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Study Highlights

human studies.

INTRODUCTION

Intravitreal injection of anti-angiogenic antibodies is
currently the primary treatment option for neovascular
macular degenerative disease, owing to its excellent effi-
cacy in decreasing visual impairment.'™ Intravitreal anti-
angiogenic antibodies such as ranibizumab (Genetech
Inc.), pegaptanib (OSI Pharmaceuticals), and aflibercept
(Regeneron) are approved by the US Food and Drug
Administration for the treatment of exudative macular
degeneration and are widely used worldwide.*® Among
them, the aflibercept intravitreal injection has a higher
affinity for VEGF than bevacizumab or ranibizumab and
is more frequently used in intravitreal injection.”*° The
greater VEGF binding affinity leads to a substantially
longer duration of action in the eye, which is crucial in
the management of neovascular macular diseases because
it can reduce the incidence of rare serious adverse events
that can result from the intravitreal injection procedure.’

C-type lectin domain family 14 member A (CLEC14a)
is expressed exclusively in endothelial cells and plays an
essential role in endothelial cell-cell contacts in angiogen-
esis."! CLEC14a is expressed at a very low level in healthy
human and primate tissue but expressed in the vascula-
ture of a range of solid human tumors."> A monoclonal
antibody targeting CLEC14a has been reported to sup-
press tumor angiogenesis and tumor growth in mice.'>!
Based on this anti-angiogenic activity, the intravitreal
injection of an anti-CLEC14a antibody could be another
potential application for the management of neovascular
macular disease.

The prediction of human pharmacokinetic (PK) pa-
rameters based on preclinical animal data is critical, es-
pecially before first-in-human studies. The procedure
for the intravitreal injection of anti-angiogenic drugs is
related to rare but serious adverse effects.” In the case of
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WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Allometric scaling based on multiple species of animals could be used in first-in-

WHAT QUESTION DID THIS STUDY ADDRESS?

Could molecular imaging using radiolabeled antibodies be used in the pharma-
cokinetic (PK) analysis of intravitreally injected antibodies and precise prediction
of human PK parameters?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Molecular imaging using radiolabeled antibodies can be used in PK analysis.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

Methodologies using molecular imaging can be applied for the development of
new antibodies to treat macular degeneration by intravitreal injection.

anti-CLEC14a antibody, PK parameter prediction using
interspecies allometric scaling considering the hydrody-
namic radius of the antibody could be used in preparation
for first-in-human intravitreal injection to avoid invasive
intravitreal injection, which could lead to cardiovascular
effects and less frequent cardiovascular accidents owing
to the relation of the antibody to VEGF-dependent angio-
genesis."*” Thus, human PK parameter prediction would
be beneficial before a first-in-human study and could re-
duce the incidence of serious adverse effects.'® Allometric
scaling is based on the body size of animal species, and PK
parameters are calculated from constants and body weight
or body surface area; thus, scaling based on multiple spe-
cies is more precise than that based on single species."
The human intravitreal antibody half-life was predicted,
and reasonable agreement with the experimental data in
case studies of aflibercept, brolucizumab, and PEGylated
Fabs was achieved.'

Molecular imaging using radiolabeled drugs is used
to determine the PKs and biodistribution of drugs in
vivo.2>2® With the administration of radiolabeled drugs,
the systemic distribution and PKs can be measured by
single-photon emission computed tomography (SPECT)
or positron emission tomography (PET), both of which
are noninvasive molecular imaging methods that would
be an excellent method in the exploration of new drugs.
This approach maximizes noninvasiveness by replacing
blood sampling and reducing the euthanization of ani-
mals at each timepoint. Molecular imaging using radio-
labeled drugs in vivo could be used to evaluate the whole
body temporally and spatially with visualization,** which
is especially beneficial if the target organ is difficult to as-
sess. In the present study, we aimed to predict the human
PK parameters of a novel anti-angiogenic antibody using
allometric scaling, especially using noninvasive molecular
imaging.
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MATERIALS AND METHODS
Animals

