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ABSTRACT
Purpose This study employed a mouse model to evaluate the
effects of diabetic nephropathy on the pharmacokinetics of 8C2, a
murine monoclonal antibody (mAb).
Methods Streptozotocin (STZ) was administered to mice to induce
diabetic nephropathy (125 mg/kg/day×2). Mice were grouped (n=
8–10) based on time after STZ-treatment (control, 1, 2, 3, 4, or
6 weeks), and injected intravenously with 10 mg/kg 8C2. Blood
samples were collected up to 7 days, and 8C2 plasma concentrations
were determined via immunoassay. Inulin clearance and urinary albu-
min excretion rate (UAE) were determined to assess renal function.
Results UAE, inulin clearance, and 8C2 clearance increased
significantly following STZ. Comparing control and 6 week STZ-
treatment groups, UAE and inulin clearance increased from 25.7
±3.3 to 99.3±13.7 μg/day, and from 421±31 to 584±78 μl/
min. 8C2 clearance increased from 121±12.5 to 228±61 μl/
hr/kg (p<0.01). 8C2 clearance was highly correlated with UAE
(r2: 0.731). Inclusion of UAE as a covariate in population modeling
explained significant residual variability in 8C2 clearance.
Conclusions The clearance of 8C2 increased significantly in STZ-
treated mice. Population pharmacokinetic modeling suggests that
UAE has potential for use in predicting mAb clearance in subjects
with diabetic nephropathy, possibly assisting in the individualization
of mAb dosing.
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ABBREVIATIONS
CL systemic clearance
GFR glomerular filtration rate

IgG immunoglobulin G
mAb monoclonal antibody
STZ streptozotocin
UAE urinary albumin excretion rate

INTRODUCTION

There is substantial interest in the development of therapeutic
monoclonal antibodies against a variety of targets in a multi-
tude of diseases (1). Presently, 30 therapeutic monoclonal
antibodies (mAb) are FDA approved (2), and hundreds are
in development. These antibodies may find clinical applica-
tion in almost every field of medicine.

As with all drugs, the kinetics of drug elimination play an
important role in determining the relationships between the
dosage rate of therapeutic antibodies and the extent of drug
effect or toxicity. Many of the primary determinants of mAb
elimination have been investigated in great detail. These
determinants include the rate and extent of antibody entry
into cells by fluid-phase pinocytosis (3–6), the binding and
protection of immunoglobulin G (IgG) antibodies by the
Brambell receptor (FcRn) (7–10), target-mediated clearance
(11,12), and elimination of mAb through formation of im-
mune complexes with host-generated anti-drug antibodies
(13). Unfortunately, relatively little is known regarding the
sources of interindividual variability in mAb clearance, and
this variability may be substantial (e.g., >30% coefficient of
variation on mAb clearance) (14).

Despite the very high perfusion rate of the kidney (~1.2 L/
min in man) (15), and despite the importance of the kidney as
an “elimination organ” for small molecule drugs, the kidney is
commonly thought to play only a minor role in the elimina-
tion of mAb. In healthy individuals, the limited porosity and
charge selectivity of the glomerular membrane leads to a very
low efficiency of glomerular filtration of large proteins (16).
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However, there is increasing evidence that some forms of
renal disease, including diabetic nephropathy, lead to a sub-
stantial insult to glomerular selectivity and dramatically in-
crease the renal elimination of IgG (17). For example, a 71
patient clinical study comparing healthy patients to Type 1
and Type 2 diabetic sample populations revealed that patients
with type 2 diabetic nephropathy had nearly 200-fold higher
concentrations of IgG2 in urine compared to healthy controls
(18) . In Pima Indians with type 2 diabetes and
microalbuminuria (20–300 mg/dl) or macroalbuminuria
(>300 mg/dl), there was a 4- and 80-fold respective increase
in urinary IgG concentrations compared to individuals with
normative urinary albumin excretion levels (19). In another
study, patients with non-diabetic or diabetic nephropathy
displayed a 75- or 130-fold increase in urinary IgG concen-
trations relative to control patients (20).

Although the above studies demonstrate that nephropathy
leads to increased IgG excretion in the urine, there has been
no direct investigation of impact of this elimination pathway
on the systemic pharmacokinetics of mAb (to the authors’
knowledge). However, the rigorous population modeling of
ustekinumab pharmacokinetics in 1937 patients revealed that
patients with diabetes had a 20% decrease in exposure com-
pared to non-diabetic patients (21). Although markers of renal
function were not measured in this study, it is possible that this
finding relates to a substantial increase in the systemic clear-
ance of ustekinumab in diabetic patients with nephropathy,
through increased renal filtration and excretion.

