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ABSTRACT

Two-pore physiologically-based pharmacokinetics (PBPK) for biologics describes the tissue distribution
and elimination kinetics of soluble proteins as a function of their hydrodynamic radius and the physio-
logical properties of the organs. Whilst many studies have been performed in rodents to parameterize the
PBPK framework in terms of organ-specific lymph flow rates, similar validation in humans has been
limited. This is mainly due to the paucity of the tissue distribution time course data for biologics that is
not distorted by target-related binding. Here, we demonstrate that a PBPK model based on rodent data
provided good to satisfactory extrapolation to the tissue distribution time course of #Zr-labeled albumin-
binding domain antibody (AlbudAb™) GSK3128349 in healthy human volunteers, including correct pre-
diction of albumin-like plasma half-life, volume of distribution, and extravasation half-life. The AloudAb™
used only binds albumin, and hence it also provides information about the tissue distribution kinetics and

turnover of that ubiquitous and multifunctional plasma protein.

Introduction

An increasing number of diverse novel biologic modalities are
making their way toward the clinic," * including domain anti-
bodies (dAbs),>* Nanobodies®,” bispecific T-cell engagers,’®
engineered scaffolds from fibronectin,” ankyrin repeat® or
lipocalin,” and those that combine evolutionarily distant pro-
tein domains into a single molecule, like ImmTACs, which
combine T «cell receptors with single-chain variable
fragments.'® It is therefore desirable to have a quantitative
framework for predicting the tissue distribution properties of
these and any other biologic modalities along the guidelines of
Three Pillars Paradigm'' so that informed decisions can be
taken for dosing and affinity requirements.

Physiologically based pharmacokinetics (PBPK) provide
a quantitative mechanistic framework for describing the
absorption, distribution, metabolism and excretion (ADME)
of drugs in the species of interest. In the case of proteins, the
most flexible approach is often described in terms of two-pore
hypothesis proposed by Rippe and Haraldsson'> where extra-
vasation is linked to the lymph flow and treated as a filtration-
diffusion process taking place at the paracellular vascular pores.
Previously we showed in theory and practice that the filtration
and diffusion-driven fluxes can be treated as linear functions of
the lymph flow rate in such systems,'” and followed up with an
extensive study in mice and rats where the same framework
was applied to a number of different biologics to estimate the
organ-specific fractional lymph flow rates as the only empiri-
cally fitted global parameters.'*

Here, we evaluate the rodent data-based biologics PBPK
model by comparing its predictions for humans with the

ARTICLE HISTORY
Received 15 April 2020
Revised 23 September 2020
Accepted 1 October 2020

KEYWORDS

Human; domain antibody;
AlbudAb™; albumin;
antibody; immunoPET;
physiologically based
pharmacokinetics; PBPK;
ibalizumab

experimental observations from a recent Phase 1 clinical
study (NCT02829307) where the tissue distribution time
course of *Zr-labeled albumin-binding domain antibody
(AlbudAb™) GSK3128349 was measured by positron emission
tomography-computed tomography (PET/CT) in healthy
volunteers."” In addition, we demonstrate how the resulting
cross-species/cross-modality two-pore biologics PBPK frame-
work can be adapted to a clinically relevant scenario for ther-
apeutically relevant insight.

Results
Human biologics PBPK model calibration

AlbudAb-albumin interaction is analyzed according to the
reaction scheme outlined on Figure 1, where the complex is
in reversible equilibrium with the free species and the **Zr label
can be irreversibly lost from the chelate. These reactions are
coded into a PBPK model shown on Figure 2(a) which includes
all major organs, with model-specific parameters listed in Table
1. Each organ contains the vascular, interstitial, and endosomal
compartments, as outlined on Figure 2(b), while the brain and
kidneys are further modified to describe the flow of interstitial
fluid and renal filtration respectively.

