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Prolonged maintenance of therapeutically-relevant levels of broadly neutralizing antibodies (bnAbs) is
necessary to enable passive immunization against infectious disease. Unfortunately, protection only lasts
for as long as these bnAbs remain present at a sufficiently high concentration in the body. Poor pharma-
cokinetics and burdensome administration are two challenges that need to be addressed in order to
make pre- and post-exposure prophylaxis with bnAbs feasible and effective. In this work, we develop a
supramolecular hydrogel as an injectable, subcutaneous depot to encapsulate and deliver antibody drug
cargo. This polymer-nanoparticle (PNP) hydrogel exhibits shear-thinning and self-healing properties that
are required for an injectable drug delivery vehicle. In vitro drug release assays and diffusion measure-
ments indicate that the PNP hydrogels prevent burst release and slow the release of encapsulated anti-
bodies. Delivery of bnAbs against SARS-CoV-2 from PNP hydrogels is compared to standard routes of
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administration in a preclinical mouse model. We develop a multi-compartment model to understand the
ability of these subcutaneous depot materials to modulate the pharmacokinetics of released antibodies;
the model is extrapolated to explore the requirements needed for novel materials to successfully deliver
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1 Introduction

The COVID-19 pandemic has necessitated the accelerated
development of a wide range of treatment and prevention strat-
egies in addition to the rapid pursuit of vaccines. One strategy
is the development of new broadly neutralizing antibody
(bnAb) cocktails, which have been implemented clinically to
treat severe disease and are now being investigated for use as
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relevant antibody therapeutics with different pharmacokinetic characteristics.

pre- and post-exposure prophylaxis.” Alongside the development
of vaccines, passive immunization, or the direct administration
of neutralizing antibodies to prevent disease, is an important
tool to fight infectious disease. Passive immunization is a useful
strategy against pathogens for which development of typical
active vaccines is challenging due to high mutation rates and
uncertain correlates of immunity, such as HIV, malaria, and
Zika, among others.”” Once broadly neutralizing antibodies can
be identified, passive immunization becomes a possibility.
Protection from passive immunization is nearly instantaneous as
it does not rely on stimulating the immune system to produce
antibodies against a pathogen, a process which often takes weeks
to achieve maximum protection.® Circumventing the immune
system also allows immune compromised individuals to be pro-
tected by passively transferred antibodies, rather than relying on
herd immunity for protection.

Unfortunately, passively-transferred immunity is limited by
the circulation lifetime of bnAbs, which is typically on the
order of weeks when administered in the typical manner by
intravenous infusion or subcutaneous bolus injection (Fig. 1).°
This short duration of protection necessitates repeated admin-
istration, which leads to increased burden, poor patient adher-
ence, and limited global reach of this strategy. In addition,
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Fig. 1 Challenges associated with passive immunization prophylaxis and the desired attributes for an ideal antibody formulation to enable effective
prophylaxis. (a) Passive immunization provides protection against infectious disease through direct administration of broadly neutralizing antibodies
(bnAbs). (b) Current bnAbs exhibit poor pharmacokinetics and require multiple doses to maintain a protective titer; in addition, (c) most bnAbs are
administered by IV infusion, which limits the feasibility of the treatment. (d) Comparing current formulation limitations with those of an ideal formu-
lation, (e) a subcutaneous depot containing bnAbs emerges as a potential solution to current formulation challenges.

most monoclonal antibody formulations are delivered intra-
venously, which limits the ability to quickly deploy doses to
patients as IV infusions require more time and usually take
place in a hospital or clinic setting.'® Thus, despite its poten-
tial, passive immunization is generally impractical with the
poor pharmacokinetics exhibited by current formulations. A
solution would be to increase bnAb circulation time, with the
goal of a single injection conferring protection for upwards of
six months. Common approaches to increasing the circulation
time include injecting subcutaneously and leveraging recent
advances in antibody modification techniques to enhance cir-
culation half-lives.'"'> With the advent of antibody engineer-
ing techniques, one successful approach to increase circula-
tion half-life in second-generation bnAbs is to introduce modi-
fications into the crystallizable fragment (Fc) domains, which
have been shown to nearly triple half-life.""'* The develop-
ment of bnAbs in general has largely been advanced by
researchers pursuing passive prophylaxis against HIV, and the
first long half-life bnAbs with Fc modifications are currently
undergoing clinical trials."**?

An alternative and complementary method towards improv-
ing circulation time of bnAbs is to develop new materials
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capable of acting as long-term depots of bnAbs and providing
optimal pharmacokinetic profiles. An ideal antibody drug for-
mulation will be stable both on the shelf and in vivo, can be
administered outside of a clinic setting (e.g. injected subcu-
taneously rather than IV), and will exhibit appropriate pharma-
cokinetics to provide long-term protection to reduce patient
burden and increase compliance; a material depot should thus
be drug-stabilizing, injectable, and offer prolonged antibody
delivery. Antibodies share many of the same delivery chal-
lenges as other protein biotherapeutics, such as being prone
to aggregation and instability in formulation, necessitating
that a depot material must maintain or ideally improve the
stability of an antibody compared to a typical buffer
formulation.'>"'® Recent materials used for encapsulation and
delivery of antibodies include alginate hydrogels, PLGA nano-
particles, peptide hydrogels, agarose-desthiobiotin/streptavi-
din-antibody hydrogels, silk hydrogels, and other materials of
different architectures.'””>* Additionally, a variety of injectable
materials, including supramolecular hydrogels, have been
explored for controlled delivery applications  of
biotherapeutics.'®>>*® Supramolecular biomaterials are par-
ticularly amenable to injection due to their reversible, non-

This journal is © The Royal Society of Chemistry 2023
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covalent interaction motifs that allow the material architecture
to be pulled apart and subsequently reformed. However,
although many hydrogel systems have been explored for drug
delivery, challenges remain that limit their translation to the
clinic. Hydrogel platforms relying on in situ gelation or strong
ionic crosslinking often exhibit significant burst release of
encapsulated drug cargo upon administration when formu-
lated to allow for injectability. Hydrogels designed for drug
delivery are often not simultaneously investigated for drug
stabilization to a degree that cold chain dependence could be
reduced or eliminated. Moreover, the exact materials and
kinetic parameters required to achieve long-term pharmacoki-
netics is difficult to delineate due to the complex relation
between the bnAbs, materials architecture, and biological
functions in vivo. As such, developing materials that exhibit all
of the ideal characteristics for a long-acting antibody formu-
lation remains difficult.

