use of fixed
pH conditions (7.4 to 6) within the endosomes and fixed transit time in all sub-compartments. Fig. 1B
represents intra-tissue compartments where Q and L are the plasma and lymph flow rates. The vascular
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and lymphatic reflection coefficients are represented by σV and σL. CLuptake is the uptake rate of IgG
into the endosomal space. FR is the fraction of FcRn-bound antibody that is recycled to the vascular space.
kel is the clearance of unbound IgG from the last endosomal sub-compartment. τ (tau) is the transit time
associated with each endosomal sub-compartment. kon and koff are the association and dissociation rate
constants at different pH conditions. The model was used to develop meaningful relationship between
mAb clearance and the experimentally determined covariates.
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RESULTS
8C2 Pharmacokinetics in mouse model of SLE
The model IgG1 mAb, 8C2, at a dose of 18 mg/kg, displayed lower exposures in 19 week old
MRL/MpJFaslpr/J diseased mice as compared to 9 week old MRL/MpJ-Faslpr/J control mice (mean
concentration vs time profiles: Fig. 2). 8C2 plasma concentrations in diseased mice were associated with
substantial inter-animal variability, particularly at late time points in this study (7 d, 10 d, and 14 d). This
observation may be reflecting inter-individual differences in disease progression. Of note, we found that
~50% of MRL mice died by 19 weeks of age, indicating the significance of disease sequella in these mice.
The individual non-compartmental analysis (Table I and II) showed a clearance range of 1.5 to 4.18
mL/day/kg for the control mice and clearance range of 1.96 to 9.27 mL/day/kg for the diseased mice. The
clearance observed in diseased mice was found to be significantly greater than the clearance observed in
the control mice (Student’s t-test; p value<0.05). The average clearance of the diseased mice (6.73
L/day/kg) was twice of that of the control (3.70 L/day/kg) (Table III). Corresponding decreases in the
areas under the concentration-time curve (AUC) were also observed in the diseased mice as compared to
control (AUC0 to inf 4.92 x 103 vs. 2.71 x 103 µg/mL day). The volume of distribution at steady-state (Vss)
estimates were similar for the diseased and control groups (86.5 and 73.3 mL/kg respectively). The halflife of 8C2 decreased by 1.48-fold in diseased mice compared to the control (9.48 vs. 14.1 days).

Alpha-1 Antitrypsin Excretion Rate of SLE Mice
A1AT excretion rate was determined for MRL mice, between 9 to 19 weeks of age, to assess the possibility
that increased 8C2 elimination may be explained by increased protein loss in the gastrointestinal tract
(e.g., protein losing enteropathy) (Fig. 3). It was found that the excretion rate remained fairly constant
throughout this time period. The fecal A1AT excretion rate of 190 ± 61.9 µg/day observed for control
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mice at 9 weeks old was not significantly different from the A1AT excretion rate of 150 ± 74.6 µg/day
observed in diseased mice at 19 week of age (Fig. 4). As such, increased 8C2 elimination in the SLE
mouse model is unlikely to be related to increased protein excretion in the gut.

Urinary Albumin Excretion Rate of SLE Mice
Urinary albumin excretion rate was estimated in MRL mice, at 9 weeks of age (control) and 19 weeks of
age (diseased), to evaluate whether increases in 8C2 elimination may be explained by increased protein
excretion in the urine. UAE rates observed in diseased mice were ten-fold higher than the UAE rate
observed in control mice (236.5 ± 219.7 µg/day vs. 20.9 ± 18.0 µg/day, Fig. 5). The diseased mice had
considerable variability in the UAE rate (range 45.4 to 572.1 µg/day). Given our prior work with mouse
models of diabetic nephropathy, which demonstrated a significant correlation between UAE and systemic
clearance of 8C2, it is possible that increases in 8C2 elimination in the SLE mouse model are wholly, or
partly, explained by increases in UAE.

Endogenous IgG concentrations in SLE mice
As shown in Fig.6., the endogenous IgG concentration observed in diseased mice was ~5.5 fold higher
than in control mice (43.4 ± 14.3 mg/mL, 19 weeks old, n=8 vs. 7.82 ± 2.73 mg/mL, 9 week old, n=10).
The difference was found to be significant (Student’s t-test; p value<0.05).

FcRn Tissue Expression of SLE mice
Western Blot analyses were performed on muscle and liver tissues of control and diseased mice (Fig. 7 to
11 and Table IV to VIII) to quantify FcRn protein expression, to explore the hypothesis that increased
elimination of 8C2 in SLE is due to decreases in FcRn protein expression. No significant differences were
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found between the FcRn protein concentrations between diseased and control mice, in both muscle (59.8
± 17.2 vs 59.6 ± 20.6 nM, Student’s-t test, p>0.05) and liver tissues (468 ± 159 vs 388 ± 99 nM, Student’st test, p>0.05) as shown in Table IX and Fig. 12A-B. As such, increased 8C2 elimination in the SLE
model is unlikely to be related to decreases in FcRn expression.

Model Fitting
To further explore the possible role of increased UAE and increased endogenous IgG concentrations as
determinants of increased 8C2 elimination, simulations were performed using the catenary PBPK model
of IgG disposition (32). Briefly, to account for the influence of renal dysfunction on antibody clearance,
the following function, which was developed in prior investigations in control mice and in a mouse model
of diabetic nephropathy (23), was added to the catenary PBPK model:
𝐶𝐿𝑟 = 𝑈𝐴𝐸𝑠𝑙𝑜𝑝𝑒 (

𝑈𝐴𝐸𝑖𝑛𝑑
− 1)
𝑈𝐴𝐸ℎ𝑒𝑎𝑙𝑡ℎ𝑦

In this clearance function, CLr represents renal elimination of mAb in animals. UAEind represents the
measured urinary albumin excretion rate in an animal and UAE healthy represents the average urinary
albumin excretion rate measured in control mice in diabetic nephropathic mice (23). Finally, UAEslope
represents the change in CLR associated with a unit change in the ratio of UAE ind/UAEhealthy. Parameters
were estimated by fitting the relationship between urinary albumin excretion rate (UAE) and antibody
clearance, using data collected in our prior investigations of the influence of diabetic nephropathy on
antibody pharmacokinetics (23). Model fitting is shown in Fig. 13, and model parameters are shown in
Table X. The revised PBPK model was used to simulate 8C2 pharmacokinetics in control mice and in
SLE mice, based on the observed increases in UAE in diseased mice, observed increases in endogenous
IgG in diseased mice, and based on the combined effects of increases in UAE and endogenous IgG in
diseased mice (Fig. 14.). Simulations with the revised PBPK model predict decreases in plasma area under
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the curve AUC0-14 days, relative to control, of 48% based on the observed mean increase in UAE, of 2.55%
based on the increase in endogenous IgG observed in SLE mice, and the model predicts a 48.8% decrease
in AUC0-14

days

due to the combined influence of increased UAE and increased endogenous IgG

concentrations (Fig. 14.). These model predictions agree well with the experimentally observed decreases
in AUC0-14 days (28%) and AUC0- inf (45%) (Fig. 14.).
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DISCUSSION
The majority of SLE patients are refractory to conventional therapies, and SLE has the highest mortality
rate among autoimmune diseases (33). Multifaceted treatment approaches may allow improved
management of the disease. Since the approval of belimumab in 2011, targeted therapy using mAbs
against distinct pathways including T-B cell interaction, cytokine signaling, and the complement system
have been pursued (10). Although interest in the use of mAb for SLE is increasing, there is some
uncertainty about the impact of the disease and associated comorbidities on mAb pharmacokinetics.
Clinical and preclinical studies (13, 14, 25) conducted with SLE patients and SLE animal models have
reported hypercatabolism of IgG with increased IgG clearance and decreased IgG plasma half-life. In this
work, we investigated the pharmacokinetics of a prototypical IgG1 mAb, 8C2, and evaluated the
relationships between 8C2 clearance and mechanistic or physiological perturbations that may be
associated with SLE.

Murine models of SLE have contributed significantly to the understanding of the pathological and genetic
characteristics of SLE as well to the evaluation of novel therapeutics (34, 35). The murine model selected
for this study, MRL/MpJFaslpr/J, is a classic spontaneous model, where a disease condition develops over
a period of time that resembles human SLE. The lpr mutation in the chromosome 19 leads to loss of
function of the Fas receptor, which mediates B and T cell apoptosis (36). In the absence of fas-fas ligand
interaction, unchecked proliferation of B and T lymphocytes occurs, leading to the expansion of doublenegative CD4- CD8- CD3+ B220+ T cell population (34, 36), accelerating autoimmunity. This congenic
mouse model recapitulates many of the features of SLE genetics and most of the distinct protean
manifestations that are seen in human SLE patients (35, 37-40).
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Most SLE patients suffer from incomplete management of disease and numerous highly variable organspecific manifestations. The Food and Drug Administration (FDA) guidance for development of medical
products for the treatment of SLE recommends identification of suitable biomarkers that reflect disease
activity to facilitate the selection of effective dosing regimens (41). In our approach to evaluate various
pathways of mAb elimination, we chose protein biomarkers that are sensitive, easily measurable, and
translatable across species. For protein loss in feces, earlier work using a mouse model of PLE has shown
that 8C2 plasma clearance was highly correlated with A1AT fecal clearance (R 2=0.94, p<0.0001) (24).
Also, in the clinic, PLE diagnosis is based on the determination of A1AT fecal clearance (42). Similarly
for protein loss in urine, prior work using a mouse model of diabetic nephropathy has shown that UAE is
strongly and positively correlated with 8C2 clearance (R 2=0.731). In SLE patients, microalbuminuria is
considered as a sensitive measure of lupus nephritis. Additionally, microalbuminuria is considered to be
a reliable forecaster for renal flares in SLE patients (43).

In this study, a significant increase in the clearance of 8C2 was observed in the murine model of systemic
lupus erythematosus (SLE). Relative to values observed in the control group, mean 8C2 clearance
increased by 82% and mean AUC0- inf decreased by 45% in the diseased group. Some of mice in the
diseased group developed dermatitis and by the 19 week, and 50% of the mice died. Consistent with
previous preclinical (25) and clinical studies (13, 14), an overall decrease in the half-life of the
administered IgG mAb was observed. Zhou et al. found a 3-fold decrease in the half-life of IgG in MRL/lpr
mice (25), while in this study, a more modest decrease of 1.48-fold in 8C2 mAb half-life was observed.
The clinical studies conducted by Wochner et al. (13) and Levy et al. (14) reported that the survival halflife of I125 labelled IgG was decreased by 1.54 and 2.19-fold respectively in SLE patients.
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PLE, as a co-morbidity in gastric cancer, has been implicated in the faster clearance and lower systemic
exposure of mAbs like trastuzumab (44), bevacizumab (45) and pertuzumab (46). In severe ulcerative
colitis, which is also associated with PLE, fecal loss of infliximab was detected in 66% of the evaluated
patients, and the loss observed correlated with a lack of clinical response (47). Given these prior reports,
we evaluated whether PLE, which has associated with SLE, contributes to the observed increase in 8C2
clearance in the MRL/MpJ-Faslpr/J mouse model. However, no change in A1AT from age 9 to 19 weeks
was observed, indicating that PLE is unlikely to be an important mediator of increased mAb clearance in
this model.

FcRn plays a critical role in salvaging IgG from lysosomal degradation and FcRn, which is comprised of
an α-chain (heavy chain) and β2-microglobulin (light chain), is a primary determinant of mAb elimination.
Individuals inheriting a mutation in the β2-m gene sequence develop hypercatabolic hypoproteinemia with
severely reduced serum concentrations of IgG and albumin (48). β2-microglobulin deficient mice exhibit
unusually short half-lives for IgG (49, 50) and decreased protection of IgG from catabolism (51, 52).
Similar results were obtained for FcRn α-chain knockout mice (53). The expression of FcRn in SLE animal
models and/or patients has not been thoroughly evaluated. In prior work, we have found a linear
relationship exists between FcRn expression and mAb clearance (Li and Balthasar, unpublished), and we
have observed associations between inflammatory cytokine (TNFα and IFNɣ) concentrations in plasma
and FcRn protein expression in tissues (Li and Balthasar, unpublished). Given the nature of the SLE
condition, and the possibility of altered cytokine concentrations and FcRn expression, selected tissues
were obtained from MRL/MpJ-Faslpr/J mice to determine whether increased mAb elimination may be
explained by decreased FcRn protein expression in this SLE model. No significant changes in FcRn
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expression were observed between control and diseased mice (Fig. 7-12). As such, decreased FcRn
expression is unlikely to explain the increase in 8C2 clearance observed in diseased mice.

A 5.5-fold increase in endogenous IgG concentration was observed in diseased mice compared to control
mice. In 1969 Waldmann et al. described the relationship between serum IgG concentrations and IgG
survival half-life, showing that increases in serum IgG concentration leads to decreases in survival halflife (and to increases in IgG clearance) (54); this finding is now known to relate to capacity limitations in
FcRn transport and in the salvage of IgG from intracellular catabolism. We hypothesize that increases in
endogenous IgG concentrations in SLE may increase the degree of saturation of FcRn, thus leading to an
increase the clearance of IgG mAb. This hypothesis was evaluated with the use of mathematical modeling
(described below).

Elimination of IgG via the renal pathway is generally considered to be inconsequential to mAb clearance.
However, renal dysfunction associated with disorders like diabetic nephropathy (DN) has shown to lead
to a dramatic increase in IgG, presumably mediated by increased glomerular filtration and increased, but
incomplete, cellular reabsorption and catabolism. For example, in Pima Indians with type II diabetes, a
3.67 and 80 fold increase in urinary IgG to creatinine ratios were observed in patients exhibiting
microalbuminuria and macroalbuminuria, respectively (55). Ustekinumab clearance is increased by more
than 20% in plaque psoriasis patients having diabetes as compared to non-diabetic psoriasis patients (56).
Substantial proteinuria is commonly observed within 5 years of SLE diagnosis (57), as a result of lupus
nephritis, which is initiated by the renal deposition of immune complexes. The immune complexes trigger
complement activation, precipitating glomerular and tubulointerstitial inflammation that leads
glomerulosclerosis, tubular atrophy, and fibrosis. Of note, 66% of SLE patients develop lupus nephritis
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(17), and the clinical significance of lupus nephritis on mAb pharmacokinetics has not been thoroughly
investigated. Patients with lupus nephritis exhibit proteinuria between 6 to 30 g/day (58). In this study, a
11.3-fold increase in UAE excretion rate was observed in diseased mice as compared to control mice.
Based on these results, we hypothesize that a primary mechanism responsible for increased mAb
elimination in SLE is increased renal clearance due to lupus nephritis.

To evaluate the quantitative significance of the increases in UAE and endogenous IgG observed in this
model of SLE, a modified version of our catenary PBPK model of antibody disposition was developed,
which utilizes a simple function to account for increased mAb elimination from plasma with increasing
UAE. Simulations with the new model suggest that most of the observed increase in 8C2 clearance may
be explained by lupus nephritis (i.e., increases in UAE). The mean value of UAE and endogenous IgG in
the SLE mice is predicted to lead to a 2.4-fold increase in mAb clearance. Increases in endogenous IgG
concentrations were also predicted to increase mAb clearance, albeit to a relatively minor degree (i.e.,
increasing clearance by ~4.31%). The increase in UAE alone is predicted by simulation to increase
clearance by 2.36 fold, which exceeded the mean increase in clearance observed in this study (1.82-fold).
Based on these simulation results, we hypothesize that the primary mechanism responsible for increased
mAb elimination in this SLE model is increased renal clearance due to lupus nephritis.
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CONCLUSION
In this study, the influence of SLE on mAb pharmacokinetics was evaluated. 8C2 clearance was 81.8%
higher in diseased mice (19 weeks old) compared to control mice (9 weeks old). A1AT excretion rate did
not change in mice during ages between 9 to 19 weeks. There was no difference between the A1AT
excretion rate between control (9 weeks old) and diseased (19 weeks old) mice. FcRn concentrations in
muscle and liver tissue were similar between control and diseased mice. Loss of mAb in feces or changes
in FcRn expression are unlikely to explain increase in mAb clearance observed in diseased mice. UAE
excretion rate was 11.3-fold higher in diseased mice as compared to control mice. Endogenous IgG
concentration was 5.5-fold higher in diseased mice as compared to control. Simulations using a PBPK
model suggest that the observed increase in mAb clearance is largely explained by increased renal
clearance (i.e., presumably mediated by increased glomerular filtration and subsequent renal catabolism)
with a minor contribution mediated by increases in endogenous IgG concentrations (due to decreased
efficiency of FcRn transport).
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TABLES
Table I Summary for plasma pharmacokinetic parameters from individual plasma concentration-time profile
estimated by non-compartmental analysis in control mice
Mouse
Plasma Clearance CLp
AUC0 to inf
AUC0 to 14
Vss
Number
(mL/day/kg)
(µg/mL x day)
(µg/mL x day)
(mL/kg)
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10

3.97
4.18
3.72
2.70
4.01
3.35
3.67
3.89
3.61
1.50

4.58 x 103
4.17 x 103
4.90 x 103
6.77 x 103
4.56 x 103
5.45 x 103
4.97 x 103
4.69 x 103
5.06 x 103
12.1 x 103
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2.80 x 103
2.14 x 103
3.0 x 103
2.60 x 103
2.85 x 103
2.45 x 103
1.90 x 103
2.16 x 103
2.40 x 103
2.40 x 103

56.7
82.8
54.9
74.6
54.7
76.7
113.1
88.2
75.9
111.5

Table II Summary for plasma pharmacokinetic parameters from individual plasma concentration-time profile
estimated by non-compartmental analysis in MRL disease group (19 weeks old mice)
Mouse
Plasma Clearance CLp
AUC0 to inf
AUC0 to 14
Vss
Number
(mL/day/kg)
(µg/mL x day)
(µg/mL x day)
(mL/kg)
D1
D2
D5
D7
D8

2.65 x 103
3.01 x 103
3.48 x 103
9.32 x 103
1.97 x 103

6.88
6.06
5.25
1.96
9.27

100

1.26 x 103
3

1.69 x 10
2.94 x 103
1.62 x 103
1.40 x 103

176
97.3
43.8
193
101

Table III Summary for plasma pharmacokinetic parameters from averaged plasma concentration-time profile
estimated by non-compartmental analysis
Plasma Clearance
AUC0 to inf
AUC0 to 14
Vss
Half-life
CLp
(µg/mL x day)
(µg/mL x day)
(mL/kg)
t1/2
(mL/day/kg)
(1/day)
Control MRL mice
2.46 x 103
73.3
14.1
3.70
4.92 x 103
Diseased MRL mice

6.73

2.71 x 103
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1.79 x 103

86.5

9.48

Table IV Estimated recovery of quality control samples in western blot analyses of muscle tissues of control
MRL/MpJ-Faslpr/J mice (9 weeks old, n=5)
mFcrn QC estimated from
Spiked mFcRn QC (fmol)
standard curve (fmol)
% Recovered
3.0
3.45
6.2
4.96
81.5-111%
12.4
10.09
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Table V Estimated recovery of quality control samples in western blot analyses of muscle tissues of diseased
MRL/MpJ-Faslpr/J mice (19 weeks old, n=5)
mFcRn QC (fmol)

mFcrn QC estimated from
standard curve (fmol)

3.0
6.2
12.4

3.16
5.41
9.96

103

% Recovered
80.4-102%

Table VI Estimated recovery of quality control samples in western blot analyses of liver tissues of control
MRL/MpJ-Faslpr/J mice (M1 to M5, 9 weeks old, n=5)
mFcRn QC (fmol)

mFcrn QC estimated from
standard curve (fmol)

3.0
6.2
12.4

3.37
5.71
10.5

104

% Recovered
85-107.7%

Table VII Estimated recovery of quality control samples in western blot analyses of liver tissues of control
MRL/MpJ-Faslpr/J mice (M6 to M10, 9 weeks old, n=5)
mFcRn QC (fmol)

mFcRn QC estimated from
standard curve (fmol)

3.0
6.2
12.4

3.09
5.33
13.5

105

% Recovered
86-109%

Table VIII Estimated recovery of quality control samples in western blot analyses of liver tissues of diseased
MRL/MpJ-Faslpr/J mice (19 weeks old, n=5)
mFcRn QC (fmol)

mFcRn QC estimated from standard
curve (fmol)

3.0
6.2
12.4

2.48
5.15
10.72

106

% Recovered
80-86.6%

Table IX. Total FcRn concentration in liver and muscle tissue of MRL/MpJ-Faslpr/J mice
Tissue FcRn concentration nM (SD)
Tissue FcRn concentration nM(SD)
in control MRL mice
in diseased MRL mice
Tissue
9 weeks old (n=10)
19 weeks old (n=5)
Muscle
59.8(17.2)
59.6 (20.6)
Liver
468 (159)
388 (99)
The table contains total FcRn concentration (SD-standard deviation) in liver and muscle tissues determined from
the western blot analysis from both control (9 weeks old MRL mice) and diseased mice (19 weeks old MRL mice)
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Table X. Parameter estimates generated by fitting of the relationship between 8C2 mAb clearance
and Urinary albumin excretion rate
Parameter

Estimate (CV%)

UAEhealthy (µg/day)

25.7 (FIXED)

UAEslope (mL/d/kg)

0.0498 (28.6)
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Fig.13. Model fitting of urinary albumin excretion rate (UAE) and 8C2 mAb clearance relationship. A model
fitting was conducted using the catenary PBPK model based on the 8C2 plasma pharmacokinetics data from the
prior work done on the influence of diabetic nephropathy on mAb pharmacokinetics (23) and parameters were
estimated for the relationship:
𝐶𝐿𝑟 = 𝑈𝐴𝐸𝑠𝑙𝑜𝑝𝑒 (

𝑈𝐴𝐸𝑖𝑛𝑑
− 1)
𝑈𝐴𝐸ℎ𝑒𝑎𝑙𝑡ℎ𝑦

Where UAEind is individual measured UAE, UAEhealthy is healthy mouse UAE (from (23)) and UAE slope is slope
term describing the influence of UAE on renal clearance CLr of mAb (fitted using 8C2 plasma PK data from
(23)).
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CHAPTER THREE

Determinants of mAb Brain Distribution in Mouse Model of Alzheimer’s Disease:
Investigation of Influence of Disease, Antibody Charge,
Glycosylation and Gender
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ABSTRACT
Alzheimer’s disease (AD) is an incurable disabling neurological disorder and is noted as the most common
cause of dementia in the elderly population. AD treatment strategies are palliative in nature and do not
prevent the progression of the disease. Currently, there are no approved monoclonal antibody (mAb) drugs
indicated for AD treatment, and several mAb-based clinical trials have failed in past two decades. The
key determinants influencing mAb brain distribution have not been investigated thoroughly. In this work,
we investigated the effect of mAb molecular charge, mAb glycosylation, AD, and gender on the exposure
of mAb in the brain, using a triple transgenic mouse model of AD and B6129SF2/J control mice. Groups
of mice received IV administration of mAb variants, at a dose of 1 mg/kg, with a range of isoelectric
points (pI 5.6, 6.6, 7.7 and 8.82) and with additional 2N-linked glycosylation sites in the heavy chain (2N5.6G). Additional investigations evaluated the effect of gender. The plasma and brain pharmacokinetics
were not significantly different for mAb differing in pI, of for mAb with or without glycosylation.
Additionally, plasma and brain pharmacokinetics were not significantly different when data collected from
male and female mice were compared. However, the brain to plasma area under the concentration time
curve (AUC) ratios for mAbs with pI 6.6, 7.7 and 8.82 were approximately 2.5, 1.5, and 1.7-fold higher
in diseased mice as compared to control mice (Student’s t test, p<0.05).
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INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that leads to the onset of dementia.
Early signs of AD include a loss of short-term recall, decreased ability to process complex thoughts,
confusion, and personality changes (1). Magnetic resonance imaging in AD patients have shown neuronal
loss initiating in the hippocampus (responsible for memory formation) and spreading to the cerebral
cortex. As the disease progresses, severe shrinkage of the cerebral cortex and the hippocampus with
enlarged ventricles is observed, and patients lose their ability to control speech, conscious thought, and
reasoning (1). In the year 2017, the Alzheimer’s association has reported an estimated 5.5 million
Americans have AD, including 5.3 million people age 65 and older, and 200,000 individuals under age of
65. Alzheimer’s related dementia is considered the costliest disease in the US; in 2017 alone, an estimated
$259 million was spent on management of AD. By 2050, it is projected that 13.8 million people (65 and
older) will have AD (2).

AD can been defined as a “dual clinicopathological entity” that involves loss of cognitive functions
accompanied by specific neuropathological changes (3). Disposition of neuritic amyloid plaques,
neurofibrillary tangles, synaptic loss, granulovacuolar degeneration, amyloid angiopathy and reactive
gliosis are the invariant pathological changes observed in AD (4, 5). The severity of dementia in AD has
been correlated with the progressing deposition of amyloid plaque and the formation of neurofibrillary
tangles (5, 6). AD is multifactorial disease and its etiology is widely debated (7). Drug development in
AD is has been remarkably challenging and no new drugs approved since 2004 (6) . Approximately, 411
clinical trials have failed in the past 20 years. Among the major disease areas including cancer and
autoimmune diseases, AD clinical trials have had the highest failure rate ( ̴ 99.6%) (8). Currently, only
five drugs, all of which are small molecule compounds, are approved by the US Food and Drug
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Administration (FDA) for the treatment of AD symptoms. Therapeutic proteins like monoclonal
antibodies (mAbs) have been pursued for treatment of Alzheimer’s, primarily against targets like amyloid
plaque beta (Aβ) (9) and beta secretase (10). However, mAbs clinical trials has been fraught with failure
and inconclusive results (9). Among anti-Aβ mAbs evaluated in the clinic, bapineuzumab, solanzumab,
ponezumab failed to meet efficacy endpoints, while ganternerumab, crenezumab, BAN2401, and
aducanumab are under current clinical evaluation (9). A total of 16 mAbs are undergoing clinical
evaluation within 31 different trials for AD (11). The influence of brain disease, particularly AD, on mAb
pharmacokinetics in vivo is not well understood, and the mechanistic determinants of mAb brain
distribution have not received much study to date.

In healthy animals, brain exposure of IgG mAb is quite limited, and brain concentrations of antibody are
typically only ~0.2% of blood concentrations (12, 13), suggesting that mAb therapy for central nervous
system (CNS) disease may not be feasible. However, it is likely that inflammation associated with brain
disease will lead to the recruitment of immune cells, local cytokine release, and to increased porosity of
the brain microvasculature (14). These effects may lead to substantial increases in mAb delivery to the
brain. Additionally, Wuest and Lee recently demonstrated that increasing concentrations of oligomeric
amyloid-β, as seen in AD, led to increased IgG transport in an in vitro blood-brain barrier culture model
(15). We hypothesize that BBB disruption in AD may alter the permeability across the BBB and permit
increased entry of mAb into the brain. Additionally, in AD, the brain is unable to clear aggregated amyloid
plaques and tau protein (16). Decreases in cerebral blood flow and a 50% decrease in cerebrospinal fluid
(CSF) production rate have been reported in AD. A significant decrease in CSF turnover (50% reduction)
(17), along with elevated CSF pressure resulting in hydrocephalus has been observed in some AD patients.
Interstitial fluid bulk flow and CSF sink clear 40% of the protein waste from the brain. Failure to clear
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aggregated amyloid plaque and tau is recognized in AD (17). In concert with the effects of increased
vascular permeability, the effects of decreased CSF production decreased protein clearance further
enhance the brain exposure of mAb in AD.
Various engineering efforts have been undertaken to improve mAb distribution and decrease clearance.
Engineering variable domains to alter the mAb isoelectric point (pI) has been explored as a mean to
improve mAb extravasation and to facilitate tissue distribution. For example, Griffin et al. demonstrated
a 10-fold increase in the uptake of cationized bovine serum albumin (pI 8.5) into the CSF as compared to
the unmodified native albumin (pI 6) (18). Similarly, Partridge et al. showed that cationized antibody had
higher uptake in the brain (19) and other organs (20). Partridge et al. demonstrated rapid in vitro uptake
of cationized anti-amyloid plaque mAb in isolated brain capillaries (as compared to native mAb),
suggesting that cationized mAb may attain higher concentrations in brain as compared to unmodified mAb
in AD (21). It was described that the improved tissue uptake was facilitated via absorptive endocytosis
(22). However, the effect of antibody cationization on mAb brain uptake under AD conditions in vivo
have not been yet investigated.

