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ABSTRACT
Purpose To determine the effect of dose, the anatomical site
of injection, and the injection volume on subcutaneous
absorption of rituximab in rats and to explore absorption
mechanisms using pharmacokinetic modeling.
Methods Rituximab serum concentrations were measured
following intravenous and subcutaneous administration at the
back, abdomen, and foot of rats. Several pharmacokinetic models
were developed that included linear and saturable absorption,
and degradation and/or protective binding at the injection site.
Results Rituximab exhibited linear kinetics following intrave-
nous administration; however, bioavailability following subcuta-
neous injection was inversely related to the dose level. For the
1 mg/kg dose, bioavailability was approximately 70% at all tested
injection sites, with faster absorption from the foot (Tmax=12 h
for foot vs. 4.6 days for back). Bioavailability for the 10 mg/kg
dose was 44 and 31% for the abdomen and back sites and 18%
for 40 mg/kg injected at the back. A pharmacokinetic model that
included binding as part of the absorption mechanism success-
fully captured the nonlinearities in rituximab absorption.
Conclusion The anatomical site of subcutaneous injection
influences the rate of absorption and bioavailability of rituximab

in rats. Saturable binding may be a major determinant of the
nonlinear absorptive transport of monoclonal antibodies.

KEY WORDS lymphatic absorption . pharmacokinetic
modeling . saturable absorption . therapeutic proteins

INTRODUCTION

The majority of marketed monoclonal antibodies (mAbs) are
given intravenously and exhibit high water solubility, pro-
longed biological half-life and a relatively low risk of
nonspecific toxicities (1). In contrast, subcutaneous (SC)
injection is widely utilized in clinical practice for delivery of
therapeutic macromolecules (such as hormones and cyto-
kines). SC injection is more convenient and also provides
extended delivery from a site of administration to the
systemic circulation; thereby maintaining therapeutic drug
concentrations for prolonged periods of time and reducing
required dosing frequency. Challenges for this route of
administration for mAbs include complex pharmacokinetics,
higher incidence of immune response against the drug, and
low or incomplete bioavailability following extravascular
administration (2–5). Binding of antibody to its therapeutic
target (via the Fab region) and/or Fc-mediated binding to
immunoglobulin receptors (such as FcRn and/or FcγR) may
also influence its pharmacokinetics (6,7).

SC injection is an approved route of administration for
many therapeutic proteins, including several mAbs. The
bioavailability of proteins following SC administration
varies considerably, ranging from 12 to 100% (8,9), and
the determinants of such variability are still unknown. The
absolute bioavailability of mAbs ranges between 50 and
100% (3,10). Multiple factors can affect the rate and extent
of protein SC absorption, such as size of the macromole-
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cule, formulation excipients, and application of pressure or
heat (9,11,12). Studies conducted in sheep have identified
the lymphatic system as a major absorption route for high
molecular weight proteins (11,13,14). However, the lymphat-
ic system contributes minimally to the overall bioavailability
of SC administered proteins in rodents (15–17). Several
preclinical and clinical studies have demonstrated that the
anatomical site of SC injection can influence the bioavail-
ability and rate of absorption of protein drugs, and there is
no consensus for an optimal injection site (14,18–20). The
rates of disappearance of liposomes from the injection site
and lymphatic uptake are also significantly different between
SC injections into the flank and foot of rats (21).

Proteolytic degradation at the site of injection has been
proposed as a cause for incomplete bioavailability of proteins
administered by SC injection (9,22). Parathyroid hormone
and calcitonin bioavailabilities were improved by coadmin-
istration with aprotinin, a serine protease inhibitor (23). The
SC bioavailability of interferon-β in monkeys appears to
increase with dose, and saturation of site-specific metabolism
was hypothesized to be a source of this phenomenon (24).

