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PEGylation is routinely used to extend the systemic circulation of various protein therapeutics and nano-
medicines. Nonetheless, mounting evidence is emerging that individuals exposed to select PEGylated thera-
peutics can develop antibodies specific to PEG, i.e., anti-PEG antibodies (APA). In turn, APA increase both the
risk of hypersensitivity to the drug as well as potential loss of efficacy due to accelerated blood clearance of the
drug. Despite the broad implications of APA, the timescales and systemic specificity by which APA can alter the
pharmacokinetics and biodistribution of PEGylated drugs remain not well understood. Here, we developed a
physiologically based pharmacokinetic (PBPK) model designed to resolve APA’s impact on both early- and late-
phase pharmacokinetics and biodistribution of intravenously administered PEGylated drugs. Our model accu-
rately recapitulates PK and biodistribution data obtained from PET/CT imaging of radiolabeled PEG-liposomes
and PEG-uricase in mice with and without APA, as well as serum levels of PEG-uricase in humans. Our work
provides another illustration of the power of high-resolution PBPK models for understanding the pharmacoki-
netic impacts of anti-drug antibodies and the dynamics with which antibodies can mediate clearance of foreign
species.

1. Introduction interactions with the immune system, increases hydrodynamic diam-

eter, and reduces enzymatic degradation [3,7]. The resulting ‘stealth’

Polyethylene glycol (PEG) is an uncharged, hydrophilic polymer
routinely used to increase the circulation time and decrease the immu-
nogenicity of therapeutic drugs, especially highly immunogenic drugs
that are susceptible to induction of anti-drug antibodies (ADA) [1]. The
hydrophilicity of PEG increases the aqueous solubility of hydrophobic
drugs, thereby improving stability and reducing aggregation [2-6]. In
addition, the highly flexible nature of PEG sterically hinders the
adsorption of opsonic proteins and other blood components, diminishes

effect greatly prolongs the systemic pharmacokinetic (PK) profiles of
PEGylated therapeutics, sparing millions of patients from daily or
weekly injections.

Unfortunately, over the past 15 years, it is increasingly shown that
some individuals produce high titers of antibodies specific to PEG [8], a
phenomenon likely enhanced by the immunogenicity of the underlying
drug [9,10]. We previously found detectible levels of anti-PEG anti-
bodies (APA) in nearly 70% of blood samples from the general
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population [11], with the vast majority of subjects possessing an IgG
isotype that implies the presence of immune memory and the possibility
of rapid induction of APA. This is consistent with clinical observations
that showed a sizable fraction of individuals could develop APA when
exposed to select PEGylated drugs. For instance, roughly one-third of
pediatric acute lymphoblastic leukemia (ALL) patients developed APA
that quickly eliminated Oncospar (PEG-asparaginase) from the circula-
tion [12]. The incidence rate increases to nearly half of the patients
treated with Krystexxa (PEG-uricase) [13-15], and can be even higher
(approaching 100%) in patients treated with Palynziq (PEGylated
phenylalanine ammonia lyase, or PEG-PAL) [16]. At sufficient titers,
APA can mediate accelerated blood clearance (ABC) of PEGylated drugs
[17-23], likely by uptake of APA immune complexes by Kupffer cells
and liver sinusoidal endothelial cells (LSEC) [20,24]. APA also increase
the frequency of hypersensitivity to PEGylated therapeutics [25,26], as
reflected by a range of allergic reactions, including anaphylactic shock,
to pegloticase [27,28], pegnivacogin [29], and PEG-containing products
such as osmotic laxatives and cosmetic products [30]. More recently,
APA are implicated in an allergic response to the Pfizer/BioNTec mRNA
vaccines for SARS-CoV-2, due to the inclusion of PEG-lipids in its
formulation [31,32]. Despite the important implications of APA, the
relationship between the circulating APA titers and the resulting impact
on PK and biodistribution has not been established with high temporal
resolution in the context of PK modeling.

