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ABSTRACT

Many monoclonal antibodies (mAbs) and other protein drugs have
targets usually residing within tissues, making tissue concentrations
of mAbs relevant to their pharmacologic effects. Therefore, knowl-
edge of tissue distribution kinetics is important to better understand
their pharmacokinetics and pharmacodynamics. The tissue distribu-
tion of mAbs is affected by many physiologic factors that may be
altered in disease status. In the present work, we studied the tissue
distribution kinetics of the fusion protein etanercept in inflamed joint
tissues and examined the impact of inflammation on the tissue dis-
tribution of etanercept. Etanercept concentration profiles in plasma,
blister fluid, and different tissues were obtained from healthy and
collagen-induced arthritic (CIA) rats by use of a fluorescence quan-
tification method via IRDye800CW labeling. Stepwise minimal and full
physiologically based pharmacokinetic (PBPK) approaches were

applied to characterize the distribution kinetics of etanercept in
tissues in healthy and diseased animals. Etanercept exhibited modest
tissue access (tissue/plasma area under the concentration curve
[AUC] ratios 0.03–0.15 and estimated tissue reflection coefficients
[s] of 0.6–1.0), but with good penetration into arthritic paws (tissue/
plasma AUC ratio 0.23 and s 0.36). Etanercept exposure in the
inflamed paws of CIA rats was approximately 3-fold higher than in
normal paws taken from either CIA or healthy rats (tissue/plasma
AUC ratios 0.23 versus 0.07 and s 0.36 versus 0.71). The tissue
distribution kinetics of etanercept in arthritic paws were well char-
acterized with PBPK modeling approaches. Etanercept shows good
penetration to arthritic paws in CIA rats. Our study indicates that
inflammation produced increased tissue distribution of etanercept in
CIA rats.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease ex-
hibiting persistent inflammation, hyperplasia, and infiltration of immune
cells in the joint synovial tissues (Choy and Panayi, 2001). The soluble
cytokine tumor necrosis factor a (TNF-a) plays a pivotal role in the
pathogenesis of RA. TNF-a is secreted by mononuclear cells in synovial
fluid and interacts with TNF receptor locally. Through autocrine and
paracrine mechanisms it exerts a proinflammatory effect (Brennan et al.,
1992). In patients with active RA, serum and synovial fluid TNF-a
concentrations are elevated compared with healthy subjects (Hopkins and
Meager, 1988; Edrees et al., 2005). Etanercept is used for the treatment of
RA by specifically binding to TNF-a with high affinity, neutralizing it
and therefore blocking its proinflammatory activity in synovial fluid
(Culy and Keating, 2002).
Etanercept is a dimeric fusion protein consisting of two ligand-binding

domains of human p75 tumor necrosis factor receptor and the human
IgG1 Fc portion (Scott, 2014). The plasma pharmacokinetics of etanercept
have been well studied in various species (Lon et al., 2011; Zhou et al.,
2011). However, information on the distribution kinetics of etanercept

to inflamed joint tissues is lacking. As the drug concentration at the
target site determines the magnitude of the pharmacologic effects,
knowledge of etanercept distribution in the joints is important to
better understand the pharmacokinetics and pharmacodynamics.
With a molecular size of 150 kD and high hydrophilicity, etanercept
is likely to show limited tissue distribution, making its concentration
in inflamed joint tissue a major determinant of the pharmacodynamic
effects.
The tissue distribution of monoclonal antibodies (mAbs) and other

protein drugs is affected by physiologic factors such as blood flow,
tissue permeability, and the expression and turnover rate of their target
antigens (Tabrizi et al., 2010). Therefore, changes in physiologic status
may alter the tissue distribution of these macromolecular drugs. RA
causes increased vascular permeability as well as joint tissue edema,
which would lead to increased tissue distribution of large molecules
(Bell et al., 1983). Although the plasma pharmacokinetics of etanercept
is not significantly altered in patients with RA compared with healthy
subjects (Zhou et al., 2011), whether RA will alter the tissue distribution
of etanercept has not been investigated and remains unclear.
We investigated the tissue distribution of etanercept to the inflamed

joint tissue and examined the impact of inflammation on the kinetics
of this distribution using the collagen-induced arthritic (CIA) rat model.
This is a well-established animal model that mirrors human RA. We
previously studied the plasma pharmacokinetics of etanercept using this
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animal model (Lon et al., 2011), and the present study extends our work
by examining the tissue distribution kinetics of etanercept.

Materials and Methods

Drug. Etanercept (Immunex Corporation, Thousand Oaks, CA) was diluted
with vehicle (10 mg/ml sucrose, 5.8 mg/ml sodium chloride, 5.3 mg/ml
L-arginine hydrochloride, 2.6 mg/ml sodium phosphate monobasic monohydrate,
and 0.9 mg/ml sodium phosphate dibasic anhydrous, pH 6.3 6 0.2) and was
stored at 2–8�C before use.