Distinct from other classes of therapeutic proteins and
peptides, mAbs exhibit relatively greater molecular weight
and circulating half-lives, and also utilize antibody-specific
mechanisms (e.g., FcRn) to minimize proteolytic degradation.
Whereas many studies have evaluated the SC absorption of
hormones and cytokines, little is known regarding determi-
nants of mAb absorption following SC injection. The first aim
of this study is to investigate the effect of dose, the anatomical
site of injection, and the injection volume on SC absorption
of mAbs in rats. The second aim is to explore absorption
mechanisms using pharmacokinetic modeling.

Rituximab, a chimeric murine/human mAb that reacts
with the CD20 antigen expressed on the surface of normal
and malignant human B-lymphocytes, was used as a model
drug. It contains the light and heavy chain variable
domains of the murine anti-CD20 antibody 2B8 in
conjunction with human kappa and IgG1 heavy-chain
constant region sequences (25). Rituximab shows efficacy in
patients with various lymphoid malignancies, including B-
cell non-Hodgkin’s lymphoma and B-cell chronic lympho-
cytic leukaemia (26). Binding of mAbs to their antigenic
target can affect their pharmacokinetics (6,27); therefore,
selection of the rat model is advantageous, as normal rats
do not express human CD20 antigen.

MATERIALS AND METHODS

Materials

Goat anti-human IgG (Fc specific)–peroxidase conjugate
(A0170) and o-phenylenediamine (SigmaFast™ OPD,

P9187) were obtained from Sigma-Aldrich, St. Louis,
MO. Rat anti-rituximab monoclonal antibody was
purchased from AbD Serotec, Raleigh, NC. Bovine
serum albumin (BSA), phosphate buffered saline (PBS),
carbonate-bicarbonate buffer, polysorbate 20 (Tween-20)
and sulfuric acid were purchased from VWR, West
Chester, PA.

Animals

Male Wistar rats, weighing 375–400 gr, were purchased from
Harlan Laboratories Inc. (Indianapolis, IN). This study was
conducted in accordance with an approved protocol by the
Institutional Animal Use and Care Committee at the
University at Buffalo, State University of New York. Two
animals were housed in each cage during the study with free
access to standard food and water and maintained on a 12/
12 h light/dark cycle. Rats were allowed to acclimate for
1 week before study initiation.

Experimental Procedure

Animals were divided into ten groups (n=4–5 each) according
to the route of administration, dose level, and injection
volume (Table I). Animals were anaesthetized before drug
administration using 5% isoflurane (IsoThesia™, Butler
animal health supply, Dublin, OH). Three dose levels (1,
10, and 40 mg/kg) were evaluated, where each animal
received a single dose by either intravenous (IV) or
subcutaneous (SC) injection. For IV administration,
rituximab was followed by 200 μL of normal saline to
ensure delivery of the entire dose. SC injection was
performed at the lower back, middle abdomen, or at the
dorsal side of the left hind foot. IV and SC injection to

Table I Experimental Groups for Evaluating Rituximab Pharmacokinetics
in Rats

Route Site Dose (mg/kg) Injection volume (mL/kg)

IV Tail vein 1 1 a

IV Tail vein 10 1

SC Back 1 1 a

SC Back 10 1

SC Back 40 4

SC Back 10 4 a

SC Abdomen 1 1 a

SC Abdomen 10 1

SC Foot 1 0.1

SC Foot 1 0.3 a

a commercially available formulation (10 mg/mL) diluted with normal
saline
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the back and abdomen were performed using a 27 G
needle, whereas a 31 G needle was used for injection to
the foot. Commercially available rituximab (Rituxan®,
10 mg/mL; Genentech, Inc., San Francisco, CA) was
diluted (when required) with sterile normal saline.