To better understand the role of diabetic nephropathy on
the systemic pharmacokinetics of mAbs, we have investigated
the disposition of 8C2, a model murine IgG1 monoclo-
nal antibody, with use of the streptozotocin mouse
model of diabetes. Renal function was evaluated
through assessment of inulin clearance and the rate of
urinary albumin excretion (UAE). The intent of this
work was to test the hypotheses that mAb plasma clear-
ance is substantially increased in diabetic nephropathy,
and that mAb plasma clearance correlates with UAE
(which may be measured clinically to facilitate the a
priori prediction of mAb clearance in diabetic subjects).

MATERIALS AND METHODS

8C2 Production and Purification

8C2, a murine anti-topetecan IgG1 antibody, was utilized for
this study. The mAb was generated from hybridoma cells and
purified via Protein G affinity chromatography, as previously
described (22). Briefly, 8C2 was purified from cell culture
media with a BioLogic medium pressure chromatography
system (Bio-Rad, Hercules, CA), attached to a 5 ml HiTrap
Protein G HP column (GE Healthcare, Uppsala, Sweden).

After loading of cell culture medium onto the column, the
column was washed with 20 mM Na2HPO4 (pH 7.0), follow-
ed by elution with 100 mM Glycine buffer (pH 2.8). Samples
were collected in 3 ml fractions into glass test tubes containing
100 μl of 1 M Tris buffer. Purified 8C2 was buffer exchanged
into phosphate buffered saline with a 10 K MWCO Slide-A-
Lyzer Dialysis Cassette (Pierce Biotechnology, Rockford, IL).

Animals

Male Swiss Webster mice were obtained from Harlan Labo-
ratories. Mice were housed in a temperature and humidity
controlled environment with a standard light/dark cycle (12 h
light/12 h dark), and mice were allowed free access to food
and water. All animal protocols were in compliance with the
Institutional Animal Care and Use Committee of the State
University of New York at Buffalo Animal Facility regulations.

8C2 ELISA

8C2 Concentration was determined with an antigen specific
Enzyme-Linked Immunosorbent Assay (ELISA). Briefly, a
cationized bovine serum albumin-topetecan conjugate
(cBSA-top) was synthesized through the use of a carbodiimide
catalyzed amide bond reaction. cBSA-top dissolved in pH 9,
0.02MNa2HPO4 at a concentration of 10 μg/ml was used to
coat wells of Nunc Maxisorp 96 well plates (Nunc model #
62409–002, VWR, Bridgeport, NJ) at 4°C overnight (250 μl/
well). The plates were washed with PB-Tween (0.05% Tween
in 0.02 M Na2HPO4), followed by two washes of double
distilled water. Plates were then incubated with standards
and samples in triplicate (200 μl) for 2 h at room temperature.
At the end of incubation, the plates were washed and then
incubated with 100 μl of goat anti-mouse-Fab alkaline phos-
phatase 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 dA/dt vs . 8C2 concentration using
the linear equation: y=mx+b (23).

Determination of Glomerular Filtration Rate
in Conscious Mice Using FITC-Inulin

FITC-inulin (Sigma Chemicals, St Louis, MO) was used to
evaluate glomerular filtration rate (GFR) in conscious mice.
This assay has been described previously (24). Briefly, 5%
FITC-inulin was dissolved in 2 ml of 0.9% NaCl (Sigma
Chemicals). To remove residual unbound FITC, the solution
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was dialyzed with a 1KD cut-off dialysis membrane (Spectra/
Pro 6, Spectrum Laboratories Inc., Rancho Dominguez, CA)
for 24 h at room temperature. Prior to use, this dialyzed
solution was sterile filtered through a 0.22 μm filter (Costar,
Corning Inc., Tewksbury, MA). Three days prior to injection
with 8C2, 5% FITC-inulin (3.74 μl/g body weight) was dosed
retroorbitally under isoflurane-induced light anesthesia. After
fully regaining consciousness, the mice were restrained inside
a 50-mL centrifuge tube with large air-holes drilled in the tip.
The inner thigh was closely shaven and wiped with 75%
ethanol, revealing the saphenous vein. Approximately 20 μl
blood is collected in a heparinized capillary tube (Fisher
Scientific, Pittsburgh, PA) by venipuncture using a sterile 23
gauge syringe needle. Blood was sampled via the saphenous
vein at 3, 7, 10, 15, 35, 55, 75 min post injection of FITC-
inulin. Each plasma sample was buffered to pH 7.4, by
mixing 10 μl of plasma with 40 μl of 500 mM HEPES
(Fisher Scientific, Fair Lawn, NJ) (pH 7.4). The titrated
samples were then loaded onto a 96-well plate, 50 μl
sample/well. Fluorescence was determined using a
Fluoroscan Ascent FL (Labsystems, FIN-00811 Helsinki,
Finland), with 485 nm excitation, and read at 538 nm
emission. Non-compartmental data analysis (WinNonlin
5.2, Pharsight, St. Louis, MO) was employed for the
calculation of inulin clearance.