In this work, our objective was to investigate determinants of mAb brain exposure in a mouse model of
AD. The work investigated the effects of (a) antibody pI, (b) AD, (c) antibody glycosylation, and, (d)
gender on mAb plasma and brain exposure in mouse models.
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MATERIALS AND METHODS
Animal Model for Alzheimer’s disease
The triple transgenic

mouse

model of AD (3x Tg-AD mice, B6;129-Psen1tm1Mpm Tg

(APPSwe,tauP301L)1Lfa/Mmjax) is homozygous for Psen1, APPSwe, and tauP301L mutations. The
mice exhibit plaque, tangle, and tau pathology with synaptic dysfunction; traits similar those found in AD
patients. Synaptic transmission and long-term potentiation are demonstrably impaired in mice of 6 months
of age. The corresponding control strain for this disease model is B6129SF2/J (23, 24). 3xTg-AD mice
were bred in the University at Buffalo Laboratory Animal Facility. Control mice and breeding pairs of
3xTg-AD mice were purchased from Jackson laboratories (Bar Harbor, ME). The procedure for mating,
weaning, and the maintenance of breeding colonies were consistent with the expectations of the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). All the mice were
housed with a standard 12:12 h light:dark cycle with ad libitum access to feed and water. The transgenic
mice were monitored for hydrocephalous, a commonly occurring condition in AD. Mice employed for
mating were not used for the pharmacokinetics study. The control and disease arms of the study were
initiated when the mice turned 8 months old. Two days prior to injection of radio-iodinated antibody, mice
were provided sterile KI-water (0.2g/L within drinking water) to block the thyroidal uptake of free iodine.
All experiments were conducted under the approval of the Institution of Animal Use and Care Committee
(IACUC), State University of New York at Buffalo.

Antibody
Five mAbs were provided to Balthasar laboratory by AbbVie Inc. (North Chicago, IL) for use in this
study. These mAbs were human Ig1/kappa mAb, produced by HEK293-6E cells, with estimated molecular
weights of 145-150 kDa. To evaluate the influence of pI on mAb pharmacokinetics, studies employed
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mAbs with pI values of 5.6, 6.3, 7.7, and 8.82. To evaluate the effect of disease, pI variants were evaluated
in Alzheimer’s mice and corresponding control mice. To evaluate the effect of gender on mAb
pharmacokinetics in Alzheimer’s mice, the mAb with the pI 7.7 was employed. The effect of glycosylation
was evaluated with two variants of the pI 5.6 mAb, including a variant that had additional 2 N-linked
glycosylation sites in the heavy chain (2N-5.6G). The mAbs were tested by AbbVie Inc. for endotoxin
concentration, and were found to have less than 0.18 EU/mg of endotoxin. The mAbs were aliquoted and
stored in -80 °C.

Reagents
Sodium iodide (Na-125I) and 51Cr was purchased from Perkin Elmer Inc. (Waltham, MA). Trichloro acetic
acid (TCA) was obtained from Sigma Life Science (St Louis, MO). Potassium iodide (KI) was purchased
from Fisher Scientific (Pittsburgh, PA). EDTA Disodium purchased from Riccar Chemical Company
(Arlington, TX). Bovine serum albumin (BSA) was purchased from US Biological (Swampscott, MA).
Saline was obtained from Braun Medical Inc. (Irvine, CA). Trypsin-EDTA was purchased from Life
technologies (Grand Island, NY). Sterile Phosphate buffered saline (1x PBS) was obtained from Corning
(Manassas, VA).

Radio-labeling of antibody with Iodine-125 (125I)
125I

labelling of mAb was done using a modified Chloramine-T method (25). 10µL of 125I (1 mCi) and

40µL of antibody (1 mg/ml in PBS) were mixed together, followed by the addition of 20 µL of 1mg/mL
Chloramine-T in phosphate buffer. After 90 s, 25 µL of sodium metabisulfite (2 mg/ml in phosphate
buffer) was added to stop the reaction, followed by the addition of 40µL of 10 mg/ml potassium iodide in
distilled water. The mixture was be gently vortexed and allowed to run through a sephadex G-25M pre-
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packed column. The radiochemical purity of

125I-IgG

peak fraction was determined by thin layer

chromatography, as described previously (26).

Radio-labeling of blood cells with chromium-51 (51Cr)
Residual blood volume in the brain was determined with the use of

51Cr-labeled

red blood cells (27).

Briefly, 1 mL blood was obtained from untreated donor mice. Blood was centrifuged for 5 min at 150 g,
followed by removal of the supernatant. The pellet was then washed three times with saline. 1 ml of 1
mCi Na251CrO4 was added to the reconstituted cell suspension and incubated for 45 min (at 37°C). Free
51Cr

was removed by repeatedly washing with saline, and discarding the supernatant. Radioactivity was

determined by gamma counting (12).

Study design
For all pharmacokinetics studies, a set of 3 mice per time point for 8 time points (1, 3, 8h, and 1, 2, 4, 7,
10 d) were used (i.e., 24 mice/group/mAb). To evaluate the influence of charge and disease, mAbs with
pI 5.6, 6.3, 7.7 and 8.82 were administered. To evaluate the influence of glycosylation, mAbs pI 5.6 and
pI 2N-5.6G were administered to transgenic AD mice. To evaluate the influence of gender in transgenic
AD mice, the pI 7.7 mAb was administered to male and female mice. In all studies, mice were
administered a tracer dose of

125I

labeled antibody (400 µCi/kg) along with the unlabeled antibody (1

mg/kg) and 51Cr labelled RBC (80µCi/kg) via retro-orbital injection.

Collection and assessment of mAb in plasma and tissues
Blood (via cardiac puncture) and brain tissue were collected at the time of sacrifice for 3 mice from each
group at each timepoint. Plasma was separated from blood, and TCA precipitation was carried out as
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previously described (28). The radioactivity in all the samples collected was quantified using gamma
counter (LKB Wallac 1272, Wallac, Turku, Finland). Radioactivity from the plasma and brain tissues was
corrected for background and decay (13). Brain samples were corrected for residual blood as described
previously (12) using the following relation:
Cbrain corrected =

( Cbrain uncorrected x Vbrain uncorrected − Cblood x Vblood residual)
Vbrain corrected

Where, Cbrain uncorrected= Concentration of mAb in brain (g/mL)
Vbrain uncorrected= Volume of the brain (mL)
Cblood= Concentration of mAb in the blood (g/mL)
Vblood residual (mL) =

Cr51 activity in the tissue
Cr51 activity per milliliter of blood

Vbrain corrected (mL) = (Vbrain uncorrected - Vblood residual )

All counts were converted to concentration units (nM) based on specific activity of the dosing solution.
For all calculations, density of blood and tissues was assumed to be 1 g/ml.

Data Analysis
The pharmacokinetics data was analyzed by standard non-compartmental analysis in Phoenix WinNonlin
6.1 (Pharsight, Mountain View, CA). Area under the concentration time curve AUC (0-10d) was calculated
using the linear trapezoidal rule, and standard deviation was calculated by the modified Bailer method
using the sparse sampling module in Phoenix 6.1. (29). Tissue to plasma mAb AUC ratios were estimated
and variance was calculated using method of error propagation for ratios.

SERatio =

2
2
𝑆𝐸𝑀𝑃𝑙𝑎𝑠𝑚𝑎
AUC 𝑇𝑖𝑠𝑠𝑢𝑒 𝑆𝐸𝑀𝑇𝑖𝑠𝑠𝑢𝑒
√
+
2
2
AUC𝑃𝑙𝑎𝑠𝑚𝑎 𝐴𝑈𝐶𝑇𝑖𝑠𝑠𝑢𝑒
𝐴𝑈𝐶𝑃𝑙𝑎𝑠𝑚𝑎
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Here SERatio is the standard error of the ratio, SEM Tisuue and SEMPlasma is the standard error of the mean
in tissue and plasma respectively. AUC Tissue and AUCPlasma is the area under the concentration time curve
in tissue and plasma. The AUC ratios calculated were compared across different mAb groups using one
way analysis of variance (ANOVA) with Bonferroni’s correction for multiple comparisons (13)
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RESULTS
Effect of Antibody Charge on mAb brain uptake in Control Mice
The plasma and brain pharmacokinetics of mAb with pI 6.3, 7.7, and 8.82 in B6129SF2/J mice were
similar (Fig. 1). Plasma clearance values were 0.026, 0.016 and 0.025 L/d/kg, respectively (Table I). The
terminal half-life of mAb with pI 6.3 shorter than that found for the mAb with pI 7.7 and 8.82; additionally,
the terminal behavior of the pI 6.3 mAb concentration v. time profile deviated with the trend associated
with earlier concentration v. time values, possibly indicative of the development of a host antibody
response, although this was not evaluated. To minimize the influence of the terminal phase, AUC0-10d
values were employed in exposure comparisons. Brain to plasma AUC0-10d ratios did not show any
significant differences when the ratios were compared using one way ANOVA with Bonferonni multiple
comparison test (Fig. 2).

Effect of antibody pI on mAb brain exposure in transgenic AD mice
In diseased 3xTg-AD mice, the plasma and brain pharmacokinetics of the different mAb charge variants
(pI 5.6, 6.3, 7.7, and 8.82) were found to be quite similar. Plasma clearance values were 0.072, 0.049,
0.019 and 0.029 L/kg/d, respectively (Table II). Similar to the results observed for mAb with pI 6.3 in
control B6129SF2/J mice, in 3xTg-AD mice, the plasma terminal half-life of the pI 6.3 mAb was
substantially lower than that of the other mAbs. Similar to the results observed in control B6129SF2/J
mice, comparisons of brain to plasma AUC0-10d ratios in 3xTg-AD mice did not show any significant
differences when the ratios were compared using one way ANOVA with Bonferonni multiple comparison
test (Fig. 3).

Effect of Alzheimer’s disease on brain exposure
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The effect of AD on brain exposure of the mAbs was assessed by comparing brain to plasma AUC ratios,
found for each pI variant, in groups of AD and control mice. Brain to plasma AUC ratios were significantly
higher for AD mice vs. control mice, for each mAb (Student’s t test, p<0.05 for each comparison). For the
pI 6.3 mAb, the brain to plasma AUC ratio was 2.46 fold higher in diseased mice as compared to controls,
and the ratios were 1.5 fold and 1.7-fold higher in AD mice for the pI 7.7 and 8.82 mAbs (Fig. 4.).

Effect of antibody glycosylation on mAb brain uptake
The effect of glycosylation on the mAb brain uptake in diseased mice was evaluated using the pI 5.6 mAb
and its corresponding variant with additional glycosylation sites (2N-5.6G). The plasma and brain
pharmacokinetics profiles overlapped 5.6 and 2N-5.6G (Fig. 5.). Plasma clearance values were 0.0720
and 0.0666 L/day/kg (Table III). No significant differences were found from the statistical comparison
of brain to plasma AUC ratios for mAb 5.6 and 2N-5.6G.

Effect of gender on mAb plasma and brain pharmacokinetics in AD mice
The effect of gender on mAb pharmacokinetics in AD mice was evaluated with the pI 7.7 mAb following
an intravenous dose of 1 mg/kg. Plasma and brain concentration v. time profiles were overlapping for
male and female AD mice (Table IV and Fig. 6). No significant differences in brain to plasma AUC
ratios were found in comparisons between male and female mice.
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DISCUSSION
Patients with Alzheimer’s Disease experience high morbidity, and considerable socioeconomic costs.
Antibody-based therapies are now a mainstay in cancer treatment and are regarded as a standard
component of care for various autoimmune disorders. However, the clinical development of mAb
therapies for AD has been fraught with failure. Further evaluation of the effects of AD and the influence
of molecular characteristics on mAb disposition and brain distribution may lead to the development of
rational engineering strategies that may enhance mAb efficacy for the treatment of this disease. In a
manner similar to that employed in prior preclinical investigations of the effects of disease on mAb
pharmacokinetics (e.g., diabetic nephropathy (30), protein losing enteropathy (31)), this study employed
mouse models to investigate the effects of Alzheimer’s Disease, antibody pI, mAb glycosylation, and
gender on mAb pharmacokinetics in plasma and in the brain.

Numerous mouse models exhibiting major neuropathological features of AD like Aβ plaques and
neurofibrillary tangles are now available. Many of the available mouse models develop disease in an agerelated manner between 18 to 24 months. For this investigation, the mouse model selected was the triple
transgenic

mouse

model

of

AD

(3x

Tg-AD

mice)

or

B6;129-Psen1tm1MpmTg

(APPSwe,tauP301L)1Lfa/Mmjax, as it develops pathological features that closely resemble those found
in AD in humans. Intraneuronal Aβ appear in a hierarchical manner in the frontal cortex, cortical,
hippocampus, and amygdala regions within 4 months of age. The triple transgenic model was created by
microinjecting single cell embryos derived from PSENM146V knock-in mice with APP Swe and tauP301L
transgenes (24). Co-integration and segregation of the three transgenes creates a homozygous triple
transgene murine model that essentially breeds as single transgenic mouse (24). The pattern of tau
phosphorylation in these mice parallels the sequence observed in humans. Similar to the human AD
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condition, the cognitive deficits observed in mice correlate with the progression Aβ plaque and tangle
pathology. Also, consistent with the amyloid plaque cascade hypothesis, in these mice, the Aβ plaque
disposition precedes tangle pathology (32).

Preclinical investigations have expanded our understanding of the determinants of mAb brain
pharmacokinetics and tissue distribution. Although the Fc receptor of the neonate (FcRn) is considered as
critical determinant of mAb pharmacokinetics, there is some debate regarding the possible role of FcRn
in contributing to the “blood-brain barrier” for IgG antibodies. Partridge and coworkers proposed that
FcRn may mediate asymmetric transcytosis of mAb in brain-to-blood direction, which has been referred
to as ‘reverse transcytosis’ (33). FcRn is highly expressed in brain capillary endothelium and in choroid
plexus epithelium (34). In the context of AD, it has been proposed that an efflux action of FcRn might
potentiate the therapeutic efficacy of mAbs used in the treatment of AD. For example, Deane et al.
proposed that after the entry of anti-amyloid antibody into the brain, mAb may bind to amyloid plaque
and the FcRn pathway may assist in removal of the plaque bound mAb from the brain (35). However,
preclinical studies with use of mice that are deficient in FcRn expression and function failed to support
the hypothesis that the transporter contributes to the blood-brain barrier for IgG mAb (12, 13). However,
the role of ‘FcRn assisted exocytosis’ has been supported by some studies. For example, Cooper et al.
evaluated the brain uptake of mAb with low and high affinity to FcRn, following intra-nasal administration
(36). The authors observed a faster clearance of the high affinity variant in brain compared to low affinity
variant, and concluded that FcRn was involved in removal of mAb from the brain (36). On the other hand,
using a well-designed experimental approach, Boswell and co-workers conducted a similar investigation
and evaluated the effect of modulation of FcRn affinity on the tissue uptake of antibody in mice by using
mAb with low FcRn affinity, mAb with high FcRn affinity, and unmodified wild-type mAb. In contrast
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to the Cooper et al. study, the low affinity has faster clearance in the brain and, consistent with the
knockout studies, the authors observed that the brain to plasma AUC ratio was same for all the investigated
mAbs, strongly supporting the argument that FcRn does not contribute to the efflux of IgG mAb from the
brain (37).

In an effort to develop new generation of mAbs, exploratory investigations have evaluated the effect of
mAb isoelectric point on mAb disposition. Charge may be an important determinant of mAb distribution,
modulating electrostatic interactions between antibody and anionic components of plasma membranes,
including phospholipids, sialic acid, heparin sulfate, and proteoglycans (38). Boswell and co-workers have
suggested that greater than 1 unit changes in mAb pI can significantly alter mAb tissue distribution and
kinetics (39). Literature reviews suggest that cationized mAb with high pI generally exhibit increased
tissue distribution, mediated by absorptive endocytosis, as well as high blood clearance and shorter halflives (when compared to native mAb), and mAb with low pI typically exhibit decreased tissue distribution
(40). In a detailed investigation, Igawa et al. demonstrated a linear relationship between mAb isoelectric
point and mAb clearance (41). Kelley and co-workers reported an increase in mAb extravasation and
tissue uptake (with faster clearance 140mL/day/kg) by cationized mAb (pI 8.61) as compared to its
corresponding variant with pI 6.10, which exhibited a much lower tissue uptake and slower clearance
(5.81 mL/kg/day) (42). Of particular relevance to CNS diseases such as AD, cationization of mAb has
been shown to improve brain uptake by absorptive mediated transcytosis. It is proposed that cationic mAbs
are taken up by the luminal surface of the brain endothelial cells and released via exocytosis to the
abluminal surface (43).
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In this investigation, we evaluated mAb plasma and brain pharmacokinetics of mAb with pI values
ranging from 5.6 – 8.82, with investigations conducted in control mice and in a mouse model of AD. The
results showed that there were no significant differences between the variants in plasma or brain
pharmacokinetics, either in control mice or in AD mice. Of note, the pI value is useful for considering the
overall molecular charge as a function of pH; however, the effects of charge on pharmacokinetics may be
likely to be driven by charged residues that are located at solvent-accessible positions on the surface of
the molecule (44). For example, Datta-Mannan and coworkers employed a pair of IgG4 antibodies, with
similar pI values (9.2 and 9.5), but where one variant had a positive charge patch in the antigen binding
region that was absent in the former (45). The variant with the charge patch exhibited ̴ 2-6 fold greater
uptake in tissue compared to variant that lacked the charge patch (45). In a similar example, Schoch et al.
investigated the pharmacokinetics of two high pI mAbs: briakinumab (pI 9.6) and ustekinumab (pI 9.3)
that had dramatically different terminal half-lives (8-9 days and 22 days respectively) (46). Briakinumab
showed a large positively charged region on the Fc domain that was absent in ustekinumab.

In our results, we observed an increase in the mAb brain to plasma ratio for the charge variants in AD
mice as compared to control. The increase in overall uptake of mAb in AD mice could be attributed to
disruption of the blood-brain-barrier (increased vascular permeability) and/or to decreased CSF-ISF bulk
flow (decreased convective clearance of protein from the brain). Amyloid beta oligomers, truncated tau,
inflammation and oxidative stress may cause localised blood-brain-barrier disruption (47). Bowman et al.
reported that around 22-30% of AD patients are found to exhibit elevated CSF-albumin indices, indicating
sustained blood-brain-barrier disruption (48, 49). However, in the literature, there is uncertainity regarding
the presence of blood-brain-barrier impairment in AD. Comparison of CSF/serum ratios of albumin,
histological assessment, and imaging studies have all reported conflicting results regarding the presence
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of increased vascular permeability in AD (47, 48). The discrepancies observed may be due to the
differences in the progression of the disease among the selected patients or due to lack of reliable
biomarkers. Parameters like the CSF to serum albumin ratio are dependent on the age of the patients and
the may also vary with the site of CSF collection (50). In a recent study by Bien-Ly et al., a lack of
widespread blood-brain-barrier disruption was reported in some of mouse models of AD like PS2-APP,
tau transgenics, and APOE4 knockin mice. However, the 3xTg AD mouse model was not evaluated in
their study (51).

We speculate that the increased brain to plasma AUC ratios that we observed in AD mice are most likely
resultant from decreases in the clearance of mAb from the brain. Gonzalez-Marrero et al. reported choroid
plexus dysfunction in 3xTg-AD mice (53). The formation and turnover of CSF by choroid plexus is
dependent on the molecular integrity of the CSF-transport enzymes and aquaporin1 (AQP-1) expression.
Both the enzymes were found to be significantly reduced in 3xTg-AD mice, possibly due toxicity the
increased concentration of Aβ in choroid plexus. The reduced AQP-1 expression may also impair CSF
secretion by the choroid plexus and consequently may slow the Aβ removal from the brain via ventricular
bulk flow (52). In rats, decreases in CSF bulk flow and CSF production rate by furosemide and
acetazolamide was found to significantly reduce IgG clearance by 58% (53). We propose that the increase
in mAb brain to plasma AUC ratio may have resulted from the decrease in CSF production rate and the
overall decrease in protein clearance in the brain due to AD; however, further mechanistic investigations
will be required to test this hypothesis.

To our knowledge, the impact of glycosylation and gender on mAb pharmacokinetics has never been
previously evaluated in AD or in animal models of AD. Our results showed no differences in brain
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pharmacokinetics, plasma pharmacokinetics, or brain-to-plasma exposure ratios for comparisons between
glycosylated and aglycosylated mAb. The lack of impact on mAb plasma pharmacokinetics is consistent
with previous reports that investigated the influence of glycosylation on mAb clearance (54, 55). No
significant differences were found in comparisons of mAb pharmacokinetics in male and female AD mice,
suggesting that gender may not be an important determinant of brain exposure to mAb in AD.

CONCLUSION
The effect of pI on mAb pharmacokinetics and brain uptake was evaluated in control and 3xTg-AD mice
using a series of mAb with pI values ranging from 5.6 – 8.82. No significant differences were observed in
comparison of the plasma or brain pharmacokinetics of the charge variants. However, comparisons
between AD and control mice showed substantially increased brain exposure, for all mAb, in AD mice
relative to control mice. Further evaluations showed no influence of mAb glycosylation or of mouse
gender on the plasma or brain pharmacokinetics of mAb in AD mice.
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TABLES
Table I Summary for plasma pharmacokinetic parameters estimated by non-compartmental analysis for mAb
charge variants in control B6129SF2/J mice
Parameter

Unit

pI 6.3

pI 7.7

pI 8.82

CL
Vss
AUC0-10d

L/day/kg
L/kg
nM x day

0.0259
0.0728

0.0164
0.0784

0.025
0.187

2.55 x 10

AUCinf

nM x day

2.57 x 10

%AUC(extrapolated)

%

0.500

AUMCinf
%AUMC(extrapolated)

nM x day
%

Terminal half life

Day

2

7.22 x 10

2
2

3.57 x 10
4.07 x 10

2
2

12.1
2

2.20
1.60

144

1.95 x 10
38.3
3.55

1.95 x 10
2.71 x 10

2
2

20.9
3

2.05 x 10
67.2
5.73

3

Table II Summary for plasma pharmacokinetic parameters estimated by non-compartmental analysis for mAb
charge variants in diseased 3xTg-AD mice
Parameter

Unit

pI 5.6

pI 6.3

pI 7.7

pI 8.82

CL
Vss
AUC0-10d

L/day/kg
L/kg
nM x day

0.072
0.243

0.049
0.097

0.019
0.112

0.029
0.102

9.75 x 10

AUCinf

nM x day

9.26 x 10

%AUC(extrapolated)

%

10.1

AUMCinf
%AUMC(extrapolated)

nM x day
%

Terminal half life

day

2

3.12 x 10

1

1.34 x 10

1

1.35 x 10

2
2

0.32
2

2.67 x 10

2.67 x 10
3.37 x 10

2
2

20.6
2

1.92 x 10

2.31 x 10
2.32 x 10

2

6.3
3

8.20 x 10

46.7

1.91

53.9

24.7

3.87

1.22

3.39

2.67

145

2

2

Table III Summary for plasma pharmacokinetic parameters estimated by non-compartmental analysis for mAb
5.6 and 2N-5.6G in 3xTg-AD mice
Parameter

Unit

pI 5.6

pI 2N-5.6G

CL
Vss
AUC0-10d

L/day/kg
L/kg
nM x day

0.0720
0.243

0.0666
0.146

8.32 x 10

AUCinf

nM x day

9.26 x 10

%AUC(extrapolated)

%

10.1

AUMCinf
%AUMC(extrapolated)

nM x day
%

Terminal half life

Day

2

3.12 x 10
46.7
3.87

146

1
1

9.75 x 10
10.0 x 10

1
1

2.63
2

2.19 x 10
14.8
1.58

2

Table IV Summary for plasma pharmacokinetic parameters estimated by non-compartmental analysis for mAb pI
7.7 in male and female 3xTg-AD mice
Parameter

Unit

AUC10d

nM x day

Male
5.32 x 10

Female
2

5.11 x 10

2

NB: Since the percentage extrapolated for mean area under the curve was found to be greater than 20%.
Consequently, the accuracy of the estimated terminal slope and other derived pharmacokinetic parameters like
volume of distribution (Vss) and clearance (CL) obtained from non-compartmental analysis could not be deemed
to be reliable.
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Fig. 1. Comparison of plasma and brain mAb pharmacokinetics in control B6129SF2/J mice. Plasma (open
circles) and brain (closed circles) pharmacokinetic profile (dose 1 mg/kg, IV of mAbs with pI values of 6.3, 7.7
and 8.82. Each point represents average mAb concentration and error bars denote standard deviation about the
mean (n=3).
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Fig. 2. Comparison of brain to plasma AUC ratio of the mAb charge variants in control B6129SF2/J mice.
The brain to plasma area under the concentration time curve (AUC) ratio was calculated for mAbs with pI values
of 6.3 (white bar), 7.7 (grey bar) and 8.82 (black bar) at a dose of 1 mg/kg given IV. Each bar represents brain to
plasma AUC ratio and error bars denote standard error of the mean for the AUC ratio. Mean AUC0→10 days was
calculated using a linear trapezoidal method. Standard error of the mean as calculated by the modified Bailer method
using in built sparse sample module in Phoenix 6.1. Standard error of the ratio was calculated using the method of
error propagation for ratios. The ratios were compared using one way ANOVA with Bonferonni correction for
multiple comparison test. The differences between the charge variants were found to be not significant.
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Fig. 3. Comparison of brain to plasma AUC ratio of the mAb charge variants in diseased 3xTg-AD mice. The
brain to plasma area under the concentration time curve (AUC) ratio was calculated for mAbs with pI values of 5.6
(striped bar), 6.3 (white bar), 7.7 (grey bar) and 8.82 (black bar) at a dose of 1 mg/kg given IV. Each bar represents
brain to plasma AUC ratio and error bars denote standard error of the mean for the AUC ratio. Mean AUC0→10 days
was calculated using a linear trapezoidal method. Standard error of the mean as calculated by the modified Bailer
method using in built sparse sample module in Phoenix 6.1. Standard error of the ratio was calculated using the
method of error propagation for ratios. The ratios were compared using one way ANOVA with Bonferonni
correction for multiple comparison test. The differences between the charge variants were found to be not
significant.
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mice and diseased 3xTg-AD. The tissue to plasma area under the concentration time curve (AUC) ratio was
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in Phoenix 6.1. Standard error of the ratio was calculated using the method of error propagation for ratios. The ratios
were compared using Student’s t-test. The differences between the charge variants were found to be significant
(Student’s t-test; p value<0.05).
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Fig. 5. Plasma and brain mAb pharmacokinetics of mAb 5.6 and 2N-5.6G in 3xTg-AD mice. Concentration
vs. time profile following intravenous 1 mg/kg dose of mAb with pI value of 5.6 (white circle) and corresponding
glycosylated variant 2N-5.6G (black circle). Brain concentrations are corrected for residual blood content. Each
point represents average plasma or brain concentration and error bars denote standard deviation about the mean
(n=3).