Serial blood samples (150 μL) were obtained follow-
ing drug administration from the saphenous vein under
isoflurane anesthesia using nonheparinized microhema-
tocrit tubes (Fisherbrand®, Fisher Scientific, Pittsburgh,
PA). For IV dosing groups, the sampling times were
10 min, 1, 2, 5, 11 h, and 1, 2, 4, 7, 10, 14 days, and
then weekly for up to 8 weeks. For SC dosing groups,
the sampling times were 1, 2, 5, 8, 11 h, and 1, 2, 3, 4,
7, 10, 14 days, and then weekly for up to 8 weeks.
Blood was allowed to clot at room temperature for 30–
60 min, and serum was separated by centrifugation at
2000 g for 20 min at 4°C. Serum was divided into
aliquots and stored at −80°C until analysis.

Analytical Assay

A sandwich ELISA was used to quantify rituximab in rat
serum samples, which was based on previously published
methods (28,29) and modified to meet our requirements.
This method is based on the chimeric nature of rituximab
and utilizes two distinct antibodies for capture and
detection of rituximab. Briefly, ELISA plates (F-bottom
Maxisorp®, Nunc) were coated with 100 μL/well of anti-
rituximab antibody solution (1 μg/mL in carbonate-
bicarbonate buffer, pH 9.4, 0.2 M) overnight at 4°C. The
rat IgG2a (clone MB2A4) specifically recognizes the idiot-
ypic determinants expressed by rituximab. Between steps,
wells were washed three times with 250 μL of a washing
buffer (PBS + 0.05% Tween-20). All other incubations
were performed at room temperature. Nonspecific binding
was prevented by blocking plates for 1 h with 150 μL of
PBS + 1% BSA. Samples and standards (100 μL) were
incubated in duplicate for 1 h. For detection, goat anti-
human IgG (Fc specific)–peroxidase conjugate (1:50,000
dilution in PBS, 100 μL) was added for 1 h; and plates were
developed using 100 μL of freshly prepared OPD for
25 min in the dark. The reaction was stopped using 50 μL
H2SO4 (1 M) and the optical density at 492 nm was
measured within 10 min.

Samples were prepared at 1:100, 1:1,000, or 1:10,000
dilution using PBS + 1%BSA. Calibration curves were
prepared by spiking corresponding standards into rat serum
(5 μL into 95 μL of serum) and subsequent dilution using
PBS + 1%BSA to match the dilution of the analyzed
samples. Samples and standards were analyzed in duplicate.
The working range of the assay was between 0.25 and
62.5 ng/mL. The calibration curves were successfully fitted
with a four-parameter logistic equation. The precision was

within ±10% and accuracy was within ±20%, which is in
line with accepted recommendations for ligand binding
assays (30,31). Dilutional linearity was confirmed during
assay optimization.

Pharmacokinetic Model

Several pharmacokinetic models were compared to
investigate the apparent nonlinear absorption of ritux-
imab. Three competing processes are assumed to occur
at the SC absorption site: systemic absorption, proteo-
lytic degradation, and binding (most likely to FcRn) that
can protect rituximab from degradation. The basic
proposed model structures are shown in Fig. 1. Model
A, reflects the hypothesis that binding to FcRn creates a
depot that is protected form degradation, where only free
rituximab can undergo presystemic elimination or be
absorbed. In model B, the binding not only protects
rituximab from degradation but is also responsible for
drug absorption. Model C (Fig. 1) shows the structure of
the final model, wherein drug administered at the
injection site (Ainj) is transferred to an absorption site by
a first-order process (kinj). At the absorption site, free
rituximab (ABSfree) can bind to a receptor (R) to form a
complex (DR = ABStot–ABSfree), which was assumed to
occur rapidly and characterized by the equilibrium
dissociation constant (KD). Free rituximab can undergo
degradation or absorption by first-order processes (kdeg and
ka1). The drug-receptor complex delivers rituximab to the
systemic circulation by a first-order process (ka2). The
amount of total receptor at the absorption site was
assumed to remain constant with time, which is supported
by extensive cellular recycling of FcRn (32,33). Systemic
disposition of rituximab includes nonspecific distribution
(At) and first-order elimination (kel). The following equa-
tions were used to describe the final model:

dAinj

dt
¼ �kinj � Ainj ð1Þ

dABStot

dt
¼ kinj � Ainj � ðkdeg þ ka1Þ � ABSfree � ka2

� ðABStot � ABSfreeÞ ð2Þ

ABSfree ¼ 0:5 �
"
ðABStot � Rtot � KDÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðABStot � Rtot � KDÞ2 þ 4 � KD � ABStot

q # ð3Þ
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dC

dt
¼ ka1 � ABSfree

Vc

þ ka2 � ðABStot � ABSfreeÞ
Vc

� ðkel þ k12Þ � C þ k21 � At

Vc

ð4Þ

dAt

dt
¼ k12 � C � Vc � k21 � At ð5Þ

where C is the rituximab concentration in the central
compartment (with volume of Vc), At is the amount of
rituximab in the peripheral distribution compartment, and
k12 and k21 are the first-order transfer rate constants
between central and peripheral compartments. For intra-
venous administration, C(0) was set equal to Dose/Vc, and
initial conditions for Eqs. 1, 2, and 5 were set to zero. For
SC administration, Ainj (0) was set equal to Dose, and initial
conditions for Eqs. 2, 4, and 5 were set to zero.

Data Analysis

A standard noncompartmental data analysis was performed
for each individual rituximab concentration-time profile.
The maximum plasma drug concentration (Cmax) and time
to reach Cmax (Tmax) were obtained directly from the
experimental data. Terminal half-life, area under the

concentration time curve from time zero to infinity (AUC,
calculated by linear trapezoidal method), mean residence
time (MRT), volume of distribution at steady state (Vss), and
clearances were calculated. The bioavailability following
SC administration was calculated by dividing individual
AUC values by the mean AUC following IV administration
of the same dose level. In addition, individual rituximab
concentration-time profiles after IV injection were fitted
using a biexponential equation. The mean estimated
parameters were used to perform a deconvolution analysis
of the pharmacokinetic profiles following SC administra-
tion. The noncompartmental analysis and deconvolution
were performed using Phoenix™ WinNonlin® 6.1 (Phar-
sight, Mountain View, CA).

An ANOVA was applied to assess differences in
pharmacokinetic parameters between more than two
groups followed by a Tukey Multiple Comparisons Test
where appropriate. Comparisons between two groups were
conducted using the two tailed t-test. A p-value of less than
0.05 was considered statistically significant. Data are
presented as mean ± SD, unless stated otherwise.

Initially, the data following intravenous administration
were fitted separately and the estimated parameters (kel, k12,
k21, Vc) were fixed for the development of the absorption
model. Several model structures for the absorption model

Fig. 1 Proposed model structures
for rituximab pharmacokinetics in
rats. Model a is based on degra-
dation (kdeg) and absorption (ka1) of
free rituximab at the injection site.
Model b is based on degradation
(kdeg) of free rituximab and ab-
sorption of rituximab-receptor
complex (ka2). Model c is the final
model used to describe rituximab
absorption and disposition and
includes absorption of both free
rituximab and rituximab-receptor
complex. D—free drug, R—free
receptor, and DR—drug-receptor
complex (DR = ABStot–ABSfree).
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were evaluated using the data from three dose levels
administered at the back and two dose levels administered
at the abdomen. Finally, a simultaneous fitting of the model
to all seven data sets was performed. As only one dose level
was evaluated for the foot injection, the data from this site
was excluded from model development. In addition, the
pharmacokinetic profiles of rituximab following injection of
10 mg/kg at the back were similar, and only the profile
from the 1 mL/kg injection was included in the analysis.