Given the target depot attributes of antibody stability,
injectability, and prolonged antibody delivery, we hypothesized
that our supramolecular polymer-nanoparticle (PNP) hydrogels
would be an appropriate vehicle to encapsulate and deliver
bnAbs from a subcutaneously injected depot to result in more
optimal pharmacokinetic profiles. In previous work, these PNP
hydrogels have demonstrated protein drug stabilization, inject-
ability through a syringe and needle, biocompatibility in vivo,
and additionally have been shown to be effective for a range of
biomedical applications including cell encapsulation and
delivery, vaccine delivery, cancer immunotherapy, and
adhesion prevention.>”*! In this work, we study the suitability
of the PNP hydrogel platform to effectively deliver antibodies
against SARS-CoV-2, and more broadly, we seek to investigate
what is required to effectively design materials to act as a sub-
cutaneous delivery depot for antibody therapeutics. We first
evaluate the rheological characteristics, in vitro antibody
release kinetics, and antibody stability in the PNP hydrogel
system. Then, a selected candidate PNP hydrogel formulation
is evaluated in vivo as a subcutaneous drug delivery depot for a
novel neutralizing antibody against SARS-CoV-2. Finally, we
use compartment modeling to develop our understanding of
how a subcutaneous depot can alter drug pharmacokinetics
and inform the design process for next-generation
biomaterials.

2 Materials and methods
2.1 Materials

Dodecyl-modified (hydroxypropyl)methyl cellulose (HPMC-C;,,
made from USP-grade HPMC (hypromellose, Sigma-Aldrich))
and poly(ethylene glycol)-block-poly(lactic acid) (PEG-b-PLA)
block copolymers were synthesized as previously described;
PEG-b-PLA nanoparticles (NPs) were assembled by nanopreci-
pitation as previously described.””*®** Unless otherwise
stated, all chemicals were obtained from Sigma-Aldrich.
Purified rat IgG was obtained from MP Biomedicals as a lyo-
philized powder. The Centi-C10 antibody against SARS-CoV-2
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was generously provided by Dr. Sawsan Youssef and Dr. Jacob
E. Glanville at Centivax.

2.2 PNP hydrogel formulation

PNP formulation nomenclature is denoted by network polymer
wt%: nanoparticle wt% (P:NP). For example, a 2:10 PNP hydro-
gel formulation contains 2 wt% HPMC-C;,, 10 wt% self-
assembled PEG-PLA nanoparticles, and 88% buffer. Stock
solutions of the two individual components were prepared at
6 wt% HPMC-C;, and 20 wt% NPs, both in phosphate
buffered saline (PBS). Supramolecular hydrogels were formed
by mixing the stock solutions of the two components with
additional buffer as needed to achieve the desired final com-
ponent concentrations. For formulations containing anti-
bodies, the drug cargo was incorporated at the desired concen-
tration in the buffer component. For in vitro release assays and
diffusion measurements, a total concentration of 10 mg mL ™"
rat IgG was loaded into the hydrogels (9 mg mL™" rat IgG and
1 mg mL™" fluorescently-labeled rat IgG).

2.3 Dynamic and flow rheometry

All rheometry experiments were performed on a torque-con-
trolled Discovery Hybrid Rheometer (DHR2, TA Instruments).
Frequency sweeps were performed at 0.5% strain from 0.01 to
10 s7* (in the linear viscoelastic regime of these materials) on
a 20 mm parallel plate geometry. Flow sweeps were performed
from high to low shear rates on a 40 mm 2° cone geometry.
Step shear and stress-controlled yield stress experiments were
performed using a 20 mm serrated parallel plate geometry.
Prior to the step shear experiment, samples were first pre-con-
ditioned for 60 s at 0.1 rad s™* followed by 30 seconds at 10
rad s7'. Step shear experiments were performed with a peak
hold at 0.1 rad s™* for 180 s followed by 30 s at 10 rad s,
repeated for four cycles. The viscosity recovery curves for the
last three cycles were fit to the equation y = A x (1 — e =) + B,
where 7 is the characteristic recovery time. Stress controlled
yield stress measurements were performed from low to high
stress with steady state sensing and 10 points per decade.

2.4 Fluorescently labeled HPMC-C,, and rat IgG

HPMC-C;, was made as described, except after precipitation
from acetone, the polymer was dried under high vacuum and
then re-dissolved in 40 mL of N-methyl-2-pyrrolidone (NMP).
10 mg of fluorescein isothiocyanate isomer I (FITC) was dis-
solved in 10 mL of NMP and added dropwise to the reaction
flask. 3-4 drops of N,N-diisopropylethylamine (DIPEA) was
added and the reaction was allowed to proceed for 16 h. The
labeled polymer was then purified according to the same
methods cited above for synthesis of unlabeled HPMC-C;,.
Fluorescently labeled rat IgG was prepared by adding 16 pL of
2 mg mL™" FITC in PBS to 3 mg of rat IgG in 1 mL of PBS and
incubating at 4 °C for 24 h. The solution was then passed
through a PD-10 MidiTrap desalting column to remove free
FITC, lyophilized, and then re-dissolved at 60 mg mL™" in PBS
as a stock solution.

