The AAPS Journal (2021) 23116
DOI: 10.1208/512248-021-00647-0

®

Check for
updates

Research Article

Pharmacokinetics of Monoclonal Antibody and Antibody Fragments
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Abstract. The ocular pharmacokinetics (PK) of antibody-based therapies are infrequently
studied in mice due to the technical difficulties in working with the small murine eye. This
study is the first of its kind to quantitatively measure the PK of variously sized proteins in
the plasma, cornea/ICB, vitreous humor, retina, and posterior cup (including choroid) of the
mouse and to evaluate the relationship between molecular weight (MW) and antibody bio-
distribution coefficient (BC) to the eye. Proteins analyzed include trastuzumab (150 kDa),
trastuzumab-ve-MMAE (T-ve-MMAE, 155 kDa), F(ab), (100 kDa), Fab (50 kDa), and scFv
(27 kDa). As expected, ocular PK mirrored the systemic PK as plasma was the driving force
for ocular exposure. For trastuzumab, T-ve-MMAE, F(ab),, Fab, and scFv, respectively,
the BCs in the cornea/ICB were 0.610%, 0.475%, 1.74%, 3.39%, and 13.7%; the BCs in
the vitreous humor were 0.0198%, 0.0427%, 0.0934%, 0.234%, and 5.56%; the BCs for
the retina were 0.539%, 0.230%, 0.704%, 2.44%, and 20.4%; the BCs for the posterior cup
were 0.557%, 0.650%, 1.47%, 4.06%, and 13.9%. The relationship between BC and MW
was best characterized by a log—log regression in which BC decreased as MW increased,
with every doubling in MW leading to a decrease in BC by a factor of 3.44 x, 6.76 %,
4.74 %, and 3.43 xin cornea/ICB, vitreous humor, retina, and posterior cup, respectively.
In analyzing the disposition of protein therapeutics to the eye, these findings enhance our
understanding of the potential for ocular toxicity of systemically administered protein
therapeutics and may aid in the discovery of systemically administered protein therapeutics

for ocular disorders.
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INTRODUCTION

Monoclonal antibodies (mAbs) have become a well-estab-
lished class of drug molecules with therapeutic indications
ranging from chronic inflammation, infectious diseases, and
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many types of cancer (1). In 2020 alone, 10 mAb-based
therapeutics were approved by the US Food and Drug
Administration (FDA), despite the challenges posed by the
COVID-19 pandemic (2). With a history of safety and a
wide array of applications, investigators have also sought
to take advantage of the modular nature of mAbs. Antibody
fragments, such as fragment antigen binding (Fab, and the
dimer F(ab),) and the single chain fragment variable (scFv)
have been developed to take advantage of the highly specific
nature of antibody-based therapies. Because of the smaller
sizes of F(ab), (100 kDa), Fab (50 kDa), and scFv (27 kDa),
these fragments can reach target antigens deeper in tissues
and tumors, and the lack of the fragment crystallizable (Fc)
limits any unintended immune system activation (3). Addi-
tionally, antibody—drug conjugates (ADCs) are a rising class
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of antibody-based anticancer therapeutics, with 9 ADCs cur-
rently approved and over 100 more in clinical trials (4-8).
Using the highly specific antibody, ADCs deliver a potent
cytotoxic agent inside the antigen-expressing cancer cells,
which eventually leads to cell death (9). As such, these mol-
ecules can theoretically minimizes off-target delivery of the
cytotoxic drug molecules in healthy tissue (10).

Traditionally, the polar and large antibody-based protein
therapeutics have been assumed to not enter into the ocular
tissues at pharmacologically relevant levels after systemic
administration. The eye is separated from the systemic cir-
culation by the blood-retinal barrier (BRB) in the posterior
segment and the blood-aqueous barrier (BAB) in the ante-
rior segment (11). Moreover, the inner eye is an immune
privileged space with an inherent immunosuppressive and
anti-inflammatory environment (12, 13). However, despite
the isolated nature of the eye, there is emerging evidence
that antibody and antibody-based therapeutics such as
ADCs may still pose a risk to ocular tissue, especially if
the target antigen is expressed in the eye. In fact, adverse
ocular events have been reported in multiple clinical trials
of mAbs and ADC therapeutics following systemic admin-
istration (14—19). Smaller fragments such as F(ab),, Fab,
and scFv have the potential to demonstrate even higher
ocular toxicities following systemic administration due to
their greater penetrative capabilities. However, the degree
to which mAb, F(ab),, Fab, and scFv enter the eye following
systemic administration has not been systemically investi-
gated to date.