The default PBPK parameters predicted 13.5 day half-life
and 25% renal elimination for albumin in humans, which were
shorter and higher relative to the respective experimental
observations of 17-19 days*>** and 3-10%.>>® Both devia-
tions indicated that the albumin glomerular sieving coefficient
0.0006, as calculated from the 67 kDa molecular weight using
an empirical formula described by us before,'* whilst in
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Figure 1. Interactions modeled for AlbudAb GSK3128349 PBPK. ALB: endogenous albumin at constant concentration. AloudAb in unlabeled or #Zr-complexed format.
Zr denotes both free label as well as 3Zr-AloudAb which has lost affinity for albumin. Solid arrows denote reversible binding of AlbudAb to albumin. Dashed arrow is
a combined reaction which denotes irreversible loss of 2°Zr from the chelate or inactivation of the AlbudAb. Detailed reaction scheme for all molecular species and
which includes vascular, interstitial, and endosomal compartments is shown on Supplementary Figure 1.

agreement with mouse and rat data,” was too high for
humans. Five-fold adjustment of the glomerular sieving coeffi-
cient for free albumin and all albumin-containing complexes to
approximately 0.00008, as estimated by Norden et al.*® for
humans, increased the terminal half-life to 17.5 days
(Supplementary Figure 3) and reduced the fraction of renally
eliminated albumin to 6%, both within physiological range.
The adjusted values were thereafter stored in variant ‘albumin’
and used for all subsequent work.

The PBPK model-predicted steady state average interstitial
fluid concentration of albumin in different tissues was
275 + 118 puM (i.e., around 50% of plasma, close to the experi-
mentally estimated value of 40%%®), with median 278 uM, the
highest 444 uM (liver) and the lowest 0.1 uM (brain)). The
steady-state free interstitial endogenous albumin concentra-
tions and those of endosomal complex with the neonatal Fc
receptor (FcRn) were stored in SimBiology model variant ‘end
alb STST” and used as initial conditions in all subsequent
calculations.

Kidneys and brain

The initial evaluation of the plasma PK calibrated AlbudAb
model predictions against the **Zr-GSK3128349 AlbudAb tis-
sue distribution data'® revealed higher than expected PET
signal in the kidneys, while the opposite was found for the
brain. Given that *Zr is a residualizing radioisotope, unlike
’H that we used previously in rodents,"* the model was manu-
ally modified, as outlined in the Supplementary section, to
evaluate the possible effect of a small fraction of inactive *°Zr-
labeled AlbudAb, or free ®Zr present in the dose or leaking
from the desferrioxamine (DFO) chelator, that may have con-
tributed to the residualized **Zr in kidneys and brain. The
tissue concentration time profiles were used to run
SimBiology global nonlinear least squares fitting task ‘Fit8
Data_org_all’ to estimate the respective parameters, as pre-
sented in Table 2. The fitted tissue concentration data and
predictions for capillary plasma and interstitial concentrations
are shown on Figure 3(a) for the kidneys and Figure 3(b) for
the brain.

The model-fitted adjustments describe the rapid initial
accumulation of a small amount of *Zr in the kidneys, fol-
lowed by slow clearance. In the case of the brain, the fitted
model suggests very low concentration of *Zr-containing

species in the interstitial space, effectively confining the entire
brain signal to the vasculature only. There is no indication of
detectable contribution from extravasation or accumulation
even from macropinocytosis, in the timeframe studied.

Plasma

The calibrated PBPK model predicts biphasic plasma time
course of *Zr-GSK3128349 AlbudAb with the distribution
phase lasting around 4 days and the terminal half-life t,,
~18 days. The latter value is identical to that of human albu-
min, indicating that most of the AlbudAb exists in tight and
stable complex with that ubiquitous plasma protein. The
impact of adjusted brain- and kidney-related parameters on
the plasma concentration profile is negligible, as shown on
Figure 4.

The rest of the organs

Both the default and adjusted PBPK model variants were
analyzed for the remaining organs for which data was available,
as shown on Figure 5(a-f) for muscle, lungs, liver, bone mar-
row, pancreas, and spleen respectively. In the organs analyzed,
the steady-state tissue concentrations reach the model-
predicted levels, and, in most cases, this also extends to the
distribution phase that is most characteristic of the tissue
permeability properties.

In skeletal muscle (Figure 5(a)), the defining characteristic
of the distribution phase is increasing total tissue concentration
of ®Zr-GSK3128349 AlbudAb at the time when its plasma
concentration is declining. This can be understood in terms
of relatively slow extravasation into a relatively large interstitial
space before steady state is established, but a cellular clearance
cannot be excluded.

