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Abstract. Although many studies have evaluated the effects of type 2 diabetes mellitus (T2DM) on the
pharmacokinetics (PK) of low molecular weight molecules, there is limited information regarding effects
on monoclonal antibodies. Our previous studies have reported significant increases in total (2—4 fold) and
renal (100-300 fold) clearance of human IgG, an antibody isotype, in Zucker diabetic fatty (ZDF) rats.
Pioglitazone treatment incompletely reversed the disease-related PK changes. The objective of this study
was to construct a mechanistic model for simultaneous fitting plasma and urine data, to yield
physiologically relevant PK parameters. We propose an extended minimal physiologically based PK
(mPBPK) model specifically for IgG by classifying organs as either leaky or tight vascular tissues, and
adding a kidney compartment. The model incorporates convection as the primary mechanism of IgG
movement from plasma into tissues, interstitial fluid (ISF) in extravascular distribution space, and
glomerular filtration rate (GFR), sieving coefficient and fraction reabsorbed in the kidney. The model
captured the plasma and urine PK profiles well, and simulated concentrations in ISF. The model
estimated a 2—4 fold increase in nonrenal clearance from plasma and 30-120 fold increase in renal
clearance with T2DM, consistent with the experimental findings, and these differences in renal clearance
were related to changes in GFR, sieving coefficient, and proximal tubular reabsorption. In conclusion, the
mPBPK model offers a more relevant approach for analyzing plasma and urine IgG concentration-time
data than conventional models and provides insight regarding alterations in distributional and

elimination parameters occurring with T2DM.
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INTRODUCTION

Diabetes mellitus is a group of endocrine metabolic
disorders in which a person suffers from hyperglycemia,
either because the body is unable to produce enough insulin,
or because the receptor cells become desensitized to the
insulin that is present (1,2). Globally, as of 2010, around 285
million people have been diagnosed with diabetes; and type 2
diabetes mellitus (T2DM) accounts for 90% of these cases. It
is estimated that the prevalence of T2DM will reach around
500 million people worldwide by 2030 (3-5). Approximately
25-33% of T2DM patients develop diabetic nephropathy
(DN) (5,6). As DN progresses, renal function becomes
further compromised, exhibited by increases in urinary
albumin excretion, observed initially as microalbuminuria
and progressing to macroalbuminuria (6,7). Furthermore,
with increasing severity of DN, about 20% of individuals
progress to end-stage renal diseases (ESRD) (8,9).
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Significant effects of DM/DN on small molecules have
been reported (10), but there are only a few studies that have
evaluated the impact of DM/DN on the pharmacokinetics
(PK) of antibodies. Our previous studies have demonstrated
that diabetes significantly impacts the renal and total clear-
ance of human IgG (hIgG) in the T2DM Zucker Diabetic
Fatty (ZDF) rat model (11). Since IgG is the most abundant
antibody isotype found in the circulation, we dosed our
animals with hIgG (12). Our studies demonstrated increases
in renal clearance of IgG along with a significant increase in
nonrenal clearance. Furthermore, treatment with the
antihyperglycemic drug pioglitazone resulted in significant
reductions in the total and renal clearances of IgG and
demonstrated the importance of hyperglycemia and effects
related to the hyperglycemia in the alterations in clearance of
IgG.

Our findings in ZDF rats are consistent with clinical
findings. In one such study in Pima Indians with T2DM and
DN, dextrans were used as probes to demonstrate the
development of large pores in the glomerular basement
membrane (GBM), and a 2-fold increase in urinary IgG
concentrations was observed with significant
microalbuminuria (13). Other studies have also used dextrans
or Ficoll as probes to evaluate the changes in the sieving
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function of kidneys with DM/DN (14-16). These studies have
also evaluated the renal clearance of IgA (160 kDa) and IgM
(970 kDa) (proteins larger than IgG in their molecular weight
and size), and observed significantly larger amounts being
eliminated through the urine (17). Another study assessed the
role of clearance pathways involved in adalimumab elimina-
tion in patients with focal segmental glomerulosclerosis (18).
This study reported 2- to 5-fold higher clearance with the
disease, with a greater contribution of nonrenal clearance to
the total clearance, as compared to renal clearance.
Previously, we had used a two-compartment model
(2CM) (Fig. 1) to describe the concentration-time profiles of
hlgG. A 2CM has been commonly used to describe and fit
hIgG and monoclonal antibody PK data in animals (19).
However, there are certain limitations to the use of a 2CM in
protein therapeutics (20,21). The basic assumption of mam-
millary model is that same rate or clearance occurs for inward
and outward distribution between central and peripheral
compartments, thus keeping their concentrations at equilibri-
um. This assumption, however, fails to incorporate convec-
tion, which is the primary mechanism for IgG extravascular
distribution and leads to lower concentrations of IgG in
interstitial fluids (ISF), unlike small molecules. Furthermore,
2CM assumes elimination only from the central compartment
and hence provides poor estimation of the peripheral
compartment, especially in the case of mAbs which are
metabolized in tissues such as the kidneys, spleen, skin, and
liver. Physiologically based pharmacokinetic models (PBPK)
provide a more mechanistic approach as compared to
mammillary models since they can utilize anatomical and
physiological parameters in the model (22). However, PBPK
models require intensive biological sample collection and
measurements of drug concentrations in various tissues.
Recently, minimal PBPK (mPBPK) models have been
developed for fitting limited data sets of blood or plasma
(20,21,23). mPBPK takes a reductionist outlook and lumps
organs of similar physiological characteristics together to
form fewer compartments. Thus, the objective of this study
was to develop an extended mPBPK model for hlgG
disposition, using our plasma and urine data. We wanted to
incorporate the effect of DM on total and renal clearance
changes, along with the effect of pioglitazone treatment. An
mPBPK model developed recently for mAbs was extended to
include a kidney compartment to account for alterations in
renal clearance of IgG with and without DM (20,21,23,24).