Furthermore, the current route of administration of pro-
tein therapeutics for ocular disease is via injection directly
into the vitreous humor. The intravitreal (IVT) injection
procedure is laborious for the ophthalmologist, stressful for
the patient, and comes with a risk of developing secondary
ocular pathologies (20, 21). As an alternative, the develop-
ment of a systemically administered protein for a target in
the eye would be a significant innovation in ophthalmol-
ogy. Understanding the effect of physicochemical properties,
such as molecular weight, on the ocular PK of proteins may
help us devise a therapeutic strategy for eye disease using
systemically administered antibody-based therapies.

Mouse models are a powerful tool in drug development,
but they are not currently used in ocular PK research due to
their small size, well-known anatomical differences between
mice and humans, and the difficulty in collecting and sepa-
rating ocular tissues. Instead, rabbits are the predominant
species in existing literature on ocular PK of proteins (22,
23). Furthermore, rabbit models of human ocular diseases,
such as dry eye, glaucoma, and age-related macular degen-
eration, are frequently used but are typically induced by
investigators using invasive means (minor surgeries, appli-
cation of toxic compounds, light-induced retinal damage,
etc.) (24). However, in human, almost all nontraumatic and
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noninfectious ocular abnormalities are due to genetic com-
ponents (25-27). Using mutant mouse models, the patho-
physiology of inherited ocular diseases are better captured,
and there are numerous mouse models of ocular disease
ranging from retinal degeneration and neovascularization
to cataracts and glaucoma (28-31). Techniques developed
during this investigation overcome the technical difficulties
of studying ocular PK in mouse models. We present here the
experimental methods required to remove the mouse eye,
separate the eye into separate tissues, and quantitate levels
of exogenous antibody-based therapies in the ocular tissues.

To better understand the pharmacokinetics (PK) of protein
therapeutics in the eye following systemic administration,
here we have measured the exposure of five antibody-based
therapeutics (trastuzumab (150 kDa), trastuzumab-vc-
MMAE (T-ve-MMAE) (155 kDa), F(ab), (100 kDa), Fab
(50 kDa), and scFv (27 kDa)) in different ocular tissues of
mice following intravenous administration. In addition, we
have also explored the relationship between the size and
ocular exposure of protein therapeutics in mice. All the pro-
tein therapeutics used in our investigation bind to human
epidermal growth factor receptor 2 (HER2), and do not bind
to any mouse antigen. Thus, any target mediated effect on
the disposition of protein therapeutics has been eliminated
from consideration. The ocular PK data presented here pro-
vides an unprecedented insight into the rate and extent of
protein therapeutic exposure in different tissues of the eye
following systemic administration, and how the size of a
protein can affect this PK.

MATERIALS AND METHODS

Production and Characterization of Antibody, ADC,
and Fragments

Trastuzumab (Herceptin; Genentech, South San Francisco,
CA) was purchased from a local hospital in a commer-
cially available package as a lyophilized powder that was
reconstituted in accordance with instructions in the package
insert (32). The antibody fragments of trastuzumab (F(ab),
(100 kDa), Fab (50 kDa), and scFV (27 kDa)) were gener-
ated in-house, as described in detail in our previous publica-
tion (33).

Preparation of ADC

Trastuzumab-vc-MMAE (T-vc-MMAE) was produced in-
house by random conjugation of monomethyl auristatin
E (MMAE) to inter-chain disulfide bonds using a valine-
citrulline (vc) linker as reported previously (34, 35). Partial
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reduction of the inter-chain disulfide bonds was achieved
by incubation of trastuzumab with 2.5 molar equivalents of
TCEDP (tris(2-carboxymethyl) phosphine). Further incuba-
tion with 8 molar equivalents of ve-MMAE (maleimido-
caproyl-val-cit-MMAE) resulted in an approximate drug-
antibody ratio (DAR) of 4. T-ve-MMAE was separated from
unconjugated ve-MMAE on a PD-10 desalting column con-
taining Sephadex G-25 resin (GE Healthcare Life Sciences,
Marlborough, MA). The final T-ve-MMAE product was
characterized by high-performance liquid chromatography
couple with ultraviolet detection (HPLC-UV). Aggregation
in the final product was assessed by size-exclusion chro-
matography (SEC), and the distribution of different DAR
species was determined by hydrophobic interaction chro-
matography (HIC).