Biomater. Sci, 2023, 11, 2065-2079 | 2067
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2.5 Invitro release assays

Burst release assays were conducted by injecting 100 pL of PNP
hydrogel loaded with fluorescently-labeled rat IgG into a
microcentrifuge tube filled with 400 pL of PBS. After
5 minutes, 300 pL of the supernatant was removed and ana-
lyzed to determine the amount of FITC-labeled IgG using a
Synergy H1 Hybrid Multi-Mode Plate Reader (BioTek). Release
assays were conducted by adding 100 pL hydrogel to microcen-
trifuge tubes and then centrifuging until the hydrogel was situ-
ated in the bottom of the tube. Then PBS was added on top of
the hydrogel. At regular intervals, aliquots of the supernatant
were taken for measurement in the plate reader as described
above, and the sampled volume was replaced with PBS.

2.6 Invitro diffusivity measurements

All fluorescence recovery after photobleaching (FRAP) experi-
ments were conducted in the Stanford University Cell Sciences
Imaging Facility (CSIF) at room temperature or 37 °C. FRAP
experiments were performed on PNP hydrogels loaded with
fluorescently labeled rat IgG, or on PNP hydrogels made with
fluorescently lableled HPMC-C;,. An inverted Zeiss LSM 780
Laser Scanning Confocal Microscope (Germany) with a Plan-
Apochromat 20x/0.8 M27 objective lens was used with ZEN lite
software (Zeiss). A 488 nm argon laser at 20% intensity was
used to excite the fluorescein for imaging. 405 and 488 nm
argon lasers set at 100% intensity were used for photobleach-
ing. A high-voltage limit was set at 700 V to reduce noise. The
samples were placed on sterile 0.18 mm thick glass bottom p-
dish (Ibidi). Each batch of PNP hydrogel was split into 3
different samples in the p-dish and measurements were per-
formed 2-3 times on each sample. For each test, 10 pre-bleach
images were taken, followed by photobleaching of a 25 nm dia-
meter circle for 10 cycles at a pixel dwell time of 177.32 s. At a
minimum, 500 post-bleach frames were recorded to form the
recovery curve, but up to 15 min of fluorescence recovery data
was recorded for slower recovery samples. Data was corrected
for fluorescence signal drift due to photobleaching. The
2

diffusion coefficient was calculated as D = y, <4C:0 5) where yp
is a constant that depends on beam shape, transport type, and
bleaching conditions, w is the radius of the bleached area, and
To.5 1S the time to recover 50% of the initial measured fluo-
rescence intensity.** Diffusivity of freely diffusing rat IgG was
determined using dynamic light scattering (DLS, n = 5).

2.7 Centi-C10 generation

Centi-C10 is a high affinity monoclonal antibody (human-
IgG1) that binds the wild type SARS-CoV-2 receptor binding
domain (RBD). This clone blocks the interaction between the
RBD and human ACE2. Centi-C10 was isolated from an ScFV
phage library constructed using the parental antibody 6W41
(CR3022 - originally binds SARS-CoV-1). The library were built
according to the proprietary protocol of affinity maturation/
humanization library build (Centivax Inc./Distributed Bio/
Charles River Laboratories). Briefly, the 6 CDRs of the original
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clone were synthesized with scanned mutations by overlapping
PCR reactions to engraft it into the appropriate human germ-
lines used by the company. The libraries then were trans-
formed to around a billion copies per library. The library was
panned using the wild type-RBD-Fc-Avi tag construct generated
by Centivax Inc. The library was subjected to 4 rounds of selec-
tion and ScFv were tested for the binding of SARS-CoV-2 RBD
and blocking its interaction with of human ACE2 on high-
throughput surface plasmon resonance (SPR) on Carterra LSA
Array SPR instrument (Carterra) equipped with HC200M
sensor chip (Carterra) at 25 °C.

2.8 Antibody cloning into expression vectors for transient
transfection

Heavy chain and light chain sequences of the complimentary
determinant regions (CDRs) of Centi-C10 ScFv was cloned into
each constant region of human IgG1 heavy chain, and human
kappa constant IGKC, in the mammalian expression pTT5
vector (Licensed from National Research Council of Canada,
Toronto Canada), respectively. Centi-C10 was generated in
Transient Transfection using human embryonic kidney
Expi293F™ ThermoFisher Scientific (San Diego, California),
according to manufacture protocol at Centivax Inc. (South
San Francisco). The antibody was then purified using HiTrap
MabSelect PrismA protein A column (Cytiva, Marlborough,
MA,), pre-equilibrated with at least 5 column volume (CV) of 1x
PBS, pH 7.9 (ThermoFisher Scientific), in AKTA pure 25M fast
protein liquid chromatography (FPLC) system (Cytiva). Flow
rate was adjusted accordingly depending on the protein titer to
achieve appropriate dynamic binding capacity.

2.9 Spike-pseudotyped lentivirus production and
pseudovirus neutralization assays

Spike-pseudotyped lentivirus was produced in HEK293T cells
as previously described.** Briefly, HEK293T cells cultured in
D10 medium (DMEM + additives: 10% fetal bovine serum,
L-glutamate, penicillin, streptomycin, and 10 mM HEPES) were
seeded at a density of 6 million cells in 10 cm dishes 1 day
prior to transfection. Cells were transfected using calcium
phosphate transfection with 5 plasmids previously described
in ref. 45 in the following ratios: 10 pg luciferase-containing
lentivirus packaging vector (pHAGE-Luc), 3.4 pg FL
SARS-CoV-2 Spike, 2.2 ng HDM-Tat1b, 2.2 pg pRC-CMV-Rev1b,
and 2.2 pg HDM-Hgpm?2. Culture medium was exchanged
~18-24 h post transfection and virus was harvested from cell
supernatant ~72 h post transfection by centrifugation at 300g
for 5 min followed by filtration through a 0.45 pm syringe
filter. Viral stocks were aliquoted and stored at —80 °C. Spike-
pseudotyped lentiviral neutralization assays were performed
using HeLa cells overexpressing human ACE2, as described
previously.*® HeLa/ACE2 cells were plated in 96-well clear
bottom, white-walled plates 1 day prior to infection at a
density of 5000 cells per well. Mouse serum was heat inacti-
vated for 30 min at 56 °C and diluted in D10 medium; dilution
was 1:50 for measuring neutralization at day 7. Virus was
diluted with D10 medium and supplemented with polybrene

This journal is © The Royal Society of Chemistry 2023
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(present at 5 pg mL™"' final concentration in assay wells).
Diluted mouse serum and virus were incubated at 37 °C for 1 h.
D10 media was aspirated off of plated cells and replaced with
virus/serum dilutions for ~48 h at 37 °C. Viral infectivity was
read out using BriteLite (PerkinElmer) luciferase readout solu-
tion and relative luminescence units (RLUS) were quantified
using a BioTek plate reader. All samples assayed in duplicate.