Physiologically based pharmacokinetic (PBPK) modeling is a
powerful tool enabling a deeper understanding of the fate of drugs and
drug carriers in complex biological systems [33-36]. PBPK models can
inform preclinical in vivo testing and serve as an impactful tool to guide
clinical evaluations as well as potential dosing regimens in special
populations [37,38]. Not surprisingly, PBPK models are routinely used
to predict and interpret drug tissue distribution and clearance in various
therapeutic areas, clinical scenarios, and patient populations [39,40].
They are also valuable for risk assessment [41,42]. Many PBPK models
that recapitulate antibodies as biotherapeutics have been developed
[43,44]; however, few models exist that capture how endogenous APA
can alter the PK and biodistribution of the drugs, particularly nano-
medicines such as PEG-liposomes. Previously, we developed a 2-
compartment minimal PBPK model that captures APA-mediated accel-
erated blood clearance of PEG-liposomes (PL) [45,46]. While useful in
predicting the PK of PEGylated drugs over long timescales, that model
was unable to reveal the impact of APA on either biodistribution to
different organs, or early phase clearance of PEGylated drugs. In this
work, we thus sought to utilize a more comprehensive PBPK model that
captures potential APA-mediated clearance of PEGylated liposomal and
protein drugs to all major organs of distribution (Fig. 1). Leveraging
high-resolution PET/CT scans of radiolabeled PEG-liposomes and PEG-
uricase performed immediately following dosing to PEG-sensitized vs.
naive animals, we were able to verify that our PBPK model can accu-
rately recapitulate the systemic PK and biodistribution of PEG-liposomes
and PEG-uricase to liver, spleen, lung, kidney, and muscle in naive and
APA+ mice with high temporal resolution.

2. Materials and methods
2.1. Production of empty PEG-liposomes (PL) for APA-induction

The PL used for induction were composed of phosphatidylcholine,
cholesterol, and methoxy-PEG 2000 DSPE at a molar ratio of 39:56:5
[47]. The lipids were dissolved in a 2:1 chloroform: methanol solution in
a glass vial and evaporated with nitrogen gas to form a thin film. This
film was desiccated overnight. The following day, PBS heated to 50 °C
was added to the vial, which was sonicated at 15 30-s intervals. The
liposomes in PBS solution were then extruded 9 times each at a
controlled temperature of 50 °C through 400 nm and 100 nm filters. The
liposomes were characterized with a Malvern Zetasizer Nano ZS (Mal-
vern Instruments, Malvern, UK) via intensity PSD and confirmed to be
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Fig. 1. (A) Schematic diagram of the PBPK model. (B) Illustration of PK within
each organ compartment.

130 nm in diameter with PDI < 0.2.
2.2. Induction of APA in immunocompetent BALB/c mice

Female and male BALB/c mice (Charles River Labs) aged 4-5 weeks
were used in this study. Animal procedures used in this study were
approved by the University of North Carolina at Chapel Hill Institutional
Animal Care and Use Committee. All mice were housed in non-sterile
cages with constant access to food and water. To induce APA, mice
were intravenously dosed with 150 pL (0.1 pmol lipids/kg bodyweight
at 6 mL/kg) of PL in sterile PBS on Day 0, or 7 days prior to PET/CT
imaging studies; APA-naive mice (negative control) received PBS alone.
On Day 6, a mandibular bleed was performed on each mouse. 200uL
whole blood was transferred in EDTA tubes on ice. The blood was
centrifuged at 2000 rcf for 15 min to separate the plasma. Samples were
stored at 4 °C prior to ELISA assay and moved to —80 °C for long-term
storage. IgG and IgM APA in the plasma were quantified via competi-
tion ELISA, following the methods described previously [46] (Table S.1).

2.3. Quantitation of APA titers

We determined the concentration of IgG and IgM APA via competi-
tion ELISA, run in duplicate for reproducibility. 96-well plates (Corning
Costar 3695) were coated with DSPE-PEG5000 and stored overnight at
4 °C. They were then blocked for 1 h at room temperature with 5% milk
in 1x PBS. Plasma samples were diluted 50-fold and 400-fold in 1%
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milk, and tested in duplicate wells. Competition wells consisted of
plasma at 50- or 400- fold dilution in 1% milk with 8 kDa PEG. The
standard curve consisted of serial dilutions of mouse anti-PEG IgG (Sil-
ver Lake, CH2076) and IgM (Academia Sinica, AGP4 (AGP4-PABM-A)).
After overnight incubation at 4 °C, goat anti-mouse IgG (Invitrogen,
A28177, lot TG2596484) or IgM (ThermoFisher Life Technologies,
626,820, lot QB215229) conjugated to HRP was added to the wells. The
plates were incubated for 1 h at room temperature. The colour change
was initiated by TMB and stopped with 1 N HCl, and absorbance was
measured at 450 and 570 nm. IgG and IgM concentrations were calcu-
lated based on 5-parameter logistic regression on the standard curve
rows. The ELISA assays sensitively detected APA levels in excess of 0.6
pg/mL IgG and 0.2 pg/mL IgM. I1gG and IgM APA below this level did not
lead to appreciable accelerated blood clearance of PEG-liposomes [46].