Preparation of F(ab), and Fab

The F(ab), and Fab fragments of trastuzumab were prepared
using commercially available kits (Thermo Fisher Scientific,
Waltham, MA). Briefly, trastuzumab was purified using a
Zeba Spin Desalting column (Thermo Fisher Scientific) and
incubated in a microcentrifuge tube with either (1) pepsin-
immobilized resin in digestion buffer at 37 °C for 8 h to
generate F(ab), or (2) papain-immobilized resin in digestion
buffer at 37 °C for 12 h to generate Fab. The digestion prod-
ucts were separated from their respective resins by centrifu-
gation. Both the F(ab), digestion mixture and Fab digestion
mixture were purified separately on a Bio-Rad HGC System
using a hydroxyapatite column (Bio-Rad, Hercules, CA).
Separation for each fragment was optimized by changing the
gradient of two eluent buffers: buffer A containing 10 mM
sodium phosphate and 5 ppm calcium chloride, pH 6.5, and

Cornea and
Iris-Ciliary
Body

Lens and
Vitreous Humor

¢

Posterior Cup

Fig. 1 Ocular tissues from mouse eye after separation into four
major components. These tissues were further homogenized for the
measurement of drug concentrations. The lens and vitreous humor
undergo further separation to isolate the vitreous fluid

buffer B containing 500 mM sodium phosphate and 5 ppm
calcium chloride, pH 6.5. The peaks from the chromatogram
were identified using gel electrophoresis (SDS-PAGE). The
final products were buffer exchanged in PBS prior to in vivo
experiments.

Preparation of scFV

The scFv plasmid sequence was designed by linking the
VH and VL region sequences of trastuzumab with a polyg-
lycine linker (GGGGS);. The plasmid contained a restric-
tion enzyme site for Nhel at the beginning of the sequence
a site for BamHI at the end. Plasmid was synthesized by
Genscript (Nanjing, China). Double enzyme restriction for
the scFv plasmid and pcDNAS5_FRT expression plasmid
was performed with Nhel and BamHI (New England Bio-
labs, Ipswich, MA) at 37 °C for 2—4 h. Subsequently, the
c¢DNA products for the plasmid were collected and ligated
using the T4 ligation system (QIAGEN, Hilden, German)
by incubating them at 16 °C for 1-2 h. The ligated plasmid,
scFv-FRT, was transfected into TOP10 chemically compe-
tent Escherichia coli cells (Invitrogen, Waltham, WA) for
amplification. Plasmid was extracted from the E. coli using
the Plasmid Mini Kit (QTAGEN) and transfected into Chi-
nese hamster ovary (CHO) cells. Cho cells were transfected
with the scFv-FRT plasmid and the pOG44 plasmid (Invit-
rogen) and underwent two rounds of subcloning in 96-well
plates to separate single cells. The best monoclones were
determined by an ELISA for scFv in the supernatant of each
well. Two clones were selected for amplification in T-75
flasks using SFM-CD CHO media. After~ 10 days, the cell
culture was highly confluent, and the supernatant was col-
lected. The scFv was purified using a His GraviTrap column
(GE Healthcare Life Sciences, Chicago, IL) and confirmed
with SDS-PAGE analysis and Western blotting analysis. The
final products were buffer exchanged in PBS prior to in vivo
experiments.

Ocular Tissue Preparation for Analysis
Removal and Dissection of Ocular Tissues

Eyes were enucleated from mice following methods estab-
lished by Aers et al. (36). Briefly, forceps are used to coax
the eye from the socket and clamp the optic nerve. Then,
the mouse is moved in a circular motion against the operat-
ing table until the eyeball is removed. Using this method,
the eye is easily removed with little to no bleeding, which
minimizes contamination of the ocular tissue with blood.
The individual eyes are stored in separate tubes at — 80 °C
until dissection and analysis. Under a dissection microscope,
the eyes are separated into 4 constitutive components: the
cornea/ICB, the lens capsule (contains lens and vitreous



humor), the retina, and the posterior cup (Fig. 1). First, an
incision is made at the limbus with curved micro scissors,
and the cut is continued around the orbit to separate the
cornea and ICB together. The lens capsule is then easily
removed. Holding the remaining tissues with micro forceps,
the retina can be pulled away from the posterior cup with a
second pair of micro forceps. The posterior cup contains the
choroid, sclera, and untrimmed connective tissue. With clean
micro scissors, the cornea/ICB and posterior cup were cut
into smaller pieces prior to being placed in microcentrifuge
tubes for homogenization. Tissues from both the left and
right eyes were pooled to allow for minimal dilution of the
sample prior to ELISA.

Homogenization of Solid Ocular Tissues

For the cornea/ICB, retina, and posterior cup, tissues were
weighed and homogenized in 3:1 v/w Pierce® RIPA Buffer
(Thermo Fisher Scientific) containing 1 x Halt™ Protease
Inhibitor Cocktail (Thermo Fisher Scientific). The homog-
enization process used a Fisherbrand™ Model 120 Sonic
Dismembrator (Fisher Scientific) with a 1/8" probe. Tissues
underwent three cycles of sonication of 3 s on and 5 s off
with a sonication amplitude set to 45%. Samples were stored
at—20 °C until analysis.