2.10 In vitro stability assay

Centi-C10 samples were prepared at 1 mg mL™" in either PBS
buffer or encapsulated in a 2:10 PNP hydrogel as described
above. Samples were loaded into 7 mL glass scintillation vials
at a volume of 0.5 mL each. The vials were sealed, wrapped in
Parafilm™, and affixed on their sides (to maximize air-water
interface area and accelerate degradation) to the platform of a
rotator plate inside an incubator. Samples were incubated at
37 °C and constantly agitated at 200 rpm. Aliquots taken at
weekly timepoints up to 4 weeks were analyzed via ELISA.

2.11 Centi-C10 ELISA

Centi-C10 concentrations were measured by an anti-RBD
(receptor binding domain) ELISA. SARS-CoV-2 (2019-nCoV)
Spike RBD-His Recombinant Protein (SinoBiological,
40592-VO8H) at 2 pg mL™' in PBS was coated onto 96-well
clear, round bottom MaxiSorp plates (Thermo Scientific) by
overnight incubation at 4 °C. All reagents were added to each
well in 50 puL quantities unless otherwise stated. All incubation
steps were at room temperature. Plates were washed 5x with
250-300 pL PBS-T (0.05% Tween 20) and subsequently blocked
for 1 h with 250 pL of 1% bovine serum albumin (BSA) in PBS.
Samples (either in vitro or mouse serum) were prepared by
serial dilution in 1% BSA. Plates were washed 5x in PBS-T
before adding samples and incubating for 2 h. Plates were
again washed 5x in PBS-T before adding a 1:10 000 dilution in
1% BSA of the secondary antibody, Peroxidase AffiniPure
F(ab'), Fragment Goat Anti-Human IgG, Fcy fragment specific
(Jackson Immunoresearch, 109-036-008, RRID: AB_2337591),
and incubating for 1 h. Plates were washed 5x in PBS-T before
developing with TMB ELISA Substrate (High Sensitivity)
(Abcam, ab171523). Plates were allowed to develop for 3 min
before the reaction was stopped by adding 1 N HCL
Absorbance at 450 nm was measured with a Synergy H1
Hybrid Multi-Mode Plate Reader (BioTek). Every plate con-
tained a 16 point Centi-C10 standard curve assayed in dupli-
cate. The standard curve was fit using a four-parameter dose-
response curve (variable slope) in GraphPad Prism 9. To quan-
tify the concentration of individual samples from their respect-
ive serial dilution series, the dilution with an absorbance value
nearest to that of the EC50 of the standard curve was
interpolated.

2.12 Pharmacokinetic (PK) modeling

The IV bolus data was fit to a two-phase exponential decay
with the plateau constrained to zero in GraphPad Prism 9 to
determine kejim,; Vg was calculated from M,/Cy, where C, is the
initial concentration from the two-phase exponential. The SC
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bolus data was fit to a single compartment pharmacokinetic
model.”” Simulated pharmacokinetic profiles were generated
in MATLAB. The differential equations and analytical solutions
to the single compartment model and two compartment
model incorporating a subcutaneous depot can be found in
the ESL.}

2.13 In vivo Centi-C10 mAb pharmacokinetic study

All animal studies were performed in accordance with
National Institutes of Health guidelines and with the approval
of the Stanford Administrative Panel on Laboratory Animal
Care (APLAC-32109). Female B6.Cg-Fcgrt™™" prkdc*? Tg
(FCGRT)32Dcr/Der] (The Jackson Laboratory, Stock No.
018441) mice age 12-14 weeks were administered Centi-C10
antibody via IV (retro-orbital) or SC injection under brief iso-
flurane anesthesia. All formulations were prepared at a concen-
tration of 3.3 mg mL™" Centi-C10 in PBS and delivered in
150 pL volume (dose: 500 pg per mouse). Hydrogel samples
were prepared for the in vivo study from a stock solution of
4 wt% HPMC-C,, dissolved in PBS containing the appropriate
concentration of Centi-C10 antibody and 20 wt% NPs stock
solution. These samples were mixed by filling two syringes
with HPMC-C,, + Centi-C10 stock solution and NP stock solu-
tion, respectively, and then attaching them to a luer lock elbow
connector to push the components through for mixing. This
process allows for mild encapsulation of the antibody and
results in pre-loaded syringes for injection. Hydrogel com-
ponents for in vivo studies were tested for bacterial endotoxins
using a limulus amebocyte lysate (LAL) test (PYROSTAR ES-F,
FUJIFILM Wako Chemicals) prior to use. Serum samples were
collected via the tail vein at regular timepoints for analysis of
Centi-C10 concentration by ELISA. For the IV and SC bolus
groups, samples were collected at 1, 4, 8, 12, and 20 h; these
timepoints were split across each group (n = 3). For the IV
bolus, SC bolus, and SC gel groups, timepoints were taken at
24 h, and then 4, 7, 10, and 14 days followed by weekly time-
points until the end of the study (n = 6).

2.14 Statistical analysis

All statistical analyses were performed using GraphPad Prism
9. Results generally reported as mean + SD unless specified
otherwise. In general, comparison of two means was deter-
mined with a two-sided, unpaired #test (z, burst release, bio-
availability). Diffusivity measurements and pseudovirus neu-
tralization data were compared using a one-way ANOVA. Tukey
post-hoc tests were applied to account for multiple compari-
sons (a = 0.05); adjusted p-values were reported.