MATERIALS AND METHODS

The data used in model development was obtained from
a previous publication (11). In that study, ZDF rats were used
as the animal model of Type 2 DM/DN as they exhibit the
pertinent clinical signs of this disease including initial DM and
progression to DN, allowing for assessment of the effects of
DM with and without renal dysfunction, as well as with
concomitant obesity. Male obese ZDF rats develop progres-
sive DN causally related to their DM and represent a well-
characterized animal model of DM/DN (25). Nondiabetic
Zucker fatty rats were used as age-matched controls. Another
group of diabetic ZDF rats were treated with pioglitazone
(10 mg/kg orally, daily) to treat hyperglycemia. The disposi-
tion of hIgG was studied at the age of 12-13 weeks (phase A;
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Fig. 1. A schematic representation of the two compartment pharma-
cokinetic model for human IgG disposition. Human IgG was dosed
IV into the central compartment. Linear antibody elimination
clearance (CLy) is assumed to occur solely from the central
compartment. Linear distribution clearance (CL4) occurs between
the central and peripheral tissue compartments. V. and V), represent
the volumes of distribution of the central and peripheral tissue
compartments, respectively. A, and A, are the amounts in the central
and peripheral compartments, respectively

the observed age for the development of diabetes in the ZDF
obese diabetic model) and then at the age of 29-30 weeks
(phase B; when the ZDF diabetic rats demonstrated ne-
phropathy with progressive albuminuria and rising urinary
albumin to creatinine ratios (ACR)) (25,26). Animals were
dosed with 1 mg/kg of hIlgG IV through the jugular cannula
or penile vein, with 6-8 animals per group. Blood and urine
samples were collected over 4-5 half-lives and analyzed using
commercially available ELISA Kkits.

Pharmacokinetic Models

2CM

Plasma and urine data obtained after the administration
of hIgG (1 mg/kg) IV were reassessed using a 2CM (Fig. 1).
The equations for the model are provided below:

dA. Ac Ac A,

= —-CLt—-CLp.— Lp.— ., IC = Dose;, 1
I CTVC CDVC+CDVP,C ose, (1)
dA, A. A,
—= Clp—-Clp.— ,1IC=0 2
dt R @)

where CLy is the hIgG elimination clearance (assumed to
occur solely from the central compartment), CLp is the
distribution clearance (that occurs between the central and
peripheral tissue compartment), V. and V,, are the volumes of
distribution of the central and peripheral tissue compart-
ments, respectively. Ac and A, are the amounts of hlgG in
central and peripheral compartments, respectively. IC repre-
sents the initial condition.

Previously reported parameters (CLp, CLy, Ve, V,, k,
and F) were obtained from simultaneously fitting data
obtained after IV and SC administration of IgG (11).
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mPBPK Model

The extended mPBPK model was based on a second-
generation mPBPK model developed to describe the unique
PK characteristics of mAbs (20,21). The model structure is
based upon certain important considerations. The PK of IgG
and mAbs are governed by the unique distribution of these
proteins in extravascular space. Unlike small molecules,
mAbs have poor transcapillary and cellular permeability.
Similarly, convection is predominantly responsible for
transcapillary escape rate, with insignificant diffusion involved
(27,28). More than 50% of endogenous IgG is distributed in
extravascular space and since mAbs have limited cellular
permeability, ISF is assumed to be the primary extravascular
distributable space (29).