Separation of Vitreous Humor

The lens capsule obtained after dissection contains both the
lens and vitreous humor. In a microcentrifuge tube, the lens
capsule was combined with 5 pL of Pierce® RIPA Buffer
with 1 x Halt™ Protease Inhibitor Cocktail and sonicated for
a single 3-s pulse with an amplitude of 20% to disrupt the
capsule. The tubes were centrifuged at 1800 g for 15 min to
separate the dense lens from the supernatant containing the
vitreous humor. The supernatant was collected, the volume
of vitreous humor calculated, and RIPA+Halt buffer added
for a final ratio of 3:1 v/w buffer to vitreous humor. Samples
were stored at—20 °C until analysis.

ELISA Development for Antibody and Fragments

ELISA Method to Quantify Trastuzumab, F(ab),, and Fab
in Ocular Tissues

Eyes obtained from C57BL/6 J mice were used to build
standard curves for trastuzumab, T-vc-MMAE, F(ab),, and
Fab in 40 x matrix dilutions. For trastuzumab and T-vc-
MMAE analysis, goat anti-human IgG (Fc specific, cross-
adsorbed) F(ab), (Bethyl Laboratories, Montgomery, TX)
was used for coating. For F(ab), and Fab analysis, goat
anti-human IgG (F(ab), specific, cross adsorbed) F(ab),
(Bethyl) was used for coating. The coating antibodies were
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diluted to 5 pg/mL in 20 mM Na,HPO,. Nunc Maxisorp
384-well plates were incubated with 35 pL/well diluted coat-
ing antibody at 4 °C overnight. Plates were warmed to room
temperature and washed three times with 1 x PBS-Tween
20 (0.05%) and three washes with deionized water. Plates
were blocked with 90 uL/well 1% BSA at room tempera-
ture for 1 h before washing. Serial dilutions of trastuzumab,
F(ab),, or Fab ranging from 250 to 0.122 ng/mL were added
as standards in triplicate (30 uL/well), and plates were incu-
bated at room temperature for 2 h. Plates were washed, and
30 pL/well of goat anti-human IgG (F(ab), specific, AP-
conjugated, cross adsorbed) F(ab), (Bethyl) (2500 x dilution
in 1 xPBS-Tween 20 (0.05%)) was added to each well for
incubation at room temperature for 1 h. After a final wash,
60 pL p-nitro phenyl phosphate (1 mg/mL in 1 X diethan-
olamine buffer) was added to each well, and the plate was
read immediately. The change in absorbance at 405 nm was
recorded over time with a FilterMax™ F5 microplate reader
(Molecular Devices, San Jose, CA). Data was interpreted
with a 5-paramter standard curve using the included Soft-
Max® Pro software (Molecular Devices).

ELISA Method to Quantify scFv in Ocular Tissues

The ELISA procedure was the same as described above.
However, recombinant human HER2-Fc fusion protein
(Sino Biological, Beijing, China) was coated on the plate
(35 pL at 5 pg/mL) to capture scFv. Anti-6X His tag anti-
body (HRP-conjugated, Abcam, Cambridge, UK) was used
as the detection antibody (30 pL of 10,000 x dilution). TMB
(3,3',5,5'-tetramethylbenzidine) ELISA substate solution
(Thermo Fisher Scientific) was added to each well, and the
change in absorbance at 405 nm was monitored as described
above.

ELISA Method to Quantify Trastuzumab, T-ve-MMAE,
F(ab),, Fab, and scFv in Plasma

The ELISA methods for detection of the proteins of interest
mouse plasma are described in detail in Li et al. (33). The
procedure is the same as described above with three differ-
ences: (1) standard curves were generated with plasma dilu-
tions of 300 x for trastuzumab and T-ve-MMAE, 300 x for
F(ab),, 50 x for Fab, and 10 x for scFv; (2) serial dilutions for
standards ranged from 1000 to 3.9 ng/mL; and (3) goat anti-
human IgG (F(ab), specific, cross adsorbed) F(ab), (Bethyl)
was used to capture IgG.