152

3xTg-AD mice

a

-0-

_ 1000

Male

-e- Female

:!!!

C
C

0

.:;

nJ
~

C

100

Q)
(.)

C

0

(.)

nJ

E
II)

10

nJ

C.

.c

<

E
0

2

4

6

10

8

12

Time (days)

b
100

-

-0-

-e-

:!!!
C

Male
Female

10

C

0

.:;

nJ
~

C

Q)
(.)

C

0

CJ
C
nJ
~

.c
.c

0.1

<

E
0.01
0

2

4

6

8

10

12

Time (days)

Fig. 6. Plasma and brain mAb pharmacokinetics in male and female 3xTg-AD mice. Concentration vs. time
profile following intravenous 1 mg/kg dose of mAb with pI value of 7.7 in male (white circle) and female (black
circle). Brain concentrations are corrected for residual blood content. Each point represents average plasma or brain
concentration and error bars denote standard deviation about the mean (n=3).

153

REFERENCES
1.
Morrison AL, C. The Pathophysiology of Alzheimer’s Disease and Directions in Treatment.
Conference Proceedings. 2005.
2.
2017 Alzheimer's disease facts and figures. Alzheimer's & Dementia. 2017;13(4):325-73. doi:
https://doi.org/10.1016/j.jalz.2017.02.001.
3.
Dubois B, Feldman HH, Jacova C, Cummings JL, Dekosky ST, Barberger-Gateau P, et al. Revising
the definition of Alzheimer's disease: a new lexicon. Lancet Neurol. 2010;9(11):1118-27. doi:
10.1016/s1474-4422(10)70223-4.
4.
Lichtlen P, Mohajeri MH. Antibody-based approaches in Alzheimer's research: safety,
pharmacokinetics, metabolism, and analytical tools. Journal of neurochemistry. 2008;104(4):859-74. doi:
10.1111/j.1471-4159.2007.05064.x.
5.
Cummings JL, Vinters HV, Cole GM, Khachaturian ZS. Alzheimer's disease: etiologies,
pathophysiology, cognitive reserve, and treatment opportunities. Neurology. 1998;51(1 Suppl 1):S2-17;
discussion S65-7.
6.
Hung SY, Fu WM. Drug candidates in clinical trials for Alzheimer's disease. J Biomed Sci.
2017;24(1):47. doi: 10.1186/s12929-017-0355-7.
7.
Kumar A, Singh A, Ekavali. A review on Alzheimer's disease pathophysiology and its management:
an update. Pharmacol Rep. 2015;67(2):195-203. doi: 10.1016/j.pharep.2014.09.004.
8.
Cummings JL, Morstorf T, Zhong K. Alzheimer's disease drug-development pipeline: few candidates,
frequent failures. Alzheimers Res Ther. 2014;6(4):37. doi: 10.1186/alzrt269.
9.
van Dyck CH. Anti-Amyloid-beta Monoclonal Antibodies for Alzheimer's Disease: Pitfalls and
Promise. Biological psychiatry. 2018;83(4):311-9. doi: 10.1016/j.biopsych.2017.08.010.
10.
Paul SM. Therapeutic antibodies for brain disorders. Science translational medicine.
2011;3(84):84ps20. doi: 10.1126/scitranslmed.3002620.
11.
Cummings J, Lee G, Mortsdorf T, Ritter A, Zhong K. Alzheimer's disease drug development pipeline:
2017. Alzheimer's & Dementia : Translational Research & Clinical Interventions. 2017;3(3):367-84. doi:
10.1016/j.trci.2017.05.002.
12.
Garg A, Balthasar JP. Investigation of the influence of FcRn on the distribution of IgG to the brain.
The AAPS journal. 2009;11(3):553-7. doi: 10.1208/s12248-009-9129-9.
13.
Abuqayyas L, Balthasar JP. Investigation of the role of FcgammaR and FcRn in mAb distribution to
the brain. Mol Pharm. 2013;10(5):1505-13. doi: 10.1021/mp300214k.
14.
Abbott NJ. Inflammatory Mediators and Modulation of Blood–Brain Barrier Permeability. Cell Mol
Neurobiol. 2000;20(2):131-47. doi: 10.1023/a:1007074420772.
15.
Wuest DM, Lee KH. Amyloid-beta concentration and structure influences the transport and
immunomodulatory effects of IVIG. J Neurochem. 2014;130(1):136-44. doi: 10.1111/jnc.12678.
16.
El Sankari S, Gondry-Jouet C, Fichten A, Godefroy O, Serot JM, Deramond H, et al. Cerebrospinal
fluid and blood flow in mild cognitive impairment and Alzheimer's disease: a differential diagnosis from
idiopathic normal pressure hydrocephalus. Fluids and barriers of the CNS. 2011;8(1):12. doi: 10.1186/20458118-8-12.
17.
Silverberg GD, Heit G, Huhn S, Jaffe RA, Chang SD, Bronte-Stewart H, et al. The cerebrospinal fluid
production rate is reduced in dementia of the Alzheimer's type. Neurology. 2001;57(10):1763-6.
18.
Griffin DE, Giffels J. Study of protein characteristics that influence entry into the cerebrospinal fluid
of normal mice and mice with encephalitis. The Journal of Clinical Investigation. 1982;70(2):289-95. doi:
10.1172/JCI110616.

154

19.
Triguero D, Buciak JB, Yang J, Pardridge WM. Blood-brain barrier transport of cationized
immunoglobulin G: enhanced delivery compared to native protein. Proc Natl Acad Sci U S A.
1989;86(12):4761-5.
20.
Triguero D, Buciak JL, Pardridge WM. Cationization of immunoglobulin G results in enhanced organ
uptake of the protein after intravenous administration in rats and primate. The Journal of pharmacology and
experimental therapeutics. 1991;258(1):186-92.
21.
Bickel U, Lee VM, Trojanowski JQ, Pardridge WM. Development and in vitro characterization of a
cationized monoclonal antibody against beta A4 protein: a potential probe for Alzheimer's disease. Bioconjug
Chem. 1994;5(2):119-25.
22.
Pardridge WM, Kang YS, Yang J, Buciak JL. Enhanced cellular uptake and in vivo biodistribution
of a monoclonal antibody following cationization. Journal of pharmaceutical sciences. 1995;84(8):943-8.
23.
Gotz J, Ittner LM. Animal models of Alzheimer's disease and frontotemporal dementia. Nat Rev
Neurosci. 2008;9(7):532-44. doi: 10.1038/nrn2420.
24.
Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R, et al. Triple-transgenic model
of Alzheimer's disease with plaques and tangles: intracellular Abeta and synaptic dysfunction. Neuron.
2003;39(3):409-21.
25.
Jensenius JC, Williams AF. The binding of anti-immunoglobulin antibodies to rat thymocytes and
thoracic duct lymphocytes. Eur J Immunol. 1974;4(2):91-7. doi: 10.1002/eji.1830040207.
26.
Urva SR, Yang VC, Balthasar JP. Physiologically based pharmacokinetic model for T84.66: a
monoclonal anti-CEA antibody. Journal of pharmaceutical sciences. 2010;99(3):1582-600. doi:
10.1002/jps.21918.
27.
Standard Techniques for the Measurement of Red-Cell and Plasma Volume*. Br J Haematol.
1973;25(6):801-14. doi: 10.1111/j.1365-2141.1973.tb01792.x.
28.
Abuqayyas L, Balthasar JP. Pharmacokinetic mAb-mAb interaction: anti-VEGF mAb decreases the
distribution of anti-CEA mAb into colorectal tumor xenografts. The AAPS journal. 2012;14(3):445-55. doi:
10.1208/s12248-012-9357-2.
29.
Nedelman JR, Gibiansky E, Lau DT. Applying Bailer's method for AUC confidence intervals to
sparse sampling. Pharm Res. 1995;12(1):124-8.
30.
Engler FA, Zheng B, Balthasar JP. Investigation of the influence of nephropathy on monoclonal
antibody disposition: a pharmacokinetic study in a mouse model of diabetic nephropathy. Pharm Res.
2014;31(5):1185-93. doi: 10.1007/s11095-013-1241-y.
31.
Yang Y, Li TR, Balthasar JP. Investigation of the Influence of Protein-Losing Enteropathy on
Monoclonal Antibody Pharmacokinetics in Mice. The AAPS journal. 2017;19(6):1791-803. doi:
10.1208/s12248-017-0135-z.
32.
Oddo S, Caccamo A, Kitazawa M, Tseng BP, LaFerla FM. Amyloid deposition precedes tangle
formation in a triple transgenic model of Alzheimer's disease. Neurobiol Aging. 2003;24(8):1063-70.
33.
Zhang Y, Pardridge WM. Mediated efflux of IgG molecules from brain to blood across the bloodbrain barrier. J Neuroimmunol. 2001;114(1-2):168-72. doi: S0165572801002429 [pii].
34.
Schlachetzki F, Zhu C, Pardridge WM. Expression of the neonatal Fc receptor (FcRn) at the bloodbrain barrier. J Neurochem. 2002;81(1):203-6.
35.
Deane R, Bell RD, Sagare A, Zlokovic BV. Clearance of amyloid-β peptide across the blood-brain
barrier: Implication for therapies in Alzheimer’s disease. CNS Neurol Disord Drug Targets. 2009;8(1):1630.
36.
Cooper PR, Ciambrone GJ, Kliwinski CM, Maze E, Johnson L, Li Q, et al. Efflux of monoclonal
antibodies from rat brain by neonatal Fc receptor, FcRn. Brain research. 2013;1534:13-21. doi:
10.1016/j.brainres.2013.08.035.
155

37.
Yip V, Palma E, Tesar DB, Mundo EE, Bumbaca D, Torres EK, et al. Quantitative cumulative
biodistribution of antibodies in mice: Effect of modulating binding affinity to the neonatal Fc receptor. mAbs.
2014;6(3):689-96. doi: 10.4161/mabs.28254.
38.
Bumbaca D, Boswell CA, Fielder PJ, Khawli LA. Physiochemical and biochemical factors
influencing the pharmacokinetics of antibody therapeutics. The AAPS journal. 2012;14(3):554-8. doi:
10.1208/s12248-012-9369-y.
39.
Khawli LA, Goswami S, Hutchinson R, Kwong ZW, Yang J, Wang X, et al. Charge variants in IgG1:
Isolation, characterization, in vitro binding properties and pharmacokinetics in rats. mAbs. 2010;2(6):61324. doi: 10.4161/mabs.2.6.13333.
40.
Boswell CA, Tesar DB, Mukhyala K, Theil FP, Fielder PJ, Khawli LA. Effects of charge on antibody
tissue distribution and pharmacokinetics. Bioconjug Chem. 2010;21(12):2153-63. doi: 10.1021/bc100261d.
41.
Igawa T, Tsunoda H, Tachibana T, Maeda A, Mimoto F, Moriyama C, et al. Reduced elimination of
IgG antibodies by engineering the variable region. Protein Eng Des Sel. 2010;23(5):385-92. doi: gzq009 [pii]
10.1093/protein/gzq009.
42.
Li B, Tesar D, Boswell CA, Cahaya HS, Wong A, Zhang J, et al. Framework selection can influence
pharmacokinetics of a humanized therapeutic antibody through differences in molecule charge. mAbs.
2014;6(5):1255-64. doi: 10.4161/mabs.29809.
43.
Hervé F, Ghinea N, Scherrmann J-M. CNS Delivery Via Adsorptive Transcytosis. The AAPS journal.
2008;10(3):455-72. doi: 10.1208/s12248-008-9055-2.
44.
Datta-Mannan A, Lu J, Witcher DR, Leung D, Tang Y, Wroblewski VJ. The interplay of non-specific
binding, target-mediated clearance and FcRn interactions on the pharmacokinetics of humanized antibodies.
mAbs. 2015;7(6):1084-93. doi: 10.1080/19420862.2015.1075109.
45.
Datta-Mannan A, Thangaraju A, Leung D, Tang Y, Witcher DR, Lu J, et al. Balancing charge in the
complementarity-determining regions of humanized mAbs without affecting pI reduces non-specific binding
and improves the pharmacokinetics. MAbs. 2015;7(3):483-93. doi: 10.1080/19420862.2015.1016696.
46.
Schoch A, Kettenberger H, Mundigl O, Winter G, Engert J, Heinrich J, et al. Charge-mediated
influence of the antibody variable domain on FcRn-dependent pharmacokinetics. Proceedings of the National
Academy of Sciences of the United States of America. 2015;112(19):5997-6002. doi:
10.1073/pnas.1408766112.
47.
Erickson MA, Banks WA. Blood-brain barrier dysfunction as a cause and consequence of Alzheimer's
disease. J Cereb Blood Flow Metab. 2013;33(10):1500-13. doi: 10.1038/jcbfm.2013.135.
48.
Bowman GL, Kaye JA, Moore M, Waichunas D, Carlson NE, Quinn JF. Blood-brain barrier
impairment in Alzheimer disease: stability and functional significance. Neurology. 2007;68(21):1809-14.
doi: 10.1212/01.wnl.0000262031.18018.1a.
49.
Bowman GL, Kaye JA, Quinn JF. Dyslipidemia and Blood-Brain Barrier Integrity in
Alzheimer&#39;s Disease. Current Gerontology and Geriatrics Research. 2012;2012:5. doi:
10.1155/2012/184042.
50.
Tibbling G, Link H, Öhman S. Principles of albumin and IgG analyses in neurological disorders. I.
Establishment of reference values. Scand J Clin Lab Invest. 1977;37(5):385-90. doi:
doi:10.1080/00365517709091496.
51.
Bien-Ly N, Boswell CA, Jeet S, Beach TG, Hoyte K, Luk W, et al. Lack of Widespread BBB
Disruption in Alzheimer's Disease Models: Focus on Therapeutic Antibodies. Neuron. 2015;88(2):289-97.
doi: 10.1016/j.neuron.2015.09.036.
52.
González-Marrero I, Giménez-Llort L, Johanson CE, Carmona-Calero EM, Castañeyra-Ruiz L,
Brito-Armas JM, et al. Choroid plexus dysfunction impairs beta-amyloid clearance in a triple transgenic
mouse model of Alzheimer’s disease. Front Cell Neurosci. 2015;9:17. doi: 10.3389/fncel.2015.00017.
156

53.
Bergman I, Burckart GJ, Pohl CR, Venkataramanan R, Barmada MA, Griffin JA, et al.
Pharmacokinetics of IgG and IgM anti-ganglioside antibodies in rats and monkeys after intrathecal
administration. The Journal of pharmacology and experimental therapeutics. 1998;284(1):111-5.
54.
Huang L, Biolsi S, Bales KR, Kuchibhotla U. Impact of variable domain glycosylation on antibody
clearance:
An
LC/MS
characterization.
Anal
Biochem.
2006;349(2):197-207.
doi:
https://doi.org/10.1016/j.ab.2005.11.012.
55.
Millward TA, Heitzmann M, Bill K, Längle U, Schumacher P, Forrer K. Effect of constant and
variable domain glycosylation on pharmacokinetics of therapeutic antibodies in mice. Biologicals.
2008;36(1):41-7. doi: https://doi.org/10.1016/j.biologicals.2007.05.003.

157

APPENDIX
TABLES
Table I. mAb Tissue to Plasma AUC (0-10d) ratio of mAb charge variants of pI 6.3, 7.7 and 8.82
in control B6129SF2/J mice

Tissue
Brain
Skin
Muscle
Spleen
Kidneys
Liver
Lungs
Heart
GIT

pI 6.3

pI 7.7

pI 8.82

0.00662 (0.000961) 0.00749 (0.000976) 0.00809 (0.000846)
0.128 (0.0113)
0.0946 (0.0152)
0.119 (0.0121)
0.0455 (0.00414)
0.0335 (0.00520)
0.0434 (0.00530)
0.117 (0.0106)
0.0979 (0.0159)
0.0967 (0.0110)
0.158 (0.0145)
0.103 (0.0157)
0.129 (0.0143)
0.0978 (0.0681)
0.0789 (0.0193)
0.0853 (0.0920)
0.209 (0.0181)
0.170 (0.0232)
0.187 (0.0185)
0.147 (0.0129)
0.125 (0.0180)
0.131 (0.0134)
0.0696 (0.00636)
0.0476 (0.00702)
0.0514 (0.00603)

p-value
NS
NS
NS
NS
NS
NS
NS
NS
NS

Parenthesis indicate standard deviation calculated by using method of error propagation; NS indicate not significant
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Table II. mAb Tissue to Plasma AUC (0-10d) ratio of mAb charge variants of pI 5.6, 6.3, 7.7 and 8.82
in diseased 3xTg-AD mice

Tissue

pI 5.6

pI 6.3

pI 7.7

Brain
Skin
Muscle
Spleen
Kidneys
Liver
Lungs
Heart
GIT

0.0146 (0.00132)
0.175 (0.0253)
0.0419 (0.00547)
0.129 (0.0126)
0.169 (0.0182)
0.127 (0.0129)
0.241 (0.0260)
0.137 (0.0135)
0.0874 (0.00920)

0.0163 (0.00250)
0.236 (0.0351)
0.0538 (0.00929)
0.126 (0.0194)
0.180 (0.0257)
0.126 (0.0180)
0.281 (0.0416)
0.160 (0.0221)
0.0961 (0.0144)

pI 8.82

0.0112 (0.0010) 0.0137 (0.00131)
0.222 (0.0191)
0.201 (0.0244)
0.0512 (0.00467) 0.0595 (0.00554)
0.0916 (0.00969) 0.134 (0.0135)
0.209 (0.0191)
0.151 (0.0122)
0.0956 (0.00803) 0.146 (0.0122)
0.270 (0.0239)
0.208 (0.0193)
0.195 (0.0166)
0.137 (0.0136)
0.0734 (0.00751) 0.113 (0.0144)

Parenthesis indicate standard deviation calculated by using method of error propagation; NS indicate not significant
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p-value
NS
NS
NS
NS
NS
NS
NS
NS
NS

Table III. Comparison of Tissue to Plasma AUC(0-10d) ratio of mAb charge variants
pI 6.3, 7.7 and 8.82 in control B6129SF2/J and diseased 3xTg-AD mice

Tissue
Brain
Skin
Muscle
Spleen
Kidneys
Liver
Lungs
Heart
GIT
Tissue

pI 6.3
Control mice

AD mice

0.00662 (0.000961)
0.0946 (0.0152)
0.0335 (0.00520)
0.0979 (0.0159)
0.103 (0.0157)
0.0789 (0.0193)
0.170 (0.0232)
0.125 (0.0180)
0.0476 (0.00702)

0.0163 (0.00250)
0.236 (0.0351)
0.0538 (0.00929)
0.126 (0.0194)
0.180 (0.0257)
0.126 (0.0180)
0.281 (0.0416)
0.160 (0.0221)
0.0961 (0.0144)

pI 7.7
Control mice

Brain
Skin
Muscle
Spleen
Kidneys
Liver
Lungs
Heart
GIT
Tissue
Brain
Skin
Muscle
Spleen
Kidneys
Liver
Lungs
Heart
GIT

p-value

0.00749 (0.000976)
0.119 (0.0121)
0.0434 (0.00530)
0.0967 (0.0110)
0.129 (0.0143)
0.0853 (0.0920)
0.187 (0.0185)
0.131 (0.0134)
0.0514 (0.00603)
pI 8.82

p-value
AD mice
0.0112 (0.0010)
0.201 (0.0244)
0.0512 (0.00467)
0.0916 (0.00969)
0.151 (0.0122)
0.0956 (0.00803)
0.208 (0.0193)
0.137 (0.0136)
0.0734 (0.00751)

*
*
NS
NS
NS
NS
NS
NS
*
p-value

Control mice

AD mice

0.00809 (0.000846)
0.128 (0.0113)
0.0455 (0.00414)
0.117 (0.0106)
0.158 (0.0145)
0.0978 (0.0681)
0.209 (0.0181)
0.147 (0.0129)
0.0696 (0.00636)

0.0137 (0.00131)
0.222 (0.0191)
0.0595 (0.00554)
0.134 (0.0135)
0.209 (0.0191)
0.146 (0.0122)
0.270 (0.0239)
0.195 (0.0166)
0.113 (0.0144)
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*
*
NS
*
*
NS
NS
NS
*

*
*
*
NS
*
NS
*
*
*

Table IV. mAb Tissue to Plasma AUC (0-10d) ratio of mAb charge variants of pI 5.6 and pI 2N-5.6G
in diseased 3xTg-AD mice

Tissue

pI 5.6

pI 2N-5.6G

p-value

Brain
Skin
Muscle
Spleen
Kidneys
Liver
Lungs
Heart
GIT

0.0146 (0.00132)
0.175 (0.0253)
0.0419 (0.00547)
0.129 (0.0126)
0.169 (0.0182)
0.127 (0.0129)
0.241 (0.0260)
0.137 (0.0135)
0.0874 (0.00920)

0.0138 (0.0011)
0.158 (0.0129)
0.0429 (0.00343)
0.106 (0.00862)
0.164 (0.0135)
0.130 (0.0105)
0.223 (0.0190)
0.138 (0.0114)
0.0873 (0.00702)

NS
NS
NS
NS
NS
NS
NS
NS
NS

Parenthesis indicate standard deviation calculated by using method of error propagation; NS indicate not significant
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Table V. mAb Tissue to Plasma AUC(0-10d) ratio of mAb charge variants of pI 7.7
in male and female diseased 3xTg-AD mice

Tissue

Male

Female

p-value

Brain
Skin
Muscle
Spleen
Kidneys
Liver
Lungs
Heart
GIT

0.0101 (0.00216)
0.0313 (0.0100)
0.0101 (0.00737)
0.0647 (0.00736)
0.134 (0.0167)
0.0948 (0.0102)
0.190 (0.0198)
0.145 (0.0154)
0.0557 (0.00597)

0.00974 (0.0224)
0.0309 (0.00776)
0.0103 (0.00545)
0.0796 (0.0345)
0.159 (0.00859)
0.0897 (0.00640)
0.171 (0.0219)
0.146 (0.0063)
0.0486 (0.00519)

NS
NS
NS
NS
NS
NS
NS
NS
NS

Parenthesis indicate standard deviation calculated by using method of error propagation; NS indicate not significant
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Fig. 1. Plasma and brain mAb pharmacokinetics in control B6129SF2/J mice. Concentration vs. time profile
following intravenous 1 mg/kg dose of mAbs with pI values of 6.3 (white circle), 7.7 (grey circle) and 8.82 (black
circle). Brain concentrations are corrected for residual blood content. Each point represents average plasma or brain
concentration and error bars denote standard deviation about the mean (n=3).
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intravenous 1 mg/kg dose of mAbs with pI values of 6.3 (white circle), 7.7 (grey circle) and 8.82 (black circle).
Brain concentrations are corrected for residual blood content. Each point represents average tissue concentration
and error bars denote standard deviation about the mean (n=3).
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Fig. 3. Comparison of tissue to plasma AUC ratio of the mAb charge variants in control B6129SF2/J mice
mice. The tissue to plasma area under the concentration time curve (AUC) ratio was calculated for mAbs with pI
values of 6.3 (white bar), 7.7 (grey bar) and 8.82 (black bar) at a dose of 1 mg/kg given IV. Each bar represents
organ to plasma AUC ratio and error bars denote standard error of the mean for the AUC ratio. Mean AUC0→10 days
was calculated using a linear trapezoidal method. Standard error of the mean as calculated by the modified Bailer
method using in built sparse sample module in Phoenix 6.1. Standard error of the ratio was calculated using the
method of error propagation for ratios. The ratios were compared using one way ANOVA with Bonferonni
correction for multiple comparison test. The differences between the charge variants were found to be not
significant.
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Fig. 4. Plasma and brain mAb pharmacokinetics in diseased 3xTg-AD mice. Concentration vs. time profile
following intravenous 1 mg/kg dose of mAbs with pI values of 5.6 (dark grey circle), 6.3 (white circle), 7.7 (grey
circle) and 8.82 (black circle). Brain concentrations are corrected for residual blood content. Each point represents
average plasma or brain concentration and error bars denote standard deviation about the mean (n=3).
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Fig. 6. Tissue mAb pharmacokinetics in diseased 3xTg-AD mice. Concentration vs. time profile following
intravenous 1 mg/kg dose of mAbs with pI values of 5.6 (dark grey circle), 6.3 (white circle), 7.7 (grey circle) and
8.82 (black circle). Brain concentrations are corrected for residual blood content. Each point represents average
tissue concentration and error bars denote standard deviation about the mean (n=3).
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Fig. 8. Comparison of plasma and brain mAb pharmacokinetics of mAb 5.6 and 2N-5.6G in 3xTg-AD mice.
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following intravenous 1 mg/kg dose of mAb pI 5.6 (white circle) and corresponding glycosylated variant 2N-5.6G
(black circle). Brain concentrations are corrected for residual blood content. Each point represents average tissue
concentration and error bars denote standard deviation about the mean (n=3).
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Fig. 10. Comparison of brain to plasma AUC ratio of mAb 5.6 and 2N-5.6G in diseased 3xTg-AD mice. The
brain to plasma area under the concentration time curve (AUC) ratio was calculated for mAb pI 5.6 (white bar) and
corresponding glycosylated variant 2N-5.6G (grey bar) at a dose of 1 mg/kg given IV. Each bar represents brain to
plasma AUC ratio and error bars denote standard error of the mean for the AUC ratio. Mean AUC0→10 days was
calculated using a linear trapezoidal method. Standard error of the mean as calculated by the modified Bailer method
using in built sparse sample module in Phoenix 6.1. Standard error of the ratio was calculated using the method of
error propagation for ratios. The ratios were compared using Student’s t test, the differences between the mAbs
were found to be not significant.
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and corresponding glycosylated variant 2N-5.6G (grey bar) at a dose of 1 mg/kg given IV. Each bar represents
organ to plasma AUC ratio and error bars denote standard error of the mean for the AUC ratio. Mean AUC0→10 days
was calculated using a linear trapezoidal method. Standard error of the mean as calculated by the modified Bailer
method using in built sparse sample module in Phoenix 6.1. Standard error of the ratio was calculated using the
method of error propagation for ratios. The ratios were compared using Student’s t test, the differences between the
mAbs were found to be not significant.
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Fig. 14. Comparison of brain to plasma AUC ratio of the mAb 7.7 variant in diseased male and female 3xTgAD mice. The brain to plasma area under the concentration time curve (AUC) ratio was calculated for mAb 7.7
for male (white bar) and female (grey bar) mice at a dose of 1 mg/kg given IV. Each bar represents brain to plasma
AUC ratio and error bars denote standard error of the mean for the AUC ratio. Mean AUC0→10 days was calculated
using a linear trapezoidal method. Standard error of the mean as calculated by the modified Bailer method using in
built sparse sample module in Phoenix 6.1. Standard error of the ratio was calculated using the method of error
propagation for ratios. The ratios were compared using Student’s t test, the differences between the charge variants
were found to be not significant.
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sample module in Phoenix 6.1. Standard error of the ratio was calculated using the method of error propagation for
ratios. The ratios were compared using Student’s t test, the differences between the charge variants were found to
be not significant.
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CHAPTER FOUR

Sorafenib Decreases the Tumor Uptake and Distribution of an Anti-Carcinoembryonic
Antigen Monoclonal Antibody in a Mouse Model of Colorectal Cancer
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ABSTRACT
In this investigation, we test the hypothesis that treatment with sorafenib, an anti-angiogenic agent,
decreases tumor vascularization and, consequently, hinders the delivery of monoclonal antibodies (mAb)
to xenograft tumors. Severe combined immunodeficiency mice bearing carcinoembryonic antigen (CEA)
expressing tumor xenografts were divided into control and sorafenib-treated groups. Sorafenib was
administered to the latter group at 50 mg/kg IP every 48hrs, starting four days post-tumor implantation.
When tumors attained a size of 200-300 mm3, mice were evaluated for: (a) tumor microvessel density
(using immunohistochemical analysis), (b) tumor macromolecular extravasation (using Evans Blue Dye
(EBD)), (c) pharmacokinetics of an anti-CEA mAb, T84.66, following an intravenous dose of 10 mg/kg,
and (d) intra-tumoral spatial distribution of T84.66 (using autoradiography). Sorafenib treatment resulted
in a substantial reduction in tumor growth rate, a visible reduction in tumor microvessel density, and in a
46.4% decrease in EBD extravasation in tumor tissue (p<0.0455). For control and treated mice, no
significant difference was found for the area under the mAb plasma concentration-time curve (AUC (0-7d):
1.67×103 ± 1.28 x 102 vs. 1.76×103 ± 1.75 x 102 nM x day, p=0.51). However, tumor AUC(0-7d) was
reduced by 40.8% in sorafenib-treated mice relative to that observed in control mice (5.61×10 2 ± 4.27 x
101 vs. 9.48×102 ± 5.61 x 101 nM x day, p<0.001). Sorafenib therapy was also found to markedly alter
mAb tumor spatial distribution. The results collectively suggest that sorafenib treatment causes a
significant reduction in mAb delivery to, and distribution within, solid tumors.
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INTRODUCTION
With increased usage of therapeutic monoclonal antibodies (mAbs), there is an increased probability for
co-administration of mAbs with other therapeutic agents, including mAbs and small molecule drugs
(SMD). Perhaps unsurprisingly, there is a small, but growing list of examples of mAb-mAb or mAb-SMD
drug-drug interactions (DDI). In these interactions, mAb may serve as the victim or as the perpetrator (1),
and alterations may be observed in pharmacokinetics (PK) or in pharmacodynamics (PD). The
mechanisms involved may be simple and direct (e.g., competitive inhibition of transport proteins), or more
complex and indirect (e.g., mAb-mediated alteration in concentrations of endogenous signaling molecules
that influence the expression of enzymes that metabolize SMD).