3 Results and discussion
3.1 Rheological characteristics of the PNP hydrogel

PNP hydrogels are non-covalently crosslinked hydrogels
formed through dynamic, multivalent interactions between
the network polymer, hydrophobically modified hydroxypropyl
methyl cellulose (HPMC-C;,) and self-assembled polymeric

Biomater. Sci, 2023, 11, 2065-2079 | 2069
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nanoparticles formed through nanoprecipitation of polyethyl-
ene glycol-block-polylactic acid (PEG-b-PLA; dy, ~ 30 nm)
(Fig. 2a). Here, rather than serving as drug carriers, the nano-
particles are a key structural component of the hydrogel
system, acting as physical crosslinking nodes to percolate the
network through bridging of the HPMC-C;, polymer.
Cryogenic transmission electron microscopy (CryoTEM)
images show the nanoparticles distributed in the polymer
matrix (Fig. S101). The hydrogel is formed by simply mixing
aqueous solutions of the two components (Fig. 2b, ESI Video
1t). The mild gelation conditions are conducive to encapsulat-
ing biotherapeutic drug cargo, such as antibodies, into the

View Article Online
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bulk of the material. PNP hydrogels can exhibit a range of
rheological properties depending on the ratio of polymer to
nanoparticles in the formulation and overall solid polymer
content. A 2:10 PNP formulation indicates 2 wt% HPMC-C,,
and 10 wt% PEG-PLA nanoparticles, with the remaining
88 wt% buffer plus drug cargo. Two formulations, 1:5 and
2:10, were selected for comparison. Both formulations exhibit
solid-like behavior (G’ > G”, tan(§) = 0.1-0.5) across the entire
range of the frequency sweep shown in the linear viscoelastic
regime (Fig. 2c). The 2:10 formulation has a shear storage
modulus approximately an order of magnitude greater than the
1:5 formulation. In addition, previous work by our group has

a) PNP Hydrogel b)
HPMC-C,, PEG-PLA

RO, /o R
RO, 0. A
RO o ? 5 \Vé\’ Y Y
RO RO.
RO o R
. Self-assembled

-R=-Hor }H
o
Yy

gelation by mixing post-gelation

NPs
d, =30 nm

o
e U

Polymer

homogeneous
hydrogel

or

)’N/\ +

. Drug cargo
Mix N\ <) "G 210 =G 15 9
\)( 0G"2:10 0 G”" 1:5 A1:5 =m2:10
1033 __ 104
antibody s ] / ? 05
€ 1024 WM L3 §
g ./ Py 102_%
E 1 @ 101
g 1073 @M g 10 E
= ] g 100
100 LELLL ERNLE R AL LI LR LLLL LIRS LG B 10_1 LU ELELRER L A EL R AR ELELLL LR LLLL |
dynamic, multivalent 102 10" 100 101! 10-2 10" 10° 10' 102
drug-loaded PNP hydrogel  physical interactions Frequency (s™) Shear rate (s)
e) injection through needle f) y = low +1:5 «2:10 Q) A1:5 m2:10
1, =70 Pa 1, =350 Pa
robust depot 104+ 104 R
(LN el oul snl cnl I —
g0t | § T e— Y
Rt ot ate Nt
.gmga* L L’ - & 1024
S 1011: o L Lc L s 3 .
T T T T T T T T 10 T llllllll T IIIIIIII T TTTTITT
0 250 500 750 1000 1 10 100 1000
. Time (s) Stress (Pa)

Fig. 2 Polymer nanoparticle (PNP) hydrogel formulation and rheological properties. (a) PNP hydrogels are dynamic networks formed from supra-
molecular interactions between a dodecyl-modified (hydroxypropyl)methyl cellulose (HPMC-C;,) network and self-assembled nanoparticles com-
posed of poly(ethylene glycol)-block-poly(lactic acid) (PEG-PLA) block copolymers. Drug cargo can be easily loaded into the hydrogel by incorpor-
ation into the buffer. Formulation nomenclature is denoted by network polymer wt%: nanoparticle wt%. (b) Gelation occurs by physically mixing
stock solutions of the polymer and nanoparticles to form a homogeneous hydrogel (nanoparticle solution artificially colored blue). (c) Storage (G')
and loss (G"”) moduli and (d) viscosity as a function of shear rate were measured for two different PNP formulations (data adapted from Meis, et al.%”).
(e) A 2:10 PNP hydrogel is injected through a 21G needle and rapidly forms a robust depot upon injection. (f) Step shear tests were performed by
alternating between low (0.1 rad s™) and high (10 rad s™%) shear rates after preconditioning for 90 seconds. (g) Yield stresses (indicated by dotted
lines) were determined from a stress-controlled sweep.
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shown that increasing stiffness (modulus) leads to an increase
in hydrogel depot persistence time in the subcutaneous space
of mice; a 1:5 formulation persists for up to 25 days while a 2:10
formulation should persist for several weeks.*®

One way to assess injectability, a critical attribute for a sub-
cutaneous delivery vehicle, is to measure the shear rate depen-
dence of the viscosity. Both formulations show a decrease in
viscosity of nearly three orders of magnitude with increasing
shear rate and are shear-thinning (Fig. 2d). Shear rates achiev-
able on a rheometer are too low to simulate injection through
a needle, so it is also important to confirm injectability by
testing with a relevant syringe/needle combination.”® These
formulations are also injectable through a 21G needle (Fig. 2e,
ESI Video 11).*> Step shear experiments were performed to
simulate the step-wise change in shear rate during injection
and determine the ability of the network to recover solid-like
properties after being subjected to high shear rates (Fig. 2f).
From the viscosity recovery curves at low shear rate, the charac-
teristic recovery time, 7z, was determined to be 42 + 16 s and 10
+ 1 s for the 1:5 and 2:10 hydrogel formulations, respectively
(Fig. S3t). The supramolecular interactions between the
polymer and nanoparticles facilitate this shear-thinning and
subsequent viscosity recovery behavior, as the network can be
pulled apart under applied shear stress and then rapidly
reformed in the absence of shear stress. Previous findings
show that a P:NP stoichiometric ratio between 0.1 and 1 (P:NP
= 0.2 for both formulations) promotes bridging between com-
ponents and thus gelation in this PNP hydrogel system; the
2:10 network likely recovers more quickly compared to the
network 1:5 due to higher overall content of polymer and
nanoparticles to form bridging interactions.’®