IRDye800CW Labeling. Etanercept in the injection solution was first sub-
jected to a buffer exchange with phosphate-buffered saline (PBS), pH 7.8, using
Zeba desalting spin columns (5 ml; Pierce Biotechnology, Rockford, IL) followed
by dilution to 1 mg/ml. IRDye 800CW Protein Labeling Kit–High Molecular was
used for etanercept labeling according to the manufacturer’s instructions (LI-COR
Biosciences, Lincoln, NB). Briefly, 200 ml of 1 M potassium phosphate buffer
(pH 9.0) was added into 2 ml of 1 mg/ml etanercept in PBS to adjust the pH to 8.5.
Dye was resuspended in water (25 ml) and 15.5 ml was added dropwise to the
etanercept solution, then it was incubated at room temperature for 2 hours in
the dark. Free dye was then removed by Zeba desalting spin columns. The
IRDye800CW-etanercept (I-E) conjugates were stored at 220�C until use.

Characterization and Stability of IRDye800CW-Etanercept (I-E) Con-
jugates. To calculate the dye/etanercept (D/P) ratio and concentration of I-E
conjugates, the conjugates were diluted with PBS/methanol (9:1) to determine the
UV absorbances (A) at 280 and 780 nm. The following equations were applied in
these calculations.
Dye/etanercept ratio:

D
P
5

�
A780

«dye

�
4

�
A280 2 ð0:03� A780Þ

«etanercept

�
ð1Þ
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where «dye is the molar extinction coefficient of the IRDye800CW at 780 nm,
which was 270,000 M21 • cm21 according to manufacturer’s product manual.
The molar extinction coefficient of etanercept («etanercept) at 280 nm is assumed
to be equal to that of IgG1 (203,000 M21 • cm21).

Ten percent denaturing SDS-PAGE was performed to examine the con-
jugation of etanercept with IRDye800CW. The stability of IRDye800CW-labeled
etanercept in plasma was examined by incubation in normal rat plasma. Briefly,
the stock solution of labeled etanercept was spiked into plasma and incubated
at 37�C for up to 15 days. The spiked plasma was sampled over time, and the
fluorescence was measured in a 96-well plate using the Odyssey Infrared
Imaging System (LI-COR Biosciences).

Animals. Male Lewis rats, aged 6 to 9 weeks, were purchased from Harlan
(Indianapolis, IN). The animals were housed individually in the University Lab-
oratory Animal Facility and acclimatized for 1 week under constant temperature
(22�C), humidity (72%), and 12-hour light/dark cycles. Rats had free access to
food and water. All protocols followed the Principles of Laboratory Animal
Care (NRC, 1996) and were approved by the University at Buffalo Institutional
Animal Care and Use Committee.

Induction of CIA in Lewis Rats. The induction of CIA in Lewis rats was
performed following procedures described previously elsewhere (Earp et al.,
2008; Lon et al., 2011). The required reagents were purchased from Chondrex
(Redmond, WA). Thirty Lewis rats were used for induction, and around 60%
successfully developed CIA in one or both hind paws.

Suction Blister Technique. A suction technique was applied to obtain skin
blister fluid. Previous studies have shown that under well-controlled experimental
conditions, the composition of sampled blister fluid closely resembles interstitial
fluid (ISF) (Kiistala, 1968; Herfst and van Rees, 1978). Therefore, blister fluid
was assumed to serve as a surrogate for skin ISF. An acrylic device for producing
suction blisters was manufactured in-house that was similar to the device used for
sampling human blister fluid reported by Kiistala (1968). Modifications were
made to the plate to fit the skin area on the back of the rats. A Welch Gemini dry

vacuum pump model 2060 (Welch-Ilmvac, Niles, IL) was used to provide
constant pressure. A picture of the device and the dimensions of the plate are
shown in Fig. 1. The widths of the edges as well as the distance between the
holes of the plate were carefully designed to minimize possible skin damage.

The animals were subjected to epilation using Nair hair removal lotion
(Church & Dwight Co., Ewing, NJ) 1 day before suctioning. Smooth skin was
observed with no rash.

To perform blister suctioning, the animals were anesthetized by inhalation of
2% isoflurane, and the plate was placed on the smooth skin area on the upper
back of the epilated rat. Medical tape was used to wrap the plate to make sure it
sealed well on the skin surface. The pump was turned on, and the pressure was
gradually tuned to 2150 mm Hg and maintained for 2 hours. Upon completion
of suctioning, the plate was gently removed, and the blister fluid samples were
collected with a 29 ga/1/2 ml syringe.

Pharmacokinetics of IRDye800CW-Etanercept Conjugates. CIA rats
were used 21 days after induction, which corresponds to peak edema in arthritic
paws. Healthy (n = 18) and CIA Lewis rats (n = 17) weighing around 250 g
were dosed with 5 mg/kg I-E conjugates subcutaneously (s.c.). The suction
blister technique was applied at 6 hours, 12 hours, and 1, 2, 4, 7, and 11 days.
At each time point, three animals were sampled for blister fluid (except for
day 7, when two CIA rats were sampled). After blister fluid was collected, the rats
were sacrificed by exsanguination from the abdominal aorta, and blood samples
as well as tissue samples (liver, heart, spleen, lung, kidney, adipose tissues,
gastrocnemius muscle, and paw) were harvested. The blister fluid samples were
kept on ice and stored at 280�C. The blood samples were immediately cen-
trifuged at 2000g, 4�C, for 15 minutes. The plasma fraction was then obtained,
aliquoted, and stored at 280�C. The tissue samples were immediately placed in
liquid nitrogen and stored at 280�C.