In vivo PK Study

All animal procedures were approved by the Institutional
Animal Care and Use Committee at the State University
of New York at Buffalo. Ocular samples were collected
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alongside the studies carried out in Li et al. (2019) in
MDA-MB-468 tumor bearing nude mice (33). Trastuzumab,
F(ab),, Fab, and scFv were each administered by penile vein
injection at a dose of 10 mg/kg. Four terminal sampling time
points of three mice each were selected for each protein. For
trastuzumab, samples were collected at 6, 24, 72, and 168 h.
For F(ab),, samples were collected at 1, 6, 24, and 48 h. For
Fab, samples were collected at 10 min and 1, 4, and 24 h.
For scFv, samples were collected at 5 min and 1, 4, and 24 h.
The T-ve-MMAE PK study was carried out separately in
N87 tumor bearing nude mice that received a 10 mg/kg dose
of the ADC by penile vein injection. Terminal samples were
collected at 10 min and 6, 24, 72, and 168 h. At each time
point, blood was collected by cardiac puncture, and plasma
separated by centrifugation (2000 g for 20 min) and stored
at—80 °C. Both eyes were enucleated as described above
and stored in individual microcentrifuge tubes at—80 °C
until dissection.

Data Analysis

Areas under the concentration time curves until the last time
point (AUC,, ;) for all analytes were calculated by non-
compartmental analysis in MATLAB 2020b using SimBi-
ology 6.0 (37). The standard deviations around mean AUC
values were calculated using the modified Bailer method
implemented in Microsoft Excel (38, 39). Statistical signifi-
cance was determined using the Student’s #-test (two-tailed)
with a threshold p value of less than 0.05. The relationship
between biodistribution coefficient (BC) and molecular
weight (in kDA) was characterized by curve fitting with
several equations using the Curve Fitting Toolbox 3.5.12
in MatLab 2020b (40). Goodness of fit was evaluated by
visual inspection and R? values. The equation with the high-
est overall R? value across the ocular tissues was considered
the most accurate. The best fitting equation is the following
log—log regression model:

In(BC) = In(a) — b = In(MW) (1
AUCO—[aSl»

BC = ——— % 100% 2
AUCO—lastphmm ( )

RESULTS

Development of ELISA Methods to Quantify Antibody
and Fragments in Ocular Tissues

Supplemental Figs. 1-5 show typical ELISA standard curves
for trastuzumab, T-ve-MMAE, F(ab),, Fab, and scFv in the

ocular matrices. Standard curves utilizing the 5-parameter
equation had R? values of>0.95 in the SoftMax® Pro soft-
ware. Intra-day and inter-day variability for all the ELISA
methods is presented in Supplemental Table I. ELISAs
allowed for quantification of trastuzumab and scFv with a
lower limit of 0.488 ng/mL, and for quantification of F(ab),
and Fab with a lower limit of quantitation of 0.122 ng/mL.

Pharmacokinetics of trastuzumab, ADC, F(ab),, Fab,
and scFv in Mouse Plasma and Ocular Tissues

Figure 2A shows the observed PK of trastuzumab (150 kDa)
in mouse plasma and ocular tissues. Concentrations in
the plasma are significantly higher than ocular tissues as
expected due to the BRB, which isolates the eye from the
systemic circulation. Interestingly, concentrations in the ret-
ina were equivalent to levels seen in the more vascularized
ocular tissues in the posterior cup and cornea/ICB. However,
the barrier properties in the eye are particularly apparent in
the extremely low levels of trastuzumab seen in the vitreous
humor, which is isolated from the systemic circulation by
both the BRB in the posterior segment of the eye and the
BAB in the anterior segment of the eye. All ocular tissues
saw < 1% exposure to trastuzumab compared to the systemic
circulation, with exposure in the vitreous humor being low-
est at 0.0198% of plasma levels (Table I).

The ADC, T-ve-MMAE (155 kDa), shows a similar PK
profile as the parent antibody, trastuzumab (Fig. 2b). Again,
the plasma levels of T-ve-MMAE are significantly higher
than those in the ocular tissues. The retina and posterior
cup show more pronounced absorption phases than seen
with trastuzumab, but all tissues mirror the plasma profile
in the terminal phase. Just as with trastuzumab, the vitreous
humor shows the lowest levels of T-ve-MMAE. Exposure in
the ocular tissues compared to plasma were consistent with
results seen for trastuzumab (Table I); all tissues had <1%
of T-ve-MMAE exposure compared to plasma. The abso-
lute exposure of T-ve-MMAE and trastuzumab are similar
in plasma, cornea/ICB, and posterior cup, but there was a
significant twofold higher exposure of T-ve-MMAE in the
vitreous humor compared to trastuzumab (p <0.05) and a
twofold lesser exposure in the retina (p<0.05) (Table II).