Notable examples where mAbs are the victim of a PK DDI include the observations of decreased mAb
clearance with co-administration of immunosupressants including methotrexate (2), azathioprine (3) and
mycophenolate mofetil (3, 4).

This complex DDI appears to be primarily related to increased

immunological tolerance for mAb, decreased development of anti-drug antibodies (ADA), and decreased
ADA-mediated mAb clearance (5). DDI perpetrator effects have been observed for mAbs that act as
cytokine inhibitors or modulators, via the influence of cytokines on the expression of CYP enzymes and
drug transporters (6). For example, tocilizumab (anti-IL6R antibody) has been found to reverse IL-6
induced suppression of CYP3A4, leading to increased CYP3A4 expression, and to increased clearance of
CYP3A4 substrates (e.g., lowering the exposure of simvastatin in rheumatoid arthritis (RA) patients) (7).
The converse effect has also been shown, where the withdrawal of tocilizumab leads to a decrease in
simvastatin clearance and to increased simvastatin exposure; as such, careful selection of simvastatin dose
is warranted in tocilizumab-treated RA patients (8).
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In terms of PD responses, one example of note relates to the co-administration of cetuximab and
irinotecan, a SMD chemotherapeutic agent, to irinotecan-refractory colorectal cancer patients. Although
the patient population is refractory to irinotecan monotherapy, the combination irinotecan with cetuximab
was found to significantly improve response rate (22.9 percent vs. 10.8 percent, p=0.007) and time to
progression (4.1 vs. 1.5 months, p<0.001) when compared to results for cetuximab monotherapy (9). This
initial finding was supported by additional clinical and non-clinical studies (10). It is possible that
cetuximab therapy influences signaling pathways related to irinotecan resistance; however, the
mechanisms associated with this effect are unknown.

Due to the nature of many mAb DDI, where interactions may occur only in the context of disease, with
alterations in poorly understood phenomenon (e.g., immune tolerance), or via alteration in complex
signaling pathways (e.g., cytokine-modulated expression of metabolizing enzymes and drug transporters),
recent FDA guidance suggests that in vivo evaluations, in the target population for the combination
therapy, may be required to accurately project the impact of DDI involving mAb (and other biological
drugs) (11). However, it is also recognized that controlled preclinical investigations may often allow
efficient testing of mechanistic hypotheses, and provide valuable insights in interpreting the underlying
nature of DDI and predicting the risks involved.

For example, based on consideration of the mechanism by which the Fc-receptor of the neonate (FcRn)
protects immune gamma globulin from elimination, we proposed that co-administration of mAb with large
doses of pooled immunoglobulin (e.g., as used clinically with intravenous immunoglobulin [IVIG]
therapy), or large doses of monoclonal antibody, would lead to increased saturation of FcRn and to
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increased mAb elimination (12, 13). Consistent with our hypothesis, investigations carried out in rat model
demonstrated a 176% increase in 7E3 (a murine antiglycoprotein IIb/IIIa mAb) clearance when coadministered with 1 g/kg of intravenous immunoglobulin (IVIG) (12). In another investigation (14), a
mAb-mAb interaction was found with co-administration of an anti-FcRn mAb (4C9) and an antimethotrexate mAb (AMI), where a 60 mg/kg dose of 4C9 increased the systemic clearance of AMI by
99% (1.97 mL/h/kg vs. 0.99 mL/h/kg, p<0.05).

Thus, these preclinical investigations helped to

demonstrate that saturating or blocking FcRn with co-administered antibodies may have a significant
influence on the pharmacokinetics of monoclonal antibodies.

Similarly, consideration of the mechanisms associated with mAb extravasation and disposition within
tissues led to the hypothesis that bevacizumab, an anti-vascular endothelial growth factor (anti-VEGF)
antibody with anti-angiogenic activity, would decrease the delivery of mAb to solid tumors. Pre-clinical
experimentation, using a mouse model of colorectal cancer, demonstrated that the exposure of a specific
anti-tumor antibody (T84.66) in tumor tissue, as measured by the area under the tumor concentration vs.
time curve, was decreased by 66% in mice receiving anti-VEGF treated mice compared to control mice.
Although the therapeutic implications of this mAb-mAb PK interaction are not known, it is possible that
co-administration of antiangiogenic mAb with tumor-targeting mAb will yield less than additive effects
(15).

In the present study, mechanism-based preclinical investigations are presented to assess the effects of a
small molecule anti-angiogenic agent, sorafenib (BAY 43-9006), on the disposition of tumor-specific
mAb. Sorafenib is a multikinase inhibitor that blocks tumor growth and progression by inhibiting the
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RAF/MEK/ERK pathway and pro-angiogenic receptors VEGFR-2, PDGFR-β and VEGFR-3 (16).
Sorafenib is known to primarily have a cytostatic profile, and the drug is indicated for advanced renal cell
carcinoma and unresectable hepatocellular carcinoma (17, 18). Several clinical trials are in progress to
investigate combinations of sorafenib and anti-cancer monoclonal antibodies for the treatment of thyroid,
lung, and recurrent glioblastoma cancers (19-25). We hypothesize that the antiangiogenic activity of
sorafenib will decrease microvessel density and protein extravasation in tumors, reducing the delivery of
anti-cancer mAb to solid tumors, and impacting mAb spatial distribution within tumors.
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MATERIALS AND METHODS
Antibody
T84.66, a murine anti-carcinoembryonic (CEA) antibody IgG1, was produced by the hybridoma cell line
HB-8747, which was obtained from American Type Culture Collection (ATCC, Manassas, VA). The
antibody has high affinity to CEA and the binding kinetics are well established (kon 6.41 nM x h-1, koff
5.11 x 10-2 h-1 ; Kd=0.008 nM) (26). T84.66 was produced by growing hybridoma cells in serum free
media in 1 L spinner flask. Media was harvested three times a week, followed by centrifugation at 13000
g to remove cell debris. T84.66 was then purified from the supernatant via protein G chromatography
using a medium pressure chromatography system (Bio-Rad, Hercules, CA).

Reagents
Sodium iodide (Na-125I) was purchased from Perkin Elmer Inc. (Waltham, MA). Trichloroacetic acid
(TCA) was obtained from Sigma Life Science (St Louis, MO). Potassium iodide (KI) was purchased from
Fisher Scientific (Pittsburgh, PA). EDTA disodium was purchased from Riccar Chemical Company
(Arlington, TX), bovine serum albumin (BSA) was purchased from US Biological (Swampscott, MA),
and saline was obtained from Braun Medical Inc. (Irvine, CA). Trypsin-EDTA was purchased from Life
Technologies (Grand Island, NY), and sterile phosphate buffered saline (1x PBS) was obtained from
Corning (Manassas, VA). Evans Blue Dye (molecular wt. 960.8 g/mol) and formamide were purchased
from Sigma Aldrich (St Louis, MA). Anti-CD31 antibody and 10x Zinc Fixative (formalin free) were
purchased from BD Pharmingen™ (San Jose, CA). Sorafenib tosylate (C21H16ClF3N4 O3•C7H8 SO3,
molecular wt. 637.03, ≤ 99% purity) was purchased from Santa Cruz Biotechnology (Dallas, TX). Tissue
freezing media was obtained from Triangle Biomedical Sciences (Durham, NC).
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Xenograft Cell Line
LS174T, a human CEA expressing colorectal adenocarcinoma cell line was used for this work. The cells
were cultured, as per ATCC, in Minimum Essential Media with 10% fetal bovine serum. Cells were
detached using trypsin-EDTA and sub-cultivated at 1:4 ratio (no more than 4 passages).

Animals
Severe combined immunodeficiency (SCID) male mice, 4-5 weeks of age, were purchased from Harlan
(Indianapolis, IN). Mice were kept individually in a sterile cage system on a 12-h light/12-h dark cycle
and allowed to acclimate to the animal facility for one week prior to xenograft implantation. Animals were
handled under aseptic conditions and given ad libitum access to autoclaved chow and water. Two days
prior to injection of the radio-iodinated antibody, mice were provided sterile KI-water (0.2g/L as drinking
water) to block the thyroidal uptake of free iodine. Consistent with the expectations of the Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC), all experiments were conducted
under the approval of the Institution of Animal Use and Care Committee, State University of New York
at Buffalo.

Establishment of Xenograft
SCID mice were injected subcutaneously into the left flank with LS174T cells suspended in sterile PBS
(~2.0×106 cells/mouse). Tumor growth was monitored using digital Vernier caliper and volume was
calculated based on the formula (l x w2)/2, where ‘l’ is the length of the longest diameter (mm) and ‘w’ is
the diameter (mm) perpendicular to ‘l’. The tumors volume were measured every two days post
implantation.
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Sorafenib Dosing Regimen
Dimethyl sulfoxide (DMSO) was selected as the vehicle of administration as sorafenib tosylate is known
to have a solubility of 127mg/mL in DMSO at 25 °C (27). Aliquots were made and stored at – 20 °C. Four
days post xenograft implantation, mice were administered 50 mg/kg, via intraperitoneal (IP) injection,
every 48 hours. The control group received IP injection of the vehicle with the same schedule (28). For
all conducted studies, sorafenib treatment was continued until the (individual) mice were sacrificed.

Radio-labeling of Antibody with Iodine-125 (125I)
Antibody was labeled with 125I using a modified chloramine-T method (29). 40µL of antibody (1 mg/ml
in PBS) and 10µL of

125I

(1 mCi) were mixed together, followed by addition of 20 µL of 1mg/mL

chloramine-T in phosphate buffer. The reaction initiates with the addition of chloramine-T and after 90 s,
25 µL of sodium metabisulfite (2 mg/ml in phosphate buffer) was added to stop the reaction. 40µL of 10
mg/ml potassium iodide in distilled water was then added, and the mixture was gently vortexed prior to
passage through a sephadex G-25M pre-packed column. The radiochemical purity of

125I-IgG

peak

fraction was determined by thin layer chromatography, as described previously (30).

Effect of Sorafenib Treatment on Tumor Microvessel Density
The effect of sorafenib on microvessel density was determined by immunohistochemical analysis (IHC)
of tumor samples obtained from control and sorafenib-treated mice (n=5/group). The analysis was done
by using murine CD31 as a marker for micro-vessels, via labeling with an anti-CD31 antibody. Briefly,
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when tumors reached a size of 200-300 mm3, mice were euthanized and tumors were excised. The tumors
were cut into sections of 2-3 mm, and then incubated in formalin-free zinc fixative for 48h. Samples were
then sectioned to 4 μm thickness, dried in a 60 °C oven for 1 hour, and then cooled. Sections were then
dewaxed with xylene and re-hydrated with 100%, 95% and 70% ethyl alcohol. 3% H2O2 was used to
quench the endogenous peroxidase. Slides were placed on Dako Autostainer and blocked with a serum
free protein blocking agent. Sections were incubated with anti-mouse CD31 mAb (3 μg/mL) followed by
sequential incubation with a biotinylated anti-rat secondary streptavidin peroxidase and 3, 3’diaminobenzidine. Sections were counterstained with hematoxylin, then washed and dehydrated with
graded alcohol (31). Whole sections were digitally scanned using an Aperio Scanscope XT with 20x
bright-field microscopy.

Effect of Sorafenib Treatment on Tumor Extravasation of Evans Blue Dye
The effect of sorafenib on the extravasation of albumin in tumor tissues was measured by administering
Evans Blue Dye (EBD) to mice. Upon intravascular injection, EBD rapidly binds to albumin. Post
injection, the mice were subjected to whole body perfusion, and the residual tumor dye was quantified as
a measure of extravasated protein. Mice from the control and treatment group (n=4/group), each bearing
tumors of size 200-300 mm3, were given an IV injection of 60 mg/kg of EBD (pre-filtered in 0.9% saline).
One day post EBD dosing, mice were anesthetized, surgically cut along the central line and the inferior
venacava was cut below the site of the tumor. A 25.5 gauge cannula (0.50 x 13 mm, Terumo ®, Tokyo,
Japan) was inserted into the apex of the left ventricle, and immediately followed by saline perfusion at
rate of 3 mL/min for 5 min using a Harvard pump (Cat#55-2222, Holliston, MA). At the end of the
perfusion, the liver, kidneys, and other organs appeared to be visibly blanched. Tumor tissue was excised,
mixed with formamide, and homogenized with a tissue tearor (Biospec Products, Bartleville, OK),
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followed by incubation at 70°C for 24h. Homogenates were ultracentrifuged at 100,000g at 4°C (XE90
Beckman Coulter Ultracentrifuge, Brea, CA) and EBD in the supernatant was measured via a
spectrophotometer. A standard curve of the spiked EBD in formamide at 620nm was constructed.
Background absorbance was obtained from a blank tumor sample (n=1/group) homogenized in
formamide. EBD concentration in tumor tissues (mg/mL of EBD/g of tumor) was calculated (15, 32).

Effect of Sorafenib Treatment on T84.66 Pharmacokinetics
For the pharmacokinetic (PK) study, mice were divided into control and sorafenib-treated groups. Three
mice per time point for 8 time points (1, 3, 8h, and 1, 2, 4, 7, 10d; n=24/group) were employed to complete
the PK study. For both groups, the pharmacokinetic study commenced when the tumor reached a size of
200-300 mm3. All mice were administered a tracer dose of

125I

labeled antibody (400µCi/kg) along with

the unlabeled T84.66 antibody (10 mg/kg) via penile vein injection. For every time point, blood (via
cardiac puncture), tumor, and major organs (muscle, skin, liver, spleen, kidneys, lungs, heart and small
intestine) were collected. Plasma was separated from blood and TCA precipitation was carried out as
previously described (15). Radioactivity in the samples was quantified using gamma counting, with
correction for background and decay. Antibody concentration was determined as previously described
(33). The densities of all tissues were assumed to be 1 g/mL (34) . The study had to be terminated on the
7th day as sorafenib-treated mice showed severe signs of distress including hunched back, slow
movement, ruffled fur, and gastro-intestinal toxicity (e.g., diarrhea, greater than 20% weight loss).

Data Analysis
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Student’s t-test was performed to test the statistical significance of differences. T84.66 pharmacokinetic
data were analyzed by standard non-compartmental analysis using Phoenix WinNonlin 6.1 (Pharsight,
Mountain View, CA). Mean areas under the concentration-time curve for the length of the study (AUC (07d))

were calculated via the linear trapezoidal rule, and the standard deviation was calculated by a modified

Bailer’s method (35) using the in-built sparse sample module in Phoenix 6.1. Statistical significance for
Student's t-test was set at a threshold of p<0.05. Tissue to blood mAb AUC ratios was estimated and
variance was calculated using method of error propagation for ratios (36).

Effect of Sorafenib Treatment on Spatial Distribution of T84.66 in Tumor
Sections of tumor were analyzed to evaluate the effect of sorafenib treatment on the spatial distribution of
mAb. When a tumor size of 200-300mm3 was attained, mice from both control (n=2) and treatment (n=3)
groups received a single dose of T84.66 (10 mg/kg of unlabeled T84.66 + 400µCi/kg of labeled

125I-

T84.66). Four days post dosing, mice were subjected to whole body perfusion and tumors were excised.
Excised tumor tissue was embedded in tissue freezing media and immediately frozen on liquid nitrogen.
Tissues were kept at -80 °C until sectioned. Tumors were trimmed down using a cryostat (HM525,
Microm, Walldorf, Germany), and 10 µm thick sections were collected on positively charged proteincoated glass slides, and allowed to attach and dry for a few hours at -20 °C. Slides were covered with tape
and exposed to imaging plates (BAS-SR2025, FUJIFILM Medical Systems). The exposure period was
optimized, and all sections from the two groups were exposed for the same time period. Imaging plates
were scanned (BAS-5000, FUJIFILM), read and analyzed using an image reader (Multi Gauge, version
3, FUJIFILM) (37).
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RESULTS
Tumor Growth Profile
The growth curve for LS174T tumors in sorafenib-treated and control group mice were compared Fig. 1.
The increase in tumor volume with time was captured with an exponential growth function until tumors
reached a size of 200-300 mm3 (i.e., y=a.ebx, where y=tumor volume, a=initial tumor volume, x=time of
measurement, and b=exponent of tumor growth). The equation for tumor growth in control mice (n=5)
was y=12.3e0.2045x and for the treated mice (n=5) was y=7.68e 0.131x. It was found that sorafenib-treated
tumors took approximately 12 days longer to reach the required 200-300 mm3 range.

Detection of Tumor Blood Microvessels
The areas of microvessels in control and sorafenib-treated tumors were detected using
immunohistochemical analysis. Representative sections of sorafenib-treated tumors (Fig. 2.) showed large
areas with a complete absence of blood microvessels. It was also observed that in the sorafenib-treated
group, tumor microvessels were found to be primarily restricted to the peripheral areas of the tumor.

Tumor Extravasation of Evans Blue Dye
The images of centrally cut tumors of the control and sorafenib-treated groups (Fig. 3.) showed a clear
lack of penetration of EBD in sorafenib-treated tumors. A standard curve for EBD in formamide at 620
nm was made (0-300 µg/mL) and EBD concentration in homogenized tumor sample was calculated from
the standard curve. The concentration of EBD (mg/mL) per gram of tumor was 46.4 % lower in the
sorafenib-treated (0.0526 ± 0.0107 mg/ml of EBD/g of tumor) group compared to the control group
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(0.0983 ± 0.0347 mg/ml of EBD/g of tumor) as shown in Fig. 4. The difference was found to be significant
(p=0.045).

Sorafenib Treatment and T84.66 mAb Disposition
T84.66 pharmacokinetics in control and sorafenib-treated LS174T bearing SCID mice in plasma, tumor
and organ tissues were quantified. The plasma and tumor concentration time profiles are shown in Fig.
5. The plasma and tumor pharmacokinetics was compared as shown in Fig. 6. Non-compartmental
analysis on plasma pharmacokinetics was done using Phoenix 6.1. The plasma AUC (0-7d) was
1.67×103±1.28 x 102 and 1.76×103±1.75 x 102 nM x day for control and sorafenib-treated mice, and
differences were not found to be statistically significant (p=0.51). Since the study was terminated on the
7th day, the percentage extrapolated for mean area under the curve was found to be greater than 20%.
Consequently, the accuracy of the estimated terminal slope and other derived pharmacokinetic parameters
like volume of distribution (Vss) and clearance (CL) obtained from non-compartmental analysis could not
be deemed to be reliable.

Tissue T84.66 concentration versus time profiles for skin, muscle, spleen, kidneys, liver, GIT, lungs and
heart are shown in Fig. 7. The variability on the AUC (0-7d) was calculated using the modified Bailer’s
method and the AUC(0-7d) for tumor and tissues was compared as shown in Fig. 8. Tumor AUC(0-7d) was
9.48×102±5.61 x 101 and 5.61×102±4.27 x 101 nM x day for control and sorafenib-treated mice. Tumor
AUC(0-7d) for sorafenib treated mice was 40.8% lower than that found for control mice (p<0.001). After
the initiation of the PK study, the control tumors grew more rapidly as compared to the sorafenib-treated
tumors (Fig. 9.); tumors harvested at the 7th day time-point weighed 2.12±0.127 g and 0.70±0.0442 g for
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control and sorafenib-treated mice, reflecting the anti-tumor activity of the sorafenib treatment that was
employed.

The mean tumor to plasma AUC(0-7d) ratios were 0.567 and 0.319 for control and sorafenib-treated mice
(i.e., reduced by 44% for sorafenib-treated mice). This difference was found to be statistically significant
(p<0.05). The tissue to plasma AUC (0-7d) ratios for non-tumor tissues were not significantly different
between groups, as shown in Table I. Comparison of tissue to plasma concentration ratios (Fig. 10.)
showed that differences between the control and sorafenib-treated group were statistically significant at
8, 48, and 96 h after dosing.

Spatial Distribution of mAb in Tumor Sections
Autoradiographic images (Fig. 11.), created by gamma decay of the radionuclide

125I,

allow qualitative

visualization of the distribution of T84.66 in tumor sections. There is an obvious size difference between
the sections from both groups, as the effects of sorafenib decrease tumor growth. In the control group, the
sections showed a more uniform distribution of T84.66, while in the sorafenib-treated group, the mAb
distribution was primarily restricted to the peripheral regions of the tumor sections.

192

DISCUSSION
Combination drug therapy is often employed in oncology, as the use of multiple agents with different
mechanisms of action often allows continued anti-cancer efficacy in the face of genetic instability,
frequent mutations, and rapid development of drug resistance. Anti-angiogenic agents are often considered
for inclusion within combination therapies, in part due to the comparatively modest toxicity observed for
these agents (38). However, given the complex effects of anti-angiogenic agents in normalizing tumor
vasculature (i.e., potentially improving the efficiency of tumor blood flow), while also decreasing
neovascularization in tumors and decreasing tumor vascular permeability (39), there has been some
uncertainty of whether their effects on tumor vasculature would lead to decreases in the intra-tumoral
delivery of co-administered drugs (40).

We have previously hypothesized that anti-angiogenic agents may substantially increase the tumor
exposure of SMD chemotherapeutics in the context of regional chemotherapy (e.g., IP chemotherapy for
treatment of peritoneal tumors) (31, 41). In IP chemotherapy, SMD primarily enter tumors via diffusion
from the peritoneal fluid, and tumor blood flow serves as a clearance mechanism, transporting drug from
tumors to the systemic circulation. Pre-clinical testing demonstrated that anti-angiogenic therapy (using
bevacizumab) inhibited tumor neo-vascularization, reduced the rate of drug removal, and, with combined
IP topotecan chemotherapy, increased tumor AUC for topotecan by 6.34-fold (relative to AUC observed
following administration of topotecan alone). Combined anti-angiogenic therapy and IP chemotherapy
was found to provide superior anti-tumor effects for several SMD chemotherapeutics, including topotecan,
cisplatin, carboplatin, and paclitaxel (31, 41).
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However, the mechanisms associated with tumor uptake of anti-tumor mAbs differ substantially from
those associated with the uptake of SMD chemotherapeutics following regional chemotherapy. Antibody
entry into tumors is reliant on delivery to tumors via the vasculature, and mAb extravasation within tumors
is influenced by the integrity (i.e., vascular permeability) of tumor capillaries (42, 43). Owing to the known
effects of anti-angiogenic agents on decreasing tumor micro-vessel density and decreasing tumor capillary
permeability, we have hypothesized that anti-angiogenic agents would substantially decrease the delivery
and intra-tumoral exposure of mAb drugs.

To assess the effects of sorafenib on mAb disposition, sorafenib treatment was started 4 days post tumor
implantation, and the treatment was continued until mice were sacrificed. The sorafenib regimen used,
50mg/kg IP every 48h, has previously shown significant anti-angiogenesis and anti-proliferative effects
in xenograft bearing mice (28). Given the effects of sorafenib on tumor growth, we elected to initiate the
investigation of T84.66 pharmacokinetics when tumors reached a specific volume (i.e., 200- 300 mm3),
as opposed to initiating treatment at a specific time relative to tumor implantation. Due to the cytostatic
effects of sorafenib (Fig.1), mAb dosing occurred ~25 days after implantation in sorafenib-treated mice
and ~15 days after implantation in control mice.

Sorafenib treatment reduced extravasation of EBD in tumors by 46.4% (Fig. 3.), which is quite similar to
the results obtained in our previous investigations with anti-VEGF mAb, where EBD extravasation was
reduced by 45% (15). Macromolecular extravasation is considered to be dependent on the capillary
surface area to tumor volume ratio and permeability of the macromolecule (44). In the current study, EBD
distribution was restricted to the outer regions of tumors in sorafenib-treated mice, indicating that the
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central regions of the tumor either lack blood vessels and/or that the vessels in the central region are less
permeable than those found in control mice. The IHC analysis of tumor sections from both groups showed
that tumors of same size had markedly different microvessel density and distribution (Fig. 2.). As seen in
the IHC images, large areas of tumor sections from sorafenib-treated mice are completely devoid of
microvessels. The distribution of microvessels observed in the tumor IHC sections corresponded with our
qualitative assessment of mAb spatial distribution via autoradiography (Fig. 11.), further highlighting the
significance of tumor vascularity in the pattern of intra-tumoral distribution of anti-CEA mAb. These
findings are in close agreement with our prior investigations of the effects of anti-VEGF on EBD and
mAb distribution in tumors, and in close agreement with the work of Pastuskovas et al., which
demonstrated that anti-VEGF therapy decreased the exposure of anti-cancer and isotype control mAbs in
tumors (45). Collectively, the data support the hypothesis that the effects of anti-angiogenic therapy on
tumor vasculature lead to a decreased extravasation of macromolecules in tumors, and to decreased tumor
exposure to anti-cancer mAb.