Tissue Protein Extraction. Frozen tissue samples were pulverized in liquid
nitrogen. Preweighed tissue powder was placed in tissue protein extraction
solution (DSTPES) purchased from Dualsystem Biotech (Schlieren, Switzerland)

Fig. 1. (A) Picture of the device for creating suction blisters. (B) Dimensions of the
attached plate.

Fig. 2. Scheme of the mPBPK model used for characterization of the disposition of
I-E conjugates in step 1. Tissues are lumped into two spaces according to their
vascular structure. Tissue compartments are connected with plasma and lymph in an
anatomic manner. Convection and lymphatic drainage are assumed to be the
dominant tissue uptake and elimination pathways.
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containing 0.5% complete mini-protease-inhibitor (Roche Applied Science,
Vilvoorde, Belgium) (1 ml/175 mg tissue). The resuspended tissue was shaken
for 30 minutes at room temperature. Supernatants were obtained after
centrifugation at 20,000g, 4�C, for 15 minutes and stored at 280�C.

Quantification of IRDye800CW-Etanercept Conjugates by Fluores-
cence. Briefly, the stock solution of I-E conjugates was spiked into diluted
blank plasma or blank tissue protein extracts to prepare a set of seven standards
(ranging from 7.8 to 500 ng/ml). Plasma samples were diluted 50-fold with
PBS, and blister fluid samples were diluted 10- or 50-fold with PBS to the
desired linear concentration range. The tissue protein extracts were directly
measured without dilution except for those from the kidney (1/4 dilution in
PBS). Fluorescence (excitation = 778 nm; emission = 800 nm) of each 75-ml
sample and standard was measured in a 96-well plate with the Odyssey Infrared
Imaging System. The concentrations in unknown samples were determined
from the standard curve. Due to the loss of intensity of fluorescence over time,
the measured concentrations in plasma, blister fluid, and tissues were corrected
with a biexponential decay function based on the in vitro stability of I-E
conjugates in plasma:

Cmeasured ¼ 0:69 × Cetanercept × e2 0:019t þ 0:31 × Cetanercept × e2 0:0031t ð3Þ

The plasma concentration of the labeled etanercept was also quantified by
enzyme-linked immunosorbent assay (ELISA) for validation purposes. The
ELISA procedures were described previously elsewhere (Lon et al., 2011).

Tissue protein extracts were further subjected to 10% SDS-PAGE to
determine the fluorescence intensity of the intact conjugate band as well as the
fragment bands. The estimated fraction of the intact conjugate was used to
calculate intact labeled etanercept concentrations in tissues.

Data Analysis. The area under the concentration time curve (AUCinf) of I-E
conjugates in plasma, blister fluid, and tissues was estimated by the trapezoidal
rule using WinNonlin 6.1 (Phoenix, Pharsight Corporation, Palo Alto, CA).

Mathematical Modeling. A stepwise modeling approach was applied to
characterize the plasma and tissue disposition of etanercept. First, plasma
concentration profiles from the present study together with our previously
published data (Lon et al., 2011) were fitted with a minimal physiologically
based pharmacokinetics (mPBPK) model to describe the disposition of
etanercept. The model includes plasma, lymph, and two lumped tissue
compartments connected in an anatomic manner, as shown in Fig. 2 (Cao
et al., 2013). The nonlinear absorption and mixed linear and Michaelis-
Menten elimination of etanercept in CIA rats were assumed based on
previous studies (Lon et al., 2011). The linear clearance was assumed for
healthy animals for simplicity. The model is described by a set of differential
equations:

dCp

dt
¼ Input

Vp
þ Clymph × L2Cp × L1 × ð12s1Þ2Cp × L2 × ð12s2Þ2CLp

Vp
 

 Cpð0Þ ¼ 0

ð4Þ

dCtight

dt
¼ Cp × L1 × ð12s1Þ2L1 × ð12sLÞ × Ctight

Vtight
  Ctightð0Þ ¼ 0 ð5Þ

dCleaky

dt
¼ Cp × L2 × ð12s2Þ2L2 × ð12sLÞ × Cleaky

Vleaky
  Cleakyð0Þ ¼ 0 ð6Þ

dClymph

dt
¼ L1 × ð12sLÞ × Ctight þ L2 × ð12sLÞ × Cleaky 2Clymph × L

Vlymph
 

 Clymphð0Þ ¼ 0 ð7Þ

where Cp is the plasma concentration in Vp (plasma volume) and Ctight and
Cleaky are ISF concentrations in two types of lumped tissues categorized by
the leakiness of vasculature (continuous and fenestrated). The Vtight (0.65 •
ISF • Kp, where Kp is the available fraction of ISF for antibody distribution)
and Vleaky (0.35 • ISF • Kp) are ISF volumes of the two lumped tissues, and
Vlymph is the lymph volume, which is assumed equal to blood volume. L is the
total lymph flow rate, and L1 and L2 account for 1/3 and 2/3 of the total lymph
flow. The s1 and s2 are vascular reflection coefficients for leaky and tight

tissues. The sL is the lymphatic capillary reflection coefficient assumed to be
0.2.