Determination of Urinary Albumin Excretion in Mice

One day prior to dosing with 8C2, urine was collected from
mice individually housed within metabolic cages, for assess-
ment of albuminuria. Mouse urinary albumin excretion rate
was determined by measuring the albumin concentration and
volume of urine collected over 24 h. Urinary albumin
concentration was determined using a commercially
available indirect competitive ELISA kit (Exocell Inc.,
Philadelphia, PA).

Study Design

Diabetes induced nephropathy was initiated by intraperitone-
al injection of 125 mg/kg/day of STZ (Sigma, St Louis, MO)
on two consecutive days. Control mice received injections of
sterile saline. Mice were stratified into 6 groups (8–10 mice/
group): Control, 1, 2, 3, 4, and 6 weeks post-dosing with STZ.
FITC-Inulin clearance determination and assessment of albu-
minuria was performed 3 days and 1 day prior to 8C2 injec-
tion. Mice were dosed 8C2 (10 mg/kg) via intravenous penile
vein injection. Blood samples (20 μl) were collected from the
saphenous vein, submandibular vein, or retro-orbital plexus at
3, 9, 24, 48, 96, and 168 h. 8C2 concentrations were deter-
mined by validated ELISA.

Data Analysis

One-way ANOVA, followed by pair-wise comparisons using
Dunnett’s post-hoc analyses, were performed to test the sta-
tistical significance of differences between treatment groups
and controls. Statistical significance was set at a threshold of
P<0.05. 8C2 pharmacokinetic data was analyzed by stan-
dard noncompartmental analysis in Phoenix WinNonlin 6.1
(Pharsight, Mountain View, CA).

8C2 Population Pharmacokinetic Modeling

To better understand the relationship between UAE and 8C2
plasma clearance, concentration time data was evaluated
through pharmacokinetic population modeling with the Sto-
chastic Approximation Expectation Maximization (SAEM)
algorithm within MONOLIX 4.1.4 (25). The structural mod-
el (Fig. 1) was modeled as a two compartment mammillary
model with linear distribution and elimination. The following
parameters were estimated: systemic clearance (CL), central
compartment volume (V1), volume of the tissue compartment
(V2), and intercompartmental distribution clearance (CLd).

V1⋅
dC1

dt
¼ CLd⋅C2− CLd þ CLð Þ⋅C1 IC ¼ Dose=Vi ð1Þ

V2⋅
dC2

dt
¼ CLd⋅ C1−C2ð Þ IC ¼ 0 ð2Þ

Interindividual variability (IIV) in CL, CLd, V1, and V2

was modeled with an exponential variance model:

P j ¼ Ppop⋅eη j ð3Þ

where Pj and Ppop represent the parameter estimate of the jth
animal and the typical parameter population estimate. ηj is
the IIV in the jth animal, with a normal distribution centered
around 0, and a variance of ω2. Residual variability was
modeled with a proportional error model:

Fig. 1 A schematic representation of the base pharmacokinetic model for
8C2 antibody disposition. Antibody is dosed intravenously into the central
compartment. Linear antibody elimination clearance (CL) is assumed to occur
solely from the central compartment. Linear distribution clearance (CLd)
occurs between the central and peripheral tissue compartment. V1 and V2
represent the volumes of distribution of the central and peripheral tissue
compartment respectively.
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Cij ¼ bCij⋅ 1þ εij
� � ð4Þ

where Cij is the ith measured 8C2 plasma concentration in the
jth animal, and Ĉij is the ith model predicted 8C2 plasma
concentration in the jth animal. εij is a normally distributed
variable centered around 0 that equals the difference in the ith
obvserved and model predicted 8C2 plasma concentration in
the jth animal.