Model fitting and parameter estimation were performed
using MATLAB R2008a (The MathWorks, Natick, MA)
and the maximum likelihood method. The variance model
was defined as:

VARi ¼ s1 þ s2 � Y q; tið Þð Þ2 ð6Þ
where VARi is the variance of the ith data point, σ1 and σ2
are the variance model parameters, and Y(θ, ti) is the ith
predicted value from the pharmacokinetic model. The
goodness-of-fit was assessed by system convergence, Akaike
Information Criterion, estimator criterion value for the
maximum likelihood method, and visual inspection of
residuals and fitted curves.

RESULTS

Mean serum concentration-time profiles of rituximab
administered to rats intravenously, at dose levels of 1 and
10 mg/kg, are presented in Fig. 2, and the corresponding
pharmacokinetic parameters obtained by noncompartmen-
tal analysis are listed in Table II. Both dose levels
demonstrated a polyexponential decrease in pharmacoki-
netic profiles (Fig. 2). For several rats, a slightly greater
serum concentration was measured at 1 h compared with

that at 10 min. The reason for this finding is not clear, and
it might be related to delayed distribution of rituximab
from a peripheral vein to the systemic circulation. The
terminal half-life of rituximab was approximately 2 weeks.
Dose-normalized AUC and Cmax values were not statisti-
cally different between groups, indicating linear pharmaco-
kinetics at the tested dose range.

Mean serum concentration-time profiles of rituximab
injected SC at the back (1, 10, and 40 mg/kg) and
abdomen (1 and 10 mg/kg) regions are presented in
Fig. 3. The corresponding values for bioavailability, Cmax

and Tmax are shown in Fig. 4 (the full list of pharmacoki-
netic parameters obtained by noncompartmental analysis
can be found in the online supplemental file). The extent of
absorption, following injection at the back, decreased with
increasing dose levels. For the 10 mg/kg dose, there was no
statistical difference between two tested groups (back 1 and
4 mL/kg, t-test). However, injection of the same dose at a
4-fold higher volume (back 4 mL/kg) showed a trend
toward a slightly greater bioavailability as compared to the
1 mL/kg injection. Similar to injections at the back, the
bioavailability at the abdomen was dose-dependent, with
higher bioavailability at the low dose. For the 10 mg/kg
dose (1 mL/kg), the serum concentrations were statistically
different from concentrations following injection at the back
(for the same injection volume) from 2 h up to 21 days (with
exception of Day 7). This resulted in a significantly higher
bioavailability for abdominal injection as compared to
injection at the back (43.7 vs. 31.2%).

The overall bioavailability of rituximab following SC
injection (1 mg/kg) at the back, abdomen, and at the
foot of rats was similar (Fig. 4). In contrast, the initial
absorption behavior was different between groups (Fig. 5).
Cmax was attained as early as 12 h following injection at
the foot as compared to 1.5 days following injection at the
abdomen, and more than 4 days for injection at the back
(Fig. 5a). For the foot site, there was a slight trend toward

Fig. 2 Time-course of serum rituximab in rats following intravenous
bolus administration. Symbols represent mean measured concentrations
(♦—1 mg/kg and ◊—10 mg/kg), lines are model fitted profiles, and error
bars represent S.D. (n=4).

Table II Pharmacokinetic Parameters of Rituximab Following IV
Administration to Rats Calculated by Noncompartmental Analysis

Parameter Units IV 1 mg/kg IV 10 mg/kg

Mean SD Mean SD

AUC μg·Day/mL 118 12.0 1255 154

CL mL/Day/kg 8.5 0.8 8.1 1.0

Vss mL/kg 141.2 23.3 155.4 14.6

T1/2 Day 13.9 3.3 14.7 0.9

MRT Day 16.6 2.6 19.4 1.2

AUC area under the plasma concentration-time curve; CL clearance; T1/2
terminal half-life; MRT mean residence time; Vss steady-state volume of
distribution
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greater initial concentrations following administration of a
greater volume. Differences in AUC values over the first
7 days, which can serve as cumulative measurements for the
initial absorption phase, are not reflected in the overall
AUC values owing to the relatively long terminal half-life
(Fig. 5b).