The model structure (Fig. 2) is described by the following
differential equations:

dAy _ AympnL _ Ap-L1.(1-01)~Ap.La.(1-02)~CLy. Ap=Qyig- Ay
dt Vlymph Vp

A .
+Qkid'% 5 IC = DOSe,‘v
kid

©)

dAtight _ Ap.Ll.(lfo'l ) _ Aﬁght.Ll.(lfo'L) ;IC _ 0 (4)
dt Vo Viight

dAleaky _ AP.LQ.(lfdz) B Aleaky.Lz.(lfﬂL) ;IC -0 (5)

dt Vp Vleaky

dAiymph _ Asight-L1.(1-01) i Aleaky-La.(1-0L)  Aiympn-L 1€ =0 (6)

dt Vlighl Vleaky Vlymph
dAkia  Oxia-Ap  Oxia-Axia  GFR.@.(1-F,).S _

a Vv, Viid Viid » I6=0 )
dAyi
% =GFR.®.(1-F,).S; IC= 0 (8)

where A, represents the amount of hlgG amounts in the
plasma compartment. Aggn,, Ajeaky, and Ay are the ISF
amounts of hlgG in tissues, with volumes Vigni, Vieakys
and Vyjq, respectively. Vigne defines the volume of ISF in
tissues having continuous capillaries (brain, muscle, skin,
and adipose), while V.., defines the volumes of ISF in
tissues having fenestrated or discontinuous capillaries
(including liver, heart, pancreas, lung, and spleen)
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(20,21,30), with the exclusion of the kidneys since it was
treated as an individual compartment. Ay, is the
amount of hIgG in the lymph compartment having a
volume of Viymph. The Viympn is assumed to be equal to
the blood volume (20,23). The L is defined as total lymph
flow, which is equal to the sum of L; and L,, the lymph
flow for Vijghe and Vieaky, respectively. The o and o, are
vascular reflection coefficients for Vign; and Vicaky. The oy
is the lymphatic capillary reflection coefficient. Lymphatic
capillaries are very porous and, since their diameter is
much larger than the paracellular pore diameter, a value
of 0.2 for o, correlates with the assumption that there will
be very little resistance to the convective transport of IgG
via the lymphatic capillaries (31,32). CL; and CL, are
clearances from ISF (Vign and Vieay) and plasma,
respectively. For identifiability of clearance, the model
structure is defined in such a way that either CL; will be
estimated, with CL, set as 0, or vice-versa. Qyiq is the
blood flow rate to the kidney, glomerular filtration rate
(GFR) is the glomerular flow rate, ® is the sieving
coefficient of a solute and is a measure of its transport
rate in relation to that of water, F; is the fraction of IgG
reabsorbed after clearing the glomerulus, while S is a
scaling factor used to calculate changes in renal function
(33). When GFR, @, and F, are fixed, changes in renal
function are directly correlated to the values of S. IC is
the initial condition of each compartment.

The values of various volumes (34), ISF (35), GFR (25),
and @ (33,36) (Table I) were obtained from the literature. In
our studies, weight differences were significant among the
three animal groups and were also significant between phase
A and phase B of the studies. To account for the weight
variations as well as a separate kidney compartment, we
deviated in the calculations for relative volume fractions from
the literature (Vighi:Vieaky = 65:35) and based on animal
weight, animal organ weights and values used in PBPK
models, we calculated the ratio of individual group volumes
(Vrear ranged between 65 and 72%, V., ranged between 27
and 34%, and V4 ranged between 0.4 and 1.1%) for phases
A and B. Thus, the volumes were defined as:

Vtight = VTcal.ISF.Kp and Vleaky = VLcal.ISF.Kp (9)