Finally, the yield stress of each formulation was determined
to assess the ability of the depot to retain its shape under the
forces present at the site of injection; it has previously been
demonstrated that yield stress is an important rheological
property for subcutaneous depot formation and retention.>*™*
Yield stresses of 70 and 350 Pa were measured for the 1:5 and
2:10 formulations, respectively (Fig. 2g). Again, previous work
has shown that increasing nanoparticle content results in
higher yield stress values.’® Both of these formulations exhibit
sufficiently high yield stress to form a persistent depot in the
mouse subcutaneous space upon injection.*® In addition, the
hydrogel is rheologically stable for more than 5 weeks at room
temperature (Fig. S27).

3.2 Invitro antibody release and diffusivity from the PNP
hydrogel

Next, we evaluated the drug delivery capabilities of the two for-
mulations in vitro. Rat IgG was used as the model antibody in
these in vitro experiments as most bnAbs are IgG type anti-
bodies and generally similar in size and structure. These anti-
bodies were encapsulated in the hydrogel mesh by simul-
taneously mixing the drug solution with the hydrogel com-
ponents. We hypothesized that a faster recovery time, 7, in the
step shear experiments would correlate with reduced burst
release of encapsulated drug cargo as the network reforms

This journal is © The Royal Society of Chemistry 2023
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more quickly upon injection (Fig. 3a). To test burst release,
hydrogels loaded with fluorescently labeled rat IgG were
injected into microcentrifuge tubes filled with PBS and the
amount of antibody released after 5 min was measured by fluo-
rescence intensity. The 1:5 hydrogel released 16 + 6% of the
total cargo mass 5 minutes after injection, while the
2:10 hydrogel released only 1 + 1% of the cargo; this result
corroborates the hypothesis that materials exhibiting faster
recovery times retain more cargo and reduce burst release
(Fig. 3b). Minimal burst release from the depot is critically
important for long-term biotherapeutic delivery because the
immediate loss of a substantial portion of the delivered dose
can reduce the amount of time it is possible to maintain a pro-
tective titer. More broadly, burst release is concerning for
therapeutics that exhibit dose-dependent toxicity; while bnAbs
are generally well-tolerated even in high doses, this material
could also be used for other applications where toxicity is a
concern, such as in cancer immunotherapy.>>*

Drawing from the rheological characteristics, increasing
storage modulus typically correlates with reducing the mesh
size of the hydrogel network; therefore, we hypothesized that
the hydrogel formulation with greater storage modulus would
be more effective at slowing antibody release. The sustained
release capabilities of the two PNP formulations were evalu-
ated by measuring the amount of fluorescent rat IgG released
into buffer over time from hydrogels in microcentrifuge tubes.
The higher modulus 2:10 hydrogel released a smaller percen-
tage of the total mass (M,;/Mi,s = mass at time, t/total mass)
compared to the 1:5 formulation over 6 days (Fig. 3c).

To develop a better understanding of how encapsulated
drug cargo diffuses within the hydrogel, fluorescence recovery
after photobleaching (FRAP) experiments were performed with
fluorescently labeled rat IgG to determine Dy,q, diffusivity of
IgG, and fluorescently labeled HPMC-Cy, to determine Dy,
diffusivity of network polymer, in each formulation. Measured
Dyyg in the 1:5 formulation (Dyg = 4.3 + 0.4 pm? s~ ') was about
4 fold greater than in the 2:10 formulation (DIgG =09 =+
0.2 pm? s~ ') (Fig. 3d). These values are both an order of magni-
tude smaller than the diffusivity of freely diffusing IgG in PBS
(Dpps = 53.4 + 9 um” s7), demonstrating that the PNP hydrogel
constrains passive diffusion. An important observation is that
Dy in the 2:10 formulation is nearly the same as the diffusiv-
ity of the HPMC-C12 chains themselves (Dge) (Fig. 3e,
Table S1t). This data suggests that in the limit where the
network mesh size is smaller than the size of the IgG, Diy is
dictated by Dy, presenting a way to control Dy, through
optimization of the strength and kinetics of the supramolecu-
lar crosslinks and network polymer mobility in the case where
Diga/Dgel approaches 1 (Fig. 3f). This data also suggests that
the 1:5 hydrogel has a larger effective mesh size compared to
the 2:10 hydrogel, allowing the IgG cargo to diffuse more
quickly, whereas the 2:10 hydrogel mesh more effectively
limits diffusion. Previous work indicates that the mesh radius
of a 2:10 hydrogel network is approximately 6 nm; monomeric
human IgG has a hydrodynamic radius of 5-6 nm, so it is
likely to be entrapped by the hydrogel network.*%>%:>3