The covariate relationship of UAE on CL was modeled
with a power model centered by the covariate mean:

CLj ¼ CLpop⋅
UAEj

UAEm

� �θCL

ð5Þ

where CLj and CLpop are the clearance estimate of the jth
animal and the typical clearance population estimate, and
where UAEj is the urinary albumin excretion of the jth ani-
mal. UAEm represents the mean urinary albumin excretion in
the sampled population. ΘCL is the exponential unitless co-
variate parameter that is used to fit the relationship between
UAE and CL.

RESULTS

GFR of STZ-Treated Mice

GFR was measured in mice after a single bolus injec-
tion of FITC-inulin 3 days prior to 8C2 administration.
The terminal phase of decline of plasma FITC-inulin is
representative of GFR in this system. Individual mouse
GFR ranged from 0.365 to 0.696 ml/min, and was
found to increase with time after STZ-treatment
(Fig. 2). GFR increase was statistically significant (one-
way ANOVA with Dunnett’s post-hoc test: p <0.01)
between the control group (0.421±0.031 ml/min) and
3, 4, and 6-week STZ-treatment groups (0.552±0.084,
0.584±0.079, and 0.584±0.078 ml/min), with an in-
crease of 39% between control and the 6-week STZ-
treatment group. GFR of all groups are shown in
Table I. The trend of GFR with time after STZ-
treatment is in agreement with previous work, and is
indicative loss of renal barrier function (26).

UAE of STZ-Treated Mice

UAE was measured by indirect competitive ELISA, with a
urine collection period of 24 h, performed 1 day prior to 8C2
administration. UAE ranged from 20.1 to 121 μg/day (Fig. 2).
The UAE observed in mice within the 2, 3, 4, and 6-week
STZ-treatment groups (Average ± SD) were: 35.9±7.9, 49.8

±9.5, 82.9±11.2, and 99.3±13.7 μg/day (one-way ANOVA
with Dunnett’s post-hoc test: p<0.01), relative to the control
group (25.7±3.3 μg/day). Comparing the 6-week STZ-
treatment group to the control group, there was 286% in-
crease in UAE (Table I). The increased UAE with STZ-
treatment signifies a loss of kidney barrier function, consistent
with previous literature reports (26).

8C2 Pharmacokinetic Studies in STZ-Induced Mice

After intravenous dosing of 10 mg/kg 8C2, plasma samples
were collected at 3, 9, 24, 48, 96, and 168 h and analyzed via
ELISA. Individual plasma samples displayed typical
biexponential pharmacokinetic profiles (Fig. 3a). Individual
concentration vs . time data were analyzed by traditional
non-compartmental analysis and results were stratified by
STZ-treatment group (Table I). The NCA-calculated steady
state volume of distribution was relatively consistent across test
groups, with a mean ± SD of 133±6.9 ml/kg. The mean 8C2
clearance for the 6-week STZ-treatment group was increased
88% relative to the value found from the control group
(Fig. 3b). Animals that received 8C2 3–6 weeks after STZ-
treatment displayed significantly (one-way ANOVA with
Dunnett’s post-hoc test: p<0.01) increased 8C2 clearance
(0.229±0.066–0.228±0.061 ml/hr/kg) relative to control
animals (0.121±0.0125 ml/hr/kg). NCA-calculated 8C2
clearance was highly correlated with UAE and GFR
(Pearson’s Correlation Coefficients: 0.731 and 0.771
respectively).

Population Pharmacokinetic Modeling of 8C2
Pharmacokinetic Data in STZ-Induced Mice

The 8C2 plasma concentration data, in combination with
individual estimates for GFR and UAE, were used to build a
population pharmacokinetic model to both better describe the
data, and to evaluate covariate relationships between 8C2

Fig. 2 Urinary albumin excretion rate (y-axis left), and glomerular
filtration rate (y-axis right) increase with time after STZ-treatment.
Data points and error bars represent mean and standard deviation.
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pharmacokinetics and markers of renal function. A two-
compartment mammillary base model was used to character-
ize 8C2 plasma pharmacokinetic data. Estimates of fixed
effects, IIV, and residual variability are shown in Table II.
Notably, the IIV of total clearance was estimated to be 35.9%,
at least three times greater than the model estimated IIV of
every other parameter.