In contrast, in the lungs and liver (Figure 5(b,c)) the plasma
and tissue concentration time courses run in parallel from the
beginning. Both these organs are highly vascularized with
relatively large capillary and moderate interstitial volume.
Furthermore, in the lung, tissue is characterized by higher
hydrodynamic conductance assigned to the large pore fraction,
while in the liver this is further amplified by the apparent larger
diameter of the large pores, capturing the discontinuous vas-
cular fenestrations of the organ.
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Figure 2. Structure of the whole body PBPK. (A) The organs are connected with plasma flow rate (Qorg, black line) and lymph flow rate (Jorg, gray line). Abbreviations: lung-lu,
lymph nodes -In, heart-he, Gl tract-gi, liver-li, spleen-sp, pancreas-pa, skeletal muscle-mu, skin-sk, bone-bo, brain-br, thymus-th, adipose-ad, other-ot, kidney-ki. The organ
subcompartments are vascular (v), interstitial (i), intracellular (IC) and endosomal (e). (B) Filtration-diffusion-driven solute exchange between the vascular and interstitial spaces
takes place through small and large pores according to the two-pore hypothesis. Macropinocytosis (k) delivers extracellular proteins to the endosomal space where FcRn-
mediated recycling (k..c) back into vascular or interstitial space and nonspecific degradation (k4eg) take place. Organ-specific modifications are shown on Supplementary Figure 2.
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Table 1. Parameters used for human AlbudAb-specific PBPK model.

Parameter Unit Value Description Reference
System parameters
up 1/h 0.14 Nonspecific clearance by macropinocytosis Equation (1)
ty, h 80 IgG plasma half-life in humans in the absence or saturation of FcRn-mediated recycling 16-19
Vss ml/g 0.08 Typical mAb volume of distribution in humans is around 5.5 L 20
[FcRn] M 9.1E-6 Endosomal total FcRn based on average tissue concentration 2
[Albumin] M 5.4E-4 Human plasma albumin concentration 16
K atbumin:Fcn M 7.6E-7 Human albumin affinity for human FcRn 2
on,albumin:FcRn 1/(M-h) 3.2E7 Human albumin association rate constant for human FcRn 2
Kott atbuminFcan 1/h 248 Human albumin dissociation rate constant for human FcRn 2
AlbudAb parameters
Ky albumin:loudab M 8.5E-10 AlbudAb GSK3128349 affinity for human albumin 1
Kon,albumin:Albudab 1/(M-h) 3.6E9 AlbudAb GSK3128349 association rate constant =
Kot atbumin:Atbudab 1/h 3.1 AlbudAb GSK3128349 dissociation rate constant 1

Table 2. Fitted parameters.

Parameter Unit Value %RMSE Description
Zr_0_free Mole 2.2E-9 (8.6) Free ®7r or #7r-GSK3128349 AlbudAb fragments in the dose*
Koff_Zr 1/h 9.1E-5 (10) 897r dissociation from DFO chelate
Qurn_Zr ml/h 0.11 (3) Clearance of ®°Zr label into urine from the glomerular compartment
J_br Dimensionless 1.1E-6 21) Fractional lymph flow rate in the brain
br_mp Dimensionless 1.1E-8 (18) Macropinocytosis rate adjustment in the brain
*computationally estimated value
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Figure 3. The tissue distribution time course results before and after fitting for kidneys (a) and the brain (b). Red: total 89Zr—containing species in plasma, black-tissue
average of total 3Zr, blue-predicted interstitial concentration. Solid line-fitted model, dashed line-default model. Solid and dashed lines overlay for the capillary plasma
compartment in both organs and for the interstitial compartment in kidneys.

In bone marrow (Figure 5(d)), the tissue concentration
reaches the model-predicted steady-state level, yet the distribu-
tion phase is not well captured, with the experimental data
suggesting more rapid penetration than the model predicts.
This may be related to the relatively large volume of the inter-
stitial space in bone marrow, which exceeds that of plasma
vasculature some 13-fold (in liver the ratio is 3.5), but it also
suggests the possibility of higher hydrodynamic conductance of
bone marrow vasculature that is discontinuous in nature.