The PK of F(ab), (100 kDa) (Fig. 2c) shows a similar
trend with higher levels of F(ab), in the plasma over the
ocular tissues. Again, concentrations in the solid tissues are
very similar at early time points, with some apparent accu-
mulation in cornea/ICB that is followed by a slower release.
Concentrations of F(ab), are lowest in the vitreous humor
and are similar to the 150 kDa trastuzumab in the first 24 h.
F(ab), in the vitreous and plasma was BLQ at 48 h. Expo-
sure in the ocular tissues was between 1.74 and 0.0934% of
plasma exposure (Table I).
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Fig. 2 Observed pharmacokinetics of a trastuzumab (IgG), b T-ve-MMAE (ADC), ¢ F(ab),, d Fab, and e scFv in the plasma, cornea/ICB, vit-
reous humor, retina, and posterior cup after 10 mg/kg I'V dosing

For Fab (50 kDa) (Fig. 2d), concentrations in the tissues,
while lower than levels in plasma, are much closer to con-
centrations in the systemic circulation than is seen with the
larger trastuzumab and F(ab), molecules. In this case, Fab
PK in the eye parallels the PK in plasma with the excep-
tion of the cornea/ICB, which shows a rapid drop between
Cornea/ICB  Vitreous humor Retina Posterior cup 10 min and 1 h before an apparent accumulation of Fab by
4 h. The change may signify the movement of Fab from the

Table I Biodistribution Coefficients (i.e., Tissue/Plasma AUC 1,
Ratios as %) of Antibody-Based Therapeutics in Ocular Tissues

BC(%)

Trastuzumab  0.610 0.0198 0.539 - 0.557 vascular space of the tissue to the interstitial compartment
T-ve-MMAE  0.475 0.0427 0.2300.650 and accumulation. The relative exposure of the 50 kDa Fab
F(ab), 174 0.0934 0.704  1.47 in the ocular tissues was 2- to 3.4-fold higher than that of the
Fab 3.39 0.234 244  4.06

v 137 s 56 204 139 100 kDa F(ab),, with exposure in the posterior cup reaching
i i i i i 4.06% of plasma levels (Table I).
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Table Il AUC,,,, of

AUCO-last (nM*h)

Antibody-Based Therapeutics in

Ocular Tissues Plasma Cornea/ICB Vitreous Humor Retina Posterior Cup
Trastuzumab 125,000 763 24.8% 674° 696
T-ve-MMAE 118,000 562 50.5% 273b 768
F(ab), 7060 123 6.59 49.7 57.3
Fab 1410 47.8 3.30 34.4 87.3
scFv 627 85.8 349 128 768

abSignificant difference in AUCs between trastuzumab and T-ve-MMAE (p<0.05)

Table III Estimated Parameters for the BC vs MW Relationship
Shown in Fig. 3

In(BC) = In(a) — b * In(MW)

Tissue In(a) b R2

Cornea/ICB 8.42 1.78 0.97
Vitreous humor 10.3 2.76 0.92
Retina 10.1 2.24 0.95
Posterior cup 8.46 1.78 0.99

Figure 2e shows the PK of scFv (27 kDa), which shows
several remarkable properties. Firstly, initial concentrations
of scFv in ocular tissues at 5 min are very close to plasma
levels, and concentrations in the cornea/ICB, retina, and pos-
terior cup are equivalent to plasma concentrations after 1 h.
By hour 4, all tissue concentrations are higher than plasma,
indicating presence of scFv in the interior of these tissues.
These results suggest that smaller protein therapeutics like
scFv and domain antibodies could be potentially therapeutic
molecules for ocular disease following systemic adminis-
tration and may provide a pathway to avoid direct ocular
injection of protein therapeutics. Remarkably, scFv exposure
reached 20.4% of plasma exposure in the retina (Table I).

Overall, all the proteins evaluated here showed a rapid
distribution to the eyes with a PK that is parallel to that
of plasma after initial time points. Vitreous humor concen-
trations were consistently lower than the concentrations
in other vascularized ocular tissues. Among these tissues,
exposure was typically highest in the cornea/ICB and poste-
rior cup, followed by the retina. In Fig. 3, we have compiled
the exposure data for all the molecules in all ocular tissues
and have established a quantitative relationship between bio-
distribution coefficient (BC) values (derived from AUC ./
AUC,4m, ratios) and protein size (40, 41). We found that
there was a clear trend between molecular size and the extent
of protein distribution to the ocular tissues that is quantita-
tively characterized using the log—log regression equation
(Eq. 1) with the parameter estimates for the independent
variables, a and b, listed in Table III. The parameter a can be
interpreted as the BC of a hypothetical protein with a MW
of 1 kDa (i.e., In(MW)=0). The parameter b represents the

rate of decrease in BC as the protein MW increases. The
vitreous humor had the highest b parameter value (b=2.76)
which is reflected in Fig. 3 by the more pronounced decrease
in BC as the MW increases. Overall, a significant relation-
ship between the BC value and MW was observed with each
reduction in size from 155 to 27 kDa with every doubling
in the MW leading to a corresponding decrease in BC by a
factor of 3.44 %, 6.76 x,4.74 %, and 3.43 xin cornea/ICB,
vitreous humor, retina, and posterior cup, respectively.