However, there may be other unknown mechanisms that contribute to the observed pharmacokinetic
results. For example, it is possible that sorafenib treatment alters CEA expression in tumors, and
differences between treated and control mice in the rate of tumor growth with time may influence our
findings, as tumors of different sizes often differ in vascularity and in antigen concentration.
Unfortunately, due to experimental limitations (e.g., the inability to match tumor size at all time-points
between each treatment group), it was not possible to control for all potential confounding influences
within the current work. However, it is unlikely that the observed reduction in T84.66 tumor exposure is
simply a result of the effects of sorafenib on tumor growth and tumor size. With increasing size, tumors
are expected to demonstrate reduced vascular density and reduced tumor-to-plasma mAb concentration
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ratios, as larger tumors are typically associated with increased necrosis, where necrotic regions often show
little or no mAb exposure (46). In the present work, tumor sizes were smaller for the sorafenib-treated
group, and the total tumor concentrations of the anti-cancer antibody were significantly lower; as such,
the observed results are inconsistent with a simple effect of sorafenib on tumor size.

Comparison of the present work to our prior investigations of the effects of anti-VEGF on mAb disposition
in tumor-bearing mice reveals many similarities. In each study, we observed no significant effects of
treatment on the plasma pharmacokinetics of T84.66, or the pharmacokinetics of T84.66 in non-tumor
tissues. We also observed a comparable reduction in EBD extravasation in tumors (discussed above), a
similar effect in decreasing T84.66 exposure in tumors, and significant reductions in tumor to plasma
AUC ratios (i.e,. in the anti-VEGF study, a 66% reduction in tumor to plasma AUC ratio of T84.66 was
observed(15), while in this study we observed a 43% reduction). Additionally, investigations of
Pastuskovas et al., which examined the effects of bevacizumab treatment on trastuzumab uptake in tumors
in a breast cancer mouse model (45), also reported reduced mAb uptake in tumors with no alterations in
systemic PK.

Although we observed a significant PK DDI with the combination of a tumor-specific mAb and sorafenib,
the therapeutic implications of co-administration of sorafenib with mAb remains to be investigated.
Reviewing recent clinical trials, sorafenib has been given in combination with infliximab in renal cell
carcinoma (19), bevacizumab in glioblastoma (25), and with tigatuzumab (23) and ramucirumab (24) in
advanced hepatocellular carcinoma. In these trials, the combination strategy failed to improve patient
outcome, as compared to sorafenib or mAb monotherapy. There have been clinical studies where some
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mAb-sorafenib combination therapies were found to effective (20-22), but, to date, there are no approved
or established sorafenib-mAb combination therapies.
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CONCLUSION
The effects of sorafenib treatment on tumor vascularity, macromolecular extravasation, and mAb
pharmacokinetics were assessed in mice bearing human colorectal cancer xenografts. Relative to results
observed in control animals, mice in the sorafenib-treated group were found to exhibit decreased tumor
microvessel density, decreased extravasation of Evan’s Blue Dye, decreased exposure to a coadministered anti-tumor mAb, and decreased mAb spatial distribution in tumors. However, mAb
pharmacokinetics in plasma and in non-tumor tissues were not affected. Although the current work raises
concern for a possible antagonistic therapeutic interaction between sorafenib and anti-tumor mAb, the
therapeutic consequences of this combination require further investigation.
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TABLE
Table I. T84.66 Tissue to Plasma AUC (0-7d) ratio in Control and Sorafenib-treated SCID Mice
Bearing LS174T Xenografts
Tissue

Control

Sorafenib-treated

p value

Tumor
Skin
Muscle
Spleen
Kidneys
Liver
Lungs
Heart
GIT

0.567 (0.0633)
0.152 (0.0176)
0.074 (0.0149)
0.145 (0.0184)
0.119 (0.0104)
0.139 (0.0132)
0.209 (0.0264)
0.141 (0.0172)
0.057 (4.41 x 10-3)

0.319 (0.0458)
0.149 (0.0351)
0.065 (7.38 x 103)
0.183 (0.0565)
0.127 (0.0166)
0.133 (0.0186)
0.233 (0.0334)
0.155 (0.0180)
0.072 (8.42 x 10-3)

p<0.05
NS
NS
NS
NS
NS
NS
NS
NS

Parenthesis indicate standard deviation calculated by using method of error propagation; NS indicate not significant
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Fig. 1. Growth curve of LS174T tumors in control and sorafenib-treated mice. The increase in tumor volume
with time was captured with an exponential growth function y=a e bx, where y=tumor volume, a=initial tumor
volume, x=time of measurement, and b=exponent of tumor growth. The equation for tumor growth curve in control
mice (open circles) was y=12.3 e0.2045x and for the treated mice (closed circles) was y=7.68 e0.131x. Each point
represents average volume and error bars denote standard deviation about the mean (n=5/group).
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Control
a

Sorafenib treated
b

Fig. 2. Representative images of control and sorafenib-treated tumor sections from immunohistochemical
analysis. The areas (outlined in green and black) show regions containing blood microvessels in the 10 µm sections
of control (a) and sorafenib-treated (b) tumors.
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Fig. 3. Images of centrally cut tumors from control and sorafenib-treated group. Tumors (size 200-30mm3)
excised from control (a and b) and sorafenib-treated (c and d) after Evans Blue Dye injection (60 mg/kg IV).
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represent the average EBD concentration/g of tumor from control (black) and sorafenib-treated (grey) group. The
error bars represent the standard deviation about the mean. Estimates from the two groups (n=4/group) were
compared using Student’s t-test (p=0.0453).
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Fig. 5. Plasma and tumor pharmacokinetics of T84.66 in control and sorafenib-treated mice. T84.66
concentration vs. time profile (dose 10 mg/kg, IV) in a. plasma and b. tumor tissues of control (open circles) and
sorafenib-treated (closed circles) SCID mice bearing LS174T xenografts. Each point represents average T84.66
concentration and error bars denote standard deviation about the mean (n=3).
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and b. sorafenib-treated SCID mice bearing LS174T xenografts. Each point represents average T84.66
concentration and error bars denote standard deviation about the mean (n=3).

206

"'"'
Skin

Muscle

""'

~
,.
,ooo

-

"

60

.,

,oo

,20

,.,

,60

,.,

,.
,ooo

" "

.,

,oo

,oo

,oo

:iB:

C:
C:

0
:.:;

-

,.

C:

" "

.,

,oo

"' '" "'

QJ
(J

,.,

,.,

~
,.

" "

.,

,oo

Liver

C:

'"

Kidneys

Spleen

...cu

,.,

'"

,.,

"'

"'

,.,

Heart

0

(.)
(0
(0

'o:t

,0

~~

C0

I-

.,

,oo

"'

,.,,

'"

,.,

,oo
,ooo

Lungs

,.,

,0

"

60

.,

,oo

"'

,.,,

,.,

'" "'

GIT

~~
,.

"'

•60

,.,

~~
,. .,,

Time (h)

60

,0

,oo

,,. ,.,

"'

,.,

Time (h)

Fig. 7. Non-tumor tissue pharmacokinetics of T84.66 in control and sorafenib-treated mice. T84.66 tissue
pharmacokinetic profile (dose 10 mg/kg, IV) in control (open circles) and sorafenib-treated (closed circles) SCID
mice bearing LS174T xenografts. Each point represents average tissue concentration and error bars denote standard
deviation about the mean (n=3).

207

2500

-

2000

-

Control

C:J Sorafen ib treated

"C

"

2

C:

1500

'o

....

B

e. 1000

0
:::,
<C

*

500

Fig. 8. T84.66 plasma, tumor and non-tumor tissue AUC(0–7d) from control and sorafenib-treated mice. Bars
represent the AUC(0–7 days) for the control (black) and sorafenib-treated (grey) groups as calculated using linear
trapezoidal method. The error bars represent the standard deviation of the AUC (0–7d) as calculated using modified
Bailer’s method. Mean AUC values between the two groups were compared using Student’s t-test and only tumor
tissues were found to be significantly different (p<0.001).

208

3.0

2 .5

§

..

.s::.

2 .0

Cl

'cii

3:...
0

1.5

E
::I

I-

..

"C
Ql

1.0

(.)

..21

0

0

0.5

0.0
0

100

50

150

Time (h)

Fig. 9. Growth curve of LS174T tumors in control and sorafenib-treated mice following T84.66
administration. During terminal sampling at each time-point, tumor tissue was excised from control (open circles)
and sorafenib-treated (closed circles) SCID mice was blotted dry and weighed. Each point represents average weight
(in grams) and error bars denote standard deviation about the mean (n=3/time-point/group).

209

2.5
0

-

:;:::;

...
C:

Control

c:::::J s orafenib treated

ltl

2.0

0

:;:::;

...
ltl

C:
(I)

u

NS
1.5

C:

0

*

u
ltl

E
1.0
1/)
ltl

0.

NS

-...
0

0 0.5

E
::J

NS

I-

*

*

0.0

~
Time (h)

.,,,_<o

~'o

'o'o

"

Fig. 10. T84.66 tumor to plasma concentration ratio from control and sorafenib-treated mice. Bars represent
the mean tumor to plasma concentration ratio for the control (black) and sorafenib-treated (grey) groups as
calculated using linear trapezoidal method. The error bars represent the standard deviation of the mean at each time
point. Ratios at each time point between the two groups were compared using Student’s t-test (NS: not significant).

210

Control

Sorafenib treated

Fig. 11. Representative autoradiographic images of tumor sections from control and sorafenib-treated group.
Sections of tumor tissues excised four days after injection of 125I-T84.66 at 10 mg/kg, IV (400 μCi/kg) from control
(a,b) and sorafenib-treated (c,d) group were imaged using autoradiography.
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CHAPTER FIVE

Evaluation of the Effect of Chronic Phenytoin Therapy on
Monoclonal Antibody Pharmacokinetics

Contributors to this work- Veena A. Thomas and Joseph P. Balthasar
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ABSTRACT
For the past several decades, phenytoin therapy has been reported to cause immunological defects
including decreased immunoglobulin production, immunoglobulin (IgA and IgG) deficiency, and
suppression of immune responses. The impact of phenytoin therapy on the pharmacokinetics of
monoclonal antibodies (mAb) has not been thoroughly investigated. In this study, the pharmacokinetics
of a model monoclonal antibody, 8C2, were evaluated in control mice and in mice treated with chronic
phenytoin therapy. Swiss Webster mice were treated daily with phenytoin via intraperitoneal injection at
doses 10-40 mg/kg for 28 days. Subgroups of mice were immunized with bovine serum albumin (BSA),
and plasma concentrations of anti-BSA immune gamma globulin were assessed to evaluate the effect of
phenytoin therapy on the development of a humoral immune response. Additional subgroups of mice were
administered 8C2, a model murine IgG1 monoclonal antibody, 25 mg/kg via intravenous injection, to
evaluate the effects of phenytoin on 8C2 pharmacokinetics. Plasma concentrations of murine IgG, antiBSA IgG, and 8C2 were determined via enzyme-linked immunosorbent assays. Pharmacokinetic
parameters were evaluated by non-compartmental analyses. Phenytoin treatment caused a dose-dependent
decrease in anti-BSA IgG immune response. Across control and treated groups, where phenytoin was
administered at doses of 0, 10, 20, and 40 mg/kg/day, no differences in 8C2 clearance (2.90×101±3.47,
3.25×101±9.94, 2.51×101±6.55 and 2.73×101±6.53 mL/day/kg, p>0.05) or total endogenous IgG
concentrations (1.72 ± 0.220, 1.63 ± 0.143, 1.61 ± 0.102, 1.71 ± 0.231 mg/mL, p<0.05) were observed.
Phenytoin treatment decreased the development of an IgG immune response following immunization, but
did not lead to alterations in mAb pharmacokinetics. These findings suggest that chronic phenytoin
therapy may be unlikely to lead to significant effects on mAb disposition.
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INTRODUCTION
Phenytoin (5,5-diphenylhydantoin) was first synthesized in 1908 as a barbiturate analogue and has been
used in the treatment of epilepsy since 1937 (1). It has been the first in line treatment for tonic-clonic
seizures and status epilepticus. Among anti-epileptics including benzodiazepines, barbiturates, and
valproate, phenytoin is one of the most widely-prescribed antiepileptic drugs (AED) in USA for tonicclonic seizures, representing approximately 52% of AED prescriptions as reported in 2010 (2); however,
usage has been declining in recent years. Its primary mechanism of action is blockade of voltage-sensitive
sodium channels inhibiting excitatory neuronal transmission and post-tetanic potentiation, thereby
obstructing the positive feedback that results in maximum seizure activity (3). It is known to have saturable
elimination kinetics with a relatively short half-life (22 h); hence, daily administration is typically applied
for the management of seizure disorders. It is a narrow therapeutic index drug and requires therapeutic
monitoring (4). Careful evaluation of concomitant medication and avoidance of unnecessary
polypharmacy is recommended during long-term phenytoin therapy (5). Phenytoin is primarily
metabolized by the liver (CYP2C9) and is highly bound to plasma protein (about 90% bound) (6). Longterm phenytoin therapy is known to cause significant untoward physiological side effects like cerebellar
syndrome, hyperkinesia, megaloblastic anemia, gingival hyperplasia, folate deficiency, bone mineral
deficiency, and liver disease (7). Phenytoin has been extensively evaluated for drug-drug interaction (DDI)
with several other co-administered drugs (8, 9).

In recent years, there has been an increase in the evaluations undertaken to predict drug-drug interactions
(DDI) for antibody-based combination strategies, and formal assessments are increasingly undertaken in
early clinical development (10). Notable DDI examples include the pharmacokinetic interactions observed
for combinations of immunosupressants and monoclonal antibodies (mAb) (11-13) in chronic
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inflammatory diseases, where immunosupressants may decrease the formation of anti-drug antibodies
(ADA) against mAb, preventing ADA-mediated increases in mAb clearance, combinations of antiangiogenic agents and tumor-specific mAbs (14-16), where effects on tumor vasculature lead to decreased
delivery of tumor-specific mAb to tumors, and combinations of statins and anti-proprotein convertase
subtilisin/kexin type 9 (PCSK9) mAbs (17, 18) in hypercholesterolemia, where statins may induce PCSK9
expression and increase the target mediated clearance of anti-PCSK8 mAb. Non-clinical and clinical
interaction studies have expanded our understanding of the mechanisms and potential impact of mAbbased DDI in combination strategies. Populations with multiple chronic diseases are growing, concurrent
comorbidities are observed in numerous systemic autoimmune diseases (19). As a common exclusion
criteria, clinical trials sometimes explicitly exclude patients with severe co-morbidities (19). Hence,
evidence on DDI involving concomitant medication used to treat co-morbidities is limited and sometimes
the possibility of an interaction may be ignored.

Tonic-clonic seizures is co-morbidity in several systemic autoimmune diseases (Table. 1.) including
systemic lupus erythematosus (20), diabetes mellitus I (21), Crohn’s disease (22), ulcerative colitis (23),
sarcoidosis (24), Celiac’s disease (25), and multiple sclerosis (26). It is one of presenting signs of brain
tumor (27). AED are required for management of tonic-clonic seizures, often on a long-term basis, and
patients are subjected to chronic AED therapy. Currently, there are mAbs approved or in clinical trial for
the mentioned autoimmune diseases and brain tumors (Table. I.). FDA guidance (2012) recommends that
new investigational therapeutic proteins, when given in combination with other drugs, should be evaluated
for effects on each other, especially when the concomitant medication has narrow therapeutic index (28).
The effect of long-term phenytoin therapy on mAb disposition has not been evaluated (to our knowledge).
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Numerous reports from the 1970’s (29-38) have shown that patients treated with phenytoin therapy often
exhibit immunological defects and immunoglobulin (Ig) deficiency. Patients on long term phenytoin
therapy demonstrate IgG and IgA deficiency, suppression in cellular and humoral immune responses, and
depression in the manifestation of delayed hypersensitivity reactions against test antigens. Observed
effects of phenytoin on IgG concentrations may be explained by multiple mechanisms, including the
possibility that phenytoin therapy decreases endogenous IgG production, and the possibility that phenytoin
increases IgG elimination (e.g., via mediating a decrease in the expression of the neonatal Fc receptor,
FcRn, which protects IgG from lysosomal degradation). To evaluate the effect of phenytoin therapy on
mAb pharmacokinetics, the objective of this study was to test the effects of chronic phenytoin therapy on
plasma concentrations of endogenous IgG, the development of an IgG response following immunization,
and on the pharmacokinetics of a model monoclonal antibody.
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MATERIALS AND METHODS
Antibody
8C2, an anti-topotecan IgG1 monoclonal antibody (mAb), was used as a model agent for this work. The
mAb was previously developed in Balthasar Laboratory using standard hybridoma technology. 8C2 was
produced by growing hybridoma cells in serum free media in 1 L spinner flask (39). Media was harvested
two-three times a week, followed by centrifugation at 2500 g for 60 min to remove cell debris (centrifuge:
Sorvall Legend RT, Thermo Fisher Scientific, Waltham, MA). 8C2 was then purified from the supernatant
via protein G chromatography (Amersham Biosciences, Uppsala, Sweden), using a medium pressure
chromatography system (Bio-Rad, Hercules, CA). Approximately 30-35mg of 8C2 antibody was purified
from each liter of cell culture supernatant.

Phenytoin Sodium
5,5-Diphenylhydantoin sodium salt (C15H11N2O2 Na, ≥99% purity, 274.25 g) was purchased from Sigma
Aldrich (St. Louis, MO). 1g was dissolved in 5 ml of water plus 15 ml of 0.1 M sodium hydroxide. The
stock solution was stored at room temperature. 1:3 ratio of water and sodium hydroxide (0.1 M) was
selected for use as the vehicle for administration.

Animals
Swiss-Webster male mice, 4-5 weeks of age, were purchased from Harlan (Indianapolis, IN). Mice were
kept on a 12-h light/12-h dark cycle and allowed to acclimate to the animal facility for one week prior to
commencement of phenytoin treatment. Animals were given ad libitum access to autoclaved chow and
water. All animal experiments were in accordance to the Association for Assessment and Accreditation
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of Laboratory Animal Care (AAALAC) and were conducted under the approval of the Institution of
Animal Use and Care Committee, State University of New York at Buffalo.

Effect of Phenytoin Treatment on IgG Immune Response
Study Design for Immunization of Phenytoin-treated Mice
The ability of phenytoin-treated mice to generate an immune response was tested by immunizing the mice
with bovine serum albumin (BSA) and testing for anti-BSA IgG. Swiss-Webster mice were treated with
vehicle (control) or phenytoin (at doses 20 mg/kg and 40 mg/kg), daily, via intraperitoneal injection, for
28 days. Mice were injected SC on day 3 with 0.1 ml of a preparation of 2 mg BSA emulsified in Fruend's
incomplete adjuvant (Thermo Fisher Scientific, Waltham, MA) and again challenged on day 23 with 0.1
ml of this preparation (Fig. 1). On the 28th day, blood samples were collected to determine anti-BSA IgG
concentrations (Fig. 1).

Detection of IgG Immune Response in Phenytoin-treated Mice
Antibodies (IgG) to BSA were determined with an indirect enzyme-linked immunosorbent assay (ELISA).
96 well plates (Nunc Maxisorp model # 62409–002,VWR, Bridgeport, NJ) were coated with BSA, at a
concentration of 1 µg/ml, at 4°C overnight (100 μl/ well). The plates were washed with PB-Tween
(0.1%Tween in 0.02 M Na2HPO4) three times, followed by three washes of double distilled water. Plates
were incubated with samples (1:100 dilution) in triplicate (250 μl) for 2 h at room temperature. At the end
of incubation, the plates were washed and incubated with 250 μl of goat anti-mouse IgG (whole molecule)
alkaline phosphatase conjugate (Sigma, Cat #A1682, St. Louis, MO) for 1 h at room temperature (1:500
dilution of the conjugate with PB-Tween). After washing, p-nitro phenyl phosphate solution (Pierce,
Rockford, IL), 4 mg/ml in diethanolamine buffer, pH 9.8, were added to each well (250 μl/well). The
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change in absorbance at 405 nm with respect to time (dA/dt) was measured (Spectra Max 340, Molecular
Devices, Sunnyvale, CA). 8C2 (anti-topotecan antibody) was used as negative control.

Effect of Phenytoin Treatment on 8C2 Pharmacokinetics
Pharmacokinetic Study Design
Swiss Webster mice were treated with vehicle (control) or phenytoin (at doses 10, 20 and 40 mg/kg),
daily, via intra-peritoneal injection, for 28 days (10 mice/group, n=40). 8C2 antibody was dosed IV at 25
mg/kg on the 18th day (Fig. 2), blood was sampled at 1h, 3h, 8h, 1 d, 2 d, 4 d, 7 d and 10 d. Organs
including the skin, muscle, spleen, kidney, liver, heart, lungs, and GIT were collected on the last day and
samples were frozen down and stored at -80 °C.

8C2 Enzyme-linked Immunosorbent Assay
8C2 plasma concentrations were determined with an antigen-specific ELISA. Briefly, a cationized bovine
serum albumin-topotecan conjugate (cBSA-top) was synthesized using a carbodiimide catalyzed amide
bond reaction (Mannich reaction). The cBSA-topotecan conjugate was dissolved in 0.05 M MES, and 96
well plates (Nunc Maxisorp model # 62409–002,VWR, Bridgeport, NJ) were coated with the conjugate,
at a concentration of 2 μg/ml, at 4°C overnight (250 μl/ well). The plates were washed with PB-Tween
(0.1%Tween in 0.02 M Na2HPO4) three times, followed by three washes of double distilled water. All
quality control samples (QCs) were prepared in 100% plasma and were treated in a manner identical to
the treatment of unknown samples. QCs were stored at -20 °C prior to use. Standards were prepared prior
to each ELISA run. For analysis, working standards, samples, and QCs were diluted 100 fold with PBS,
such that final solution had 1% plasma (v/v). The range of the ELISA (corrected for 1:100 plasma dilution
with PBS) was 0 to 160ug/mL, with three quality control samples (QCs) of low, medium and high values
(5ug/mL, 10ug/mL, 60ug/mL and 120ug/mL). Plates were then incubated with standards, QCs and
222

samples in triplicate (250 μl) for 2 h at room temperature. At the end of incubation, the plates were washed
and then incubated with 250 μl of goat anti-mouse IgG (whole molecule) alkaline phosphatase conjugate
(Sigma, Cat #A1682, St. Louis, MO) for 1 h at room temperature (1:500 dilution of the conjugate with
PB-Tween with 30% BSA). After washing, p-nitro phenyl phosphate solution (Pierce, Rockford, IL), 4
mg/ml in diethanolamine buffer, pH 9.8, was added to each well (250 μl/well). The change in absorbance
at 405 nm with respect to time (dA/dt) was measured (Spectra Max 340, Molecular Devices, Sunnyvale,
CA), and standard curves were obtained by fitting the rate of absorbance change (i.e., dA/dt) v s. 8C2
concentration, using a four parameter equation (39, 40).

Assessment of endogenous IgG concentration
Prior to dosing Swiss-Webster mice with 8C2 antibody (18th day, Fig.2), blood was collected and
endogenous IgG concentration was estimated using a Mouse IgG ELISA kit (Abcam, Cambridge, MA),
following the manufacturer’s instructions (41). Endogenous IgG concentrations in plasma samples were
measured from blood samples collected on the 28th day of phenytoin treatment (Fig.2).

Data Analysis
8C2 pharmacokinetic data were analyzed by standard non-compartmental analysis in Phoenix WinNonlin
6.1 (Pharsight, Mountain View, CA). 8C2 clearance (CL), 8C2 area under the plasma concentration-time
curve (AUC), and plasma concentrations of endogenous IgG were compared across treatment groups
using one way analysis of variance (ANOVA) with Bonferroni’s correction for multiple comparisons in
GraphPad Prism 5 (La Jolla, CA).
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RESULTS
Phenytoin Treatment and IgG Immune Response
Phenytoin-treated mice were tested for humoral immune responses against bovine serum albumin (BSA).
Compared to control mice, a significant decrease in immune response (measured as anti-BSA IgG) against
BSA was observed at the doses 20 and 40 mg/kg (n=6/group), and the decrease observed was found to be
dose dependent (Fig. 3).

Phenytoin Treatment and 8C2 Pharmacokinetics
8C2 plasma pharmacokinetics in control and phenytoin-treated Swiss-Webster mice were quantified. The
plasma concentration time profile is shown in Fig. 4. Results of non-compartmental analyses are presented
in Table II. 8C2 clearance for control and phenytoin-treated mice (10, 20 and 40 mg/kg) was
2.90×101±3.47, 3.25×101±9.94, 2.51×101±6.55 and 2.73×101±6.53 mL/day/kg, and comparison across
groups showed no significant differences (ANOVA with Bonferroni’s correction for multiple
comparisons, p>0.05). The plasma AUC (0-inf) was 8.71×102±1.05 x 102, 8.35×102±2.56 x 102 ,
1.06×103±3.28 x 102 and 9.55×102±2.05 x 102 µg/mL x day for control and phenytoin-treated mice (10,
20 and 40 mg/kg), and the plasma AUC (0-10d) was 5.95×102±4.48 x 101, 5.77×102±1.31 x 101,
5.67×102±5.89 x 101 and 5.33×102±6.90 x 101 µg/mL x day for control and phenytoin-treated mice (10,
20 and 40 mg/kg) . The dose groups were compared and the differences were not found to be statistically
significant (ANOVA with Bonferroni’s correction for multiple comparisons, p>0.05). The Vss for control
and phenytoin-treated mice (10, 20 and 40 mg/kg) was 2.27×102±3.20 x 101 , 2.43×102±7.53 x 101 , 2.96
×102±4.48 x 101 and 3.13×102±5.19 x 101 mL/kg respectively.
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Endogenous IgG concentrations in plasma were measured for control and phenytoin-treated mice on the
18th day (prior to 8C2 administration) of the study. The results (Fig. 5.) showed that there was no
significant difference between control and phenytoin-treated mice (n=10/group; 1.72 ± 0.220, 1.63 ±
0.143, 1.61 ± 0.102, 1.71 ± 0.231 mg/mL respectively, ANOVA with Bonferroni’s correction for multiple
comparisons, p>0.05). Endogenous IgG concentrations were measured for control and phenytoin-treated
mice on the 28th day (last day of the study). The estimates (Fig. 6.) were corrected for the exogenously
administered 8C2 plasma (as obtained from the 10 th day time point). Comparison of estimates showed that
there were no significant differences between control and phenytoin-treated mice at doses 10, 20 and 40
mg/kg. (n=7/group; 1.70 ± 0.193, 1.76 ± 0.632, 1.51± 0.464, 1.81 ± 0.382 mg/mL respectively; ANOVA
with Bonferroni’s correction for multiple comparisons, p>0.05).
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DISCUSSION
Following an early report by Brown indicating that phenytoin therapy causes lymphadenopathy (29),
numerous investigators have evaluated the effect of chronic phenytoin therapy on immunity. Phenytoin
therapy was found to suppress both cellular and humoral immune responses, decreasing antibody response
against Salmonella typhi and depressing the manifestation of delayed hypersensitivity reactions (30). The
immunological defect observed was found to be independent of dosage of the drug, phenytoin serum
concentrations, duration of therapy, and sex of the subject (34). Among the alterations in immune function,
hydantoin medication is frequently associated with immunoglobulin deficiency with selectively low serum
concentrations of IgA and defective T-cell functions occurring in 40-50% of treated patients (33, 36, 38).
Phenytoin-associated immune deficiencies have been found to make patients susceptible to recurrent
infections (42). IgA deficiency was, in most cases, accompanied by IgG and IgM deficiency (37). Immune
anomalies were reversed upon phenytoin withdrawal (35).