Finally, pancreas and spleen are the remaining two organs for
which there is tissue distribution time course data (Figure 5(e,f)).
The former has a poorly defined distribution phase, making this
organ more similar to muscle rather than lungs or liver, for
example. Spleen, on the other hand, is another well-perfused
organ with highly permeably discontinuous vasculature, hence
the tissue and plasma concentrations of *’Zr-GSK3128349
AlbudAD run in parallel, although early mismatch suggests that

the relative volume of the vascular compartment may be slightly
underestimated in the physiological parameter set used.

In summary, the organs and tissues studied display a range
of permeability, vascularization, and interstitial volumes,
which result in different shapes of the tissue concentration
time course curve. Steady state can be achieved rapidly or it
can take longer, the interstitial concentration can almost reach
the plasma levels, e.g., liver, or remain lower, especially in
brain. In most of the cases the rodent-parameterized biologics
PBPK model provided good to acceptable prediction for
humans, while corrections were necessary to account for the
residualizing label-related issues in kidneys and very slow
macropinocytosis in the brain. Given that in the model macro-
pinocytosis is assigned to the endothelial cells only, the default
setup may overpredict the process in the brain where the
parenchymal cells are isolated from the proteins in circulation
through the tight junctions of the blood-brain-barrier (BBB).
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Figure 4. Plasma half-life data'® and best fit for #Zr-GSK3128349 AlbudAb in healthy humans. AlbudAb plasma concentration: Blue: measured by mass spectrometry for
AlbudAb protein, Red: measured by scintillation and PET for 897r. Solid line-fitted model, dashed line-default model.

Discussion

A number of frameworks have been implemented to improve
the clinical success rates of new drugs, including the Three
Pillars at Pfizer,'" five Rs at AstraZeneca,” and quality guide-
lines at GlaxoSmithKline.”" All of these include focus on the
drug concentration at the site of action, target engagement and
downstream pharmacology. The same principles are expected
to apply both to small and large molecule drugs, but the latter
are primarily confined to the extracellular space, they do not
diffuse across plasma membranes and extravasation occurs
predominantly through protein size-dependent paracellular
filtration-diffusion. In addition, the clearance of biologics can
be significantly accelerated through target-mediated drug dis-
position (TMDD),** while for the small molecule drugs this is
determined by the transporters and metabolizing enzymes in
a target-independent fashion. In that sense, the generic biolo-
gics PBPK, e.g., the monoclonal antibody (mAb) platform
model of Shah and Betts,” defines the ‘standard’ framework
for a given modality in the species of choice, which needs to be
further customized to account for the target-mediated and any
other pharmacologically relevant interactions. The latter can
involve many molecular species and reactions, resulting in
large and complex models.

Model calibration for albumin

It is well known that albumin-binding activity can extend
the plasma half-life of smaller protein fragments that other-
wise would be rapidly eliminated through renal filtration,
such as Fabs,” nanobodies,”” and human domain
antibodies.>>” At around 40 g/L, albumin is a major plasma
protein, but even more, approximately 60% of the total, is
estimated to be extravascular,”® in agreement with the PBPK
model-predicted fraction of 63%. Experimental data for

albumin interstitial fluid concentration in specific tissues is
sparse, with 200 pM and 110 uM measured in the skeletal
muscle and adipose tissues by Ellmerer et al.,”> while 2 uM
has been estimated in the brain.** The model-predicted
values for albumin interstitial concentrations for these same
3 tissues are 200 puM, 280 uM, and 0.25 pM, respectively,
suggesting that whilst the overall average is in agreement
with the experimental data, there can be discrepancies in
both directions for individual organs. For *Zr-GSK3128349
AlbudAb, the effect of albumin concentration variation is
negligible given the high affinity of the domain antibody.
In most cases the free fraction is less than 0.0004%, except
brain interstitium, where it may reach 0.1-1%, but even
there the overall concentrations are still significantly lower
than in plasma. From the mechanistic perspective it is also
important to keep in mind that albumin-binding activity is
included only to extend the half-life of the molecule, and it
is not expected to interfere with the functional activity of
any attached therapeutic payload, even when bound to
albumin.