2.4. Preparation of radio-labeled PL for PET/CT imaging

PL, with ~4% of lipids containing methoxy-PEG and 1% mol of the
lipid containing amine-terminated PEG (PEG-NH) groups that allow for
chelator conjugation needed for radiolabeling, were obtained from
Encapsula NanoSciences. The composition of this commercial PL
included lipids in the following ratio: Hydrogenated Soy Phosphatidyl-
choline: cholesterol: DSPE-PEG(2000): DSPE-PEG(2000)-Amine at a
molar ratio of 57:38:4:1 (lots IMS2007-08272019, IMS2007-04162019,
and IMS2007-07212020). The liposomes were radiolabeled with 64cy
chelated with DOTA or 8Zr chelated with Df (p-SCN-Bn-deferoxamine
lot B70510004-150407) by conjugating the chelators to amine groups at
a 20-fold molar excess to ensure complete reaction of the amines [48].
Purification and stability studies for the first scan group, using DOTA as
a chelator, were conducted using a 30 kDa spin filter, and produced 36%
yield. The signal of the product was still sufficient through 48 h, far
longer than the initial phase of interest for this study, and the stability of
the recovered Cu-DOTA-liposome was confirmed ~90% through at least
the first 4 h. Purification for the second scan group was conducted using
a PD-10 column and the 24 h stability of the radiolabeled sample
remained approximately 90%. Purification for the third scan group,
using Df as a chelator and Zr as the label, resulted in approximately 67%
yield with 4-h labeling stability once again close to 90% and 24-h la-
beling stability of 66%. All stability tests were conducted after incu-
bating radiolabeled sample in saline at 37 °C. The zeta potential of the
liposomes conjugated with Df indicated that they were approximately
neutral (—4.9 mV +/— 0.7 mV), suggesting most of the amines were
indeed conjugated with Df, and that cationic charge from amine groups

Journal of Controlled Release 343 (2022) 518-527
2.5. PET/CT imaging

On day 7, mice underwent PET/CT imaging with radiolabeled PL.
Naive and APA+ mice (n = 6 for each cohort) were imaged. The mice
were scanned in three groups of four mice each, with n = 2 from each
cohort in each scan group (Table S.2). Imaging was performed using a
small animal PET/CT scanner (SuperArgus 4R, Sedecal, Inc. Spain).
Mice were anesthetized with inhalation of 1.5%-2.5% iso-
flurane-oxygen gas mixture. Radiolabeled PL (5-7 MBq, estimated ~2.1
pmol of PL) was administrated through tail vein catheter, followed
immediately by a 60 min dynamic PET scan. CT was conducted for
anatomical reference and attenuation correction. Repeated PET/CT
imaging (—~20 min of PET acquisition) was conducted at 3, 24, and 48 h
post injection of radiolabeled PL. After the final imaging, major organs
were collected and weighed, and radioactivity was further measured
using a gamma counter to verify PET/CT results.

PET images were reconstructed using the 3D-OSEM algorithms with
scatter, attenuation, and decay correction. Standardized uptake value
(SUV) was calculated voxel-wise by normalizing the signal to the in-
jection dose and animal body weight. Image analysis was conducted
using PMOD software (version 3.9). Regions of interest (ROI) were
delineated based on fused PET/CT images, and the uptake level of each
ROI was reported in mean %ID/g.

2.6. PBPK model

A system of Ordinary Differential Equations (ODEs) (Fig. 1, Eq. 1-8)
was developed for the present focus to replicate the high-resolution
PET/CT scan data. Each organ was treated as a well-stirred compart-
ment, and drug transfer from blood to tissue was assumed to follow
Fick’s law of diffusion. A remainder compartment was considered to
maintain the mass balance of drugs in the system. We assumed tissue
distribution rate to be primarily restricted by liposomes’ vascular
permeability due to their approximately 100 nm (80-130 nm) size. The
average concentration vs. time profiles in each compartment were re-
ported. We assumed that the radioactivity signal primarily originated
from the vascular and interstitial sub-compartments, as 100 nm lipo-
somes are likely too large to permeate the deep tissue cellular layers.
Transfer between compartments was driven by blood flow. The amount
of drug reaching and being retained by each organ was adjusted by
perfusion and permeability coefficients.

dDrug s
& = l/VpIm . ( - Drugp]as 'CLplas> - Qtlung 'frlung 'Dmgplas /Vplas + (Qt]vr'frlvr + Qtspln 'frspln) /Vplas * (Dmglvr/Kpl\'r>

dt
+ Q[musr‘ 'frmusc/vplas ¢ (Drugmusc/Kpmusc) + thdny 'frkdny/vplas * (Drugkdny/kadny) + Qrem 'frrem/vplas ° (Drugrem/Kprem) (1)
dDrugy,,
T =1 Vlvr ° (Qt]vr'frlvr'Dmgnrl - (Qtlvr 'frlvr + Qtspln 'frspln) 'Dmglvr~/Kplvr ) + Qtsp]n 'frspln Vlvr ° (Drugspln /Kpspln> - Dmg]vr (Kp]vr'vlvr) 'CLIvr (2)
dDrugian,
% = Oltany* friany / Vidny* (Dmgan — Drugygny / kadny) — Drugydny / (kadny 'deny) *CLydny 3)

is not expected to impact their biodistribution patterns. No signal was
detected in the bone of the mouse for the duration of study, indicating
that the radiolabel remained attached to the PL, since free label typically
accumulates in the bone [49,50].