Several clinical studies have reported that phenytoin mediates decreases in IgG serum concentrations,
when comparisons were made to control epileptic patients (30, 32, 35, 43). An in vitro experiment reported
by Wangel et al. showed a decrease in IgG production by normal human mononuclear cells upon treatment
with phenytoin (44). Phenytoin was found to decrease blastogenic response and impair T cell function,
but the underlying mechanisms have not been completely elucidated. In the clinic, it has been noted that
phenytoin effects on humoral immune responses are more pronounced when compared to effects observed
on cell-mediated immune function (31).

In a preclinical study by Magaretten and Warren (45), NFS mice were dosed with phenytoin 10-40 mg/kg
daily for 28 days, and immunized with BSA. The phenytoin-treated mice showed a dose-dependent
decrease in IgG titers to BSA. The mice had normal body weights, liver, thymus, and spleen weights along
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with normal hemocrits and WBC counts (45). In a more recent study reported by Al-Fararjeh et al. (46),
the investigators evaluated Balb/c mice treated with 2.5-25 mg/kg doses of phenytoin given
intraperitoneally for 21 days, and subsequently immunized with sheep red blood cells. The authors
observed that phenytoin therapy led to a decrease in the percentage of circulating neutrophils and
lymphocytes, and to a marked suppression of antibody titers. In both of these prior preclinical studies, the
authors suggested that the decrease in antibody titers reflected a decrease in antibody production capacity.

We evaluated the ability of phenytoin effects following a dosing regimen that was similar to the protocol
employed by Magaretten and Warren (45). Mice were immunized with bovine serum albumin (BSA) in
Freund’s incomplete adjuvant, and a BSA-specific ELISA was applied to quantify anti-BSA IgG.
Compared to the control group, there was a dose dependent decrease in anti-BSA IgG (Fig. 3). The results
obtained were consistent to the observations noted by Magaretten and Warren (45). This suggests that the
selected phenytoin regimen (20 and 40 mg/kg, administered daily for 28 days) does cause a defect in IgG
immune response.

The mechanisms involved in the decrease in immunoglobulin serum concentrations by phenytoin therapy
(as suggested by these clinical and non-clinical studies) are not clearly understood. Waldmann and Strober
demonstrated that a decrease in serum IgG concentrations leads to an increase in half-life of IgG (47). It
is now appreciated that this concentration-dependence in IgG clearance is related to the capacity-limited
nature of FcRn transport, which protects IgG from intracellular catabolism. For example, preclinical
investigations have shown that saturation of FcRn by high dose of antibody therapy (48, 49), or inhibition
of FcRn using anti-FcRn antibodies (50), or FcRn knockout (51) can significantly increase mAb clearance.
Considering the reported effects of phenytoin in decreasing the development of an IgG humoral immune
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response and decreasing serum IgG concentrations, we speculated that phenytoin therapy may lead to a
pharmacokinetic interaction with co-administered mAb, decreasing mAb plasma clearance (i.e., via
decreased saturation of FcRn by endogenous IgG). Alternatively, decreases in serum IgG concentraions
may be indicative of an effect of phenytoin on FcRn expression or function. If this mechanism was
relevant, then phenytoin treatment might lead to a parallel increase in clearance of endogenous and
exogenous IgG antibodies. To our knowledge, the possible effect of phenytoin therapy on mAb
pharmacokinetics has not yet been investigated.

In the clinic, phenytoin therapy is commonly initiated at dosage rate of 100 mg, 2-3 times daily. Phenytoin
dosage is then titrated over period of time to achieve desired therapeutic concentrations of 10-20 µg/mL.
Since phenytoin is a narrow therapeutic index drug, any change in concentration may cause substantial
changes in therapeutic efficacy and toxicity, and concentrations greater than 20 µg/mL often lead to severe
side effects. In patients (n=225), high inter-individual variability in serum concentrations have been
observed, with concentrations ranging from 14.4 to 77.7 µg/mL (52). Although 10 mg/kg in mice is
typically considered to correspond to the human therapeutic dose, we employed doses ranging from 10 40 mg/kg to account for possible high exposures to phenytoin that are occasionally seen in patients.

Although we found that phenytoin decreased the development of an IgG response following active
immunization, the results obtained from the pharmacokinetic study in control and phenytoin-treated group
(10, 20 and 40 mg/kg) showed plasma clearance was not affected by phenytoin therapy (Table II and Fig
4.), endogenous IgG concentrations were similar on the 18th and 28th days of the study (Fig. 5. And Fig.
6.), and no significant effects were found on 8C2 pharmacokinetics.

228

CONCLUSION
Phenytoin therapy caused a dose-dependent suppression in IgG immune response against BSA; however,
the plasma pharmacokinetics of 8C2, a model mAb, were not affected by phenytoin therapy. This
preclinical investigation suggests that phenytoin treatment is unlikely to cause a significant mAb-drug
pharmacokinetic interaction, potentially decreasing the motivation for, or need for, future clinical
evaluation of possible mAb/phenytoin pharmacokinetic interactions.
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TABLES
Table I. Incidence of Tonic-Clonic Epileptic Seizure in Patients with Chronic Diseases
Diseases

Incidence of
epileptic seizures

Examples of mAb approved/
in clinical trial

Reference

Brain Tumor
Sytemic lupus
erythematosus
Sarcoidosis
Diabetes Mellitus I
Crohn’s disease

45%

Bevacizumab
Belimumab
Sifalimumab

(27, 53)
(20, 54, 55)

35%
25%
19.3%

Infliximab

(20, 56)
(21, 57)
(22, 58)

Ulcerative colitis
Multiple Sclerosis
Celiac’s disease

17%
7.5%
5.5 %

Teplizumab
Infliximab, adalimumab,
certolizumab,natalizumab
Infliximab
Natalizumab
Anti-IL 15 mAb

40%
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(23, 59)
(26, 60)
(25, 61)

Table II. Non-Compartmental Analysis of 8C2 pharmacokinetics in control and phenytoin-treated mice
Plasma Clearance CL
(SD)
mL/day/kg
Control mice

2.90 x 10
(3.47)

PHN-treated mice
(10mg/kg)

3.25 x 10
(9.94)

PHN-treated mice
(20mg/kg)

2.51 x 10
(6.55)

PHN-treated mice
(40mg/kg)

2.73 x 10
(6.53)

1

1

1

1

Vss (SD)
mL/kg

AUC(0 to inf)

AUC(0 to 10)

(SD)
ug/mL x day

(SD)
ug/mL x day

227
(32.0)

8.71 x 10

243
(75.3)

2
2

(1.05 x 10 )
8.35 x 10

2
2

(2.56 x 10 )
(3.28x 10 )

313
(51.9)

9.55 x 10
2
(2.05 x 10 )

PHN: Phenytoin
Parenthesis indicate standard deviation (SD)
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5.77 x 10
(131)

3

296
(48.8)

1.06 x 10

5.95 x 10
(44.8)

2

5.67 x 10
(58.9)

2

5.33 x 10
(69.0)

2

2

2

2
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Fig. 1. Schematic for immunization of Swiss Webster mice with BSA. Control and phenytoin-treated mice (20
and 40 mg/kg, Q.D., 6/group, n=18) were immunized with BSA emulsified with Freund’s adjuvant on day 3, booster
shot was given on day 23 and anti-BSA IgG was estimated on day28.
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Fig. 2. Schematic for mAb pharmacokinetic study in control and phenytoin-treated mice. Control and
phenytoin-treated mice (10, 20 and 40 mg/kg, Q.D., 10/group, n=40) were dose with 8C2 at 25 mg/kg on the 18th
day. Study was terminated on day 28.
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Bonferroni’s correction for multiple comparisons, p>0.05). Bars and error bars represent mean and standard
deviation
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Fig. 6. Endogenous IgG concentration in control and phenytoin-treated mice on 28th day. Comparison of
endogenous IgG concentration estimates from 28th day of the study showed that there was no significant difference
between the control and mice treated with phenytoin at doses of 10, 20 and 40 mg/kg (n=7/group; 1.70 ± 0.193,
1.76 ± 0.632, 1.51± 0.464, 1.81 ± 0.382 mg/mL respectively; ANOVA with Bonferroni’s correction for multiple
comparisons, p>0.05).The estimates were corrected for the exogenously administered 8C2 plasma as obtained from
the 10th day time point. Bars and error bars represent mean and standard deviation
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CHAPTER SIX

Quantitative Assessment of the Disposition of Therapeutic Proteins in Select Brain
Regions of Healthy Mice and in a Mouse Model of Alzheimer’s Disease

Contributors to this work- Veena A. Thomas (VAT), Brandon M. Bordeau (BMB) and Joseph P. Balthasar
(JPB). In this work, the single domain antibody 1HE was synthesized by BMB and JPB. All animal
studies and data analysis were conducted by VAT and JPB.
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ABSTRACT
Alzheimer’s disease (AD) is chronic debilitating neurodegenerative disease that leads to the onset of
dementia. Currently, there are no approved therapeutic proteins (TP) indicated for the treatment of AD,
and there has been limited development of TP for diseases of the central nervous system. In this study, we
investigate the plasma and brain pharmacokinetics of TP in mice, with evaluation of disposition in selected
anatomical regions of the brain, including the left cerebral cortex, right cerebral cortex, olfactory lobe,
medulla oblongata and cerebellum. Evaluations were performed following dosing of 8C2, a model murine
IgG1 monoclonal antibody (mAb) and 1HE, an anti-trastuzumab single domain antibody (sdAb), with use
of C57BL/6 wild-type control mice, and with use of triple-transgenic mouse model of AD. TP were
radiolabeled with

125Iodine,

and concentrations were determined via gamma counting. Residual blood

within brain tissues was assessed through the use of

51Chromium-labled

red blood cells.

Noncompartmental analyses were applied to determine pharmacokinetic parameters, including areas
under the concentration vs. time curve (AUC) in plasma and in brain tissue, plasma clearance (CL), and
apparent volume of distribution at steady-state (Vss). As expected, 8C2 systemic clearance was slower,
and brain exposure was more limited, in comparison to results for 1HE. Comparisons of data collected
from AD and control mice revealed similar plasma pharmacokinetics, for each protein; however,
significant differences were found in comparisons of the brain pharmacokinetics in AD and control
animals. Tissue to plasma AUC ratios for 8C2 were 34.7%, 28%, and 43.9% higher for the left cortex,
olfactory lobe, and medulla oblongata in diseased mice as compared to control mice (p<0.05 for each
brain region). Similarly, tissue to plasma AUC ratios for 1HE were 22.7% and 48% higher for the left
cerebral cortex and olfactory lobe in AD mice as compared to control mice (p<0.05). No changes in brain
to plasma exposure ratios were found for either protein in the cerebellum. The present data are consistent
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with our prior work that has demonstrated increased mAb distribution to the brain in AD, and the current
results indicate that alterations in TP disposition in brain tissue may be brain region-specific.
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INTRODUCTION
Over the past three decades, there has been increasing interest in the development of therapeutic proteins
(TP) for the treatment and diagnosis of neurodegenerative conditions, including multiple sclerosis,
Parkinson’s Disease, prion disease, lysosomal storage disorders, amyotrophic lateral sclerosis,
Huntington’s Disease, and Alzheimer’s Disease (AD). Although TP are generally considered to have
favorable pharmacokinetic characteristics, including slow plasma clearance and long half-lives, their large
size and high polarity limits TP distribution across the blood brain barrier (BBB)(1), which may then limit
the successful application of TP for treatment of diseases of the central nervous system (CNS). For
example, among the 494 TP approved by the U.S. Food and Drug Administration (FDA), only 7 are
indicated for the treatment of neurological disorders (approximately 1.4% of the FDA-approved TP)(2).
Although smaller TP (e.g., peptides and antibody fragments) may cross the BBB with higher efficiency
than larger TP such as monoclonal antibodies (mAb), smaller TP often exhibit rapid systemic elimination
with short plasma half-lives, complicating their use for chronic diseases. Concentrations of mAb in the
brain are typically reported to be approximately 0.1- 0.2% of concentrations found in blood (3, 4).
Although there is some uncertainty regarding the mechanisms of mAb entry into brain fluids, based on
observations of similarly inefficient brain distribution for other serum proteins (e.g., albumin), it is
considered likely that mAb and similarly sized proteins enter the brain through non-specific mechanisms,
including diffusion and convection through paracellular channels within the brain vascular endothelium
(5).

An estimated 5.5 million Americans have AD, which is the fifth most common cause of death in the aging
population (6). AD is a multi-factorial disease exhibiting pathogenic cerebral protein aggregation
including accretion of hyperphosphorylated tau protein, disposition of amyloid plaques, and
neurofibrillary tangles, where the aggregated proteins are thought to contribute to the onset of synaptic
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dysfunction, neuronal loss, and reactive gliosis. AD patients display severe shrinkage in their cortex and
hippocampus, as well as substantially enlarged ventricles (7, 8). Despite considerable interest across the
pharmaceutical industry to develop TP as tools for therapy and diagnosis of AD, TP-based clinical trials
for AD often fail and, currently, there are no approved TP for AD. However, at the time of this writing,
16 mAbs (9) and 11 smaller proteins or peptides are in clinical trials for AD treatment (10).

Single domain antibodies (sdAb) are a promising class of novel protein constructs that are highly soluble
and stable in storage, and exhibit good tissue penetration in vivo (11). Several Aβ-specific sdAb have been
reported in recent publications (12-14), with demonstrated efficacy in vitro in inhibiting fibril formation
and Aβ-induced neurotoxicity (14). Li et al. demonstrated the use of a camelid sdAb, as an effective BBBpermeable imaging probe, for the identification of extracellular and intracellular brain targets. This V HH
molecule was found to gradually extravasate from brain capillaries, and bind to Aβ deposits and
neurofibrillary tangles in the brain parenchyma (15). The influence of disease on the in vivo sdAb brain
distribution and pharmacokinetics has not been investigated (to our knowledge).

Following entry into the brain, the quantitative distribution and clearance of TP in the different regions of
brain is not well understood. AD is accompanied by complex pathologies in the brain that overlap and
progressively worsen with age, including reduced cerebral blood flow (16), senescence of the CSF
circulatory system, and decreased lymphatic absorption of CSF (17). Calcification, fibrosis, and amyloid
beta (Aβ) disposition in the choroid plexus results in decreased CSF production and increased CSF outflow
resistance at arachnoid villi (18). A significant decrease in CSF turnover (50% reduction) (19), along with
elevated CSF pressure (resulting in hydrocephalus) has been observed in some AD patients (20).
Interstitial fluid (ISF) bulk flow and the “CSF sink” are reported to clear ~40% of the protein waste from
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the brain in healthy individuals (21), and a failure to clear aggregated amyloid plaque and tau is widely
considered to be contributing factors to the development and progression of AD (18). The consequence of
these overlapping pathologies and their significance on the pharmacokinetics and distribution of TP has
not been evaluated; however, in rats, decreases in CSF bulk flow and CSF production rate have been
shown to reduce IgG clearance from the brain by 58% (22). As such, given that AD may lead to local
inflammation and increased porosity of brain blood capillaries, while also leading to decreased clearance
of protein via ISF and CSF turnover, we have hypothesized that AD may lead to increases in TP exposure
within the brain in a region-specific manner.

In this work, we investigate and quantitatively assess the pharmacokinetics and distribution of two
prototypical TPs, 8C2 (a murine IgG1 mAb) and 1HE (a sdAb with affinity for trastuzumab), in select
regions of the brain, including the olfactory lobe, left cerebral cortex, right cerebral cortex, cerebellum
and medulla oblongata, using healthy mice and a mouse model of AD.
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MATERIALS AND METHODS
Therapeutic Proteins
Monoclonal Antibody
8C2, an anti-topotecan immunoglobulin 1 (IgG1) mAb, was used as a model agent for this work. The mAb
was previously developed in the Balthasar Laboratory using standard hybridoma technology. 8C2 was
produced by growing hybridoma cells in serum free media (Invitrogen, Grand Island, NY) in 1 L spinner
flasks (23). Media was harvested two-three times a week, followed by centrifugation at 15000 g for 15
min to remove cellular debris (centrifuge: T Sorvall LYNX 4000, Thermo Fisher Scientific, Waltham,
MA). 8C2 was then purified from the supernatant via protein G chromatography (Amersham Biosciences,
Uppsala, Sweden) using a medium pressure chromatography system (Bio-Rad, Hercules, CA).
Approximately 30-35mg of 8C2 antibody was purified from each liter of cell culture supernatant.

Single Domain Antibody
1HE, an anti-trastuzumab sdAb (also known as VHH fragment) was produced and purified in the Balthasar
Laboratory (Bordeau and Balthasar, unpublished). The calculated molecular weight of 1HE is 14,099
Da/mol, and the extinction coefficient is 31065. 1HE has a primary amino acid sequence of:
EVQLVESGGGLVQAGDSLTLSCAASGRTFSSVAMGWFRQAPGKERKFVANISWNGDSTYY
TDSVKGRFTISRDNAKNTVYLQMSSLKPEDTAVYYCAADVRWTGDGHRADYWGQGTQVT
VSS

Reagents
Sodium iodide (Na-125I) and 51Cr was obtained from Perkin Elmer Inc. (Waltham, MA). Trichloro acetic
acid (TCA) was purchased from Sigma Life Science (St Louis, MO). Potassium iodide (KI) was purchased
from Fisher Scientific (Pittsburgh, PA). EDTA Disodium was purchased from Riccar Chemical Company
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(Arlington, TX). Bovine serum albumin (BSA) was obtained from US Biological (Swampscott, MA).
Saline was obtained from Braun Medical Inc. (Irvine, CA). Trypsin-EDTA was purchased from Life
technologies (Grand Island, NY). Sterile Phosphate buffered saline (1x PBS) was obtained from Corning
(Manassas, VA).

Animals
Mice used in this work were housed with a standard 12:12 h light:dark cycle, with ad libitum access to
feed and water. Two days prior to injection of radio-iodinated 8C2 or 1HE, mice were provided sterile
KI-water (0.2g/L within drinking water) to block the thyroidal uptake of free iodine. All experiments were
conducted under the approval of the Institution of Animal Use and Care Committee (IACUC), State
University of New York at Buffalo and as per the expectations of the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC).

Mouse Model of Alzheimer’s Disease
The mouse model for AD chosen for this study was the triple transgenic mouse model of AD (3x Tg-AD,
B6;129-Psen1tm1Mpm Tg(APPSwe,tauP301L)1Lfa/Mmjax). These mice are homozygous for three
mutations, namely, Psen1, APPSwe, and tauP301L, and the mice exhibit plaque, tangle, and tau pathology.
The 3xTg-AD breeding pair were procured from Jackson laboratories (Bar Harbor, ME). Mice were bred,
weaned, and maintained as per the regulations of the AAALAC. Mice employed for mating were not
included within pharmacokinetic investigations. 3xTg-AD mice were aged for 8 months, to allow
development of AD pathological features, prior to use in experiments.

Control Mice
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C57BL/6 wild-type mice were purchased from Jackson laboratories (Bar Harbor, ME) at 6 months of age,
and mice were held within the Laboratory Animal Facility until 8 months old, prior to initiating
experiments (i.e., to match the age of mice in the AD mouse model).

Radio-labeling of antibody with Iodine-125 (125I)
8C2 and 1HE were labeled with

125I

using a modified Chloramine-T method (24). 40µL of protein (1

mg/ml in PBS) and 10µL of 125I (1 mCi) was mixed together followed by addition of 20 µL of 1mg/mL
Chloramine-T in phosphate buffer. Chloramine-T initiates the reaction and after 90 s, 25 µL of sodium
metabisulfite (2 mg/ml in phosphate buffer) was added to stop the reaction. This was followed by addition
of 40µL of 10 mg/ml potassium iodide in distilled water. The mixture was gently vortexed and allowed to
run through a sephadex G-25M pre-packed column GE Healthcare, Piscataway, NJ), and labeled antibody
was collected into 0.5 ml fractions. The radiochemical purity of labeled protein peak fraction was
determined by thin layer chromatography (25), and was found to be >98% for 125I-8C2 and 125I-1HE.

Radio-labeling of blood with chromium-51 (51Cr)
For determination of residual blood volume in the different regions of the brain,

51Cr-labeled

red blood

cells were used (26). Briefly, 1 mL blood was obtained from a donor mouse. Blood was centrifuged for 5
min at 150 g, followed by removal of the supernatant. The pellet was washed three times with saline
followed by addition of 1 ml of 1mCi Na251CrO4 to the reconstituted cell suspension, which was then
incubated for 45 min (at 37°C). Free 51Cr was removed by repeatedly washing with saline and discarding
the supernatant. (3).

Study design
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Pharmacokinetics and Brain Distribution of 8C2
Three female mice per time-point per group (control and AD) were used within the study, with 8 time
points: 1, 3, 8h and 1, 2, 4, 7, 10d (n=24/group, total=48 mice). Mice were administered a tracer dose of
125I

labeled 8C2 (400 µCi/kg) along with the unlabeled 8C2 mAb (5 mg/kg) and 51Cr labeled RBC (200

µCi/kg), via retro-orbital injection.

Pharmacokinetics and Brain Distribution of 1HE
Three female mice per time-point per group (control and AD) were allotted, with use of 6 time points: 5,
15, 30 min and 1, 2, 4 h (n=18/group, total=36 mice). Mice were administered a tracer dose of 125I labeled
1HE (400 µCi/kg) along with the unlabeled sdAb 1HE (3 mg/kg) and 51Cr labeled RBC (200 µCi/kg) via
retro-orbital injection.

Collection and assessment of mAb in plasma and tissues
Blood was collected via cardiac puncture, and the brain was excised from the cranium, for mice at the
time of sacrifice (i.e., at each time-point). The right cortex, left cortex, cerebellum, olfactory lobe and
medulla oblongata were separated following literature protocols (27, 28). Plasma was immediately
separated from blood by centrifuging at 1800g for 10 min. TCA precipitation of the plasma samples was
carried out as previously described (29). The radioactivity in all the samples was quantified via gamma
counteing(LKB Wallac 1272, Wallac, Turku, Finland). Radioactivity from the plasma and different
regions of the brain tissues was corrected for background and decay (4). Brain samples were corrected for
residual blood as described previously (3) using the following relation:
Cbrain corrected =

( Cbrain uncorrected x Vbrain uncorrected − Cblood x Vblood residual)
Vbrain corrected

Where, Cbrain uncorrected= Concentration of mAb in brain (g/mL)
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Vbrain uncorrected= Volume of the brain (mL)
Cblood= Concentration of mAb in the blood (g/mL)
Vblood residual (mL) =

Cr51 activity in the tissue
Cr51 activity per milliliter of blood

Vbrain corrected (mL) = (Vbrain uncorrected - Vblood residual )

All counts were converted to concentration units (nM) based on the specific activity of the dosing solution.
For all calculations, the density of blood and tissues was assumed to be 1 g/ml.

Data Analysis
The PK data was analyzed by standard non-compartmental analysis in Phoenix WinNonlin 6.1 (Pharsight,
Mountain View, CA). Area under the concentration time curve AUC(0-10d) was calculated using the linear
trapezoidal method and the standard deviation was calculated with a modified Bailer method, using the
sparse sample module in Phoenix 6.1. (30). Tissue to plasma mAb AUC ratios were estimated, and
variance was calculated using the method of error propagation for ratios.

SERatio =

2
2
AUC 𝑇𝑖𝑠𝑠𝑢𝑒 𝑆𝐸𝑀𝑇𝑖𝑠𝑠𝑢𝑒
𝑆𝐸𝑀𝑃𝑙𝑎𝑠𝑚𝑎
√
+
2
2
AUC𝑃𝑙𝑎𝑠𝑚𝑎 𝐴𝑈𝐶𝑇𝑖𝑠𝑠𝑢𝑒
𝐴𝑈𝐶𝑃𝑙𝑎𝑠𝑚𝑎

Here SE Ratio is the standard error of the ratio, SEM Tisuue and SEMPlasma are the standard errors of the mean
in tissue and plasma. AUC Tissue and AUCPlasma are the areas under the concentration time curves in tissue
and plasma. The AUC ratios calculated were compared across mAb groups using one way analysis of
variance (ANOVA) with Bonferroni’s correction for multiple comparisons (4)
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RESULTS
8C2 Plasma Pharmacokinetics
The plasma pharmacokinetic profiles of 8C2, following 5 mg/kg intravenous dosing, in control and
Alzheimer’s mice are shown in Fig.1. 8C2 AUC (0-10d) in healthy and diseased mice was 2.54 x 103 nM.day
and 2.34 x 103 nM.day respectively (Table I). The percentage extrapolated for mean area under the curve
was found to be greater than 20%. Consequently, the accuracy of the estimated terminal slope and other
derived pharmacokinetic parameters like volume of distribution (Vss) and clearance (CL) obtained from
non-compartmental analysis could not be deemed to be reliable. Overall, 8C2 plasma pharmacokinetics
were similar in healthy and disease mice

8C2 Pharmacokinetics in Selected Brain Regions
8C2 concentrations in the olfactory lobe, left cerebral cortex, right cerebral cortex, cerebellum and medulla
oblongata were quantified for time points ranging up to 10 days (Fig. 2.). The tissue to plasma ratios were
calculated and compared between control and AD mice (Fig. 3.). The overall trend in the tissue to plasma
8C2 AUC ratios showed higher brain exposure in diseased mice as compared to control mice. Statistical
significance was shown for the left cerebral cortex, olfactory lobe, and medulla oblongata (Student’s t test,
p<0.05), where the exposure ratios were elevated in AD mice relative to values in control mice by 34.7%,
28% and 43.9%.

1HE Plasma Pharmacokinetics
The plasma pharmacokinetics of the sdAb 1HE following dosing with 3 mg/kg IV, in control and
Alzheimer’s mice, are shown in Fig.4. 1HE plasma pharmacokinetics were similar in the two groups of
mice, with clearance of 7.37 mL/min/kg and 7.24 mL/min/kg, respectively (Table II). The steady state
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volumes of distribution were 171 and 184 mL/kg, and the terminal half-lives were 47.7 and 52.3 min
(Table II).

1HE Pharmacokinetics in Selected Brain Regions
1HE concentrations in the olfactory lobe, left cerebral cortex, right cerebral cortex, cerebellum and
medulla oblongata were quantified for time points ranging up to 240 min (Fig. 5). The overall tissue to
plasma ratios were approximately 10-20 fold higher for 1HE when compared to values found for 8C2,
consistent with much greater brain distribution for the smaller sdAb relative to the intake mAb.
Comparisons between 1HE brain distribution in control vs. AD mice showed significantly increased
distribution of 1HE in the left cerebral cortex and in the olfactory lobe of AD mice, were the exposure
ratios were 22.7% and 48% higher in AD mice relative to values found for control mice (Fig. 6).
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DISCUSSION
The limited brain exposure of macromolecules is attributed to inefficient convective and diffusive
transport across the brain capillary endothelium (4). Macromolecules that gain entry into the brain
distribute by diffusion and convection. These macromolecules are then be subjected to catabolism and
convective elimination by the CSF-ISF bulk flow. The CSF-ISF circulatory system is reported to be
responsible for ~ 40% of the protein elimination from the brain (21). The rate of convective elimination
is considered to be fairly rapid, owing to rapid turnover of CSF (~ every 4.39 h in humans and 1.87 h in
mouse) (31). For immune gamma globulin (IgG) mAbs, the neonatal receptor of Fc (FcRn) expressed in
the blood brain barrier (BBB) has been suggested to play a critical role in brain distribution. Some reports
have suggested that FcRn may efflux IgG from the brain via “reverse transcytosis” (32, 33); however,
convincing experimental demonstration of this mechanism has not yet been shown. To date, most
preclinical studies evaluating the role of FcRn in mAb brain distribution strongly suggest that FcRn does
not mediate significant efflux of IgG from the brain (3, 4, 34). The integrity of the blood brain barrier,
non-specific catabolism, and the CSF-ISF circulatory system are considered to be the primary
determinants of the distribution and elimination of macromolecules in the brain.