Plasma pharmacokinetics and renal filtration

The plasma PK profile and terminal half-life of *Zr-labeled
and unlabeled GSK3128349 AlbudAb were found to be
effectively equal to that of endogenous albumin. Due to
the very low free fraction in plasma, even considerable
=1 L/min of glomerular filtration is insufficient to signifi-
cantly contribute to the overall clearance. In preclinical
species, where we explicitly studied the correlation between
AlbudAb affinity and plasma half-life, we found that renal
elimination played a role only at dissociation constant
values above 100 nM.'* *°Zr-GSK3128349 AlbudAb with
subnanomolar affinity for albumin therefore effectively
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Figure 5. Observed and predicted tissue and interstitial concentrations for muscle (a), lungs (b), liver (c), bone marrow (d), pancreas (e), and spleen (f). The default model
predictions are in dashed lines while the kidney- and brain-adjusted predictions are in solid lines. The solid and dashed lines overlap for all organs. Black: total tissue

concentration, red: vascular concentration, blue: interstitial concentration.

functions as an irreversible label for albumin, and therefore
also informs about the tissue distribution kinetics and turn-
over of this ubiquitous and essential carrier protein for
steroids, fatty acids, thyroid hormones, and many small
molecule drugs in the blood.*®

The adjustment to the already very low glomerular sieving
coefficient suggests that, whilst this parameter broadly trans-
lates from one species to another reasonably well as a function
of the hydrodynamic size of the protein, there can still be
species-specific differences that will only be discovered in
light of experimental data. The bulk of albumin elimination
though is systemic, and this depends on the rate of macropi-
nocytosis (k) and albumin affinity for FEcRn. Notably, the ky,
value that we calculated from Equation (1) (see Materials and
Methods) is around sixfold lower than for rodents'* and sug-
gests a slower rate of plasma protein macropinocytosis in
humans. Regarding FcRn interaction with albumin, this is

understood to follow 1:1 stoichometry without competition
from IgG,'® but even then there is a degree of variation in the
affinity values reported in the literature, ranging from 0.4 uM
to 5.2 uM,***'™** of which the median at 1.1 uM was used.
Three independent processes therefore affect the catabolism of
albumin in the model, and the model used reconciles the
reported values with the observations.

Tissue concentrations

PET/CT allows high resolution, sensitive, noninvasive and
quantitative 3D high-resolution imaging and tissue concentra-
tion measurement of positron-emitting isotopes across species,
including humans.***’ Whilst many isotopes are available, **Zr
is widely used for mAbs*® due to its relatively long 78.4-hour
half-life, which can accommodate relatively slow tissue pene-
tration of antibodies and good spatial resolution down to few



millimeters.*’ On the other hand, *Zr (like other heavy metals)
is a residualizing label, unlike 3H and '3, i.e., it accumulates at
the site of catabolism, and the attachment to the protein of
interest, albeit very stable, is noncovalent and hence potentially
liable to dissociation.

Kidneys
The long plasma half-life of 430 hours indicated that *Zr-
GSK3128349 AlbudAb clearance from plasma was slow and
not in agreement with the rapid accumulation of approxi-
mately 2.5% of the administered dose within the first few
hours after dosing. Three options were considered: incomplete
albumin complex formation during dosing, the presence of
noncomplexed *Zr species in the sample or inactivation of
a small fraction GSK3128349 AlbudAb during the labeling
process.”® The first option was ruled out because 20000-fold
molar concentration excess of vascular albumin results in
about 1 ms half-life for the complex formation, i.e., this is
instant for practical purposes and over by the time of first-
pass renal filtration. The presence of a small amount of uncon-
jugated **Zr-oxalate or *Zr-DFO is also unlikely because, in
mice, the former has been shown to end up in bones and
cartilage, while the latter, whilst renally secreted, is not retained
in the kidneys.”' Renal retention was, however, the defining
feature of the *Zr signal in kidneys, with clearance from the
cortical region around 500-fold slower than expected from the
rate of urine formation. This therefore suggests that about 2.5%
of the dosed **Zr- GSK3128349 AlbudAb, i.e., 25 ug, may have
lost its albumin-binding activity either during DFO conjuga-
tion or *Zr loading steps and co-purified with the active
species during the gel filtration steps aimed at removing the
unbound low molecular weight reagents. The inactive *°Zr-
labeled GSK3128349 AlbudAb would have been rapidly elimi-
nated through renal filtration due to its small molecular weight
of 13 kDa, absorbed in proximal tubules through nonspecific
megalin-cubilin-mediated uptake and then catabolized into
amino acids,”>>* with **Zr-DFO-Lys degradation product
retained in the cells.