The majority of drug absorption following SC
injection was completed within 7–10 days according to
the deconvolution analysis (Fig. 6). The initial absorption

rate was higher from the abdominal site as compared to
the back. In addition, for both the abdomen and the back,
the extent of absorption was dose-proportional (for 1 and
10 mg/kg doses) during the first two days following drug
administration.

Pharmacokinetic modeling was used to investigate the
mechanism(s) of absorption of rituximab following SC
administration. A two-compartmental model with linear
elimination provided a good description of the pharmaco-
kinetic profiles following IV administration of both dose
levels (Fig. 2). Model A was unable to describe the
experimental data following SC administration (data not
shown). Model B reasonably captured the dose-dependent
SC bioavailability of rituximab; however, it resulted in an
overprediction of concentrations for the highest dose level
and an underprediction for the lowest dose level (data
not shown). Therefore, Model C was constructed to
include both absorption of the free drug as well as
absorption of the drug-receptor complex. In addition,
separation of the injection site from the absorption site
resulted in a significant decrease in the objective
function. The final model resulted in a good simulta-
neous description of the experimental data (Figs. 2 and 3).
The estimated pharmacokinetic parameters are reported in
Table III. Other models that were evaluated included first-
order absorption kinetics from the injection site (Ainj)
directly to the central compartment (C) or one that
incorporated a Michaelis-Menten type saturable transport
from the absorption compartment (ABS) to the central
compartment (C). These models resulted in poorer fits and
higher objective function values. A parameter for the
injection volume was not included in the model, as this
factor did not have a statistically significant impact on the
bioavailability.

DISCUSSION

The rate and the extent of systemic uptake of mAbs
following SC injection are governed by a complex interplay

a b
Fig. 3 Time-course of serum
rituximab in rats following SC
administration at the back (a) and
abdomen (b). Symbols represent
mean measured concentrations
for injections at the back (▼—

1 mg/kg, ∇—10 mg/kg (1 mL/kg),
△—10 mg/kg (4 mL/kg), and x—
40 mg/kg) and abdomen (●—
1 mg/kg, ○—10 mg/kg). Lines are
model fitted profiles, and error
bars represent S.D. (n=4–5).

a

b

Fig. 4 Pharmacokinetic parameters calculated for rituximab administered
by SC injection to rats by noncompartmental analysis. (a) Tmax and (b)
bioavailability (grey bars) and dose normalized Cmax (black bars). *—
significantly different from injection at the back (p<0.05). #—significantly
different from injection of 10 and 40 mg/kg (p<0.05).
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of several kinetic processes, including transport through the
extracellular matrix, uptake by the blood and lymphatic
capillaries, and presystemic elimination. Diffusion across
the interstitium is likely dictated by molecular size and
physical and electrostatic interaction with the various
components of the interstitium (e.g., fibrous collagen
network and glycosaminoglycanes) (9,34). Therefore, diffu-
sion of large macromolecules through the interstitium
would be significantly restricted.

Systemic absorption from the interstitial space can occur
through either blood or lymphatic vessels that differ
considerably in structure and physiology. The well-
organized structure of blood capillaries poses a significant
barrier for penetration of large hydrophilic molecules, such
as proteins. Lymph is formed as interstitial fluid enters
initial lymphatics, and a hydrostatic pressure gradient is
considered as the main force causing lymphatic filling (34).
The lack of tight junctions between the cells of the
lymphatic capillaries allows for a relatively unhindered
uptake of molecules from the interstitium. Resistance to
fluid flow inside the lymphatics is lower than that in the

extracellular matrix; therefore, it has been proposed that
transport of macromolecules across the interstitium would
be a rate-limiting step in their lymphatic absorption (34).
Importantly, lymphatic absorption is a passive process that
occurs as lymph is formed inside the tissues. As such,
lymphatic uptake alone cannot explain the saturable
absorption behavior that was observed for rituximab in
this study.