For CIA rats:

CLp ¼ CLdis þ Vmax

Km þ Cp
ð8aÞ

For healthy controls:

CLp ¼ CLhea ð8bÞ

Etanercept is assumed to be eliminated from plasma, and CLdis and CLhea

represent the linear clearances in CIA and healthy animals. An additional Vmax/
Km term was used to account for the nonlinear clearance in CIA rats.

The input functions are:

Input ¼ k0ð02 tÞ þ k1ðt.tÞ ð9Þ

Fig. 3. Scheme for incorporating blister fluid into the mPBPK model to examine the
distribution of I-E conjugates in skin interstitial space in step 2. The flow rate is
determined by dividing volume of formed blisters (Vbf) by the duration of suction
(tdur). The outflow of the blister fluid is negligible (dashed line).

Fig. 4. Scheme of the full PBPK model for characterization of biodistribution of I-E
conjugates in various tissues in step 3. All major organs included in the model are
connected by plasma. Convection and lymphatic drainage are assumed the dominant
tissue uptake and elimination pathways. Whole tissue concentrations were measured,
but divided into interstitial space (light gray) and cell space (dark gray).
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where

k0 ¼ F × ð12FrÞ × Dose
t

;   k1 ¼ 0 when  0,t#t ð10aÞ

k0 ¼ 0; k1 ¼ ka × F × Fr × Dose × e2 ðka × ðt2 tÞÞ when 0.t ð10bÞ

The absorption of etanercept is described as zero-order (k0) followed by first-
order absorption (k1) after the time period t, which is consistent with previous
studies (Lon et al., 2011). The F is the bioavailability for s.c. administration.

The Fr represents the fraction of the dose that undergoes first-order absorption,
and ka is the absorption rate constant.

In the next step, parameter values estimated from the previous model were
fixed to fit the blister fluid concentration profiles in healthy and CIA animals.
The blister compartment was incorporated into the mPBPK model as shown in
Fig. 3. The concentration of etanercept in blister fluid can be described as:

Cbf 5

�
Vbf

tdur
× ð12sskiÞ ×

R t1 tdur
t Cp

�

Vbf
ð11Þ

TABLE 1

Physiologic parameters associated with the physiologically based pharmacokinetic model

Tissue
Total Tissue Volume

(Vtot)
a

Interstitial Volume
(Visf)

a
Lymphatic Flow Rate

(Ltis)
b

Residual Plasma Volume
(% Vres/Vtot)

c

ml ml/h

Lung 1.4 0.263 0.8291 6
Liver 15.7 2.56 0.2307 3
Kidney 2.41 0.361 0.1028 3
Spleen 2.77 0.554 0.0504 6
Heart 1.02 0.146 0.0425 3
Muscle 122 15.8 0.2604 1.5
Adipose 33.1 5.63 0.0631 1.5
Paw 0.5d 0.075d Estimated 1.5
Skin 49.9 16.5 0.0563 1.5
Carcass 6.75 0.224 1.5
Plasma 9.06
Lymph 16.47
Total 48.71 1.86

aPhysiologic parameter values obtained from (Shah and Betts, 2012).
bLymphatic flow rate in each tissue is estimated as the product of the relative ratio of the blood flow of that tissue (Shah and Betts, 2012)

and the total lymphatic flow rate. Liver blood flow is assumed to be the sum of blood flows in the liver, spleen, small intestine, and
pancreas. Total lymphatic flow rate is allometrically scaled from human (2.9 l/day) with exponent factor 0.74.

cAverage value of literature reports (Bernareggi and Rowland, 1991; Baxter et al., 1994; Garg, 2007).
dAssuming interstitial space accounts for 15% of total tissue volume.

Fig. 5. (A) Characterization of I-E conjugates by
SDS-PAGE. (B) SDS-PAGE of I-E conjugates in
tissue protein extracts at 2 days.
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where Cbf represents the etanercept concentration in blister fluid, Vbf is the total
volume of blister fluid yield during the duration of suction (tdur = 2 hours), sski

is the vascular reflection coefficient of the skin. The inflow of the blister fluid
compartment is derived by dividing Vbf by tdur, and the outflow is negligible.

Finally, a modified full PBPK model was developed to characterize the
distribution of etanercept in various tissues, including healthy and arthritic paws.
Major organs and tissues included in this model are liver, lung, kidney, spleen,
heart, skin, muscle, adipose, carcass remaining tissues, and paw. Figure 4 shows
the model structure. The modified PBPK model is based on previous published
PBPK models but with some simplifications (Garg, 2007). Tissue ISF is assumed
to be the major extravascular space for mAb distribution. The distribution of
etanercept from plasma to tissue interstitial space is dominated by convection.
Lymphatic drainage is the primary pathway for tissue clearance. Shown are the
mass balance equations for plasma, lymph, and tissue compartments:

dCp

dt
¼ Input

Vp
þ Clymph × L2+​ Cp × Ltis × ð12stisÞ2CLp

Vp
  Cpð0Þ ¼ 0 ð12Þ

dClymph

dt
¼ +​ Ltis × ð12sLÞ × Ctis isf 2Clymph × L

Vlymph
  Clymphð0Þ ¼ 0 ð13Þ

dCtis isf

dt
¼ Cp × Ltis × ð12stisÞ2 Ltis × ð12sLÞ × Ctis isf

Visf
  Ctis isf ð0Þ ¼ 0

ð14Þ
where Ctis_isf is the tissue ISF concentration, the Visf and Ltis are the ISF volume
and lymph flow rate of each tissue and organ, and stis is the vascular reflection
coefficient of a specific organ.