The fitted model provided a rate constant corresponding to
a 700-hour half-life with relatively low error margin for the
production of *Zr-labeled species that are subject to renal
filtration. This process can correspond to the dissociation of
897 from the chelate or inactivation of the AlbudAb (or their
combination). Zr equilibrium with DFO is strongly shifted
toward the complex, but remains rapidly reversible as demon-
strated by the dissociating effect of excess free competing
chelator, e.g., ethylenediaminetetraacetic acid.”” Likewise,
around 0.2% of *Zr was found to have dissociated during 24-
hour incubation in plasma in vitro,”® which would be subject to
renal filtration with possibility of accumulating to PET-
detectable levels in the small volume of kidneys. Given the
patterns of *Zr tissue distribution dependence on the com-
pound, be it chloride, oxalate or DFO chelate,”" this is an aspect
that needs to be considered whilst interpreting the tissue dis-
tribution data of **Zr-labeled proteins in immunoPET studies.

Brain
Low brain levels of *Zr-GSK3128349 AlbudAb found in the
current study, where the entire signal was attributable to the
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AlbudAb in brain vasculature, aligns well with the observation
by Bensch et al.”” of very low uptake of **Zr-labeled mAbs. At
the expected 200-fold or even higher dilution between brain
interstitial and vascular spaces, the PET signal from interstitial
space would have made up no more than 2.5% of the total, i.e.,
its contribution remained below the accuracy of the experi-
ment. Likewise, the plasma and organ concentrations remained
parallel in the time course plot for the brain, suggesting no
significant irreversible accumulation either, through macropi-
nocytosis and endosomal degradation. This was formally cap-
tured through brain macropinocytosis adjustment coeflicient
br_mp being effectively zero in the best fit model, which
excluded the possibility of *Zr accumulation and contribution
to the observed signal. The fractional brain lymph flow esti-
mate from the human data set is therefore lower than that from
the rodent data.'* Whilst this can be species-specific variation,
i.e., rodent BBB may be more permeable, it is noteworthy that
the brain concentrations measured in mouse brains by quanti-
tative whole-body autoradiography imaging were consistently
lower than those measured in rats by quantitative radiochemi-
cal analysis where small tissue samples are excised, incinerated
and the released radioactivity counted. In addition, what makes
the brain interstitium especially challenging, is not only the
tightness of BBB, but also relatively rapid turnover of the
interstitial fluid in the central nervous system, where this
happens once every 10 hours due to vigorous influx of water
via dedicated aquaporin channels.”® This very simplified pre-
sentation of brain in our model is shown on Supplementary
Figure 2A, whilst more detailed implementation has been
introduced by Chang et al.”

Other tissues

The kidneys and brain were examples of two organs that were
modified beyond the default layout to capture their respective
specifics. In addition, the lung is also modified automatically
with the alveolar epithelial lining fluid layer added and con-
nected to the interstitium, but minor amounts of centrally
dosed biologics reach there to make a difference to the overall
tissue concentration. It can be concluded therefore that the
default organ layout allowed good to satisfactory prediction
of the human tissue distribution properties of *°Zr-
GSK3128349 AlbudAb. In all cases the steady state levels of
total tissue concentrations were correctly predicted and, in
most cases, also the distribution phase tissue penetration
kinetics. The latter is remarkable given that the vascular capil-
laries in spleen, lymph nodes and liver are of the discontinuous
sinusoidal type where the paracellular gaps can be large enough
to allow the passage of cells and the two-pore approach of
Rippe and Haraldsson'” becomes less applicable. Therefore,
the literature-sourced parameters used in our preclinical
paper'* captured well the distribution phase even in organs
with discontinuous capillaries, except in the case of bone mar-
row, where the experimental data indicate rapid reaching of the
steady state while the model predicted a slower process.
Interestingly, similar rapid bone marrow extravasation kinetics
was also observed in mice and rats, suggesting that the inter-
stitial volume parameter may be too high and/or the fractional
lymph flow too low.
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Biologics PBPK in drug discovery process