To test the contribution of renal function on the IIV of CL,
an individual parameter of renal function was tested as a
covariate on the base model. Proteinuria has been shown to
increase monotonically with progression of nephropathy.
Conversely, GFR first rises, and then decreases. In this model
system, addition of GFR as a covariate on CL improves model
fit similar to the addition of UAE as a covariate on CL (data
not shown). Use of both covariates in the model had no
increased benefit due to the high correlation between UAE
and GFR. Given the complex relationship between GFR and
the severity of nephropathy, and given the strong correlation
between GFR and UAE (Fig. 2), UAE was singly applied as a
covariate on CL. The addition of UAE to the base model
decreased the objective function from 1787 (base model) to
1735 (final model). Goodness-of-fit plots show good model fit
of both population-predicted 8C2 concentration (Fig. 4a) and

individual predicted 8C2 concentration (Fig. 4b) with ob-
served 8C2 plasma concentration. The addition of UAE as a
covariate reduced the unexplained residual variability in CL
(IIV) from 35.9% to 21.8%. This is graphically shown by
plotting ηCLj vs . UAEj for the base model (Fig. 5a) and for
the final model (Fig. 5b), with a loss of trend seen in the final
model plot.

DISCUSSION

Approximately ~40% of patients with diabetes develop dia-
betic nephropathy (27,28), which is characterized by glomer-
ular sclerosis, and progressively worsening albuminuria
(29,30). It is expected that there will be ~28 million people
with diabetes in 2013 in theUnited States, with approximately
~304 million expected worldwide (31). Due to the predicted
growth in the global population of diabetic patients (32), and
due to the high fraction of diabetic patients that develop
nephropathy, the impact of this condition on the safety and
efficacy of drug therapy is a substantial concern.

Diabetic nephropathy has been categorized in five stages
(33). Stage 1 is characterized by early hyperfunction and

Table I NCA Derived 8C2 Phar-
macokinetic Parameters (CL and
Vss), UAE, and GFR - Stratified by
Time After STZ-treatment

a Values are listed as mean ± stan-
dard deviation

Parametersa Week 0 Week 1 Week 2 Week 3 Week 4 Week 6

CL (μl/hr/kg) 121±13 100±30 136±76 220±66 229±58 228±61

VSS (ml/kg) 138±6.2 140±3.8 135±5.1 132±4.4 127±6.0 130±6.9

UAE (μg/day) 25.7±3.3 28.3±5.1 35.9±7.5 49.8±9.5 82.9±11 99.3±14

GFR (ml/min/kg) 12.9±0.95 13.4±0.95 14.0±1.3 16.9±2.6 17.9±2.4 17.9±2.4

Fig. 3 Plasma concentration (μg/
ml) vs . time (hours) profiles
following an intravenous dose of
10 mg/kg in male Swiss Webster
mice. (a ) Individual plasma
concentration (μg/ml) vs . time
(hours) profiles for all mice (control,
1, 2, 3, 4, or 6 weeks after STZ-
treatment) following an intravenous
dose of 10 mg/kg shows
pharmacokinetic variability in
population. (b ) STZ-treatment
(6 weeks) results in an increase in
terminal elimination slope
compared to control mice (no STZ-
treatment). Data points and error
bars represent mean and standard
deviation.
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hypertrophy. Stage 2 is associated with morphologic lesions
without signs of clinical disease, and by increased glomerular
filtration rate (GFR). In Stage 3, incipient diabetic nephrop-
athy, urinary albumin excretion is significantly elevated to 15–
300 ug/min. Stage 4 is overt diabetic nephropathy, charac-
terized by the presence of proteinuria >0.5 g/24 h and
declining GFR (The mean fall rate being around 1 ml/min/
mo). Stage 5 is end-stage renal failure with uremia due to
diabetic nephropathy. The majority of patients with diabetic
nephropathy are categorized clinically as early stage (34–36);
however , 30–45% of pat ien t s w i th ear ly s tage
(microalbuminuric) diabetic nephropathy will progress to late
stage nephropathy within 10 years (37).