where ISF is the total system ISF and K is the available
fraction of ISF for hlgG distribution. As in the literature, K
was fixed as 0.8 (20,21). Similarly, L; and L, were calculated
and values of 0.33 and 0.67 were fixed, respectively
(20,21,32,37). o; and o, were fixed or estimated between
values of 0 and 1. Based on initial estimates in the control
group, o, always was estimated with values of 0.95-1.0, so it
was fixed at 0.95 for all 3 groups. Also, keeping the reflection
coefficients o and o, less than 1 limits the extravasation rate
so that it is not higher than total lymph flow (L). Further-
more, the model settings assume o; as larger than o,, since
tight vascular endothelium is expected to have higher
reflection than leakier vessels. The “lumped” tissue concen-
trations were simulated and compared among the animal
groups. Model fittings were performed by nonlinear regres-
sion analysis using the maximum likelihood algorithm in
ADAPT 5. All PK data was naive pooled before analysis.
Model performance was evaluated by goodness-of-fit
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Fig. 2. A schematic representation of the pharmacokinetic model for human IgG
disposition. Human IgG was dosed IV into the plasma compartment. A, is the amount of
hIgG in the plasma compartment, Ajgh, Ajeaky> and Ayiq are ISF amounts of hIgG in tissues
with volumes Vigni, Vieaky, and Viia; Ajympn i the amount of hIgG in the lymph
compartment with the volume Viympn. L is the total lymph flow (L=L;+L;). o; and o5
are the vascular reflection coefficients for Vi and Vieay. op is lymphatic capillary
reflection coefficient. CL; and CL,, are the clearances from ISF (Vg and Vieaky) and
plasma. GFR is the glomerular flow rate, @ is the sieving coefficient of a solute, F; is the
fraction of IgG reabsorbed after filtration at the glomerulus

parameters including Akaike Information Criterion, visual
inspection, and coefficient of variation (CV) of the estimated
parameters.

RESULTS

2CM

The parameter estimates for plasma concentrations of
hIgG IV dose are shown in Table II (phase A) and Table III
(phase B). The model fits the data well (fittings not shown).

Table 1. Literature Values Used for Pharmacokinetic Parameters of
hIgG in Rats (Fixed in the mPBPK Model)

Parameter Value

Ve 27 mL/kg
Vi 65 mL/kg
ISF 0.2 L/kg

L 0.708 mL/h

GFR Control rats (phase A)

GFR Diabetic rats (phase A)

GFR Pioglitazone-treated ZDF rats (phase A)
GFR Control rats (phase B)

GFR Diabetic rats (phase B) 0.730 L/kg/h
GFR Pioglitazone-treated ZDF rats (phase B) 0.284 L/kg/h

o] 2.30E-03

Oxia 36.9 mL/kg/min

0.621 L/kg/h
0.693 L/kg/h
0.406 L/kg/h
0.608 L/kg/h

V, volume of plasma, V; volume of lymph, ISF interstitial fluid
volume, L Total lymph flow, GFR glomerular filtration rate, @ sieving
coefficient for rat, Oy, kidney blood flow rate

Both the renal clearance as well as the total clearance of
hIgG increased significantly (~100-fold and ~2.3-fold,
respectively) in the diabetic animals. The changes in
clearances were more pronounced in phase B with DM/
DN present. Diabetic rats treated with pioglitazone demon-
strated significantly decreased total and renal clearance,
both in phase A and phase B. However, the renal clearance
values with pioglitazone treatment were still significantly
higher than the nondiabetic control rats. The estimated
peripheral volume of distribution was significantly lower in
the diabetic rats compared with the control and pioglitazone-
treated rats.

mPBPK Model

The mPBPK model provides a simple modeling ap-
proach, useful for the PK analysis of IgG and mAbs. The
model involves different assumed physiologic parameters and
is able to characterize the plasma and urine concentrations
very well. All parameters have been estimated with reason-
able precision.

The mPBPK model structure was designed to allow
either CL;, or CL; to be estimated. These two clearances
cannot be both identified in this model. In our studies,
estimating CL, provided better fittings as compared to
estimating CL; (lower AIC function; data not shown). The
model was able to fit the plasma and the urine data well, and
simulated the lumped leaky and tight tissue compartments
(Fig. 3. phase A; Fig. 4. phase B). Hence all the model
estimations have CL; assumed to be 0. The CL,, values for the
diabetic group were significantly higher than the control
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Table II. Analysis by a 2CM for Human IgG after IV Administration to ZDF Nondiabetic Control, Diabetic and Pioglitazone-Treated
Diabetic Rats (phase A; 12-13 weeks of Age)

Phase A Estimates (%CV)

Parameter

(Units) Control Pioglitazone-treated Diabetic

Ve (mL/kg)? 68.8 (8.54) 68.8 (8.54) 68.8 (8.54)
V, (mL/kg) 63.1 (16.9) 103 (15.7)* * 53.5 (12.4)
CLp (mL/day/kg)® 16.0 (16.1) 16.0 (16.1) 16.0 (16.1)
CLr (mL/day/kg) 6.60 (4.43) 7.53 (5.85) * 14.9 (3.406) *
CLg (mL/day)® 1.03E-02+4.76E-03 0.230+0.0843 * * 1.33+0.270 *

*Statistically significant from control group; and * Statistically significant from Diabetic group at p<0.05 [One way ANOVA with Tukey’s Test];

(n=6-8)

Ve volume (central) of distribution; V), volume (peripheral) of distribution; CLy total clearance; CLj, distribution clearance
“V¢ and CLp were modeled to be same for all the three groups, in phases A and B simultaneously.
®CLg renal clearance (calculated as urinary amounty/AUC,.; mean+SD) IV data (plasma and urine) of human IgG 1 mg/kg from the

previous studies (11) was reassessed using a 2CM

group in phase A, and increased more during phase B (2.21-
and 2.60-fold, respectively). Pioglitazone treatment reduced
the effects of diabetes, but incompletely. These trends are
similar to those of the 2CM (which also indicated a 2- to 4-
fold increase in nonrenal clearance and changes with
pioglitazone treatment; Tables II and III).