The measured tissue concentration is total tissue concentration; therefore, the
observed tissue concentration is:

Ctis ¼ Ctis isf × Visf þ Cp × Vres

Vtot
ð15Þ

where Ctis is the total tissue concentration, Vres is the volume of residual plasma
in the tissue, and Vtot is the total tissue volume.

A normal paw weighs around 0.5 g in the rat with a body weight 280 g. The
arthritic paw size is about 1.5-fold greater due to inflammation and edema. In
the model, the tissue volume and the available volume of ISF for etanercept
distribution in arthritic paw increases by 0.5-fold of the ISF volume in normal
paws (Kp • ISFnormal + 0.5• ISFnormal).

The physiologic parameters for plasma, lymph, and tissue ISF and total
volume were obtained from the literature (Shah and Betts, 2012). The residual
plasma volume was assumed to be 6% of the total tissue volume for lung and
spleen, 3% for kidney, liver, and heart, and 1.5% for muscle, paw, and adipose.
This assumption is based on the average measurements from the literature and
assuming the hematocrit is 45% in rats (Bernareggi and Rowland, 1991;
Baxter et al., 1994; Garg, 2007). The total lymph flow rate was allometri-
cally scaled from human (2.9 l/day) with a factor of 0.74. The lymph flow
rates of tissues were derived from the total flow rate based on the fraction of
their blood flow rates. The ISF volume of paw was obtained by assuming
that 1 g of tissue yields 1 ml volume and that ISF accounts for 15% of total
paw tissue volume. The physiologic parameter values used for model fitting
are listed in Table 1.

Model fittings were performed by nonlinear regression analysis using the
maximum likelihood algorithm in ADAPT 5 (D’Argenio et al., 2009). The
variance model used is:

Vi ¼ ðsa þ sp × YiÞ2 ð16Þ

where Vi is the variance of the ith observation, sa and sp are additive and
proportional variance model parameters, and Yi is the ith model prediction. The
goodness-of-fit was evaluated by objective function values and diagnostic
plots.

Fig. 6. Fluorescence of I-E conjugates in plasma with time in the stability study.
A biexponential decay function was used to characterize the loss of fluorescence
signal (dashed curve).

Fig. 7. Plasma etanercept concentrations versus time pro-
files in CIA rats after (A–C) 5 mg/kg i.v., 1 mg/kg i.v., and
5 mg/kg s.c. and (D) healthy controls after 5 mg/kg s.c.
doses of etanercept. Symbols are measured etanercept
concentrations in the present study and from our previous
published data. Curves depict model fittings.
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Results

IRDye800CW Labeling and Stability of IRDye800CW Etanercept
Conjugates. Etanercept conjugated with IRDye800CW exhibited a D/P
ratio of 2.5:1. The measured concentration of the I-E conjugates was
1.01 mg/ml, which is close to the etanercept concentration (1 mg/ml)
used in the labeling reaction. This suggests that there was no loss of
etanercept during the reaction and purification process.
The I-E conjugates were subjected to SDS-PAGE to characterize

the conjugation of IRDye800CW with etanercept. As shown in Fig.
5A, a clear single band of IRDye800CW etanercept conjugates was
detected, which corresponds to a single arm of etanercept (75 kDa).
This indicated that etanercept was labeled with IRDye800CW suc-
cessfully and no degradation or free dye occurred.
In the stability study, IRDye800CW labeled etanercept was incubated

in plasma at 37�C for over 15 days. The measured fluorescence showed
a loss of intensity over time (Fig. 6), which could be characterized by
a biexponential function (eq. 3). SDS-PAGE was performed with the
samples, and the results showed no sign of degradation (data not
presented). This indicated that the loss of fluorescence intensity is not
likely caused by degradation of the conjugates.
Quantification of IRDye800CW Etanercept Conjugates. The I-E

conjugates in plasma and tissues were measured by fluorescence and
adjusted using the biexponential decay function. Plasma concentrations
of etanercept were also determined by ELISA for comparison and vali-
dation. Measurements by fluorescence suggested altered plasma phar-
macokinetics (less etanercept exposure). However, after adjustment
using the decay function, the plasma concentration profile was consistent
with that measured by ELISA and with our previous pharmacokinetic
studies of etanercept (Lon et al., 2011). The measured tissue con-
centrations of I-E conjugates by fluorescence indicated significantly
increased liver and kidney uptake, which was partially attributed to the
presence of a greater amount of IRDye800CW protein fragments, as
shown in the SDS-PAGE results in Fig. 5B. The tissue concentrations of
the intact conjugate were then estimated with the relative percentage of
fluorescence intensity of the intact conjugate band.
Pharmacokinetics of IRDye800CW-Etanercept Conjugates. The