The STZ mouse model mimics the pathologic kidney
damage seen in patients with mild diabetic nephropathy,
correlating to Stage 2 or Stage 3. This includes accumulation
of macrophages, microalbuminuria, glomerulosclerosis, and
tubulointerstitial fibrosis (38). The present study utilized a
maximum inducement time of 6 weeks, as it has been previ-
ously shown that peak values for UAE and GFR occur 6–
8 weeks after STZ-treatment in this animal model (26). In-
creased inducement time does not result in further increases in
UAE, or to decreases in GFR (as would be typical for late
stage diabetic nephropathy). Therefore, this model is limited
to the study of early stages of diabetic nephropathy (26).

Multiple physiological changes have been associated with
the onset and progression of diabetic nephropathy, including

increased plasma concentrations of inflammatory molecules
and growth factors, increased oxidative stress, and alterations
in metabolic pathways (40). Progression of diabetic nephrop-
athy has been correlated to increased systemic blood pressure
and to increased intra-glomerular pressure (40). At the present
time, there is an incomplete understanding of the mechanisms
responsible for the observed increase in urinary IgG excretion,
and for the observed increase in 8C2 plasma clearance, in
subjects with diabetic nephropathy. However, considering the

Table II Population Pharmacokinetic Model Derived Parameters for 8C2 in
STZ-treated Mice for the bBse and Final Models

Parameter Base model Final model

Estimate %RSE Estimate %RSE

Fixed effects

CL (μl/hr/kg) 168 5 180 3

V1 (ml/kg) 34.3 2 34.3 2

V2 (ml/kg) 98.6 1 98.7 2

CLd (μl/hr/kg) 7760 1 7750 1

ΘUAE,CL – – 0.564 12

IIVa

IIV on CL (%) 35.9 11 21.8 13

IIV on V1 (%) 9.79 14 11.1 12

IIV on V2 (%) 5.71 12 6.30 11

IIV on CLd (%) 8.40 12 8.90 11

Residual variability

Proportional error (%) 2.28 6 2.08 6

Objective function 1787 1735

CL systemic clearance, V1 central compartment volume, V2 volume of the
tissue compartment, CLd intercompartmental distribution clearance, ΘCL

exponential covariate parameter, IIV interindividual variability
a IIV expressed as: CV% ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

exp ω2ð Þ−1
p

Fig. 4 Goodness-of-fit plots for final 8C2 plasma pharmacokinetic model. (a )
Observed 8C2 plasma concentration vs . population predicted 8C2 plasma
concentration. (b ) Observed 8C2 plasma concentration vs. individual pre-
dicted 8C2 plasma concentration. The solid line represents the line of identity
in plots (a ) and (b ).
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known pathophysiological changes associated with diabetic
nephropathy, it is likely that increased IgG excretion is pri-
marily explained by decreased glomerular permaselectivity.

The permeability and selectivity of the glomerulus is deter-
mined by the structural characteristics of the glomerular cap-
illary membrane. The overall negative charge of this mem-
brane, combined with its size-restrictive effective pore size,
contribute to the poor permeability of large anionic pro-
teins like albumin and IgG (39). Nephropathy leads to
pathological changes in the kidney, including accumulation
of extracellular matrix and the infiltration of inflammatory
cells into glomerli and into tubulointerstitial spaces (39).
Multiple reports show that these pathological changes to
the kidney result in loss of permaselectivity to plasma
proteins, including IgG (18–20,41–43). These changes are
marked by indicators of renal function, including increased
UAE, and altered GFR.

Creatinine clearance (CLcr) is commonly employed in
clinical practice as an indicator of renal function and as a
measure of GFR. Assessment of CLcr typically involves the
collection of a single blood sample, which is assayed to deter-
mine the concentration of creatinine in serum. The measured
serum creatinine concentration, which is assumed to be re-
flective of “steady-state”, is then related to an estimated rate of
creatinine production (typically estimated based on patient
weight and age) to estimate CLcr and, thus, GFR. Although
this method is easy and convenient, there are several limita-
tions. First, the rate of endogenous creatinine production
shows significant inter-individual variation, which is not

completely explained by variation in age and weight (e.g.,
relating to variation in muscle mass, race, and disease state
(44)). Moreover, CLcr is not an ideal measure of GFR, as
creatinine undergoes active tubular secretion and tubular
reabsorption (44). Additionally, with respect to the goals of
the current work, quantification of creatinine concentrations
in mice is complicated by the presence of high levels of non-
creatinine chromagens in mouse blood (45,46). Owing to
these difficulties and limitations, we chose to use inulin clear-
ance as a marker of GFR in this work. Clearly, the evaluation
of inulin clearance is more demanding, from a technical
standpoint, relative to the assessment of CLcr, as the evalua-
tion requires the administration of inulin and the collection of
several blood samples. Nonetheless, inulin clearance is widely
considered as the “gold standard” measure of GFR, as inulin
is biologically inert, unbound by plasma protein, freely filtered
by the glomerulus, and neither reabsorbed, metabolized, nor
secreted by the kidneys (39).