DISCUSSION

In this manuscript, we have presented the first study that
quantitatively and systemically examines the PK of a mAb,
an ADC, an F(ab),, an Fab, and an scFv in the ocular tissues
of mice following systemic administration. In addition, we
have sought to establish a quantitative relationship between
the size of protein therapeutics and the extent of their distri-
bution in ocular tissues. To accomplish our goals, we have
developed an experimental system for collection of very
small ocular tissues from mouse eyes and have developed
sensitive and specific ELISA methods for quantification of
IgG, F(ab),, Fab, and scFv in ocular tissue of mice.
Quantitative studies such as the one presented here are
limited by the physiology of the eye and experimental con-
straints. Concentrations in the ocular tissues are expected
to be low due to the presence of two main barriers in the
eye. The BRB and the BAB separate the ocular tissues
from the systemic circulation by tight epithelial layers and
numerous transport systems (11). Moreover, the size of the
mouse eye is very small at an average of 16.7 mg (in-house
data). With the extremely small amounts of tissue obtained
after dissection of the mouse eyes and low partitioning of
large molecular weight proteins into the eye, dilution of
the samples must be kept to a minimum. In a study with
systemic administration, the eyes may be pooled to allevi-
ate the problem of small sample volume. However, it is of
great importance to have highly sensitive assays for the
proteins of interest to accommodate these challenges. With
an ELISA utilizing the 384-well plate format, the proteins
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Fig. 3 Quantitative relationship between biodistribution coefficient
values for cornea/ICB, vitreous humor, retina, and posterior cup
and molecular weight of antibody-based therapeutics in kDa (black
circle - IgG, F(ab),, Fab, scFv; diamond - T-ve-MMAE). The solid

used in this study could be detected at the sub-ng/mL level
while using a minimal (30 pL/well in triplicate) volume of
prepared sample.

The biologics used in this study were based on the tras-
tuzumab molecule, which targets human epidermal growth
factor receptor 2 (HER2) but has no cross-reactive target in
mice (42, 43). Therefore, target mediated effects are not seen
in the data. The PK of antibodies and fragments are well
studied after intravitreal (IVT) administration in rabbits and
monkeys (44-52). After IVT dosing, a monoclonal antibody
or fragment rapidly appears in the aqueous humor, ICB, and
retina and appears slowly in plasma as the molecule exits the
eye (47-52). Typically, the PK profile of the ocular tissues
mirror that of the vitreous humor as large molecules are rate
limited by elimination from the vitreous. However, as seen
in Fig. 2, the plasma PK dictates the PK in the posterior cup,
retina, and vitreous humor when the protein is administered
IV. Interestingly, the cornea/ICB show some accumulation
of protein in the trastuzumab, T-ve-MMAE, F(ab),, and Fab
profiles. One explanation for this phenomena could be that
the therapeutic in the vitreous is eliminated by the anterior
route of elimination, and the delayed C,,, in the cornea/
ICB is due to the time it takes for the molecule to move to

black line represents fitted BC vs MW for each tissue. Parameters of
the log—log regression are shown in Table III, and goodness of fit is
represented by R? values

the front of the eye. Interestingly, the cornea/ICB profiles
for T-ve-MMAE and Fab show sharp initial declines mir-
roring the plasma profile followed by subsequent increase.
The initial decline may indicate that the T-ve-MMAE or Fab
is primarily in the vascular space of the cornea/ICB, and the
subsequent rise is due to penetration of the protein into the
extracellular or even cellular space.