Review and approval for the animal study was obtained
from the Seoul National University Bundang Hospital
Institutional Animal Care and Use Committee, and all
procedures followed the guidelines of the Association
for Research in Vision and Ophthalmology for research
in animals (BA1609-209/604-01). For allometric scaling,
nine wild-type 6-week-old male C57BL/6 mice (22-23g),
seven male Sprague-Dawley rats (200-230g), and five
male Dutch belted rabbits (1.5-2 kg) each were used to in-
vestigate the intraocular PK parameters of anti-CLEC14a.
Six wild-type 6-week-old male C57BL/6 mice (22-23g)
with choroidal neovascularization (CNV), three male
Sprague-Dawley rats (200-230g) with CNV, and three
male Dutch belted rabbits (1.5-2 kg) each were used to
investigate the intraocular PK parameters of aflibercept.
CNV was induced in the mice and rats as described previ-
ously and in the supplementary information.*

Materials and radiolabeling

An antibody targeting CLEC14a was generated as described
in a previous study.? Aflibercept and anti-CLEC14a were
radiolabeled using I-125 (PerkinElmer) iodination tubes in
phosphate buffer for 15min (500 uCi of I-125 for 100 pg of
protein). Radiolabeled antibodies were purified, and excess
iodide was removed by gel infiltration. The radiochemi-
cal purity of the radiolabeled antibodies was determined
by silica-gel-based radio-thin-layer chromatography (Bio
Scan AC-3000) using a solvent of 0.9% NaCl, followed by
purification to 96% purity (Figure S1).

Intravitreal injection procedure and
SPECT/CT imaging

Intravitreal injection of radiolabeled aflibercept and anti-
CLEC14a was performed in mice and rats after anesthesia
was induced by the inhalation of 2% isoflurane in oxygen
and intramuscular injection of Zoletil (Virbac Laboratories)
and xylazine hydrochloride (Bayer AG). Topical anesthe-
sia was then established by administering proparacaine
hydrochloride eye drops to the eye after mydriatic eye
drops (Mydrin-P; Santen Pharmaceutical Co.) and povi-
done iodine (5%, w/v). A Hamilton syringe (Hamilton
Company) with a 34-gauge needle was used for injections
in mice and rats, and a 30-gauge needle was used for in-
travitreal injections in rabbits. The doses of I-125-labeled
aflibercept and anti-CLEC14a radioactivity per volume

administered to mice, rats and rabbits were 1.41MBq in
2 ul (2.0 mg/0.05ml), 2.67 MBq in 4 pl (2.0 mg/0.05ml) and
3.7 MBq in 201 (2.0 mg/0.05 ml), respectively, per animal.
After intravitreal injection, in vivo SPECT/CT imaging of
the whole body was performed using one animal SPECT/
CT scanner (Nano SPECT/CT; Bioscan, Inc.) for mice and
rats and another SPECT/CT scanner (NM/CT670, GE
Healthcare) for rabbits under anesthesia. Images were ob-
tained over the course of 2weeks (5hand 1, 2, 3,4, 5,6, 7, 8,
9,10, 11, 12, 13, and 14days). Animal SPECT images were
acquired in 24 projections (60s/projection) with helical
scanning, an energy window peak of 28keV, and a width
of 10%. Computed tomography (CT) images were then ac-
quired with a frame tube voltage of 45 kVp, a current of
0.22mA, and a circular gantry rotation of 360 degrees.

Image and PK data analysis

Image analysis was performed using the PMOD fusion soft-
ware tool version 4.1 (PMOD Technologies). The radioactiv-
ity of I-125-labeled aflibercept and anti-CLEC14a antibody
in the injected eye was determined by placing fitting a vol-
ume of interest to the ocular cavity. The result was decay-
corrected and calculated as a percentage of the injected dose
(%ID). PK analysis was performed by compartmental analy-
sis using PKanalix version 2021R1 (Lixoft).