dDrug i,
% = Qt.xpln'frspln/vspln' (Drugarl - Drugspln/Kpspln) (4)
dDrugusc
% = thusc'frmusc/vmusc M (Drugan - Drugmusc /Kpmusc) (5)
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Table 1

Physiological parameters in the PBPK model in 20 g mice.
Parameter Interpretation Value  Ref
Qtyyr Plasma flow through liver (mL/min) 1.1 [44]
Qticdny Plasma flow through kidney (mL/min) 0.8 [44]
Qtoin Plasma flow through spleen (mL/min) 0.05 [44]
Qtmusc Plasma flow through muscle (mL/min) 0.8 [44]
Qtiung Plasma flow through lung (mL/min) 4.38 [44]
Vi, Vole Volume of liver (g) 1.75 [51,52]
denyWh"le Volume of kidney (g) 0.32 [51,52]
Vspl,,”'h"le Volume of spleen (g) 0.1 [51,52]
Vin cWthe Volume of muscle (g) 7.6 [51,52]
Ving™ Volume of lung (g) 0.12 (51,52]
Vilas Volume of venous blood plasma (mL) 0.67 [53]
Vare Volume of arterial blood plasma (mL) 0.67 [53]
PlasFracVy,, Fraction of volume of murine liver comprised 0.155 [51,53]

of plasma
Fraction of volume of murine kidney
comprised of plasma

PlasFracVigny 0.120 [51,53]

PlasFracVg,, Fraction of volume of murine spleen comprised 0.085 [51,53]
of plasma
PlasFracV,,,c  Fraction of volume of murine muscle 0.020 [51,53]
comprised of plasma
PlasFracViyng Fraction of volume of murine lung comprised 0.250 [51,53]
of plasma
dDrug .,

dr = Q[lung 'frlung/vz\rl * <Druglung /Kplung) - Dmgarl * (Qt]vr'frlvr/varl

+ Olnuse e /Varl + Qtspln 'frsp]n /Varl + thdny 'frkdny /Van + Qrem oftrem /Van)
(6)

dDrugy,,

% = Qtlung 'frlung 'Dmgp]as/vlung - Qtlung 'frlung 'Dmglung/ (V]ung 'Kp]ung>
dDrug em

% = Qrﬂm'frrcm /Vrcm * (Drugan - Drugrcm/Kprcm) (8)

All physiological parameters, including blood flows and tissue vol-
umes, were taken from the literature (Table 1) [44,51-53]. The inter-
stitial tissue volume (V,rgen) values were obtained by subtracting the
respective vascular plasma contribution from the total organ volume
(Table 1). For example, Vi, = (1 — PlasFracVy,) x Vi,*"€. The initial
values of the partitioning coefficients (Kpyissue) were determined by
taking the ratio of area under the curve (AUC) between tissue and
plasma, which were then optimized (Table S.2) [54]. The apparent
permeability coefficients of liposomes across vascular membrane were
also optimized, accounting for the intrinsic permeability and the impact
of other variables at in vivo conditions (shear stress, osmotic pressure,
etc.) (Table S.2). Initial conditions were determined from the peaking
time of tissue profiles in the data. The model was initialized at the point
at which the total PET signal stabilized in the mouse, at approximately 1
min post-injection. The system was solved numerically using MATLAB’s
odel5s function (MATLAB R2019a). The PET data for each organ
included total signal from both the tissue and residual blood plasma.
Therefore, when comparing the model output to the data, we computed
a weighted average of PL contained in each organ’s tissue and plasma.
Parameters were optimized to obtain individual fits for each mouse
using Latin Hypercube Sampling (LHS) (Table S.2) [55]. We furthermore
used Partial Rank Correlation Coefficients (PRCC) to determine output
sensitivity versus model parameters [56,57]. Brief descriptions of LHS
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and PRCC are provided in the Supplemental information. The high
temporal resolution of the continuous scan alleviates many concerns of
implementing a model in which several parameters are optimized.