AUC of intact I-E conjugate concentrations in all tissues as well as
plasma and blister fluid concentrations for healthy and CIA rats were
first determined. The parameters are listed in Table 1. Slightly
increased clearance of I-E conjugates was observed in CIA rats.
Exposure of I-E conjugates in blister fluid was 1.5-fold greater in CIA
rats compared with healthy controls. In both healthy and CIA rats, the
biodistribution of I-E conjugates was more extensive in liver, spleen,
lung, kidney, and heart, with tissue/plasma AUC ratios of 7%–15%
compared with fat and muscle (tissue/plasma AUC ratios of 3%–6%).
Etanercept exposure in inflamed paws in CIA rats was 3-fold higher
than in normal paws (tissue/plasma AUC ratios of 0.23 versus 0.07).
The stepwise modeling approach was used to characterize tissue

biodistribution of I-E conjugates in healthy and CIA rats. In the first
step, plasma concentration profiles in healthy and CIA rats were fitted
with the mPBPK model to describe the disposition characteristics of
I-E conjugates. Model fittings of the plasma concentration profiles are
presented in Fig. 7, and parameter estimates are listed in Table 2. The
estimated values of the parameters related to s.c. absorption correspond
well with previous results (Lon et al., 2011). The mixed clearance
mechanism of etanercept in CIA rats was assumed in the present model,
which gave more flexibility in describing the elimination of etanercept.
The estimated vascular reflection coefficients (s1 and s2) suggest
a moderate interstitial distribution of etanercept.
In the next step, an additional blister fluid compartment was included

in the mPBPK model to characterize labeled etanercept concentration

profiles in blister fluid in CIA and healthy rats. Parameter estimates
from the previous step were fixed. The model-fitted profiles are
presented in Fig. 8, and parameter estimates are listed in Table 2.
Despite the variability of the measurements, the model is able to
describe the general trend of etanercept concentration profiles in blister
fluid. The sski in healthy animals is slightly greater than that in CIA

TABLE 2

Plasma and tissue AUC values and ratios for healthy and CIA rats

Tissue
AUC0–264 h Tissue/Plasma AUC Ratio

Healthy (SD)a CIA (SD)a Healthy CIA

mg/ml • h

Lung 285.6 (39.0) 248.3 (52.2) 0.1290 0.1490
Liver 110.1 (32.4) 135.7 (29.5) 0.0487 0.0939
Kidneyb 177.1 (19.5) 334.7 (55.2) 0.0783 0.2320
Spleen 172.4 (35.8) 121.2 (20.1) 0.0762 0.0838
Heart 207.1 (34.4) 111.4 (19.7) 0.0916 0.0771
Muscle 80.9 (12.7) 88.3 (24.8) 0.0358 0.0611
Adipose 88.5 (20.3) 87.9 (34.7) 0.0391 0.0608
Paw 148.6 (21.8) 338.6 (82.9) 0.0657 0.2340
Blister fluid 970.2 (293.7) 1006.6 (412.3) 0.4290 0.6960
Plasma 2260.9 (213.6) 1445.2 (370.6)

aSD of AUC0–264 h was calculated using NCA with sparse sampling using WinNonlin 6.1
(Nedelman and Jia, 1998; Holder, 2001).

bConcentrations of etanercept in kidney used for calculation of AUC are subject to poor data
quality.

Fig. 8. Blister fluid concentrations versus time profiles in (A) CIA rats and (B)
healthy controls. Symbols are concentration measurements, solid lines depict model
fittings, and dashed lines represent simulated plasma concentration profiles.
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rats, indicating a slight increase in vascular permeability in CIA rats
compared with healthy controls.
The full PBPK model was finally applied to describe the tissue

distribution of I-E conjugates in healthy and CIA rats. Total tissue
concentrations were used for model fitting, which is represented in the
model output as the drug amount in the residual plasma and interstitial
spaces divided by the total tissue volume. Residual plasma volumes were
assigned using values within the literature-reported range (Table 3).
Model-fitted profiles are presented in Fig. 9 for CIA rats and Fig. 10 for
healthy controls. Parameter estimates are listed in Table 3.
There were no significant differences in tissue exposures in liver,

lung, heart, kidney, and spleen in healthy and diseased animals. The
AUC values showed slightly increased tissue distribution in CIA rats
in muscle and adipose tissue. However, the model was not able to
differentiate the change in permeability in these tissues in CIA rats. In
general, etanercept shows modest tissue distribution consistent with
mAbs. In tissues such as lung, liver, kidney, spleen, and heart, the
distribution of etanercept was more extensive (s values are in the
range of 0.7–0.9) compared with muscle and adipose (s values are
greater than 0.9). The kidney skid value could not be estimated and
was fixed to 0.8 due to the poor quality of the kidney data.
With inflammation, arthritic paws are subject to increased extravas-

cular protein infiltration and edema. Increased extravascular protein
infiltration is caused by increased vascular permeability. This is re-
flected as a change in vascular reflection coefficient s in the model.
Paw edema is due to the buildup and retention of fluid in the
extravascular space caused by inflammatory responses. Arthritic paws
exhibited edema and showed on average a 1.5-fold increase in volume
as indicated by measured paw sizes. The model assumed a 1.5-fold
increase in paw ISF in arthritic paws with the increase reflecting the free
fluid phase (the volume of the gel phase does not expand in edema)
(Wiederhielm, 1979). Therefore, the interstitial volume for etanercept
distribution is (Kp • ISFnormal + 0.5 • ISFnormal). Also, the lymph flow
rates, considered as the clearance of ISF, are correlated with interstitial