Human PK parameter and mean
elimination half-life prediction

First, allometric scaling was performed, based on linear
regression with log-log transformation, known as the gen-
eral allometric equation (GAE), and the allometric power
function was obtained to predict human PK parameters.
Exponents and coefficients were obtained based on eye-
ball volume (PK parameter = a X vitreal volume®). Human
PK parameters were predicted by using exponents and co-
efficients obtained using 70kg as the human body weight
and 4 ml as the human eyeball volume. The GAE was ap-
plied using R software version 4.0.2 (The R Foundation for
Statistical Computing, Austria).

Second, using consensus values from model-based
meta-analysis, the predicted mean elimination termi-
nal half-life (¢,,,) was obtained using the hydrodynamic
radius of the antibody.'® We leveraged the existing t, /2
information for a given Fab and extrapolate the ¢, , of anti-
CLEC14a (IgG) in the rabbits. In case of anti-CLEC14a,
equations can be written as

IeG

IgG _ "h Fab
1/2 7 pFab X t1/2
h
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Where Rﬁab = 3.0nm, and tlF 7'23 = 6.51 days, with knowledge
of typical F,, t, , value in humans.'®

The hydrodynamic radius of anti-CLEC14a was
roughly estimated using the hydrodynamic radius con-
verter website based on molecular weight, which was
4.54nm. (https://www.fluidic.com/toolkit/hydrodynam
ic-radius-converter/).

RESULTS
Ocular PK properties of aflibercept

The log-scale radioactivity of aflibercept in the intraocu-
lar space (expressed as %ID/ml) showed a rapid decline
in mice and rats and a relatively gradual decrease in rab-
bits (Figure 1). A one-compartment model best described
the radioactivity of intraocular aflibercept, and the di-
agnostic plot of the one-compartment model suggested
that the model showed adequate predictive performance
(Figure S2). As shown in the radioactivity concentration-
time profiles, the f,, of intraocular aflibercept was longer
in rabbits (152.95h) than mice or rats (25.17 and 44.26h,
respectively; Table 1).

Ocular PK properties of anti-CLEC14a

The log-scale radioactivity of anti-CLEC14a in the in-
traocular space (expressed as %ID/ml) showed a rapid
decline in mice and rats and a gradual decrease in rab-
bits, analogous to that of aflibercept (Figure 2). A diagnos-
tic plot of the predicted value using a one-compartment
model against the observed data for each individual ani-
mal is shown in the supplementary information, and the
diagnostic plot of the one-compartment model suggested
that the model showed adequate predictive performance
(Figure S3). Fused SPECT/CT images of mice, rats and
rabbits over time after receiving an intravitreal injection
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of anti-CLEC14a are shown in Figures S4-S6. The t,,, of
intraocular anti-CLEC14a in mice, rats, and rabbits was
1.05days, 1.84days, and 6.37days, respectively, longer
than that of aflibercept in rats and rabbits. The PK param-
eters based on the one-compartment model in the three
species are shown in Table 2.

Human ocular PK parameter prediction
for aflibercept and anti-CLEC14a using
allometric scaling

Allometric scaling of ocular PK parameters was also per-
formed based on both the body weight and the vitreal vol-
ume of the three species. The volume of distribution (V)
and the clearance (CL) of aflibercept and anti-CLEC14a
increased as the animal's vitreal volume increased
(Figures 3 and 4, aflibercept and anti-CLEC14a, respec-
tively). Predicted human PK parameters are shown in
Table 3. The predicted ¢/, of human intraocular afliber-
cept was 138 h based on the vitreal volume. The predicted
t,, of anti-CLEC14a was 247h using the vitreal volume
for allometric scaling, longer than that of aflibercept.

Second, the hydrodynamic radius was estimated based
on the molecular weight of the antibody. Anti-CLEC14a
antibody used in the present study had molecular weight
of approximately 150kDa and a hydrodynamic radius
of 4.54nm. Based on the equation introduced by Caruso
et al.,'® the predicted half-life was 9.85 days.