3. Results

3.1. PET/CT imaging reveals APA quickly eliminates PEG-liposomes from
the circulation

In our previous study that relied on quantifying doxorubicin levels in
the blood and different organs collected from sacrificed animals, we
were unable to gain insights into the PK and biodistribution of Doxil®
between 5 mins and 3 h post-infusion. In contrast, PET/CT imaging, by
tracking the PK and biodistribution of radiolabeled entities in the same
mouse in nearly continuous time, can accurately reveal the physiolog-
ical fate of drugs and drug carriers with unparalleled temporal resolu-
tion even with just a small number of animals (Fig. 2A). To investigate
the temporal dynamics with which APA can mediate clearance of
PEGylated drug carriers, we thus performed PET/CT imaging in naive
and PEG-sensitized mice infused with radiolabeled PEG-liposomes.

All mice exhibited a rapid initial re-distribution of PL signals within
the first minute of infusion. Naive mice then exhibited very little change
in plasma PL over the first hour, retaining ~50% of the total signal (i.e.,
injected dose) (Fig. 2B). Of the remaining 50% of the PL radioactivity,
~30% was found in the liver, with a steady level observed throughout
the first hour of the scan. Muscle mass comprised ~10-20% of the total
signal, but was generally very noisy and reflected low, diffuse concen-
trations. Roughly 1% of the signal was present in the spleen, ~2.5% in
the lung, and ~ 3-4% in the kidney at 1 h after dosing. The trends in
change in radioactivity signal over time for the lung and kidney

)

mirrored those in the blood, whereas the trends in the spleen mirrored
those in the liver, with much of the increase found within the first 10
min post-infusion. These results are consistent with PL distribution
primarily to the plasma sub-compartments for each tissue immediately
following intravenous dosing, followed by gradual extravasation to the
organ interstitium. The difference in the trend of radioactivity accu-
mulation over time likely relates to different rates of extravasation and
immune cell uptake in the different organs.

In contrast, PL-sensitized mice with substantial APA titers exhibited
rapid and extensive clearance of PL from the systemic circulation within
the first hour post-infusion, retaining only ~20% of the injected dose in
the circulation at the end of the first hour, less than half of the signal
measured in the naive mice. Much of the clearance from the systemic
circulation appeared to occur within the first 10-15 min. We found a
corresponding increase in PL radioactivity in the liver over the same
time frame, accounting for nearly 75% of the injected dose. The domi-
nant hepatic accumulation is consistent with APA-mediated clearance
by Kupffer cells and LSECs. In contrast, the spleen, the lung, and the
kidney retained only ~2%, ~1%, and ~ 2.5% of the PL-associated
radioactivity at the end of the first hour. The difference in the
measured radioactivity by the end of the first hour translates to statis-
tically significant differences in the AUC in the plasma and liver between
naive and PL-sensitized, APA+ mice even within such short duration (p
< 0.001, Welch’s t-test) (Fig. 2C).

Unfortunately, by 24 h post-infusion, we were unable to detect
appreciable radioactivity in the plasma from PET/CT imaging (data not
shown), which is far shorter than the half-life of PL such as Doxil®
established from earlier studies [46]. We believe this is unlikely
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attributed entirely to the natural decay in radioactivity of ®Cu, as we
were also unable to detect a signal from PL labeled with 3°Zr. Instead,
the most likely explanation is that the amine-functionalized PL prepa-
rations purchased commercially and used for tracing were not as stable
as clinical formulations of PL, such as Doxil®. We thus only utilized
PET/CT data from the first hour post-infusion in validating our PBPK
model.

3.2. PBPK model accurately captures early phase APA-mediated
clearance of PL

We first sought to confirm that our PBPK model can accurately
reproduce the PK and biodistribution of PL in the absence of APA over
the first hour, using parameter values that are reflective of the mouse
anatomy and physiology. We systematically selected and tested combi-
nations of the unknown parameters, while fixing the physiologically
known parameters. When calibrating our model, we used a threshold of
no more than 10% error between the data and model prediction for each
organ (normalized to total signal in the mouse) to stop the optimization
process; for most of the data, the error associated with the optimal
parameter combination was less than 5%. With minimal optimization,
our PBPK model accurately reproduced not only the correct concentra-
tion of PL in both plasma and the major organs of interest, but also the
change in concentrations over time (Fig. 3A, Supp Fig. S1-S2). We
noticed appreciably greater variations in the data from model pre-
dictions in the initial few minutes post-infusion (Supp Fig. S3), which are
likely attributed to fluctuations in the initial PET signal immediately
following infusion. We also noticed generally greater relative error be-
tween model prediction and PET/CT measurements of the muscle
compartment, which is likely attributed to the low intensity of the signal
in this organ resulting in a low signal-to-noise ratio (Supp Fig. S3).