volumes at equilibrium. Therefore, in arthritic paws the lymph flow rate
is also increased by 0.5-fold. Figure 11 shows the fitted concentration
curves in arthritic and normal paws.
Similar etanercept distribution profiles have been observed in paws

from healthy controls and nonaffected paws from CIA rats. Arthritic
paws showed increased etanercept exposure compared with normal
paws. The estimated values of spaw_dis and spaw_hea indicate a 2-fold
increase in vascular permeability in arthritic paws. This corresponds to
a simulation study conducted previously, which suggested that a 4-fold
change of vascular permeability will cause a 3-fold increase in ISF
volume (Wiederhielm, 1979). The lymph flow rate in normal paws is
estimated to be 0.01425 ml/h, which is 10-fold faster compared with
the same mass amount of muscle. This may be due to either insufficient
data at the early time points or the frequency of muscle movement in the
paw.

Discussion

Overall, etanercept exhibits modest tissue distribution as suggested
using both mPBPK and PBPK models. The observed tissue/plasma
AUC ratios in all major organs correspond well with the reported values
of typical mAbs (Shah and Betts, 2013). Also, traditional compartment
models have indicated limited tissue distribution of etanercept (Korth-
Bradley et al., 2000; Lon et al., 2011). However, more extensive
distribution of etanercept was observed in arthritic paws (tissue/plasma
AUC is 0.23). The estimated spaw_dis suggests that etanercept could
penetrate well into arthritic paws, which is in agreement with the sparse
data of etanercept concentrations reported in synovial fluid in RA
patients (Zhou, 2005).
Although nonlinear clearance was observed in the plasma pharma-

cokinetics of etanercept in CIA rats, the plasma concentration profile of
etanercept in CIA rats was not altered significantly in comparison with
healthy controls. However, a significant increase in the tissue distribution
of etanercept in arthritic paws was observed in CIA rats (tissue/plasma

TABLE 3

Summary of mPBPK and PBPK model parameter estimates

Parameter Definition Estimate CV%

Step 1
ka (1/h) First-order absorption rate constant 0.0380 40.0
F Bioavailability of s.c. administration 0.42 Fixed
Fr Fraction of dose undergoing k1 process 0.237 14.5
CLhea (ml/h) Linear clearance in healthy rats 0.243 8.06
CLdis (ml/h) Linear clearance in CIA rats 0.125 12.0
Vmax (mg/h) Michaelis-Menten capacity constant 1.36 53.3
Km (mg/ml) Michaelis-Menten affinity constant 5.62 75.3
s1 Vascular reflection coefficient of tight tissue 0.998 0.00432
s2 Vascular reflection coefficient of leaky tissue 0.766 3.38
t (h) Time period for k0 process 72 Fixed

Step 2
sski_dis Skin vascular reflection coefficient in CIA rats 0.6151 7.28
sski_hea Skin vascular reflection coefficient in healthy rats 0.6649 6.35
Vbf (ml) Average volume of blister fluid formed in 2-hour suction 0.05 Fixed

Step 3
slun Lung vascular reflection coefficient 0.7640 6.68
sliv Liver vascular reflection coefficient 0.8971 4.41
skid Kidney vascular reflection coefficient 0.8000 Fixed
sspl Spleen vascular reflection coefficient 0.8860 3.88
shea Heart vascular reflection coefficient 0.7796 6.36
smus Muscle vascular reflection coefficient 0.9900 4.33
sadi Adipose vascular reflection coefficient 0.8973 4.87
spaw dis Paw vascular reflection coefficient in CIA rats 0.3571 23.5
spaw hea Paw vascular reflection coefficient in healthy rats 0.7105 7.60
scar Vascular reflection coefficient in carcass 0.6259 18.6
Lpaw Lymphatic flow rate in healthy rats 0.01425 71.5
faCIA Fraction increase of paw interstitial fluid 0.5 Fixed
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AUC ratios 0.23 versus 0.07 in healthy animals), suggesting that
inflammation profoundly altered the tissue distribution of etanercept
without causing significant differences in the plasma pharmacokinetics.
This is likely to be attributed to increased vascular permeability and fluid
retention in interstitial space caused by inflammation in arthritic paws. It
has been previously reported that during high-permeability edema in skin
caused by bradykinin, lymph flow was increased, and the hydration of
matrix and the degree of protein exclusion in the interstitial space
changed. All these physiologic alterations led to increased protein
concentrations in tissue interstitial space (Bell et al., 1983).
In other tissues, only modest increases of etanercept exposure were

observed in the muscle and adipose tissue in CIA rats, and no significant
differences were found in the liver, lung, kidney, heart, and spleen be-
tween CIA rats and healthy controls. This implies that inflammation may
have a minimal impact on these tissues. However, because etanercept
concentrations in these tissues were measured as whole tissue concen-
trations, which are subject to residual blood contamination, the impact of
inflammation on tissue exposure of etanercept might be confounded by
this factor. We then directly approached collection of ISF from skin
using the blister suction technique to avoid blood contamination. Our
results indicate that without the confounding effect from residual blood,