To mechanistically evaluate the renal changes, the
amounts of hlgG present in urine were characterized by
three functions GFR, ®, and F,. Significant changes have
been observed in GFR with the DM and pioglitazone treated
DM groups (25). While the GFR of ZDF diabetic rats was
significantly higher than nondiabetic control rats,
pioglitazone-treated rats demonstrated significantly lower
values for GFR. Another choice in modeling was whether
to estimate changes associated with tubular reabsorption
efficiency, F;, (Model 1) or changes, possibly due to multiple
reasons, in renal function via a scaling factor S (Model 2).
Among the three groups, the GFR was fixed to the individual
rates based on the literature (25), while either the F;
(Table IV) or S (Table V) was estimated. With model 1
(estimating F;), the control rats had values of 97.1 and 98.3%
in phases A and B, respectively. Model 1 also estimated a
decrease in efficiency and thus, a significant decrease in F,
with values of 5.24E-01% and 5.41E-05% in DM and with
increasing DN, respectively (phases A and B) in the diabetic
animals. In the case of the pioglitazone treatment DM group,
the model estimated F; to be 72.9 and 69.2% during phases A

and B. However, the values of F; had very high CV% and
poor model fittings (Table IV). The model parameters
suggested that the model structure is limited in its ability to
identify F, when in DM/DN the filtered load increases
significantly.

Model 2 had fixed GFR, @, and F; and the renal changes
were quantified with a scaling factor S (Table V). For phase
A, model 2 estimated a 36.5- and 8.78-fold increase in S for
diabetic and pioglitazone treatment groups, respectively. For
control animals in phase B, S was estimated to be 1.13 thus
showing no changes throughout the study. For phase B, S was
estimated to be 121- and 10.3-fold higher (diabetic rats and
pioglitazone-treated diabetic rats, respectively) compared to
the control group.

The vascular reflection coefficient o, predictions were
similar between control and pioglitazone treatment groups.
However, o, was significantly higher for the diabetic group,
compared to the other two groups (2- and 3-fold in phases A
and B, respectively).

DISCUSSION

Around 10-12% of the American population has been
diagnosed with T2DM (1,38), with approximately one third to
one fourth of T2DM patients developing DN (5,6). Since DM
is highly associated with comorbidities including cardiovascu-
lar diseases, nephropathy, retinopathy, neuropathy, and

Table III. Analysis by a 2CM of Human IgG after IV Administration to ZDF Nondiabetic Control, Diabetic and Pioglitazone-Treated
Diabetic Rats (phase B; 29-30 weeks of Age)

Phase B Estimates (%CV)

Parameter

(Units) Control Pioglitazone-treated Diabetic
Ve (mL/kg)? 68.8 (8.54) 68.8 (8.54) 68.8 (8.54)
V,, (mL/kg) 56.7 (18.3) 73.9 (12.7)* * 23.7 (16.4)*
CLp (mL/day/kg)* 16.0 (16.1) 16.0 (16.1) 16.0 (16.1)
CLr (mL/day/kg) 5.44 (3.69) 6.31 (3.63)" 22.2 (3.29)*
CLg (mL/day)® 3.50E-02+1.04E-02 0.307+0.119 ** 6.27+1.49 *

*Statistically significant from control group; and * Statistically significant from Diabetic group at p<0.05 [One way ANOVA with Tukey’s Test];
(n=6-8). V=volume (central) of distribution; V,, volume (peripheral) of distribution; CL total clearance; CLp, distribution clearance
“V¢ and CLy were modeled to be same for all the three groups, in phases A and B simultaneously. ” CLg renal clearance (calculated as

urinary amounty /AUC, ; mean+SD)

IV data (plasma and urine) of human IgG 1 mg/kg from the previous studies (11) was reassessed using a 2CM
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Fig. 3. Plasma concentrations and urine amounts of human IgG after IV administration to ZDF diabetic, nondiabetic
control rats, and pioglitazone-treated ZDF diabetic rats (phase A, age 12-13 weeks; n=6-8). Symbols represent data and
lines represent model fittings of mPBPK model 2. Data presented as mean+SD

transplantation, the use of mAbs in these populations may be
necessary for various indications.