We next assessed the ability of our PBPK model to recapitulate APA-
mediated clearance of PL from the blood to the liver and spleen. In our
previous work on developing a minimal PBPK model for APA-mediated
clearance of PL [46], we had already developed the algorithms to tally
the rates of APA accumulation on PL over time as a function of APA
titers. Thus, for the current more comprehensive PBPK model, once we
validated our ability to model the fate of PL over time in the absence of
APA, we simply needed to account for the affinity between APA/PL
complexes and the accumulation potentials on key organs (captured in
the Kp value for each organ). With these additions, our model was able
to capture the initial transient dynamics of PL circulation and accumu-
lation in different organs in mice with substantial APA titers (Fig. 3B,
Supp Fig. S1-S3). Not surprisingly, AUC predictions from the model
closely matched experimental measurements (Fig. 4, Supp Fig. §2).

PBPK models can make predictions that are often difficult to directly
test in vivo. For instance, PET/CT imaging does not offer the resolution
needed to differentiate the fraction of drug found in the blood vascu-
lature within an organ vs. in the cells/tissue interstitium. Utilizing pa-
rameters that are largely consistent with other PBPK models (and thus
reflective of the mouse physiology), our PBPK model predicts that a
substantial fraction of PL begins to distribute to the liver within the first
5 min post infusion, initially within the blood vasculature. It is at this
point that the time series curves tracking PL in plasma of naive and
APA+ mice began to diverge. In naive mice, residual blood (in the liver)
continued to account for most of the predicted signal in the liver. In
contrast, in APA+ mice, the model predicts that within 15 min, a sub-
stantial fraction of PL can begin to extravasate from local blood vascu-
lature into the cells and tissues, with the amount of PL in the cells and
tissues in the liver dominant over the amount in the local plasma sub-
compartment. Such preferential distribution of PL was necessary for
the model to faithfully reproduce the observed plasma PK and bio-
distribution data in both naive and PL-sensitized, APA+ mice. Indeed,
while all of the APA+ mice had a distinct extravasation point in the liver
compartment, none of the naive mice exhibited this behavior. Consistent
with physiological trends in the data, the rate of change in drug
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Fig. 2. (A) PET/CT imaging for a representative APA+ and naive mouse. Note
the substantial liver uptake within the first hour of study, particularly in the
APA+ mouse. (B) Quantity of PL in the blood and different organs in APA-
sensitized (n = 6, yellow filled circle) vs. naive (n = 6, blue filled triangle)
mice: (i) Blood, (ii) Liver, (iii) Kidney, (iv) Spleen, (v) Muscle, and (vi) Lung. (1
= 100%ID). (C) Comparison of 1 h AUC of percent injected dose in each organ
for APA-sensitized vs. naive mice. Error bars represent standard deviation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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distribution to the lung and kidney compartments tended to mirror those
in the plasma (which indicates no appreciable distribution to cells and
tissues within those organs, as the data and model both suggest that
much of the signal was attributed to the plasma present in those organs).
In contrast, the concentrations in the spleen tended to mirror those in the
liver, consistent with the abundance of cells with Fc receptors that can
intercept and retain APA-immune complexes.

3.3. PBPK model also recapitulates APA-mediated clearance of PL over
long timescales

Finally, our goal was to develop a comprehensive PBPK model that
can recapitulate not only the early fate of PEGylated drug carriers but
also their PK and biodistribution over longer timescales. To assess the
predictive power of our model over the course of days, we tested our
model against our prior data set, capturing the fate of Doxil® (PEGylated
liposomal doxorubicin) in mice with and without APA [46]. The APA+
mice in this data set possessed anti-PEG IgG levels of ~0.3 pg/mlL,
enough to induce ABC of PL, but lower than the APA levels in PL-
sensitized mice from our PET/CT studies. We had to fine-tune model
parameters to account for the fact that Doxil® has a longer systemic
persistence than the PL used in our PET/CT studies. Our model accu-
rately recapitulated the PK and biodistribution of the drug in the liver,
lung, and spleen over a 96-h period (Fig. 5), underscoring the model’s
ability to capture the fate of PL at both short and long timescales. It
should be noted that minimal tuning of the other model parameters was
necessary, and the only notable difference was lower splenic uptake of
Doxil® at later time points. This suggests that the model accurately
captures the physiology of APA-mediated accelerated clearance, and
that it is generally adaptable to predicting PK of other drugs and
assessment through alternate experimental designs.