DISCUSSION

In the present study, we predicted the intraocular PK
parameters of anti-angiogenic antibodies in humans by
allometric scaling of the parameters in mice, rats, and
rabbits based on the hydrodynamic radius. First, we
analyzed the PK parameters of intraocular aflibercept in
those three species and predicted the human intraocular
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FIGURE 1 Mean intraocular I-125 aflibercept radioactivity concentration-time profiles in mice, rats and rabbits after a single

intravitreal injection (semi-log scale). The radioactivity at each timepoint is expressed as a percentage of the injected dose
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TABLE 1 Ocular PK parameters of radiolabeled aflibercept in mice, rats, and rabbits

Parameters Mouse Rat Rabbit

tiph 27.15 £9.58 29.95 +£15.97 117.73 +£25.97
AUC,_, %ID-ml/h 91961.88 +43165.64 44766.08 +5603.21 11937.7 +3210.98
Vy, ml 0.046 +0.01 0.10 +0.058 1.44 +£0.11
CL, %ID/h 0.0014 +£0.00072 0.0023 +0.00026 0.0089 +0.0027

Note: Data are presented as mean +SD.

Abbreviations: AUC,_,, area under the plasma concentration-time curve from time zero to infinity; CL, clearance; PK, pharmacokinetic; ¢, ,, terminal half-life;
V4, volume of distribution.
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FIGURE 2 Mean intraocular I-125 anti-CLEC14a radioactivity concentration-time profiles in mice, rats, and rabbits after a single
intravitreal injection (semi-log scale). The radioactivity at each timepoint is expressed as a percentage of the injected dose

TABLE 2 Ocular PK parameters of radiolabeled anti-CLEC14a in mice, rats, and rabbits

Parameters Mouse Rat Rabbit

tiph 25.17 +28.02 44.26 +10.39 152.95 +13.25
AUC,.., %ID-ml/h 79140.4 +£106,619 13099.27 +8631.72 4292.94 +541.55
Vg, ml 0.053 +0.022 0.65 +0.32 5.16 +0.25
CL, %ID/h 0.0032 +0.022 0.011 +0.0062 0.024 +0.0031

Note: Data are presented as mean +SD.

Abbreviations: AUC,_,, area under the plasma concentration-time curve from time zero to infinity; CL, clearance; PK, pharmacokinetic; t, ,, terminal half-life;

V4, volume of distribution.

PK parameters by allometric scaling. The predicted ¢/,
of aflibercept in human vitreous was shorter than the
previously reported intraocular half-life of aflibercept
in humans (~9-11days).'®*” After predicting human in-
traocular PK parameters using allometric scaling, we an-
alyzed the PK parameters of intraocular anti-CLEC14a in
the same three animal species and performed allometric
scaling. Second, we predicted the t;,, of human intravit-
real anti-CLEC14a based on the hydrodynamic radius.
The intraocular PK characteristics of aflibercept ob-
served in this study are similar to previously reported
results in nonclinical and clinical studies. The radioac-
tivity concentration decreased more rapidly in mice and
rats than in rabbits, but this elimination pattern could be
possible considering the rapid elimination of the antibody
from the rabbit eye due to the small size of the ocular cav-
ity. Similar trends of radioactivity over time have been

reported after the intravitreal injection of **Zr-labeled af-
libercept and *Zr-labeled deferoxamine in rats and **™Tc-
labeled compounds in mice was shown.”*?’ Other studies
have reported a more gradual decrease in the concen-
tration of intravitreally injected FITC-labeled dextran.*
Because the radioisotope used to label the antibody is very
small compared to the protein of the antibody itself, a
rapid decline in the intravitreal concentration of the radio-
labeled antibody is not likely to be due to the radiolabeling
itself. We understand that the elimination of macromole-
cules through the anterior chamber is determined by their
size,>! and the data from mice and rats indicated a rapid
decline in the radiolabeled antibody concentration.