In AD, the dynamics of the cerebral blood flow is significantly altered. Using two-dimensional phase
contrast magnetic resonance imaging, Roher et al. reported a 20% reduction in cerebral blood flow in AD
patients as compared to age-matched non-demented control subjects (p=0.0004). Brain hypoperfusion has
been reported in AD patients (16). The observed accumulation of Aβ plaques and hyperphosphorylated
tangles in the AD brain is proposed to result from decreased clearance of protein waste, suggesting an
impairment in protein elimination mechanisms in the diseased AD condition. In AD patients, the rate of
CSF production rate is markedly reduced as compared to control subjects (0.40±0.12 mL/min vs 0.20±0.06
mL/min) (19). Decreases in CSF production and turnover have been linked to an increase in CSF outflow
255

resistance, that may increase CSF pressure, leading to the development of hydrocephalus (20). Magnetic
resonance imaging techniques have shown that around 18% of AD patients develop structural
abnormalities in the small vessels of the brain leading to small chronic brain hemorrhages known as
cerebral microbleeds (35). Microbleeds are tiny deposits of blood degradation products, usually found
adjacent to structurally abnormal vessels (36). To our knowledge, the effect of these AD-related
pathologies on distribution and elimination of macromolecules like TPs within the different regions of the
brain has not been investigated.

In this study, we have quantitatively assessed and compared the brain distribution of a model mAb and a
model sdAb between a healthy and AD mice. The AD murine model chosen for this study is the triple
transgenic model of AD (3xTg-AD) or B6;129-Psen1tm1MpmTg (APPSwe,tauP301L)1Lfa/Mmjax. The
3xTg-AD mice develop amyloid plaques and neurofibrillary tangles in an age-dependent manner, bearing
many pathological, biochemical, and temporal similarities to the human AD condition (37). The rate of
CSF production has not been quantitatively measured in 3xTg-AD mice. However, severe thickening of
the basement membrane of the choroid plexus (the site of CSF production) is reported in 3xTg-AD mice
as compared to wild-type controls (p<0.05) (38, 39). A significant increase in the choroid plexus
membrane thickness may decrease its permeability to plasma, reducing the efficiency of plasma
ultrafiltration, and subsequently decreasing the CSF formation. Brain CSF production and turnover is
also dependent on the molecular integrity of the water channel transport proteins and CSF-transport
enzymes. A 3-fold reduction in transthyretin (a CSF transport enzyme) and a 31% reduction in aquaporin1 (water channel transport protein involved in CSF production) has been reported in 3xTg-AD mice as
compared to control mice (p<0.01). A decrease in expression of aquaporin-1 suggests that 3xTg-AD mice
have impaired capacity to secrete CSF, which may lead to an attenuation in CSF bulk flow (38). Changes
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in CSF pressure have not yet been investigated in 3xTg-AD mice; however, some of the AD mice bred in
our animal facility showed signs of severe hydrocephalus with protruded skulls and fluid-filled swelling
in the brain. Several studies have reported evidence of cerebrovascular dysfunction and a significant
reduction in cerebral vascular volume in 3xTg-AD mice (39-41). While, other AD-related pathologies like
cerebral microbleeds and alterations in BBB permeability have not been studied in these mice.

In this investigation, as compared to healthy mice, we found significant increase in the mAb tissue to
plasma AUC ratio in the left cerebral cortex, olfactory lobe, and medulla oblongata regions of the diseased
3xTg-AD mice. These results are consistent with our previous preclinical study (Thomas and Balthasar,
unpublished) that demonstrated an overall increase in mAb brain exposure for a series of investigated
mAbs varying in charge (pI 6.3, 7.7 and 8.82) in 3xTg-AD mice (as compared to control). As expected,
the sdAb 1HE had a shorter half-life (47-52 min) than the 8C2 mAb in both healthy and diseased mice,
but also showed a 10- to 20-fold increase in the brain to plasma AUC ratio across the different brain
regions (relative to 8C2). Similar to the findings obtained for 8C2, the tissue to plasma AUC ratio of 1HE
was significantly higher in the left cerebral cortex and olfactory lobe of the diseased 3xTg-AD mice when
compared to control mice.

An overall increase in the brain tissue to plasma AUC ratio was observed for both mAb and sdAb in
diseased AD mice. It is likely that the decrease in CSF production and turnover due to AD may have
decreased the elimination of these proteins from the brain. Inhibition of CSF production by acetazolamide
and furosemide has been found to reduce IgG brain clearance by 58% (22), and it is possible that decreases
in CSF production in AD lead to a similar effect on IgG elimination from the brain.
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CONCLUSION
In this study, compared to data obtained from control mice, administration of a model mAb, 8C2, and a
model sdAb, 1HE, led to greater brain exposure and altered region-selectivity in brain distribution. For
8C2, significantly higher tissue to plasma AUC ratios were observed in the left cerebral cortex, olfactory
lobe, and medulla oblongata of AD. Significantly higher tissue to plasma AUC ratios for 1HE were found
for the left cerebral cortex and the olfactory lobe. No significant changes in exposure ratios were observed,
for either protein, in the cerebellum of AD mice. The observation of hydrocephalus in these mice suggests
that the observed alterations in brain exposure to TP may relate to decreased CSF turnover; however,
additional mechanistic investigations will be required to test this hypothesis.
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TABLES
Table I Summary for 8C2 plasma pharmacokinetic parameters estimated by non-compartmental analysis in
healthy and diseased 3xTg-AD mice
Parameter
AUC0-10d

Unit
nM x day

Healthy

Diseased
3

2.54 x 10
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3

2.34 x 10

Table II Summary for 1HE plasma pharmacokinetic parameters estimated by non-compartmental analysis in
healthy and diseased 3xTg-AD mice
Parameter

Unit

Healthy

Diseased

CL

mL/min/kg

7.37

7.24

Vss
AUC0-10d

mL/kg
nM x min

171
2.88 x 10

AUCinf

nM x min

2.90 x 10

2.95 x 10

%AUC(extrapolated)

%

0.81

1.15

Terminal half life

Min

47.7

52.3

184
4
4
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4

2.92 x 10
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Fig. 1. Plasma 8C2 pharmacokinetics in healthy and Alzheimer’s mice. Concentration vs. time profile following
intravenous 5 mg/kg dose of 8C2 in healthy (black circle) and Alzheimer’s (white circle) mice. Each point
represents average plasma concentration and error bars denote standard deviation about the mean (n=3).
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Fig. 2. 8C2 pharmacokinetics in different regions of the brain in healthy and Alzheimer’s mice. Concentration
vs. time profile following intravenous 5 mg/kg dose of 8C2 in healthy (white circle) and Alzheimer’s (black circle)
mice in different regions of the brain- Olfactory lobe, left cerebral cortex, right cerebral cortex, cerebellum and
medulla oblongota. Each point represents average tissue concentration and error bars denote standard deviation
about the mean (n=3).
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for the AUC ratio. Mean AUC0→10 days was calculated using a linear trapezoidal method. Standard error of the mean
as calculated by the modified Bailer method using in built sparse sample module in Phoenix 6.1. Standard error of
the ratio was calculated using the method of error propagation for ratios. Mean brain to plasma AUC values between
the two groups were compared using Student’s t-test and left cerebral cortex, olfactory lobe and medulla oblongata
were found to be significantly different (p<0.05).
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CHAPTER SEVEN

Physiologically-Based Pharmacokinetic Modeling of Anti-Transferrin (TfR)
Antibodies to Predict Brain and Systemic Pharmacokinetics

Contributors to this work- Veena A. Thomas (VAT), Patrick M. Glassman (PMG) and Joseph P. Balthasar
(JPB). The initial model-building and coding for done by PMG and JPB. Model fittings and simulations
were conducted by VAT and JPB.
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ABSTRACT
Due to the presence of the blood-brain barrier (BBB), drug penetration into the brain is limited, particularly
for macromolecules such as monoclonal antibodies (mAb). One strategy to improve mAb brain uptake is
the exploitation of constitutive receptor-mediated transcytosis (RMT) pathways, by targeting proteins
such as the transferrin receptor (TfR). In this work, we developed a catenary physiologically-based
pharmacokinetic (PBPK) model to characterize and predict the plasma and brain pharmacokinetics of antiTfR mAb. The model development stage included parameter estimation through fitting plasma and brain
concentration data for an anti-TfR mAb (TfR A), with subsequent prediction of disposition, by simulation,
for related anti-TfR with a wide range of affinities for the receptor (TfRB, TfRC, TfR D, TfR E; Kd = 6.9 > 50000 nM). Further simulations explored relationships between brain delivery and mAb or receptor
characteristics. The PBPK model was able to describe the plasma and brain pharmacokinetics for the antitransferrin mAbs with reasonable accuracy (median absolute percentage error for plasma concentrations
was 18.8% and for brain concentrations was 70%). The available data, and model simulations, showed
superior brain delivery (brain:plasma concentration ratios of 1.64-3.2%) for moderate affinity mAb (i.e.,
TfRC and TfRD, where Kd values were 65 and 111 nM) than observed for mAb with higher affinity (i.e.,
TfRA, Kd = 1.7 nM, brain:plasma concentration ratio = 1.43%) or with lower affinity (i.e., TfRE, Kd
>50000 nM, brain:plasma concentration ratio = 0.81%). Sensitivity analyses performed by simulation
showed that the brain exposure to anti-TfR mAb was sensitive to the relationships between the rate
constants for mAb-TfR association (kon), mAb-TfR dissociation (koff), and the receptor internalization
from luminal and abluminal membranes (kint). As kint is increased, the residence time for mAb-TfR on
the abluminal surface of vascular endothelial cells is reduced, and increasing rates of mAb-TfR
dissociation (i.e., increasing values of koff) are required for efficient mAb release in brain interstitial fluid.
The highest simulated brain:plasma concentration ratio, 37.7%, was predicted to result from the
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combination of receptor expression 7.03 x 10-10 moles, kint 0.036 min-1, kon 8.80 x 104 M-1min-1, koff 4.4
min-1, and Kd 50000 nM. The model presented in this work allows evaluation of the complex interplay of
mAb –TfR binding and internalization kinetics, and the model structure may have value in guiding
strategies for the selection of endothelial receptors and mAb with optimal characteristics for receptor
mediated transcytosis to enhance delivery from blood to brain interstitial fluid.
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INTRODUCTION
Drug development for neurodegenerative disorders has been remarkably challenging (1). Clinical trials
for neurodegenerative disorders have the highest failure rates, primarily because most therapeutic moieties
are unable to penetrate the blood-brain barrier (BBB)(1). Due to high specificity, low off-site toxicity,
and favorable pharmacokinetic properties (slow clearance, long half-life), there has been considerable
interest in development of monoclonal antibodies (mAbs) for diseases of the central nervous system
(CNS), including multiple sclerosis, Parkinson’s Disease, prions’s disease and particularly Alzheimer’s
Disease (AD).The molecular size threshold of the BBB has been estimated to be 400-500 Da (1, 2). Brain
capillary endothelial cells have low pinocytic activity (3); thus, hydrophilic large molecules like mAb
have to negotiate paracellular pathways to enter into brain interstitial fluid (2). Even though transport
through paracellular pathways is considered to be non-saturable, it is quite inefficient due to the presence
of tight inter-cellular junctions (4) and mAb concentrations achieved in the brain after intravenous mAb
administration are typically only 0.2-1% of mAb concentrations in blood (5, 6).

In rodents and non-human primates, alternative routes of administrations including intrathecal (7-9),
intracerebroventricular infusion (10, 11) and intranasal administration (12) have shown some benefit in
improving brain uptake of macromolecules, but drug administration via these routes is often inconvenient
and invasive. Cationization of mAbs has been explored as a means to enhance extravasation by absorptive
endocytosis (13); however, but immunogenic reactions and membranous nephropathy have been reported
with cationized molecules, warranting caution (14, 15). More recently, promising brain delivery of mAb
and other macromolecules by the ‘molecular hitchhiking’ strategy have generated substantial interest (16).
In this strategy, receptors of brain vascular endothelial cells are targeted to facilitate receptor mediated
transcytosis (RMT), delivering macromolecules to brain interstitial fluid (17). These receptors exist to
transport essential endogenous substances into the brain in order to maintain homeostasis (4). Several
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RMT systems are associated with brain endothelial cells, including the transferrin receptor (TfR), insulin
receptor, and the low density lipoprotein receptor related protein-1.

Recent work done by Genentech Inc. investigated TfR as an effective RMT system to facilitate brain
uptake of mAb (18-21). Circulating anti-TfR mAb would bind to the TfR at sites distinct from the binding
site of the endogenous ligand, transferrin. The mAb receptor complex will be internalized via endocytosis
into the membrane bound intracellular vesicles, which undergo endolysosomal trafficking. Subsequently,
the mAb-TfR complex may have one of the several fates: lysosomal degradation, recycling, or
transcytosis. In the case of transcytosis, the vesicle is shuttled to the abluminal membrane and the contents
are released to the brain interstitium. Investigations conducted for a series of anti-TfR affinity variants
with dissociation rate constants (KD) ranging from 1.7-111 nM demonstrated an inverse relationship
exists between affinity for TfR and mAb uptake into the brain. Anti-TfR mAb that bind with high affinity
to TfR remain associated with the endothelium, and are not efficiently released into the brain interstitium.
However, lower-affinity anti-TfR antibody variants dissociate rapidly from the TfR receptor, allowing
improved release into brain interstitial fluid. The efficiency of transcytosis appears to be governed by
ability of the mAb to internalize within endothelial cells, and then dissociate rapidly for release into the
interstitium. Putative determinants of RMT transport of mAb include receptor characteristics (expression,
trafficking and internalization rate), and mAb characteristics (affinity and avidity); however, little
experimental evaluation of these determinants has been reported.

Ramanujan and co-workers attempted to identify optimal anti-TfR mAb candidate properties through use
of an empirical modelling approach (22, 23).

However, the predictive utility of mechanistic,

physiologically-based pharmacokinetic (PBPK) models may provide a more useful framework for
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characterizing and predicting mAb disposition (24). No PBPK models have been presented, to date, that
allow consideration of the influence of mAb characteristics (e.g., binding kinetics) on the brain disposition
of anti-TfR antibodies.

In recent years, several PBPK models have been developed in the Balthasar Laboratory that have
successfully predicted preclinical (25-30) and clinical (31, 32) pharmacokinetics of mAb. The objectives
of this work were to (a) develop a catenary PBPK to allow consideration of the receptor mediated transport
(RMT) of anti-TfR mAb, and, (b) to utilize simulations to relationships between receptor and mAb
characteristics and the disposition of anti-TfR mAb in the brain and in plasma.
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MATERIALS AND METHODS
Model Structure and Parameters
The PBPK model structure (Fig. 1.) was based on the model previously described by Chen and Balthasar
(27), with extension to include distribution of IgG into the brain. Most physiological parameters (tissue
volumes, plasma flows) were obtained from the literature for mice (24, 33). Lymph flow rate was
calculated as 0.2% of the blood flow rate (27). Parameters related to endothelial uptake rates, IgG-FcRn
binding, endogenous IgG synthesis, sub-cellular FcRn trafficking, and lymph node transit were obtained
as described previously (27). Tissue-specific FcRn expression data was obtained from Li and Balthasar
(manuscript in progress) and the expression of FcRn in the brain was fixed to the whole-body average
concentration. All model parameters are listed in Table I.

Transferrin Receptor Expression and Trafficking
TfR expression within the brain endothelium was described in a physiologically-relevant manner. In the
literature, it has been reported that the receptor density of TfR on mouse brain endothelial cells is
~2.30x105 receptors/cell (34). Using an accepted cell volume of 10 6 cells/μL (35), the total amount of
TfR in mouse brain endothelium was calculated to be 7.03 pmoles. In order to describe the sub-cellular
distribution of TfR and its trafficking, a literature search was performed to obtain the internalization rate
of TfR. Internalization rate constant (kint) was fixed to be 0.036 min -1(36). Previously, Ober and
colleagues have demonstrated that the intracellular trafficking pathways of TfR and of FcRn overlap (37),
and as there has been no definitive report of the degrees of recycling and transcytosis of TfR within the
brain, it was assumed that the trafficking of TfR was identical to that of FcRn, with a transit time of 10.7
min within the endosomal space of the vascular endothelium (Fig. 2.). In order to set initial conditions in
the model for TfR concentrations, simulations were performed to steady-state using the parameters
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reported here. It has been reported that bivalent engagement of TfR leading to formation of bivalent
complex can lead to degradation of TfR by lysosomal sorting (38), while monovalent engagement of TfR
would follow the typical TfR recycling and transcytosis. However, upon evaluation, the data could not be
explained by this mechanism, hence, the bivalent complex was assumed to have the same fate as
monovalent complexes.

In addition to expression in the target tissue (brain), TfR may be expressed in the vascular endothelium of
other tissues and on erythroid progenitor cells. Due to a lack of quantitative expression data in the
literature, TfR expression in the endothelium of other tissues was obtained from the murine proteomic
data from PaxDb (pax-db.org) database (39). The assumption was made that the protein abundance
reported in parts per million (ppm) was directly proportional to receptor density. This allowed for use of
brain receptor expression as a normalizing factor, to calculate receptor density in other tissues, through
the function ppmtissue/ppmbrain = receptor numbertissue/receptor numberbrain.

TfR is expressed on different types of blood cell including monocytes (40), macrophages (41),
lymphocytes and is highly expressed on erythrocyte precursors like circulating reticulocytes (19, 42). As
the size of the non-endothelial pool of TfR in the mouse has not been reported, the concentration of TfR
in the circulation (Ro) was estimated by fitting to disposition data for a high affinity anti-TfR mAb (Fig.
3.).

Loss of Cells Expressing the Transferrin Receptor via Phagocytosis
Anti-TfR mAbs are reported to cause an acute loss of reticulocytes in mice. A marked decrease in the
immature reticulocyte count was observed within the 24-48 hours of anti-TfR mAb administration, when
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compared to the IgG-treated mice (19). Anti-TfR mAbs were found to induce antibody dependent cell
cytotoxicity (ADCC), which resulted in the loss of reticulocytes by phagocytosis (19). Due to lack of
information regarding the dynamics of the ADCC interaction with respect to reticulocytes and anti-TfR
mAb, the phenomenon of the loss of cells expressing the target was incorporated within the model using
an empirical function. The function was setup to operate based on formation of mAb-TfR complex and
total TfR in the system, as shown below:

ki=

((~)')
Factor

)

x Kelix (T,TA,AT,TAT)

,.((~)'
keli is the elimination rate associated loss of TfR and TfR-mAb complexes due to phagocytosis, ki the
operative elimination rate defined as a function of bound and total mAb concentration divided by an
arbitrary factor that controls keli. As the mAb rapidly binds to the TfR receptor ‘T’, initially a very high
receptor occupancy is expected and with time, the receptor occupancy would decrease. At high receptor
occupancy, the free TfR ‘T’, complexes ‘TA’, ‘AT’ and ‘TAT’ are subjected to elimination, as the receptor
occupancy decreases, function attains a low value, and consequently the operative elimination rate (ki)
becomes negligible. The working of this function is in line with the known ADCC phenomenon; cell
cytotoxicity is initiated only when sufficient molecules of mAb occupy the receptor on the cell surface.
As reticulocyte loss was observed 48h post dosing, the rate was elimination (keli) was fixed to 3.47 x 104

min-1.The factor was fixed to 0.50, thus assuming that a 50% occupancy of TfR on the surface of the

reticulocyte would result in initiation of ADCC.

Model assumptions
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 TfR expression in tissue endothelium was assumed to be directly proportional to receptor density
 Intracellular trafficking pathways of TfR and FcRn are assumed to be identical, with endosomal
recycling time of 10.7 min
 TfR may bind to both arms of mAb resulting in formation of bivalent (TfR-mAb-TfR) and
monovalent complexes (mAb-TfR, TfR-mAb)
 In tissues, both the bivalent Tfr-mAb-Tfr complex and monovalent Tfr-mAb/ mAb-Tfr complex
recycles
 Internalization rate of TfR and TfR-mAb complex was assumed to be the same (kint=kdeg)
 TfR expressed on the different cells in the blood was assumed as a common non-endothelial pool
(Ro). Rate of synthesis in the pool (ksyn) was defined Ro x kint
 Binding to non-endothelial pool leads to degradation of the mAb-receptor complex

Reflection Coefficients (σV and σL) and Non-specific Coefficients (F1 and F2)
In the model the vascular reflection coefficient (σV) in all tissues, except brain, and lymph reflection
coefficient (σL) in all tissues were set to 0.95 and 0.20, respectively, as described previously (25). Within
the model, two coefficients have been included that represent inter-antibody differences in the rates of
pinocytosis (F1) and vascular reflection coefficient (F2). In order to obtain estimates of F1, F2, and
σv,brain, data regarding plasma and brain PK of an untargeted mAb (7E3) administered to mice were
extracted from the literature (5), and the model was fit to the digitized data.

Model Evaluation
In order to evaluate the ability of the model to predict affinity-dependent differences in brain uptake of
anti-TfR mAbs, data describing the plasma and brain concentration vs. time profiles of 5 affinity variant
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mAbs were digitized (43). Differences in affinity between the variant mAbs were assumed to be due to
differences in the dissociation rate constant (koff), and the association rate constant (kon) was fixed to a
constant value of 8.80 x 104 M-1min-1. The dissociation rate constants for TfRA, TfRB, TfRC, TfR D, and
TfRE were fixed to 1.50 x 10-4 min-1, 6.07 x 10-4 min-1, 5.72 x 10-3 min-1, 9.77 x 10-3 min-1, and 4.40 min1,respectively,

reflecting the reported equilibrium dissociation constants (K D) of 1.7, 6.9, 65,111, and

>50000 nM for each mAb, respectively (43). Model fittings were performed using plasma and brain
concentration vs. time data of TfRA to estimate values of the distribution rate TfR into the peripheral
circulation (k12) and the pool of TfR in the circulation (Ro). To evaluate the model, parameters k12 and
Ro were fixed and model simulations were carried out for the other affinity variants TfRB, TfRC, TfRD
and TfRE. Absolute percentage predictive error was calculated for the simulated plasma and brain mAb
concentrations using the following equation:
|𝐶𝑝𝑟𝑒𝑑−𝐶𝑜𝑏𝑠|

%PE=

𝐶𝑜𝑏𝑠

𝑥 100

%PE is the percentage predictive error, Cpred is the predicted mAb concentration and Cobs is the observed
mAb concentration

Sensitivity Analysis
A sensitivity analysis was conducted to understand the influence of select parameters on the brain uptake
of mAb TfRC (KD=65nM) at dose of 20 mg/kg. The area under the concentration vs. time curve (AUC)
was calculated for both brain and plasma in order to calculate the relative brain exposure (expressed as %
AUCbrain/AUCplasma). Mean estimates of the select parameters were individually altered (±10% changes)
and percent changes in AUCbrain/AUCplasma was calculated.

Role of Antibody and Target Properties on Brain Distribution
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In order to evaluate the interplay of the binding rate constants koff, and receptor internalization rate kint
at kon=8.80 x 104 M-1min-1 for KD=1.7, 6.9, 65, 111 and 50000 nM, on anti-TfR mAb disposition;
simulations were performed at the dose used in model evaluation (20 mg/kg) where the kint parameter
was individually adjusted for the range of 3.60 x 10 -4- 3.60 min-1. These simulations also evaluated the
role of target internalization rate in order to identify optimal target properties for brain delivery of mAbs.
The influence of the binding rate constants, kon and koff, on anti-TfR mAb disposition was evaluated.
Simulations were performed at the dose used in model evaluation (20 mg/kg) where kon was individually
adjusted over a range of 8.80 to 8.80 x 1010 M-1 min-1 for moderate affinity mAb (KD=65nM) and the %
mAb brain to plasma ratio was evaluated. The internalization rate kint was fixed to 0.036 min -1 (36).
Further, the influence of change in kon (8.80 to 8.80 x 109 M-1 min-1) on brain uptake was evaluated for
all anti-TfR affinity variants, TfRA-E, with equilibrium affinities from 1.7 nM to 50000 nM. The influence
of TfR receptor brain expression on mAb brain uptake for the affinity variants TfR A-E was also evaluated.
The amount of TfR receptor in the brain was individually changed from of 7.03 x 10-10 to 7.03 x 10-17
moles and the % brain to plasma AUC ratio for affinity variants was analyzed.

Software
All data were digitized using Plot Digitizer (http://plotdigitizer.sourceforge.net/) and all simulations and
model fittings were performed using ADAPT 5 (44)
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RESULTS
Brain Uptake of Untargeted mAb
The model was able to well-characterize the digitized 7E3 plasma and brain concentration vs. time profiles
and the model-fitted profile is shown in Fig. 4. Parameters were estimated with good confidence and are
summarized in Table II. The two coefficients representing inter-antibody differences in the rates of
pinocytosis (F1) and vascular reflection coefficient (F2) were estimated to be 0.294 (27.2%) and 1.82
(12.3%) respectively. The vascular reflection coefficient σV br was estimated to be 0.995 (0.0487%).

Brain Uptake of Anti-TfR Affinity Variants
Model fitting using TfRA disposition data (Fig. 5.) was able to estimate select parameters with reasonable
confidence. Estimated parameters are summarized in Table III. The distribution rate TfR into the
peripheral circulation (k12) was estimated to be 9.05 x 10-5 min-1 (15.6%). The pool of TfR in the
circulation (Ro) was estimated to be 23.2 nM (1.60%). Simulations assuming that the only differences in
disposition between mAbs was the dissociation rate constant from TfR were able to generate reasonable
predictions of the concentration vs. time profiles of mAbs TfR B, TfRC, TfRD, and TfR E, in both plasma
and brain and the comparison of predicted and observed data is shown in Fig. 6 and Fig. 7. Additionally,
simulations were able to describe the increased relative exposure in brain with decreased equilibrium
affinity (Fig. 6. And Fig. 7.). For the simulations conducted, the calculated median absolute percentage
predictive error was 18.8 % for mAb plasma concentrations and 70% for the mAb brain concentrations.