A positive correlation exists between the molecular
weight of protein drugs and the percent of the dose that is
taken up by the lymphatics in sheep (35). According to
these studies, mAbs should be absorbed almost exclusively
by the lymphatic system. Uptake into regional lymph nodes
following SC injection into hind foot pads of mice has been
directly demonstrated using radiolabeled antibodies (36,37);
however, the full-time course and drug bioavailability were
not investigated. In contrast to studies in sheep, the
lymphatic system does not significantly contribute to
systemic protein absorption following SC administration
in rodents (15–17). Harrell and coworkers concluded that
lymphatic drainage of the flank and back areas are less

Fig. 6 Mean deconvolution profiles of rituximab in rats following SC
administration.

Table III Final Estimated Pharmacokinetic Model Parameters

Parameter Units Mean %CVa

Vc L/kg 6.10·10−2 4

k12 Day−1 0.479 11

k21 Day−1 0.305 10

kel Day−1 0.137 4

kdeg Day−1 0.513 9

Rtot nmol/kg 10.9 16

KD nmol 3.00 18

kinj Day−1 39.9 15

ka2 Day−1 0.295 8

ka1 back Day−1 6.30·10−2 8

ka1 abdomen Day−1 0.205 8

aCoefficient of variation of the estimate; does not reflect inter-animal
variability

a b
Fig. 5 Time-course of serum rit-
uximab in rats following SC admin-
istration (1 mg/kg). The symbols are
mean measured concentrations
(▼—back, ●—abdomen, □—foot
(0.1 mL/kg), and ■—foot
(0.3 mL/kg)). (a) First 7 days after
administration (linear plot). (b) AUC
up to Day 7 (black bars) and for the
full time-course (grey bars). Error
bars represent S.D. (n=4–5). *—
significantly different from injection at
the back (p<0.05).
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efficient than that of the limbs in mice (38). Both
preclinical and clinical research has demonstrated that the
anatomical site of SC injection may influence the rate and
extent of absorption (14,18–20). One hypothesis is that the
contribution of lymphatic and blood capillaries to the
overall absorption might be dependent on the site of
injection.

In this study, the SC absorption of rituximab was
evaluated from three different injection sites. SC injection
at the back is commonly utilized in rodents, and this site
can accommodate large injection volumes due to large
mobility of the skin. Injection at the foot has been utilized
in many lymphatic absorption experiments, whereas the
available SC space is much more limited at this site. Finally,
the abdomen was selected as an injection site with
intermediate characteristics. For the 10 mg/kg dose
administered in the same volume, the bioavailability was
significantly higher for abdominal injection as compared to
injection at the back (43.7 vs. 31.2%). For the low dose, the
absorption from the foot was faster than from the back or
the abdomen. In addition, serum AUC (from time zero to
day 7) after the foot injection (0.3 mL/kg) was approxi-
mately 150 % of the AUC following injection at the back
(Fig. 5b). This initial difference is obscured by a very long
terminal half-life and interanimal variability, resulting in no
significant differences in total bioavailability between sites
for the low dose (68.5 to 73.1%).

Faster absorption from the foot injection might be
attributed to the facilitation of lymph formation and uptake
by the injection. At the foot, injection of the lowest volume
of 0.1 mL/kg resulted in a small bubble under the skin that
was visually evident for at least 8 h post-injection and
probably resulted in a significant elevated hydrostatic
pressure at the injection site. On the other hand, injection
of much larger volumes at the back (up to 4 mL/kg) can be
accommodated by rats without significant elevation in
pressure in surrounding tissues. This is supported by the
trend for enhanced absorption following injection of higher
volumes. We propose that the site of SC injection and the
injection volume might have a greater impact on the
pharmacokinetics of protein drugs with a shorter half-life
and this hypothesis should be further investigated.