In rabbits, the half-life of intravitreally injected af-
libercept ranges from 3.92days to 4.79days according
to the manufacturer, conventional immunoassays, and
PET/CT.**® In our study, the half-life of intravitreally
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FIGURE 3 Allometric scaling of aflibercept parameters in three species of animals. Log-log scale of V4 (left panel) and CL (right panel)

based on vitreal volume. CL, clearance; V, volume of distribution
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FIGURE 4 Allometric scaling of anti-CLEC14a parameters in three species of animals. Log-log scale of V; (left panel) and CL (right

panel) based on vitreal volume. CL, clearance; V4, volume of distribution

injected aflibercept in rabbits was 4.91days, comparable
to the value reported by the manufacturer. The difference
in half-life could be due to differences in methodologies
(PET/CT imaging, immunoassay, and SPECT/CT imag-
ing) and rabbit breeds. In the case of rats, the half-life was
4.69days in the Zr-89-labeled aflibercept PET/CT study,
longer than the half-life in rats with CNV (1.25days) in
the present study.”® A low number of rats and possible in-
jection errors could contribute to underestimation of the
half-life. In the case of mice, the half-life was 1.13days; to
our knowledge, our study is the first to evaluate the PK

parameters of aflibercept in mice. Based on the PK param-
eters in these three species, the human intraocular V; and
CL of aflibercept were predicted. The predicted half-life
of human intraocular aflibercept was 5.75days based on
vitreal volume. The half-life of intraocular aflibercept in
patients with age-related macular degeneration has been
reported to be ~9-11days, longer than the predicted half-
life based on body weight in our study.'®*’

To predict the PK parameters of intravitreally injected
anti-CLEC14a in humans, we performed allometric scal-
ing based on data from three species. Allometric scaling is
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TABLE 3 Prediction of human CL, V4, and half-life of
aflibercept and anti-CLEC14a using allometric scaling based on
vitreal volume

Aflibercept Anti-CLEC14a
CL, %ID/h 0.012 (0.0042-0.035) 0.0414 (0.00549-0.312)
Vg, ml 2.41 (0.827-7.01) 14.8 (2.64-82.6)
tih 138 247

Note: Data are presented as mean predictive value (95% confidence interval).

Abbreviations: CL, clearance; t,,, terminal half-life; V, volume of
distribution.

widely used for the prediction of human PK parameters,
including premature ocular PK parameters.*>** However,
due to numerous observed failures, various methods are
adopted for the better prediction of PK parameters.***
The rule of exponent technique is generally accepted,
and the exponent obtained is based on body weight.** In
our study, the body weight of rabbits was ~1.5 kg, and the
human body weight was assumed to be 70kg. However,
the prediction would be incorrect considering the rabbit
and human eyeball volume. The human eye has a larger
vitreous cavity but has a larger serum compartment than
the rabbit eye.’” Therefore, we performed allometric scal-
ing based on both body weight and vitreal volume. The
predicted half-life of intraocular aflibercept was compara-
ble to previously reported values when allometric scaling
was based on body weight.

Drugs are eliminated from the vitreous cavity via bio-
transformation or physical elimination to the blood circu-
lation,® and anterior and posterior routes are available for
intravitreally injected drugs. The proportion of macromol-
ecule CL mediated by the retinal pigment epithelium has
been reported to be relatively small, accounting for approx-
imately only 3-20% of the injected dose.* Therefore, in-
travitreally injected anti-VEGF could be eliminated mainly
via the anterior route. Based on anterior-route drug elim-
ination, another robust prediction of human intravitreal
PK parameters was suggested, using rabbits as a reference
animal.*® A reliable rabbit-to-human comparison was per-
formed and a good correlation of PK parameters between
the human and rabbit eye was found, with comparable ab-
solute values. However, the intravitreal half-life of afliber-
cept in humans predicted by that equation (human CLivt
[ml/h] = 1.41 xrabbit CLivt +0.04) using our data (52.8 h,
using a fixed V; of 4 ml) is not compatible with the known
intravitreal half-life of aflibercept in humans (9-11days,
~250h). We used radioactivity for the determination of in-
travitreal concentrations, and the difference in assay meth-
odology could be one of the reasons for the discrepancy.