a 1.5-fold increase in skin interstitial distribution was observed in CIA
rats (tissue/plasma AUC ratios 0.43 versus 0.70).
The blister suction technique was previously applied in examining

the pharmacokinetics and tissue penetration of small molecule drugs in
skin interstitial space (Bernard et al., 1994; Chosidow et al., 1996;
Mazzei et al., 2000). For the first time we used this technique to study
tissue interstitial distribution of a protein drug. Unlike small molecule
drugs, the rate and extent of etanercept distribution in blister fluid is
governed by both fluid flow rates during suction and vascular per-
meability. These contributing factors are well considered with the PBPK
modeling approaches.
We first applied a simplified PBPK model to characterize the tissue

distribution kinetics of etanercept. The rationale is that 1) convection
and lymphatic drainage are assumed to be the dominant pathways for
mAb tissue uptake and elimination, and 2) tissue ISF is assumed to be
the major extravascular space for mAb tissue distribution (Cao et al.,
2013). The simplified PBPK model offers the advantage of assessing the
distribution of etanercept in tissue sites of interest, and it yields physio-
logically relevant parameter estimates in comparison with compartmental
models. Also, with reasonable assumptions, the tissue compartment
structure is simplified from a full PBPK model. The model can describe

Fig. 9. Tissue etanercept concentration versus time profiles
in CIA rats. (A) Plasma, (B) lung, (C) liver, (D) kidney, (E)
spleen, (F) heart, (G) muscle, and (H) adipose. Symbols are
tissue concentration measurements, and curves depict
PBPK model fittings.
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the tissue concentrations and can yield reasonable parameter estimates.
However, the estimated values of tissue vascular reflection coefficients
are highly dependent on the set of values of residual plasma volume used

in modeling, which are somewhat variable in the literature. Therefore, to
obtain a more precise estimation of tissue permeability, residual blood
contamination should be minimized, and if feasible the drug concen-
trations in tissue interstitial space should be directly sought.
For the quantification of etanercept, the IRDye800CW-labeling

approach was applied. Although radiolabeling is traditionally used for
mAb quantification in tissues, it requires stringent laboratory regu-
lations. In contrast, IRDye800CW is a near-infrared fluorescent probe
providing enhanced signal recovery and high signal-to-noise contrast
(Adams et al., 2007). The ease of use, in addition to being cost-effective
and requiring no special laboratory restrictions, makes this approach
fairly attractive.
Previous studies have assessed the utility of IRDye800 as a quan-

titative tracer for mAb quantification in plasma and tissues, but con-
troversial observations and conclusions were made. Comparable plasma
concentration profiles for up to 24 hours measured by fluorescence and
ELISA have been observed for bevacizumab with a high dye/protein
labeling ratio (3.5) (Wu et al., 2012). Another study concluded that
IRDye800 in a low dye/protein labeling ratio does not significantly alter
the pharmacokinetics of cetuximab, which has a relatively short half-life

Fig. 10. Tissue etanercept concentration versus time profiles
in healthy rats. (A) Plasma, (B) lung, (C) liver, (D) kidney,
(E) spleen, (F) heart, (G) muscle, and (H) adipose. Symbols
are tissue concentration measurements, and curves depict
PBPK model fittings.

Fig. 11. Etanercept concentration versus time profiles in healthy and arthritic paws.
Symbols are tissue concentration measurements, and curves depict model fittings.
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(2.5 days) (Zinn et al., 2015). In contrast, altered mAb pharmacokinetics
in plasma and tissues were observed for bevacizumab, cetuximab, and
mouse monoclonal IgG1 (8C2), featuring increased plasma elimination
and liver uptake (Cohen et al., 2011; Conner et al., 2014). We also
observed the apparent increased plasma elimination as well as enhanced
liver and kidney uptake of etanercept measured by fluorescence. How-
ever, after correction with a decay function as suggested by the in vitro
stability study, the plasma concentration profile corresponds well to that
measured by ELISA. This indicates that the IRDye800CW-labeling does
not significantly alter etanercept plasma pharmacokinetics. The SDS-
PAGE of tissue protein extracts showed the presence of increased
IRDye800CW-etanercept conjugate fragments in the liver and kidney,
which is likely due to the long residual time of IRDye800CW in tissue
cells after endocytosis. This is likely to account for the observed en-
hanced liver and kidney uptake.
In conclusion, along with our previous studies of the plasma phar-

macokinetics of etanercept, we have characterized the tissue distribution
kinetics of etanercept in arthritic rats. We have shown that etanercept
penetrates well into the arthritic paws in CIA rats. For macromolecular
drugs, the exposure of drug at the target tissue site is a major determinant
of the pharmacodynamic effects. The obtained information for etanercept
distribution in joints will help in better understanding its dose–response
relationship. The impact of inflammation in the tissue distribution of
etanercept was featured. Altered tissue distribution kinetics of etanercept
was observed in CIA rats, which we attribute to the increased vascular
permeability and fluid retention in the interstitial spaces in the proposed
PBPK model. Rodents and humans are considered similar anatomically.
The knowledge obtained from the rat will aid in the translation to
humans and the prediction of etanercept exposure in the inflamed tissues
in RA patients.
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