FcRn consists of two subunits (β2-microglobulin and
MHC class I α chain) and binds IgG in a pH-
dependent manner (39), which provides antibodies with
protection from lysosomal catabolism. Binding to FcRn
plays an important role in prolongation of the half-lives of
circulating IgG (40,41). For example, the clearance of 7E3
(IgG1) in FcRn knockout mice is approximately 10-fold
higher as compared to wild type animals (33). Further-
more, co-administration of 7E3 with a high dose of IVIG
can lead to a saturation of this protective mechanism and
increase the clearance of mAbs in wild type mice. In this

study, the pharmacokinetics of rituximab in rats was linear
(at the tested dose range, 1–10 mg/kg) following intrave-
nous administration, and there was no evidence of
saturation of the FcRn related binding at the systemic
level. In contrast, the SC administration of rituximab
resulted in dose-dependent pharmacokinetics. The bio-
availability decreased with an increase in dose for both the
back and the abdomen injection sites. This phenomenon
might be due to saturation of protective binding at the
injection site, producing a more efficient presystemic
degradation at higher doses. The findings of this study
are consistent with observations that the bioavailability of
7E3 following SC injection is approximately three times
greater in wild type as compared to FcRn-deficient mice
(42). Therefore, saturation of FcRn-mediated protection
of mAbs from proteolytic degradation at the site of
injection is a plausible explanation for dose-dependent
absorption of rituximab in rats.

It has been proposed that the FcRn effect on SC
bioavailability of mAbs could be related to binding-related
protection from degradation or binding-mediated transport
from the interstitial space to the blood (42). FcRn-mediated
transport of IgG across cell has been demonstrated in vitro

(43,44). In this study, pharmacokinetic modeling was used
to help distinguish between these proposed mechanisms.
Only models B and C that incorporated binding as a part
of the absorption mechanism, as well as a degradation
protection mechanism, were able to capture the observed
dose-dependent bioavailability. The first-order absorption
rate constant (ka1) might be attributed to the lymphatic
uptake of rituximab. Modeling revealed that utilization of
injection site-specific parameters for this process was
required to simultaneously capture the data from two
absorption sites (back and abdomen). The developed model
assumed rapid equilibrium between free and receptor-
bound rituximab, which is mathematically consistent with
previously published models (45,46). The model of drug
binding at the absorption site was parameterized in units of
amount (nmol), and the volume of the absorption site could
not be estimated from the available data. Therefore, a
direct comparison between estimated values of KD and Rtot

and reported information on rituximab binding to FcRn is
not possible.

This study identified several factors that influence the
absorption of rituximab in rats. Specific binding of
rituximab to FcRn is assumed to play an important part
of the absorption mechanism; however, this should be
tested experimentally in future studies. Nevertheless, it
can be further hypothesized that absorption of other
antibodies (and Fc-fusion proteins) might depend on
their affinity to FcRn. Interspecies differences in
antibody-receptor interactions should also be considered
(47). Species differences in the structure of the SC space
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(48) also makes a direct projection of the results of this
study to humans impractical. For example, the absorption
of golimumab appears similar from three evaluated sites of
injection (upper arm, abdomen, and thigh) (49). Future
research is required to identify the best species and most
relevant injection sites for preclinical assessment of SC
absorption of proteins.

In conclusion, mechanisms of rituximab absorption in rats
were evaluated following SC administration. The bioavail-
ability of rituximab following SC injection in rats was inversely
related to the dose level, which might be attributed to
saturation of FcRn-mediated protective binding at the
absorption site. The anatomical site of SC injection affects
the rate and extent of absorption, and details of the SC
injection site should be included in pharmacokinetic reports
for mAbs and possibly other protein drugs. The volume of SC
injection did not have a significant impact on rituximab
pharmacokinetics. Modeling results suggest that binding
(likely to FcRn) is an important determinant of the absorptive
kinetics of mAbs following SC administration.
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