Sensitivity Analysis
A sensitivity analysis was conducted to understand the parameters that influence mAb brain uptake (Fig.
8.). Small changes in the % AUCbrain/AUCplasma ratio indicated that parameter was insensitive. Parameters
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like inter-antibody differences in the rates of pinocytosis (F1), vascular reflection coefficient (F2), blood
flow rate to brain (Qbr), antibody recycling fraction (FR), IgG uptake rate from the vascular and interstitial
compartments into the endosomal space (CLup), TfR-mAb endosomal transit (tau), transferrin
internalization rate (kint), blood TfR pool (Ro) and brain TfR concentration (Rbr) were evaluated. A 10%
decrease in FR, Qbr and tau led to an increase in mAb brain uptake by 10.4, 6.47 and 3.31% respectively.
While a 10% increase in FR, Qbr and tau lead to a 12.7, 5.38 and 2.98 % decrease the brain uptake
respectively. A 10% decrease in F1, F2, Clup, kint, Ro and Rbr led to 0.807, 5.05, 0.184, 1.32, 0.73 and
4.44 % decrease in mAb brain uptake respectively. While a 10% increase in F1, F2, Clup, kint, Ro and
Rbr led to 0.798, 4.99, 0.196, 1.45, 0.616 and 3.50 %. F2, QBr, FR and Rbr were identified as sensitive
parameters that modulated mAb brain to plasma AUC ratio. While F1 and Clup were the least sensitive
parameters in this evaluation.

Influence of mAb affinity and Target Properties on Brain Uptake
Fig. 9. shows the model-predicted % brain/plasma AUC ratio for changes in the internalization rate
constant (kint) of the TfR, for mAbs with differing dissociation rate constant (achieved via changes in
koff, kon was fixed to 8.80 x 104 M-1min-1 at a dose of 20 mg/kg). At low internalization rate of 3.60 x104

– 3.60 x 10-2 min -1, the % brain to plasma ratio peaked for mAb TfRD (KD=111 nM) ranging from 1.51

- 4.14%. A high affinity mAb (TfR A KD=1.7nM) is expected to have minimal sensitivity to receptor
internalization; the maximal % brain/plasma AUC ratio obtained was 1.47% at 3.60 x 10-2 min-1. As the
rate of internalization increased from 3.60 x 10-1 – 3.60 min -1, the % brain to plasma ratio is not sensitive
to the change in affinity (1.33-2.31% for the range of KD=1.7-50000 nM) and the peak of maximal mAb
uptake shifted to the mAb with the lowest affinity TfR E (2.06-2.31% for KD=50000 nM). In other words,
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as affinity decreases, it is predicted that the sensitivity to the internalization rate constant, kint, will
increase.

The influence of koff ranging from 5.72 x 10 -7 to 5.72 x 103 M-1 min-1 on the % brain to plasma AUC
ratio was evaluated for moderate affinity mAb (KD=65nM) at a dose of 20 mg/kg (Fig. 10.) . The % brain
to plasma ratio ranged from 1.38 to 7.40% respectively plateauing at 5.72 min-1. The % brain to plasma
ratio is low when koff is in the range 5.72 x 10-7 to 5.72 x 10-4 M-1 min-1. When koff is between 5.72 x 103–

5.72 x 103 min-1 , the brain to plasma ratio increased from 3.20 to 7.40%. For this range, the calculated

kon is 8.80 x 104 - 8.80 x 1010 M-1 min-1 (KD is fixed to 65 nM). These simulations suggest that the koff
rate has to be faster than kint (0.036 min-1) to allow release of mAb to the brain interstitium for efficient
transcytosis.
The relationship between the TfR brain receptor expression (Rbr in moles) and mAb affinity TfR A-E was
evaluated at dose of 20 mg/kg (Fig. 11.). The % brain to plasma ratio was evaluated for the affinity variants
TfRA-E and only the Rbr was changed from of 7.03 x 10-10 to 7.03 x 10-17 moles. As stated earlier, in the
model, the total amount of TfR in mouse brain endothelium is calculated to be 7.03 x 10-12 moles (as
calculated from literature) (34, 35). It was observed that even a 10-fold increase in Rbr (7.03 x 10-11 moles)
increased mAb brain uptake substantially. When Rbr was increased to 7.03 x 10 -10, the maximum % brain
to plasma AUC ratio was obtained for low affinity mAb TfR E (37.7 %) while the high affinity mAb TfR A
had the lowest uptake (2.67%). Simulations suggest that the increase in brain receptor expression
increased the sensitivity to mAb’s affinity characteristics. While a decrease in Rbr expression 7.03 x 10 12

to 7.03 x 10-17 moles, decreased the % mAb brain to plasma ratio dramatically, and moderate to low

affinity mAbs no longer improved brain uptake.
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DISCUSSION
In order to harness drug delivery capabilities of the RMT system, an understanding of the factors
controlling the dynamics and efficiency of the transcytosis is much needed. TfR has been at the core of
intense research endeavors and it the most extensively studied brain RMT system in the current literature.
In this work, we chose TfR as the prototypical brain RMT system to develop a PBPK model. The objective
of the model is to understand the interplay between receptor and antibody properties that would allow
efficient brain uptake of mAbs, and, to aid the early drug discovery process in selecting ideal candidates
for the ‘molecular hitchhiking’ approach.

Experimental evaluations have shown mAb-TfR binding kinetics are determining factors for efficient
transcytosis. Among the 5 affinity variants (TfR A-E) evaluated in our model, mAbs with moderate TfR
affinity (TfRC KD=65 nM, TfR D KD=111 nM) exhibited moderate plasma clearance and sufficiently rapid
dissociation kinetics (koff) relative to TfR internalization, thereby leading to superior brain uptake in
comparison to variants with lower or higher TfR affinity. Although the high affinity variants (TfRA KD=1.7
nM, TfR B KD=6.9 nM) rapidly bind to TfR, this is predicted to lead to increased plasma clearance, and
the slow dissociation kinetics associated with high affinity leads to inefficient release in brain interstitial
fluid, and to decreased transcytosis (i.e., relative to TfRC and TfRD). On the other hand, for mAb with very
low TfR affinity, such as TfR E, plasma clearance is low, but low affinity TfR binding resulted in suboptimal TfR engangement, and suboptimal transcytosis across brain vascular endothelial cells.

The model was able to capture the brain and plasma pharmacokinetics of the affinity variants with good
accuracy. Additionally, the model allows exploration of relationships between mAb and receptor
characteristics and the efficiency of transcytosis. Consideration of the determinants of mAb-TfR binding
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and transcytosis, and exploration of parameter space by simulation, provide some useful learnings that are
detailed below. First, simple equilibrium binding relationships suggest that efficient RMT requires that
the antibody-receptor Kd is lower than concentrations of mAb in blood, and lower than the effective
receptor concentration within the brain vasculature (i.e., receptor quantity / brain vascular volume). TfR
concentrations at steady state within the brain vascular space were estimated to be 316 nM. The
approximate initial concentration Co in plasma for all affinity variants was ~2.2 µM (estimated from the
digitized data using non-compartment analysis in Phoenix®). For the moderate affinity mAbs: TfRC (KD=
65nM) and TfRD (KD= 111nM), the maximal receptor occupancy was predicted to be 0.96 and 0.94,
respectively. However, for the lowest affinity variant (TfR E, KD=50000nM), maximal receptor occupancy
was predicted to be 0.042. Insufficient binding is a key contributor to the low brain to plasma ratio
observed with this variant.

Following internalization and trafficking within the endosome, mAb must dissociate from TfR and be
released into the brain interstitium for effective transcytosis. The recycling fraction (FR) of TfR from
endosomal space to the vascular space is 0.715, and since interstitial volume within the brain is much
larger relative to the vascular volume, the effective interstitial TfR concentration at steady state is much
lower than the effective TfR concentration within the brain vascular volume. For example, the effective
interstitial TfR concentration is estimated to be 11.5 nM. Again, using simple equilibrium binding
relationships, and assuming that interstitial concentrations of mAb and TfR are equivalent (consistent with
the maximum possible TfR occupancy, 100%, during receptor transcytosis), the fraction of interstitial TfR
bound for TfRC and TfRD may be estimated to be 0.132 and 0.086 respectively; however, the fraction
bound for the high affinity variants TfR A and TfR B are 0.68 and 0.46. This suggests that for the moderate
affinity mAbs, dissociation of the mAb-TfR complexes are favored within the brain interstitial space,
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enabling superior release of free mAb within the brain parenchyma (i.e., relative to the higher affinity
mAb).

Although the above relationships, which consider equilibrium binding relationships, have utility, the
structure of the PBPK model facilitates the consideration of the dynamics of the multitude of processes
that determine mAb disposition in vivo (e.g., the interplay between the kinetics of distribution and
elimination, including rate processes for mAb-TfR binding and internalization, rates of blood and
interstitial fluid flow, rates and concentration dependencies in FcRn transport, etc.).

Simulations

performed by varying the concentration of receptor, mAb-receptor association and dissociation rate
constants (kon, koff), and the internalization rate constant of the receptor (kint), indicate that dramatic
increases in mAb delivery to the brain may be possible, particularly when targeting receptors with very
high receptor expression, and with use of mAb showing rapid rate constants of receptor dissociation (koff)
relative to kint (Fig. 11).

It is worth noting that despite the comprehensive experimental undertakings by Genentech Inc. to
investigate TfR (18-21), there are limitations to its clinical applications as a viable RMT system for mAb
brain delivery. The widespread expression of TfR in organs besides brain as well as expression of TfR
on the different types of blood cells may hinder the therapeutic use of anti-TfR mAb in the clinic. Also,
the non-endothelial expression of TfR in the blood is regarded as the main source of target mediated
clearance of anti-TfR mAbs (19). The second limiting factor is the less than impressive ability of TfR to
deliver mAb into the brain interstitium via transcytosis. The maximal brain to plasma ratio achieved with
the moderate affinity mAb was 3.15% (43). Even though the moderate affinity variants has superior brain
uptake, the dose required for the corresponding bispecific format (one arm binding to TfR and the other
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arm binding to the therapeutic target of interest- β secretase) of TfRD to demonstrate efficacy was around
50 mg/kg (21). The need for such a high dose could be attributed to ubiquitous expression of TfR in the
body, moderate TfR binding in the brain and the monovalency of the bispecific mAb.

Other RMT targets of interest are lipoprotein receptor-related protein 1 (LRP-1) and insulin receptor.
Compared to TfR and insulin receptor, LRP-1 is not as widely expressed in all tissues, and hence may
provide enhanced selectivity and exposure to the brain with minimal peripheral organ uptake. Brain,
reproductive tissue, adipose and liver are the main organs expressing LRP-1 (45). LRP-1 is reported to
have approximate internalization rate of 1.39 min -1(46). Recently a few therapeutic moieties have been
tested to explore the drug delivery capabilities of LRP-1. Angiopep-2 (An-2) peptide was engineered from
ligands that are known to bind to LRP-1. An-2 shows rapid uptake in the brain parenchyma within 24 h
following IV administration. In a recent study, An-2-mAb conjugate against HER-2 was effective in
penetrating an orthotopic tumor (1:80 vs.1:500 brain to serum ratio was observed compared with
unconjugated mAb) in the brain and improve animal survival (47). The construct had KD of 1.0-1.3 µM.
PBPK model simulations (Fig. 9.) suggests that since LRP-1 has a fast internalization rate, it would be
ideal that the targeting vector would have low KD value (in µM range). The lower affinity of the construct
may explain the results observed.

In another study, IgG encapsulated in An-2 functionalized

polymersomes were shown to be efficiently transported into the brain by LRP-1 post IV administration
(48). LRP-1 is a promising target that requires further investigation. The potential drawbacks associated
LRP-1 RMT system is the evidence of receptor shedding in brain (49) and decrease in LRP-1 expression
in humans under disease conditions like Alzheimer’s (50). Insulin receptor has been established as an
effective RMT system in literature. Human insulin receptor mAb (HIRMAb) antibody and HIRMAb
fusion protein is currently in Phase II clinical trial for the treatment of juvenile Hurler’s syndrome (51).
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RMT systems have been studied for decades for neurodegenerative disorders and only recently they have
been pursued in the clinic. PBPK modeling approaches serve a guiding platform to aid early drug
development, to implement engineering strategies and help understand the complex dynamic interactions
in the brain. The PBPK model framework developed in this work can be applied to investigate any receptor
or engineered mAb. The model is amenable to scale up and can be used to make predictions in monkeys
and humans.
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CONCLUSION
The catenary PBPK model has been extended to describe brain uptake of untargeted and TfR-targeted
mAb. The PBPK model was able to describe the brain and plasma pharmacokinetics of anti-TfR affinity
variants. A sensitivity analysis was done to understand the parameters that influenced brain uptake. The
model was applied to understand the dynamics of mAb-TfR interaction, internalization, intracellular
trafficking and to identify the conditions that promote efficient transcytosis. The model described here can
be applied to mAbs directed against other transcytosis target to guide early drug discovery and
development.
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TABLES
Table I: Plasma, lymph flow rates, sub- tissue volumes and endothelial uptake rates
Tissue

Plasma
Lymph
Vascular
flow
flow
volume
(mL/min)a (mL/min) b (mL)a
Plasma
4.38
N/A
0.774
Lung
4.38
0.00876
0.0190
GI tract
0.900
0.00180
0.100
Liver
1.10
0.00220
0.0950
Spleen
0.0500
0.000100
0.0100
Heart
0.280
0.000560
0.00700
Kidney
0.800
0.00160
0.0300
Skin
1.21
0.00242
0.200
Muscle
0.800
0.00160
0.150
Brain
0.197
0.000394
0.0107
aValues obtained from (24, 33)
bCalculated as 0.2% of plasma flow rate
cCalculated as described in (27)
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Interstitial
volume (mL)a

Endosomal
volume (nL)c

N/A
0.0570
0.0600
0.190
0.0200
0.0190
0.101
0.999
1.03
0.0873

N/A
16.2
295
81.2
8.54
11.1
25.6
251
677
41.4

Endothelial
uptake rate
(nL/min)c
N/A
6.01
109
30.1
3.16
4.11
9.49
93.0
251
15.3

Table II: Final parameter estimates for fitting 7E3 disposition data to the PBPK model

Parameters

Estimated Value (%CV)

F1

0.294 (27.2)

F2

1.82 (12.3)

σv, br

0.995 (0.0487)
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Table III: Final parameter estimates for fitting TfRA disposition data to the PBPK model

Parameters

Estimated Value (%CV)

k12 (min-1)

9.05 x 10-5 (15.6)

Ro (nM)

23.2 (1.60)
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Fg. 1. PBPK model of disposition for TfR-targeted mAbs.

Schematic representation of the

physiologically based pharmacokinetic model. All organs are connected with blood (solid lines) and
plasma (dashed lines) in an anatomical fashion with inclusion of the brain compartment. The “core” model
structure is consistent with the catenary PBPK model, as described previously (27, 29, 30). Additionally,
the endosomal space is divided into 5 sub-spaces representing the time course of endosomal transit and
acidification.
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Fig. 4. Model-fitted concentration vs. time profile of anti-human anti-platelet IgG1 7E3 plasma and
brain PK. 7E3 plasma and brain disposition data following an 8 mg/kg IV bolus dose to mice were
digitized (5) and the model was fit to the digitized data to obtain estimates of parameters related to interantibody differences in disposition (F1, F2) and brain disposition (σv, br). Digitized data are shown as open
symbols for plasma (○) and brain (▽) and model-fitted profiles are shown as solid lines.
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TfRA plasma and brain disposition data following an 20 mg/kg IV bolus dose to mice were digitized (5)
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CHAPTER EIGHT

Conclusions and Future Perspectives
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The investigations carried out in this dissertation primarily evaluate the effect of the sources of interindividual variability (IIV) on monoclonal antibody (mAb) disposition. Several examples of the sources
of IIV including diseases like systemic lupus erythematosus (SLE) and Alzheimer’s disease (AD) as well
as co-administered drugs like anti-angiogenic agent sorafenib and anti-epileptic agent phenytoin were
investigated. Using experimental and modelling strategies, the effect of sources of IIV like disease, sex,
co-administered drugs, and additionally, effect of inter-antibody variability like charge, glycosylation and
affinity on antibody clearance, target tissue uptake and tissue distribution, were quantified. The interplay
between sources of inter-individual and inter-antibody variability, examples include sex and disease,
antibody charge and disease, antibody glycosylation and disease, was also evaluated. Using a range of
model mAb agents, pharmacokinetic (PK) studies were conducted in relevant mouse models, that
recapitulate many of the pathophysiological elements of the human disease condition like mouse model
of SLE (MRL/MpJFaslpr/J mice), mouse model of AD (triple transgenic mouse model of AD) and tumor
xenograft mouse model. Major findings of this dissertation are described as followed.

Chapter One provided a review on understanding the inter-individual variability in monoclonal antibody
disposition. The review elucidates (a). Mechanisms of antibody disposition (absorption, distribution and
elimination), (b). Variability in the determinants of mAb disposition (Neonatal Fc receptor, Fc gamma
receptor, target properties and anti-drug antibodies), (c). Common covariates considered in population
pharmacokinetic modeling (body size, sex, race, age, albumin), (d). Factors contributing to interindividual variability (influence of disease and co-administered drugs).

In Chapter Two, the influence of SLE on mAb elimination in mouse model of SLE (MRL/MpJ-Faslpr/J
mice) was investigated. SLE patients have been known to exhibit hypercatabolism of immunoglobulin G
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(IgG). To investigate the possible mechanisms of increased IgG elimination, diseased SLE mice were
administered 8C2 anti-topotecan mAb (18mg/kg, IV) and plasma concentrations were collected for 14
days. Multiple mechanisms were investigated by evaluating relevant disease biomarkers and determinants
of IgG clearance. Mice were evaluated for loss of mAb via feces (by measuring fecal alpha-1-anti-trypsin
A1AT excretion rate, a marker for gastrointestinal integrity), loss of mAb via urine (by measuring urinary
albumin excretion UAE rate, a marker for lupus nephritis), reduced protection by FcRn due to decrease in
FcRn expression as consequence of disease (by measuring FcRn expression in select tissues) and increased
competition for FcRn by endogenous IgG (by measuring endogenous IgG concentrations). 8C2 clearance
was significantly higher in diseased mice as compared to control (6.73±2.66 vs. 3.6±0.76 mL/day/kg;
p=0.0035). No significant difference in fecal A1AT excretion rate and FcRn tissue expression (in muscle
and liver tissues) was found between control and diseased SLE mice. As compared to control mice, UAE
rate was significantly higher in diseased mice (20.9±18.0 vs. 236.5±219.7 µg/day; p=0.0067). Endogenous
IgG concentrations in diseased mice were significantly higher than control mice (43.5±14.3 vs. 7.82±2.73
mg/mL, p<0.0001). Mathematical modeling was used to quantify the contribution of the two competing
hypotheses: loss of IgG via urine and decrease in protection by FcRn due to elevations in endogenous IgG
concentrations. The physiologically based pharmacokinetics modeling results suggested that increased
8C2 elimination in SLE mice is largely explained by increased renal clearance (increased renal protein
excretion and catabolism) and to a minor degree by decreased efficiency of FcRn recycling (owing to
increased competition with endogenous IgG). SLE is a highly heterogeneous and complex disease. This
work investigates the possible mechanisms responsible for increase in IgG clearance. The UAE rate
biomarker identified in this work can be used as a predictor of mAb clearance in Lupus Nephritis patients,
and as a possible covariate for mAb clearance in SLE clinical trials.
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In Chapter Three, we investigate the influence of AD on mAb brain uptake and evaluate the additional
determinants of mAb brain distribution including the effect of antibody charge, glycosylation and sex
using triple transgenic mouse model of Alzheimers (3xTg-AD) and control B6129SF2/J mice. Plasma,
brain and tissue PK was evaluated for a series of charge variants with pI 5.6, 6.3, 7.7 and 8.82 and with
additional 2N-linked glycosylation sites in the heavy chain (2N-5.6G). Brain to plasma area under the
curve (AUC) ratio was similar across different charge variants; charge was not found to affect mAb brain
uptake. AD was found to have a significant impact on mAb brain to plasma AUC ratio. For mAb with pI
6.3,7.7 and 8.82, the brain to plasma AUC ratio was approximately 2.46, 1.5 and 1.7-fold higher in
diseased 3xTg-AD mice as compared to B6129SF2/J mice (Student’s t test, p<0.05). No difference in
plasma, tissue and brain PK as well as brain to plasma AUC ratio was found between mAb with pI 5.6,
with or without glycosylation. Glycosylation did not impact mAb brain uptake in AD mice. Similarly, the
effect of gender on mAb brain uptake was evaluated using mAb with pI 7.7 in male and female 3xTg-AD
mice (1 mg/kg, IV). No difference in plasma and tissue PK as well as brain to plasma AUC ratio was
found between the two sexes.

This chapter comprehensively evaluated the different determinants of mAb brain uptake. It quantified the
influence of AD on mAb brain PK that was previously unknown. The severity of disease can be a potential
source of variability between AD patients and may explain the inter-subject differences observed.

In Chapter Four the effect of anti-angiogenic agent sorafenib on mAb tumor uptake and PK was
evaluated. We investigated the effect of decrease in tumor vascularization by sorafenib on the tumor
uptake of mAb. The effect of co-administration of sorafenib on plasma, tissue and tumor PK of anticarcinoembryonic

antigen

(CEA)

mAb
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T84.66

was

investigated

using

severe combined immunodeficiency mice bearing CEA expressing tumor xenografts. As compared to
untreated control group, sorafenib treatment (50 mg/kg IP every 48 h starting 4d post xenograft
implantation) was found to substantially reduce tumor growth rate, decrease tumor microvessel density
and markedly alter mAb spatial distribution. Sorafenib treatment caused a 46.4% reduction in Evans Blue
dye extravasation. No significant difference in T84.66 plasma PK AUC (0-7d) was found between the control
and sorafenib-treated group (AUC (0-7d): 1.67×103±1.28 x 102 vs. 1.76×103±1.75 x 102 nM x day, p=0.51).
However, the tumor AUC(0-7d) was significantly lower in treated mice as compared to control by
approximately 40% (5.61×102±4.27 x 101 vs. 9.48×102±5.61 x 101 nM x day, p<0.001). Sorafenib
treatment significantly reduced mAb delivery to, and distribution within, solid tumors.

The studies conducted in this chapter highlights the effect of sorafenib treatment on tumor vascularity,
macromolecular extravasation, mAb tumor uptake but with no influence on mAb plasma PK. The findings
from this chapter exemplifies that plasma PK alone does allow adequate evaluation of the potential drugdrug interaction involving mAbs. It primarily raises concerns for possible antagonistic (or less than
additive) therapeutic interaction between sorafenib and anti-tumor mAb, although further investigation is
required to evaluate the therapeutic implications of this combination strategy. Several clinical trials
investigating the combination of sorafenib with different mAbs reported that this combination strategy
failed to improve patient outcome, as compared to sorafenib or mAb monotherapy, but, to date, there are
no approved sorafenib-mAb combination therapies.

In Chapter Five, the effect of chronic phenytoin therapy on mAb PK was investigated. In this
investigation, Swiss Webster mice were immunized with bovine serum albumin (BSA), and chronic
phenytoin treatment (20 and 40 mg/kg IP, n=6/group, Q.D. for 28 days) was found to cause a dose313

dependent decrease in IgG immune response against BSA. However, as compared to control group,
chronic phenytoin treatment (three doses 10, 20 and 40 mg/kg IP, 10/group, Q.D. for 28 days) had no
influence on the mAb 8C2 clearance (control vs 10, 20 and 40 mg/kg; 2.90×101±3.47, 3.25×101±9.94,
2.51×101±6.55 and 2.73×101±6.53 mL/day/kg, p>0.05), and total endogenous IgG concentration (control
vs 10, 20 and 40 mg/kg; 1.72 ± 0.220, 1.63 ± 0.143, 1.61 ± 0.102, 1.71 ± 0.231 mg/mL, p<0.05). The
findings of this chapter suggest that chronic phenytoin therapy is unlikely to cause mAb-drug interaction.

Tonic-clonic seizures is a common co-morbidity in several diseases like autoimmune diseases and brain
tumors, and phenytoin is the most commonly prescribed anti-epileptic drug. Although, phenytoin therapy
may cause dose-dependent immunodeficiency in epileptic patients, the overall findings of this chapter
suggests in clinical cases where phenytoin is co-administered with mAb, a possible need to investigate a
mAb-phenytoin pharmacokinetic interaction may be ruled out.

In Chapter Six, we quantitatively assessed the disposition of model therapeutic proteins (TPs): mAb and
single domain antibody (sdAb) in select regions of brain of healthy and AD mice. The different regions
of the brain selected were left cerebral cortex, right cerebral cortex, olfactory lobe, cerebellum and medulla
oblongata. The plasma PK of mAb and sdAb was similar between the healthy and diseased mice.
However, as compared to control mice, mAb tissue to plasma AUC ratio of left cortex, olfactory lobe and
medulla oblongata was 34.7%, 28% and 43.99% higher in diseased mice (p<0.05). Similarly, as compared
to control group, the tissue to plasma AUC ratio achieved in left cerebral cortex and olfactory lobe was
22.7% and 48% higher in diseased mice as compared to healthy mice (p<0.05). The results of this chapter
highlights the differences in distribution on mAb and sdAb in select regions of the healthy and AD mouse
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brain. The present data are consistent with our prior work that has demonstrated increased mAb
distribution to the brain in AD, and the observed results suggest that the alterations in TP disposition in
brain tissue may be brain region-specific.

It is one of the first studies to quantitatively assess the distribution of sdAb and mAb in different regions
of the brain. The brain region-specific mAb and sdAb concentrations reported in this study results may
serve as useful guide in the clinical development of these TPs.

In Chapter Seven, a catenary physiologically-based PK (PBPK) model was developed to predict brain
and systemic PK of anti-transferrin (TfR) antibodies. The model was able to characterize and predict the
brain and systemic PK of a range of mAb affinity variants (KD=1.7, 6.9, 65, 111 and 50000 nM). Model
findings corroborated with the digitized experimental results that an inverse relationship exists between
antibody affinity and mAb uptake in the brain. Moderate affinity mAbs (TfRC KD=65 nM, TfR D KD=111
nM, %brain to plasma AUC ratio of 1.64-3.2%) had the highest brain uptake as compared to high affinity
variant (KD=1.7, %brain to plasma AUC ratio of 1.43%) The model also explored the influence and
interplay of mAb-receptor interaction, receptor internalization kinetics and receptor expression that
facilitate the maximal brain uptake of anti-TfR mAb.

Evaluating the influence of receptor internalization kinetics, model simulations suggested that as the rate
of internalization was increased, the % brain to plasma AUC ratio was not sensitive to affinity of the mAb.
In other words, as mAb affinity to TfR decreased, the sensitivity to TfR internalization rate constant
increased. The influence of TfR expression was evaluated, and model simulations suggested that when
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the receptor expression was very low, moderate to low affinity mAb no longer improved mAb brain
uptake. Model simulations also suggested that the mAb dissociation rate constant has to be faster than
receptor internalization rate, to allow release of mAb to the brain interstitium for efficient transcytosis.
The model developed in this chapter is the first known PBPK model that incorporates the receptor
mediated transcytosis pathway of transferrin receptor in the brain. This developed model may be applied
to any transcytosis target and may help in guiding early drug development of mAbs with optimum
characteristics for receptor mediated transcytosis. The model can also be easily scaled up to make
predictions in monkeys and humans.

In summary, the work presented in this dissertation evaluated sources of IIV (disease and co-administered
drugs) on mAb disposition. It also evaluated the sources inter-antibody variability (charge, glycosylation
and affinity) on mAb plasma and tissue uptake. The different sources of variabilities and biomarkers
identified here, hopefully, will find application in guiding mAb clinical trials, to predict mAb disposition
in patients, and facilitate personalized mAb therapies.
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