AlbudAb PBPK model describes the concentration time courses
for the free and albumin-bound species of GSK3128349 in
different tissue compartments, but it would need to be expanded
and adapted if other modalities or interactions were to be
included. The latter aspect is uniquely important for biologics
because, unlike small molecule drugs, their tissue distribution
and elimination can be drastically affected by target-mediated
processes which are not included in the model described.

For example, in the case of ibalizumab, a CD4-binding mAb
approved for the treatment of AIDS,* the target-bound anti-
body is rapidly internalized and degraded, resulting in only
five-day half-life of the drug in humans. By adapting the
biologics PBPK model to ibalizumab and CD4, as outlined on
Supplementary Figure 4, we captured this aspect of ibalizumab
PK by quantifying the internalization rate constant value for
CD4-ibalizumab complex and identified another hitherto
unappreciated aspect of CD4 targeting, limited exposure to
the drug in organs with high local levels of CD4" T cells, as
shown on Figure 6. The effect is less pronounced for lymph
nodes, which are on the main pathway of lymphatic circula-
tion, but in spleen the free ibalizumab concentration can be
around 400-fold lower than in plasma due to TMDD. As
a result, relatively high antibody concentration in plasma
needs to be maintained to achieve acceptable exposure in
spleen. This is indeed the situation at the recommended dosing
regimen where antibody trough plasma concentration of
200 nM, whilst sufficient for >99.98% target engagement at
Kd = 83 pM® (and >2000-fold excess over ICsy ~ 100 pM
potency®) in blood, provides only two to threefold excess in
the spleen to contain the infectivity of HIV.®

From the methodological point of view it is occasionally
pointed out that relatively large number of parameters are used
in PBPK compared with one- or two-compartment approaches.**

Whilst the high parameter number is true for two-pore biologics
PBPK, the vast majority of them, from universal gas constant
R and Avogadro number to physiological parameters like organ
volumes and plasma flow rates are invariant and independent of
the model, i.e., they are latent. The second group of such latent
parameters are those that are indirectly estimated from experi-
mental data and are to an extent model-dependent, e.g., organ-
specific lymph flows, but these too are not varied from one model
to another. Finally, there are parameters that are fitted within
a specific implementation of the model, for example to capture
the rate of TMDD, but which also depend on other assumptions
or estimates, e.g., receptor numbers, cell numbers, tissue distribu-
tion. Only one parameter, the internalization rate constant for
ibalizumab-CD4 complex, had to be estimated for the ibalizumab
PBPK model described above, for example. In that sense, PBPK
may provide a more frugal framework for handling complex
situations than more simple ones.

In summary, we have demonstrated that the biologics PBPK
framework we established using a series of inert tracer proteins
in rodents''* provided good to satisfactory extrapolation to
humans without significant further parameterization. The
resulting framework can be extended and adapted to more
complex and clinically relevant scenarios for informative insight,
as described for ibalizumab. Finally, all this is only possible with
computer-assisted model building, which removes the major
bottleneck of large complex model assembly.'*

Materials and methods
AlbudAb PBPK model

The model describes GSK3128349 AlbudAb with and with-
out **Zr, as well as their respective complexes with endo-
genous albumin, as outlined on Figure 1. It includes lungs,
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Figure 6. Predicted plasma and tissue interstitial concentrations of ibalizumab during a steady state 800 mg Q2W dosing. Solid lines: ibalizumab, dashed lines:
hypothetical isotope control mAb with 20-day half-life and linear pharmacokinetics. Red: plasma, black: lymph node interstitium, green: spleen interstitium. The PBPK

model used and parameterization is described in Supplementary Section.



lumped lymph nodes, heart, lumped gastrointestinal tract,
liver, spleen, pancreas, muscle, skin, bone, brain, thymus,
adipose tissue, and kidney, as shown on Figure 2(a). These
organs account for about 98% of the body and the balance is
represented by ‘other’ to account for the total body volume
and blood flow rate. Peripheral blood is represented as
a venous plasma compartment, while all organs contain
vascular, interstitial, and endosomal compartments where
all the relevant chemical and flow reactions take place
(Figure 2(b)). All molecules are subject to two-pore filtra-
tion-diffusion exchange'* between vascular and interstitial
spaces, as outlined in detail on Supplementary Figure 2.
Plasma albumin concentration was fixed at the physiological
value of 540 puM in central and all organ vascular compart-
ments, while those in the interstitial and endosomal com-
partments were at model-defined steady-state values.