Previously, we had used a 2CM to describe hIgG
concentration-time profiles in ZDF rats after the IV and SC
administration of hIgG (11). A 2CM has been commonly used
to describe and fit hIgG and mAb data in different species
(19). Using a 2CM for plasma mAb PK data yields estimates
of the volume of central compartment (V) similar to
plasma volume, which have been observed to be physiolog-
ically reasonable, since the hydrophilic nature and large
molecular size of mAbs restricts them to plasma. On the
other hand, estimates of the volume of the peripheral
compartment are typically underestimated (23,32) since this
model assumes elimination only from the central compart-
ment. This assumption then becomes a limiting factor for
large molecules where tissue also contributes to the elimi-
nation of the drug (23,39).

The use of physiologically based PK (PBPK) models
provides a more mechanistic approach. Unlike the 2CM,
PBPK models characterize drug disposition by incorporating

physiologically based properties to describe mAb disposition
in plasma, lymph node, and various other peripheral organs
(24,40). However, the characterization and validation of these
models requires extensive plasma and tissue data. Many
studies are limited with data for plasma, or plasma and urine
only. For such cases, mPBPK models provide an intermediate
approach, where the organs can be segregated according to
their physiologic and anatomical characteristics (20,21,23,24).
The estimated parameters from the mPBPK models can be
compared across species, and species scale-up has been
described for mAbs (20,21). Moreover, similar to full PBPK
models, the mPBPK models can incorporate different clear-
ance sites and mechanisms and absorption processes in their
structures.

In our model, we have extended the mPBPK model to
include kidney and urine compartments, in addition to the
leaky and tight compartments, since we utilized not only
plasma but also urine data and T2DM/DN is associated with
changes in renal function. Furthermore, the model allows a
comparison of clearances from either the ISF or plasma,
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Fig. 4. Plasma concentrations and urine amounts of human IgG after IV administration to ZDF diabetic, nondiabetic
control rats, and pioglitazone-treated ZDF diabetic rats (phase B, age 29-30 weeks; n=6-8). Symbols represent data and
lines represent model fittings of mPBPK model 2. Data presented as mean+SD

along with renal clearance. Although many studies have
elucidated different elimination pathways through tissues and
plasma, there is no clear consensus regarding the primary
pathway (41). Our model had better fittings and estimations
with clearance from the plasma rather than ISF. However,
since the model is limited in its ability to identify both
clearances simultaneously, this does not mean ISF is not
contributing to clearance since both CL; and CL,, processes
contribute to mAb elimination (20,21).

This model retains the full PBPK feature that assigns
plasma volume as the initial distribution space and helps to
better characterize the distribution rates of mAbs, unlike the
2CM. The uptake of mAbs by endocytosis is very efficient
and rapidly establishes equilibrium with plasma. However,
this would not play any significant role in distribution due to
the small volume of endothelial endosomes. Furthermore,
due to rapid endocytosis and subsequent lysosomal degrada-
tion, the clearance parameters are similar to those from
plasma (CL;) rather than from ISF (CL;). Thus, the CL,

would also include degradation in endothelial lysosomes as
well as plasma clearance (20,24,42).

In estimating F;, the control rats had values of 97.1 and
98.3% in phases A and B (Table IV), respectively. These
values are similar to those reported in the literature with
albumin and other proteins (43,44). Under normal conditions,
only a fraction of proteins of intermediate molecular weight
(albumin) and almost none of the high molecular weight
(HMW) proteins (IgG, IgM) are present in the tubular lumen
(Fig 5). Insignificantly low amounts of <0.01% of IgG are
eliminated in the urine (43,45). One of the main reasons for
the limited elimination of proteins is the very efficient
mechanism of reabsorption of proteins by proximal tubule
epithelial cells. An estimate of the efficiency of this system
can be gauged by studies that inhibited proximal tubular
reabsorption with lysine; in the presence of lysine, up to 450-
and 5-fold increases in renal clearance can be seen with low
and high molecular weight proteins, respectively (43,44,46).
In the case of DM/DN and CKD, increases in the urinary
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Table IV. mPBPK MODEL 1 Pharmacokinetic Parameters of Human IgG in ZDF Rats

Phase A Phase B
Group Parameter Final %CV Parameter Final %CV
Control 0, 0.306 27.5 0, 0.631 16.3