3.4. PBPK model also captures the behavior of PEGylated protein in mice
and humans

To test the generalizability of our model to PEG-protein drugs, we
next tested our model output on a recently published PET/CT imaging
data set measuring the PK and biodistribution of PEG-uricase in naive
and APA+ mice [58]. Notably, PEG-uricase can readily induce APA that
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leads to accelerated blood clearance of the drug and loss of efficacy
[13,14]. In this data set, APA were induced in mice by injection of PEG-
uricase approximately two weeks prior to the imaging study, and APA
titers were measured and confirmed to be above the threshold for ABC
[58]. After accounting for differences in size and tissue permeability
between PEG-uricase and PEG-liposomes, our PBPK model was able to
accurately recapitulate the behavior of the PEG-uricase in both naive (n
= 4) and APA+ (n = 6) mice, as quantified by the concentration esti-
mated and measured in the plasma, liver, kidney, muscle, and lung
(Fig. 6). The extent of variations between model predictions and
experimental measurements was small and comparable to the PL data.
The optimal parameter sets for capturing PEG-uricase clearance were
very similar to those utilized for modeling PL, with the exception that
permeability of the drug was slightly increased due to the smaller size of
uricase compared to PEG-liposomes.

To demonstrate the potential clinical utility of our PBPK model, we
next evaluated our model’s ability to recapitulate the circulation of PEG-
uricase in humans [13]. Given the clinical sampling nature, only plasma
uricase activity was reported; from the activity, we could approximate
PEG-uricase concentration in the plasma and normalize to the full
injected dose. The model was adapted to simulate an average 71 kg
male, utilizing previously determined physiological parameters for
organ volume and blood flow available in the literature [59]. We again
found very good agreement between our PBPK model predictions and
the reported PEG-uricase activity in both patients with accelerated and
non-accelerated clearance of the PEG-uricase (Fig. 7). This serves as a
compelling proof of concept for the clinical utility of our model in future
work guiding the dosing of PEG-uricase, and possibly other PEGylated
therapies.

4. Discussion

Numerous clinical trials have shown that the human immune system
can secrete APA — effectively a form of ADA - that in turn can directly
reduce efficacy and/or trigger hypersensitivity reactions to at least
select PEGylated therapeutics. A distinguishing feature of APA vs. clas-
sical ADA is that APA can be present prior to initial dosing of thera-
peutics and can also be elicited by other therapies containing PEG or
PEG-conjugates. Furthermore, while clinical studies to date indicate
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Fig. 3. Comparison of PBPK model predictions vs. in vivo PET/CT imaging data for (A) a representative naive mouse and (B) a representative APA+ mouse (37 pg/
mL IgG), reported as %ID/g (1 = 100%ID/g). Black closed circles represent measurements from PET/CT imaging, whereas turquoise line represents predictions from
PBPK model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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APA+ mice. AUC values were computed from %ID/g in each organ as a numerical integral in MATLAB. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

only a small number of PEGylated drugs are impacted by APA, those
clinical studies effectively reflect only the immunogenicity profiles of the
PEGylated drugs being investigated, as the primary and secondary
endpoints generally focus on the safety and efficacy of the drug
following repeated dosing. Due to the nature of the study design, these
clinical studies typically do not reflect the efficacy and safety of the
PEGylated drugs when dosed into patients with high APA titers elicited
by other means, for instance by other more immunogenic PEGylated
drugs. Given the increasing number of PEGylated drugs that are FDA-
approved or in clinical development, including the unprecedented
scale with which mRNA vaccines stabilized with PEG-lipid conjugates
are deployed because of the COVID pandemic, we are likely entering a
new era where the polypharmacy risks associated with APA are greater
than ever before. In turn, this likely necessitates a new series of tools and
approaches for addressing the APA polypharmacy issues.

PBPK models offer a powerful tool to understand, interpret and
possibly intervene in risks presented by APA to patients, even in the
absence of data from controlled clinical trials. Although a number of
mathematical models have been published [60,61], quantitative in-
sights into the interactions between ADA and their therapeutic targets
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remain very limited. Indeed, it is difficult to experimentally tease apart
complex binding interactions in living systems. The likely demand for
more powerful predictive tools for APA motivated us to expand on our
minimal PBPK model to develop a comprehensive PBPK model that can
accurately recapitulate the circulation profiles of PEGylated protein
drugs and liposomes in the presence of APA. While PBPK modeling is
largely mechanistic, the combination of mechanistic and data-driven
approaches in such models improves their accuracy and predictive
ability [62-64]. Here, we validated our PBPK model against both PK and
biodistribution data from PET/CT imaging as well as classical assess-
ment of drug concentrations. Our PBPK model was able to accurately
recapitulate the in vivo fate of PL and PEG-uricase at both short and long
timescales. We believe our model not only can guide animal studies of
PEG-immunogenicity, but also serves as a promising platform for
interpreting the impact of APA in PEG-sensitized patients in clinical
settings.