Endosomal uptake is modeled as nonspecific macropino-
cytosis from vascular and interstitial spaces into endosomal
compartment where the FcRn, with no decay or turnover of
its own, interacts with albumin and AlbudAb-albumin
complexes. Free endosomal molecular species not bound
to FcRn are subject to nonspecific degradation, while the
bound ones are recycled and released into interstitial and
vascular spaces. Any free **Zr taken up from extracellular
space, or released during the endosomal degradation pro-
cess, is retained in the respective organ endosomal space to
account for the residualizing nature of that radio-isotope.
The free ®¥Zr species also accounts for the *’Zr-AlbudAb
that may have lost the albumin-binding activity before or
during the dosing event, as from the kinetic point of view
these species are indistinguishable in the experimental data
available (Supplementary Information).

The final PBPK model used for AlbudAb is given in
Supplementary Information (AlbudAb_PBPK.sbproj).

PBPK model parameters

Physiological parameters

We are using the physiological parameters described in our
previous paper'* with the values tabulated in the
Supplementary File AlbudAb.xlsx. The organ vascular
plasma and interstitial space volumes are from Shah and
Betts,”> which are largely based on those of Graf et al.®’
Peripheral plasma volume was defined as the difference
between the total plasma volume and the sum of organ
vascular volumes. Only half of the interstitial volumes was
defined as accessible given that albumin and antibodies
only reach 50% of the interstitial space available, as
described by Wiig et al.*

FcRn was assigned to the endosomal compartment, the
volume of which was fixed at 0.5% of that of total tissue as
previously reported.**”%® Total FcRn concentration in the endo-
somal compartment was set at 9 pM, the weighted average scaled
from the mass spectrometry measured total tissue concentrations
by Fan et al*' and found to be optimal in biologics PBPK."*

Nonspecific uptake of proteins from extracellular space into
the endosomal compartment by macropinocytosis was charac-
terized by clearance parameter ky,, calculated according
Equation (1), as introduced in Sepp et al."*

MABS (&) e1832861-9
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where d is the tissue density (assumed to be 1 g/ml), Vss (ml/
kg) is the typical volume of distribution of large proteins like
albumin and IgG in humans and t,, is the IgG half-life in
humans in the absence or saturation of FcRn-mediated recy-
cling; a proxy for nonspecific default degradation of all proteins
not subject to specific degradation or renal elimination. The
equation gives the specific average clearance of soluble proteins
from extracellular space via macropinocytosis. It was assumed
that ky,, was the same for all protein species.

Software

Matlab R2019a and SimBiology™ version 5.8.2 were used to
build the PBPK model and perform data analysis. Matlab script
PBPKassembler.m (Supplementary Information) developed by
us previously'* was used to build the SimBiology-compliant
full biologics PBPK model from the molecular species and
reactions outlined in GenericTissue and thereafter manually
adjusted as described in Supplementary section.

PET measures the average concentration across all tissue sub-
compartments and the signal does not depend on the nature of
the molecular species that the label is attached to. As a result, the
organ concentrations of *Zr used in curve fitting were calculated
by summing up the molar amounts of all *Zr-containing mole-
cular species in the given organ vascular, interstitial, and endoso-
mal compartments and then dividing this with the organ volume.

Abbreviations

BBB Blood-brain-barrier

DFO Desferrioxamine

FcRn Neonatal Fc receptor

immunoPET  Immuno-positron emission tomography

mAb Monoclonal antibody

PBPK Physiologically based pharmacokinetics

PET Positron emission tomography

PET/CT Positron emission tomography-computed tomography

PK Pharmacokinetics
TMDD Target-mediated drug disposition
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