When looking at the exposure relationships between the
different molecules, a clear trend is observed with smaller
molecular weight formats having greater partitioning into
the ocular tissues. The largest molecules, 150 kDa trastu-
zumab and 155 kDa T-ve-MMAE, have the smallest degree
of tissue partitioning with cornea/ICB, retina, and posterior
cup having BC values ranging from 0.539 to 0.610% for
trastuzumab and 0.475 to 0.650% for T-ve-MMAE. The
vitreous humor had BC value of 0.0198% and 0.0427% for
trastuzumab and T-ve-MMAE, respectively. It is very inter-
esting to note that these BC values are the lowest reported
values for any molecule in any tissue so far, and even lower
than the reported BC value of ~0.3% for antibodies in the
brain (40, 53). For the 100 kDa F(ab),, BC value in the ocu-
lar tissues increased to 1.74% for cornea/ICB, 0.704% for
retina, 1.47% for posterior cup, and 0.0934% for vitreous
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humor. On average, relative exposure increased 2.88-fold
with the change from 150 to 100 kDa. For the 50 kDa Fab
molecule, BC values again increased, with 3.39% for cor-
nea/ICB, 2.44% for retina, 4.06% for posterior cup, and
0.234% for vitreous humor. In this case, relative exposure
increased 2.67-fold with the change from 100 to 50 kDa.
Lastly, the 27 kDa scFv showed the most dramatic increase
in BC values with 13.7% for cornea/ICB, 20.4% for retina,
13.9% for posterior cup, and 5.56% for the vitreous humor.
Overall, these data suggest that the smaller molecular size
proteins are able to better penetrate through the ocular bar-
riers to achieve greater exposures into the eye.

On an absolute exposure basis, the AUC; |, showed a
positive correlation with molecular weight. Among trastu-
zumab, T-ve-MMAE, F(ab),, and Fab, the absolute exposure
in all the ocular tissues is greatest for trastuzumab (Table II).
The high absolute exposure of trastuzumab and T-ve-MMAE
is likely due to FcRn mediated recycling in the local tissues,
and the long systemic exposure of exogenous mAb, which
drives the partitioning into the ocular tissues. Notably, sig-
nificant differences in vitreal AUC and retinal AUC between
trastuzumab and T-ve-MMAE suggest a possible influence
of the lipophilic MMAE in disposition to these tissues. Com-
paring scFv and Fab shows an inverse correlation between
size and absolute exposure. In this case, absolute exposure
of scFv was higher than that seen with Fab, highlighting
the ability of scFv to penetrate more in ocular tissues. Such
high exposure of scFv in the ocular tissues reveals it to be
a potential candidate for the systemic treatment of ocular
disease. The primary barrier to systemic treatment with scFv
is its rapid elimination and short half-life in the systemic
circulation. However, with an appropriate delivery device,
slow release formulation, or fusion with a modality that
binds to albumin/FcRn, the potential for scFv to reach the
site-of-action within the eye can be accomplished. It is also
important to mention that following systemic administration
of protein therapeutics, a significant fraction of injected dose
will also distribute to tissues other than the ocular tissue.
This may lead to unintended pharmacological consequences
if the target is not selectively overexpressed in the eye and
the therapeutic index of the protein therapeutic is very low.

The high absolute exposures of trastuzumab and T-vc-
MMAE in ocular tissues support the potential for toxicity
of mAbs and ADCs delivered systemically, especially if
target antigen is expressed in the eye. The highly potent
ADCs pose a particular risk for ocular toxicity. Indeed,
ocular adverse events of ADCs containing maytansines or
monomethyl auristatin F have been observed in numerous
clinical trials (19).

While findings from this study are limited to IgG, F(ab),,
Fab, and scFv, the large size range covered (27 to 150 kDa)
helps us establish a quantitative relationship between molec-
ular weight and the extent of exposure in the ocular tissues.

However, due to the non-binding nature of trastuzumab in
mice, the effect of target mediated drug disposition (TMDD)
on the systemic exposure, and in turn the ocular exposure,
of these moieties is not accounted for (54, 55). Furthermore,
our results may not be translatable to other large molecule
therapeutics, such as liposomes, PEGylated proteins, and
gene therapies. It also remains to be seen if the unprec-
edented observations made by us in the presented mouse
study can be translated to other animal species and human.

CONCLUSION

In summary, here we have developed highly sensitive ELISA
methods for quantification of IgG, F(ab),, Fab, and scFv
in the ocular tissues of mice (i.e., cornea/ICB, vitreous
humor, retina, and posterior cup). We have characterized
the PK of trastuzumab, T-ve-MMAE, F(ab),, Fab, and scFv
in the mouse eye following systemic administration and
have established an inverse relationship between molecular
weight and the exposure of protein therapeutics in ocular
tissues. In conjunction with genetic mouse models of ocular
diseases, the experimental techniques presented here open
the door to further study of protein therapies to treat ocular
disease in preclinical species. Ultimately, the findings pre-
sented here paves the way for enhanced understanding of the
ocular toxicity of systemically delivered protein therapeutics
and may facilitate the discovery of systemically adminis-
tered protein therapeutics for ocular disorders.
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