Biomater. Sci, 2023, 11, 2065-2079 | 2071


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2bm00819j

Open Access Article. Published on 30 lonawr 2023. Downloaded on 02/03/2026 13:41:40.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Biomaterials Science
a) Burst release b) t=5 mi c)
30 > 00 0.5
o F P = 0.004 —0
\ s C 0.4
b s 200 [ E 03d -
recovery E : \4_‘ O 2 ) o
, Retention 5 10 = Ty -
l om C 0.1-3¢€ -©— 15
T X L —— 2:10
’ recovery O | _;_ 0.0%I)Illlllllllllllllllllllll
1:5 2:10 01 2 3 4 5 6
Time (days)
d) e) f)
1000 P < 0.0001 4 D eﬂ‘
> 100 P < 0.0001 2 B
& ?‘3’, 3 i d"‘ h d < d
g— 10 g e :‘ mesh 1gG
= g 2 B
D?m 1 [m) 1 ,," DIgG/DgeI—>1
0.1 0
PBS 1.5 2:10 1:5 2:10 -
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cently-labeled rat IgG. (a) Characteristic recovery time ¢ correlates with burst release versus retention of antibody cargo. (b) Percent of antibody
released 5 minutes post-injection into a PBS-filled microcentrifuge tube (mean + SD, n = 3); p-value determined by two-sided unpaired t-test. (c)
Cumulative in vitro release of antibody from a PNP hydrogel (mean + SD, n = 5); trendline shown is a Ritger-Peppas empirical fit.>* (d) Diffusivity
(Digc) of free antibody compared to gel-encapsulated antibody as quantified by dynamic light scattering (DLS, PBS sample) and fluorescence recov-
ery after photobleaching (FRAP, hydrogel samples) (mean + SD, n = 5 for PBS, n = 3 for hydrogels). Statistical significance was determined by one-
way ANOVA (F (DFn, DFd) = F (2, 8) = 82.62). Tukey post-hoc tests were applied to account for multiple comparisons. (e) Ratio of antibody diffusivity
to hydrogel diffusivity (Dgel), where Dy is the diffusivity of fluorescently-labeled HPMC-C,, within the denoted hydrogel formulation as measured
by FRAP (mean + SD, n = 3). (f) Illustration of possible antibody diffusion process where passive diffusion of the antibody is limited by the dynamic

mesh of the hydrogel network.

Taken together, the rheological properties, in vitro release
studies, and diffusion measurements indicate that the PNP
platform, and particularly the 2:10 formulation, might be suit-
able for subcutaneous antibody delivery based on the desired
attributes of injectability and prolonged drug exposure. The
2:10 formulation was selected for an in vivo antibody pharma-
cokinetics study based on its increased drug retention upon
injection and slower cargo release over time compared to the
1:5 formulation. Lastly, we hypothesize that higher polymer
content formulations (e.g. 3:15) would not be beneficial
because increasing the solid content in the formulation also
generally reduces how much antibody drug can be encapsu-
lated in the network, so higher polymer content formulations
were not investigated for this work.

3.3 Invitro stability of an antibody against SARS-CoV-2

Centi-C10 is a high affinity monoclonal antibody (human-
IgG1) that binds the wild type SARS-CoV-2 receptor binding
domain (RBD). This clone blocks the interaction between the
coronavirus spike protein RBD and human ACE2 receptor. The
ICs, of Centi-C10 was determined to be 0.2 pg mL™" in a neu-
tralization assay against spike-pseudotyped lentivirus (Fig. 4).
Prior to initiating an in vivo study, an in vitro stability assay
was conducted to verify that the Centi-C10 antibody would be
stable when encapsulated in the hydrogel. Centi-C10 samples
prepared at 1 mg mL™" in either PBS or 2:10 hydrogel were

2072 | Biomater. Sci, 2023, 11, 2065-2079

aged in glass vials at 37 °C with constant agitation on a shaker
plate for up to 4 weeks. Weekly aliquots were analyzed via
SARS-CoV-2 spike RBD ELISA as a measure of functional
activity and stability (Fig. 5a). After 1 week, the hydrogel-encap-
sulated Centi-C10 exhibited nearly unchanged binding activity
in the assay compared to a fridge-stored control, while the PBS
sample had only 37 + 3% binding activity (Fig. 5b). After 3
weeks, the Centi-C10 in PBS exhibited <10% binding activity
whereas the encapsulated Centi-C10 still measured 40 + 13%.
Even after 1 week at 50 °C with constant agitation, hydrogel-
encapsulated Centi-C10 exhibited nearly 60% binding activity
(Fig. S47). It is anticipated that both formulations would likely
be more stable in vivo as the conditions of the in vitro assay
were intended to accelerate degradation of the antibody. In
addition, these assays not only indicate that antibodies should
be stable within the hydrogel as a subcutaneous depot, but
also that hydrogel-encapsulated antibody formulations could
be more shelf-stable and cold-chain resilient. Shelf stability
and cold-chain resilience are both key factors to both reducing
overall cost and improving biotherapeutic drug access.>*™°

3.4 Centi-C10 pharmacokinetics in a preclinical mouse
model

To test whether the 2:10 hydrogel could serve as a sub-
cutaneous antibody delivery depot, a study was conducted in
scid FcRn-/- hFcRn (32) Tg mice where Centi-C10 pharmacoki-

This journal is © The Royal Society of Chemistry 2023
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In vitro stability of Centi-C10 antibody in standard buffer formulation compared to PNP hydrogel-encapsulated Centi-C10. (a) In vitro aging

assays were conducted by subjecting samples in glass vials to heat and constant agitation. Aliquots were removed at weekly timepoints for analysis
of functional stability by ELISA. (b) Post-aging fraction of Centi-C10 binding to SARS-CoV-2 spike RBD antigen by ELISA, normalized by a fridge-

stored control (mean + SD, assayed in triplicate).

netics were compared between standard bolus administrations
and a subcutaneously injected hydrogel. These mice express
an hFcRn transgene and are immunodeficient, allowing the
long-term evaluation of human IgG antibody serum levels.>”>>®
Each mouse was administered a dose of 500 pg of Centi-C10
via either IV bolus, SC bolus, or SC 2:10 hydrogel in PBS, and
blood samples were collected throughout the time course for
Centi-C10 serum concentration analysis via ELISA (Fig. 6a).
Antibody pharmacokinetics are often described using com-
partment modeling methods.?””*® To understand how the sub-
cutaneous hydrogel depot might modulate the serum pharma-
cokinetics, it was first necessary to quantify pharmacokinetic
(PK) parameters for Centi-C10 in this mouse model from the
IV and SC bolus data. The IV PK profile was fit with a two-
phase exponential decay to yield a volume of distribution
Varv = 1.19 = 0.11 mL and a serum elimination half-life
tijz,elim = 12.8 + 1.7 days (Fig. 6b). Next, the SC bolus data was
fit with a standard one compartment PK model with first
order rate constants, where ¢/, oiim Was fixed to 12.8 days as
determined from the IV bolus PK profile (Fig. 6¢). From this,
the absorption half-life of Centi-C10 from the subcutaneous
space was found to be ¢/, aps = 7.4 = 1.5 h with a slightly larger

This journal is © The Royal Society of Chemistry 2023

Vasc = 2.26 + 0.12 mL. These half-life values are similar to
what might be expected from literature for IgG type antibodies
delivered via IV or SC routes in this model.®>®' Blood volume
for a mouse is generally 1-2 mL depending on mass, so the
Va,iv is within the expected range. The Vg4 gc from the one com-
partment model is nearly 2x greater than Vg, which is also
not unexpected because antibodies delivered into the sub-
cutaneous space are preferentially drained into the lymphatic
system prior to entering circulation, so the drug should be dis-
tributed across more tissues in the body leading to an increase
in Va.