CL, (mL/day) 2.10 4.74 CL, (mL/day) 2.42 3.65

F 0.971 0.220 F, 0.983 0.08
Diabetic 02 1.00 2.81E-05 02 0.896 3.74

CL, (mL/day) 241 5.74 CL, (mL/day) 5.06 5.62

F, 0.0 2.39E+03 F, 5.41E-07 4.56E+05
Pioglitazone 02 9.52E-06 1.35E+06 53 0.200 80.1

CL,, (mL/day) 3.38 521 CL,, (mL/day) 2.69 5.44

F 0.73 2.86 F, 0.693 2.84

Analysis by a mPBPK model for human IgG after I'V administration to ZDF nondiabetic control, diabetic and pioglitazone-treated diabetic rats
(phase A; 12-13 weeks of age; phase B; 29-30 weeks of age). In this mPBPK model, the CL; (clearance from ISF) was fixed to zero. GFR and
@ was fixed to specific values from literature. o,, CL,, and F; were estimated

o, vascular reflection coefficient for V.., compartment; CL, nonrenal clearance; F, fraction reabsorbed

elimination of proteins have been widely reported (13,18,47).
These changes are a result of an increase in the filtered load,
because of increased permeability of the glomerular capillary
wall, or due to defects in the tubular uptake mechanisms
(33,43). Alterations in the restrictive barrier properties of the
glomerular wall lead to significant increases in the filtered
amounts of albumin (intermediate molecular weight protein)
and IgA and IgG (high molecular proteins). Unlike high MW
proteins, low molecular weight proteins do not exhibit large
increases in urinary elimination since the glomerular perme-
ability is high under normal conditions and cannot increase
substantially more. Thus, the small increase in glomerular
permeability for larger molecular weight proteins would lead
to large increases in their filtered amounts and subsequently,
saturate proximal tubular reabsorption (33,43). mPBPK
model 1 also estimated a decrease in efficiency of tubular
reabsorption, with increasing DN. Major caveats associated
with model 1 include extremely low values of F;, very high
CV %, and poor model fittings (Table IV). For the pioglita-
zone treatment diabetic group, the model estimated F; to be

72.9 and 69.2% during phases A and B, respectively. Similar
to other antihyperglycemic drugs, pioglitazone treatment
ameliorates the diabetes effects significantly; however, the
reversal is incomplete (11,48). Although model 1 is unable to
completely capture the plasma and urine profiles, the trends
in model predictions are similar to those observed in the
literature. This suggests that changes in renal function and
increases in urinary excretion of hIgG go beyond changes
associated with proximal tubular reabsorption only. Thus,
model 1 is unable to define and quantify the changes in DM/
DN, with only F; as the parameter for renal change.

To better evaluate the renal changes occurring with DM
and DM/DN, mPBPK model 2 was constructed with a scaling
factor S to accommodate renal changes with disease. The
model predictions suggest that DM/DN produces significant
changes in renal function, and these changes will be
associated with altered GFR, sieving ability of the glomerulus
membrane, and tubular efficiency. With pioglitazone treat-
ment, the scaling factor S is significantly reduced, but still is
8.78- and 10.3-fold higher than the control animals (phases A

Table V. mPBPK MODEL 2 Pharmacokinetic Parameters of Human IgG in ZDF Rats

Phase A Phase B
Parameter Final % CV Parameter Final % CV
Control o5 0.282 22.1 0y 0.293 22.0
CL, (mL/day) 2.13 3.80 CL, (mL/day) 2.59 3.26
S 1.00 Fixed S 1.13 5.03
Diabetic oy 0.530 15.8 [ 0.819 * 5.72
CL,, (mL/day) 471 * 6.47 CL, (mL/day) 5.55 % 5.80
S 36.5 * 9.28 S 121 * 8.14
Pioglitazone ) 0.227 8.19 0y 0.200 80.5
CL, (mL/day) 2.78 * 14.2 CL, (mL/day) 2.69* 5.46
S 8.78 ** 11.3 S 10.3 ** 6.41

Analysis by a mPBPK model for human IgG after IV administration to ZDF nondiabetic control, diabetic and pioglitazone-treated diabetic rats
(phase A; 12-13 weeks of age; phase B; 29-30 weeks of age). In this mPBPK model, the CL; (clearance from ISF) was fixed to zero. GFR and

O was fixed to specific values from literature. F, was fixed to 0.971. S was fixed for phase A control animals, and was estimated for other groups.
0, and CL,, were estimated

*Statistically significant from control group; and * Statistically significant from diabetic group at p<0.05 [One way ANOVA with Tukey’s Test];
n=6-8).