There were several previous studies which showed
that intravitreal half-life of antibodies correlates well with
the hydrodynamic molecular radius.'®*® The molecular

size of anti-CLEC14a (150kDa) is bigger than aflibercept
(115kDa) and the predicted intravitreal half-life consider-
ing hydrodynamic radius of anti-CLEC14a and aflibercept
in humans were 9.85days and 9.8days, respectively. In
a previous study presented by Del Amo et al., there was
no apparent differences of CL and V; around 100kDa.*
The relatively large V; of intravitreal anti-CLEC14a than
aflibercept would likely contribute to a longer half-life de-
spite the large CL, which was in the range of the CL and
V4 reported by Del Amo et al. CLEC14a is a type I trans-
membrane protein with an extracellular C-type lectin do-
main related to cell-cell contact in angiogenesis,** and
CLEC14a expression has been confirmed in the retina.***?
Target-mediated elimination kinetics would apply, and
drug binding to the extracellular target would influence
the overall drug CL.*®

Owing to its inhibition of angiogenesis, the use of anti-
CLEC14a antibody has been applied in the treatment of
neovascular age-related macular degeneration.* Anti-
VEGF antibodies are widely used in the management of
neovascular degenerative macular diseases, but the du-
ration and efficacy of these treatments still need to be
improved.**® In the present study, we found that the in-
traocular half-life of the anti-CLEC14a antibody is longer
than that of aflibercept in rabbits, and longer half-life was
also predicted in humans. Based on this finding, we could
expect that anti-CLEC14a will have a longer injection in-
terval than conventional anti-VEGF antibodies.

There are several limitations to the present study.
First, the animal models among the species used for al-
lometric scaling were heterogeneous. CNV was induced
in the mice and rats but not the rabbits. The role of a dis-
eased blood-retinal barrier (BRB), such as that in CNV,
in ocular PKs still needs to be elucidated, but there is no
strong evidence that damage to the BRB would influence
major changes in ocular PKs.*® Therefore, we performed
allometric scaling based on vitreal volume and other
prediction methods based on previous studies that did
not include both mouse and rat data for precise predic-
tion.’®* The heterogeneous conditions of the three spe-
cies of animals could impact the predicted human PK
parameters. To minimize heterogeneous conditions, PK
evaluation with the intraocular anti-CLEC14a antibody
was performed in the intact eyes of all three animal spe-
cies. Another limitation of the study is that we analyzed
whole ocular cavities, which could not be discriminated
as three spaces, as in previous studies.”*” Nonetheless,
we were able to perform PK evaluation without eutha-
nizing animals for invasive sampling. The formation of
antidrug antibodies is another limitation of preclinical
animal studies, which necessitates nonhuman primate
studies.”® De Zafra et al. investigated several sponsors
with intravitreal administration and antidrug antibody
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formation in rabbits and found that interpretation of
the PKs would be influenced by ocular inflammation. In
the present study, we did not investigate the presence of
antidrug antibodies. We performed a single intravitreal
injection followed by SPECT/CT imaging, which truly
follows the 3R principle (replacement, reduction, and
refinement). A single intravitreal injection is the least
immunogenic compared to multiple intravitreal injec-
tions. Using a single intravitreal injection followed by
SPECT/CT imaging over possibly less than 14 days of
evaluation and caution thereafter would be optimal in
consideration of antidrug antibody formation. However,
an antidrug antibody investigation should be included
in future preclinical studies.

In conclusion, the PK characteristics of intravitreal af-
libercept and an anti-CLEC14a antibody were evaluated
noninvasively in animals using I-125 labeling, and the
intravitreal PK characteristics in humans were predicted
by allometric scaling of those animal data. The molecular
weight of the antibody was directly related to the half-life,
and prediction of the human CL with a fixed V; could not
be applied according to the antibody. This methodology
can be applied for the development of new antiangiogenic
antibodies to treat macular degeneration.
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