From both experimental studies and model predictions, it is abun-
dantly clear that PL are rapidly cleared from the systemic circulation in
APA-+ mice, with liver representing the dominant organ of distribution.
In contrast, naive mice exhibited substantially slower clearance, with PL
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Fig. 5. PBPK model recapitulates Doxil® pharmacokinetics and distribution in (A) naive mice and (B) APA+ mice over 96 h, reported in %ID/g (1 = 100%ID/g).
Black closed circles represent Doxil® levels measured by HPLC from Ref [46], whereas red line represents predictions from the current PBPK model. This data reflects
the average Doxil® level from 3 mice sacrificed at each time point (5 min, 3 h, 6 h, 24 h, 48 h, 96 h). Error bars represent standard deviation. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. PBPK model recapitulates PEGylated uricase pharmacokinetics and distribution in (A) naive mice and (B) APA+ mice over 96 h, reported in %ID/g (1 = 100%
ID/g). Black closed circles represent PEG-uricase levels measured by PET/CT from Ref [58], whereas red line represents predictions from the current PBPK model.
This data reflects the average PEG-uricase level from 4 (naive) and 6 (APA+) mice scanned at each time point (1 h, 4 h, 24 h, 48 h, 72 h, 96 h). Error bars represent
standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

levels in the spleen comparable to or above those in the liver. Assuming
the vasculature and general tissue permeability that governs extrava-
sation of PL should be the same between naive and APA+ mice, our
PBPK model indicates that the distinct PK and biodistribution of PL
driven by APA must be attributed to interactions between cells pos-
sessing Fc receptors that can bind extravasated APA/PL immune com-
plexes. In other words, the primary driver of APA-mediated clearance of
PL from the circulation is unlikely due to preferential distribution of PL
from the circulation into a local plasma compartment, but rather
enhanced retention of PL that has already been distributed to the liver.
Not surprisingly, due to the abundance of cells possessing FcR in the
liver, the liver is the dominant organ of APA clearance.

Some disparity between the predicted and observed blood plasma
concentrations and clearance can be attributed to the use of PET data
from the heart as a proxy for plasma. This data collection process may
have captured a low level of additional heart tissue signal, which could
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not be determined at a high enough resolution to separate. The initial
peaks of signal post-injection may not have been fully captured during
PET imaging due to image resolution, saturation, and binning limita-
tions. It is also acknowledged that minimal free %*Cu or 8Zr isotope
accumulation by the intracellular compartments could have contributed
to some of the observed PET signals. There is also the possibility of
minimal signal in organs not specifically accounted for, such as the
brain, though this has been absorbed into the “remainder” compart-
ment. However, Cu labeling is a common and accepted method for
tracking biodistribution with consistent signals [65,66].

In conclusion, we have demonstrated the ability to track the fate of
PEGylated liposomal drug carriers and PEG-uricase while capturing
certain complexities of physiology that may significantly impact the
dynamics of APA-mediated clearance with high temporal resolution.
This multi-compartment PBPK model holds promise for answering
questions about the dynamics of APA in systemic circulation. More
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Fig. 7. PBPK model recapitulates PEGylated uricase pharmacokinetics and distribution in (A) PEG-uricase responders with typical clearance of the drug, and (B)
PEG-uricase non-responders who exhibit accelerated clearance of PEG-uricase, reported in %ID/kg (1 = 100%ID/kg). Black closed circles represent PEG-uricase
levels approximated by uricase activity measurements from Ref [13], whereas red line represents predictions from the current PBPK model. This data reflects the
average PEG-uricase level in plasma sampled from 17 (standard clearance; responder) or 13 (accelerated clearance; transient or non-responder) patients at each time
point (2 h, 48 h, 7d, 14d, 21d). Error bars represent standard deviation. It should be noted that the equipment tolerance from Ref [13] allowed a minimum value
equivalent to about 0.02%ID/kg. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

525



A.M. Talkington et al.

broadly, we expect future iterations of the model to provide important
mechanistic insights into APA-mediated clearance of other PEGylated
drugs with diverse physicochemical properties, monoclonal antibody-
mediated clearance of pathogens, and other ADA-mediated processes.
With this PBPK model, we can explicitly track the binding dynamics of
various species in the system, as a multiscale process, rather than as an
average phenomenon related to how their effects are propagated. The
model lays a framework for testing possible interventions to mitigate
APA-mediated accelerated blood clearance. For example, we have pre-
viously shown that pre-injection with a high molecular weight free PEG
(unbound to drug carriers) can increase the circulation time of PEGy-
lated therapeutics even in the presence of APA [45]. When free PEG is
injected into the bloodstream, the APA form complexes with and clear
the PEG rather than the drug [45]. Future modeling efforts aim to
incorporate the dynamics of free PEG interactions with APA and PEG-
liposomes, with the goal of preventing APA-mediated clearance and
thus enabling the safe and efficacious use of PEGylated therapeutics in
individuals with APA.
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