Albuminuria is a central manifestation of diabetic nephrop-
athy. The occurrence of albuminuria is a reflection of in-
creased matrix deposition, leading to glomerular and
tubulointerstitial lesions. Clinically, diabetic nephropathy is
didactically categorized into stages based on the values of
UAE; i.e., microalbuminuria (20–300 mg/day) and
macroalbuminuria (>300 mg/day) (47). Therefore, UAE is
an important indicator of renal function and to define stage of
diabetic nephropathy. In this study, UAE became elevated
2 weeks after STZ-treatment, indicating onset of early-stage
nephropathy. The time-course of STZ-induced renal

Fig. 5 Random effects for
clearance (ηCLj) relative to urinary
albumin excretion (UAEj) compared
for base model without (a ) and final
model with UAEj covariate effect on
CLj (b ). Inclusion of covariate in final
model resulted in minimization of
trend in eta plot (b ), and reduction
of unexplained residual variability of
total clearance (CL).
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impairment observed in our work is consistent with published
data from studies of mice and rats (26).

8C2 CL correlated well with increasing GFR and UAE,
indicating that mAbCL increases with renal injury in the STZ
mouse model of diabetic nephropathy. Due to the initial
increase, followed by a progressive decrease, in GFR in early
human kidney disease progression, GFRmay not be a suitable
biomarker of renal function for prediction of therapeutic
protein renal CL. Conversely, UAE has better potential as a
clinical biomarker, as it increases monotonically with progres-
sion of diabetic nephropathy. In this study, UAE increase was
significant 2 weeks post STZ-treatment, and reached a max-
imum 3.8-fold increase relative to control 6 weeks after STZ-
treatment. This corresponded to an 88% increase in total
clearance of 8C2 inmice 6 weeks after STZ-treatment relative
to controls. The degree of renal impairment in this animal
model is conservative relative to human diabetic nephropathy,
where UAE is typically increased 100–1,000 fold in humans
with micro or macro-albuminuria. Consequently, it is reason-
able to expect a more dramatic increase in the clearance of
therapeutic mAbs in patients with nephropathy (vs . the in-
crease in 8C2 clearance observed in this work).

The use of markers of renal function as covariates has been
extensively explored in small molecule population pharmaco-
kinetic models to explain residual variability and to improve
the precision of model predictions for individual patients.
With use of a therapeutic mAb in an animal model of diabetic
nephropathy, a simple population pharmacokinetic model
with UAE as a covariate on 8C2 CL resulted in better model
fit, and explained much of the residual variability associated
with 8C2 CL. Similar approaches with therapeutic mAbs may
find utility in subsets of patients with renal impairment to
account for variability in large clinical datasets, and to facili-
tate efforts to individualize dosing.

There is some clinical evidence suggesting that early stage
nephropathy may have a significant impact on therapeutic
mAb CL. Rituximab, a chimeric monoclonal antibody that
selectively depletes B-cells, has been used off-label to treat
idiopathic membranous nephropathy (IDM). IDM patients
with increased UAE were found to exhibit rituximab serum
concentrations that were significantly lower than concentra-
tions observed in non-proteinuric patients with rheumatoid
arthritis (who were given the same dosing regimen, and with
assay performed with the same method, p<0.001) (48). It is
quite possible, and perhaps quite likely, that nephropathy
contributes significantly to interindividual variability in clear-
ance for several monoclonal antibody drugs.

In conclusion, this study demonstrated that early stage,
STZ-induced diabetic nephropathy was associated with a
significant increase in the clearance of 8C2, a model mono-
clonal antibody. The clearance of 8C2 was positively corre-
lated with UAE and GFR, markers of early stage nephropa-
thy. The use of a population based pharmacokinetic model

accounted for residual variability of CL, suggesting the poten-
tial for employment of similar models to explain and predict
the contribution of diabetic nephropathy to the interindivid-
ual variability in mAb CL in patients. Similar studies with
preclinical models of later stage nephropathy, as well as clin-
ical studies, appear to be justified.
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