z(72 Vasczllar reflection coefficient for Ve, compartment; CL,, total clearance; S factor describing fold change as compared to control animals of

phase A
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Fig. 5. Schematic representation of transglomerular transfer to the tubular lumen followed by reabsorption
by the tubular cells and elimination in the urine of plasma proteins of low molecular weight (<69 kDa, i.e.,
smaller than albumin), intermediate molecular weight (such as albumin), and high molecular weight
proteins (>80 kDa) in physiologically normal conditions and during proteinuria conditions

and B, respectively). Based on goodness-of-fit parameters for
CL, and S (AIC, visual inspection and CV of the estimated
parameters), mPBPK model 2 is better able to describe the
hlIgG data in all the groups, as compared to model 1. Thus,
model 2 is able to quantify changes associated with the DM/
DN and predicts the reversal of the impact of the disease on
renal function with pioglitazone treatment.

The vascular reflection coefficient o, predicts the extent
of distribution of IgG in leaky tissues. Predictions of 02 were
similar between control and pioglitazone treatment groups.
However, 02 was significantly higher for the diabetic group,
compared to the other two groups (2- and 3-fold higher than
control group, in phases A and B, respectively). A signifi-
cantly higher o, indicates lower concentrations of hIgG in
leaky tissues as seen in the fittings (Fig. 3. phase A; Fig. 4.
phase B). The high o, may be due to a more rapid clearance
or metabolism in these tissues resulting in model predictions
of much lower concentrations in the DM or DM/DN groups
as compared to the control and pioglitazone-treated groups.

The estimation of a limited number of parameters in our
model reduces the complexity and increases the ease of
interpretation of the model. The model is able to describe the
effect of diabetes on tissue distribution and renal and
nonrenal clearances, including the severity in changes with
progressing DM/DN. Similarly, the model is able to charac-
terize the pioglitazone-mediated effects on clearance and
demonstrates incomplete reversal of DM.

It is important to address some of the limitations of the
model. This model follows the “reductionist” approach and
lumps the body into tissues. This limits the prediction of IgG

distribution to specific tissues, the incorporation of the role of
the neonatal Fc receptor (FcRn) binding affinities or the role
of diffusion in extravasation of macromolecules. Although
our mPBPK model reasonably captures the trends in the
modulations in renal clearance, the predictions rely upon
changes in renal function, while being limited in identifiability
for other factors involved such as proximal tubular reabsorp-
tion (F;) and renal catabolism. Both have been found to be
important for albumin (49,50). In these studies, filtered
albumin load was elevated 50 to 70 days after induction of
diabetes, and it was suggested that the enhanced albuminuria
observed was partly glomerular and partly tubular in origin
(49). Significant increases (20- to 40-fold) in @ have been
reported for rats with proteinuria as compared to control rats,
due to changes in the glomerular barrier function and tubular
reabsorption (36). Thus, the scaling factor S would encompass
various disorders of the glomerular filtration barrier which
lead to increases in filtered amounts of IgG across the
membrane. These disorders include podocyte detachment,
glomerular basement membrane rupture, and slit diaphragm
dysfunction in focal segmental glomerulosclerosis, membra-
nous nephropathy, and other diseases causing glomerulone-
phritis (44). Additionally, our studies have used a ® value
based on the literature (36), and there are a range of values
reported for different proteins, including albumin and IgG,
under normal conditions, as well as with changes in physiol-
ogy and disease (51-53). Irrespective of the specificity of @
value in our studies, the model shows the comparative
changes between the three groups and helps to describe the
role of progressive DM/DN in these changes. To mechanis-
tically improve the model, the role of FcRn and other



mPBPK for IgG in diabetes

endocytic proteins such as megalin/cubilin and changes in
expression of these proteins with disease would have to be
incorporated in the model structure (54,55). FcRn may
contribute to the increases in the renal and non-renal
clearances of IgG (56); it is expressed in podocytes, and
helps to clear out IgG that has traversed the glomerular
filtration barrier, while renal vascular endothelial FcRn
facilitates the removal of IgG from the circulation into the
interstitium.

CONCLUSION

mPBPK models represent one approach for mAb PK
analysis. Although the model is limited in identifying the
specific changes in glomerular barrier function and tubular
reabsorption capacity, it is able to quantify renal changes as a
scaling factor which describes changes due to diabetes
progression and reversal in the disease effects with pioglita-
zone treatment. Furthermore, the model is able to predict
IgG concentrations in the two major groups of tissues with
“tight” and “leaky” vascular biology. We believe the model
provides a good foundation for assessing mAb PK with
limited datasets. The model provides a better approach than a
2CM, and provides an intermediary method if a full PBPK
model cannot be established.
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