To understand how the SC hydrogel depot might modulate
antibody pharmacokinetics, a two compartment PK model was
implemented where the depot was considered as the first com-
partment (Fig. 6d and e).”””®> Using the elimination and
absorption rate constants determined from the IV and SC
bolus data, the half-life of Centi-C10 from the SC depot com-
partment, ¢/, apt, Was found to be 6.7 + 1.9 h from the model.
Utilizing the Ritger-Peppas drug release model, time to 50%
release can be estimated to be #5400, = 32 h based on the anti-
body diffusivity values measured by FRAP and assuming a
spherical depot of the same administered volume (Fig. S91).%*
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Fig. 6 Centi-C10 pharmacokinetics in a preclinical mouse model. Centi-C10 antibody was administered to scid FcRn-/- hFcRn (32) Tg mice via
three different routes and the pharmacokinetics were assessed as shown in (a) via ELISA. Pharmacokinetic parameters were determined by fitting the
Centi-C10 serum concentration profiles using a two-phase decay for the (b) IV bolus or a single compartment model for the (c) subcutaneous
bolus. (d) Two compartment model incorporating the subcutaneous depot that was applied to fit the pharmacokinetic profile of the (e) SC gel
group, using first order rate constants determined from the IV and SC bolus data. Data points shown as mean + SD (n = 3 prior to 24 h, otherwise
n = 6; for gel group, n > 4 after day 63); calculated PK values shown as mean + SE.

The depot half-life determined from the compartment model
of the PK data is significantly smaller than expected from
in vitro diffusivity data. The rate constant describing antibody
release from the depot, k4p, determined from the model cap-
tures all processes leading to loss of antibody mass from the
depot with no granularity. It is known that antibodies may be
cleared from the subcutaneous space by both active and
passive transport mechanisms.'>® We anticipated that the
dominant mechanism of antibody transport out of the hydro-
gel depot would be passive diffusion; however, given that the
depot half-life is shorter than expected, we hypothesize that
cells could be infiltrating into the subcutaneous hydrogel
depot and causing loss of antibody drug mass in the depot by
actively trafficking the antibodies through the lymphatic
system or degrading them through consumption or production
of reactive oxygen species, or other possible processes.
Previous work has shown that immune cells can infiltrate into
these PNP hydrogel materials when certain types of cargo such
as vaccine components are present and that encapsulated
therapeutic cells exhibit motility, indicating that an active anti-
body transport mechanism could be possible.*** However, it
is important to note that the level of cellular response we
hypothesize could be occurring is primarily of concern due to
the potential to actively transport or degrade the drug cargo
and detrimentally affect the measured serum pharmacoki-

2074 | Biomater. Sci,, 2023, 11, 2065-2079

netics and is not necessarily a concern for biocompatibility. It
is also possible that biological interactions with the material
change its physical properties over time, which could alter its
drug release characteristics.®® Future work should include
investigating cellular infiltration into antibody-loaded PNP
hydrogels as well as measuring antibody biodistribution
beyond the bloodstream, such as the lymphatic system. There
also could be passive immunization applications where
accumulation of antibodies in the lymph nodes may be advan-
tageous, depending on the pathology of the specific disease.
Understanding how cellular infiltration affects the drug cargo
in the depot and its subsequent biodistribution will help
guide the design of future biomaterials for this application.
Additionally, a major concern for the subcutaneous delivery
of monoclonal antibodies is bioavailability, which can vary but
is generally 50-90%."? The bioavailability of Centi-C10 for the
subcutaneously administered formulations was quantified
from the area under the PK curve (AUC) through day 42 of the
study (Fig. 7a). Bioavailability from the SC bolus was 92 + 11%
and the SC gel approached 100% (Fig. 7b), offering a slight
benefit compared to the bolus. Another facet of bioavailability
is whether the antibodies will experience degradation and loss
of therapeutic function, in this case neutralizing activity, prior
to reaching circulation, even if their binding activity remains
intact. At day 7 the neutralizing activity of the antibodies

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Bioavailability and neutralizing activity of subcutaneously delivered Centi-C10. (a) Time course of pharmacokinetic study. (b) Bioavailability
quantified by the area under the curve (AUC) of the Centi-C10 pharmacokinetic profiles by ELISA through day 42 normalized by AUC of the IV bolus
group (mean + SE, n = 6 mice per group); p-value determined by two-sided unpaired t-test. (c) Neutralizing activity of Centi-C10 from mouse serum
7 days post-administration as determined by spike-pseudotyped lentivirus neutralization assay (mean + SD, n = 6 mice per group, assayed in dupli-
cate). Statistical significance was determined by one-way ANOVA (F (DFn, DFd) = F (2, 15) = 1.906). Tukey post-hoc tests were applied to account for

multiple comparisons.

present in the serum was tested in a spike-pseudotyped lenti-
virus neutralization assay (Fig. 7a). There was no difference
between the three methods of administration; IV bolus, SC
bolus, and SC gel all demonstrated neutralizing activity of 74 +
12%, 75 + 16%, and 87 + 7%, respectively, at a 1:50 dilution in
the assay (Fig. 7¢). Similar pharmacokinetics were observed for
Centi-C10 delivered in a subcutaneous hydrogel formulation
in a histidine/sucrose buffer, indicating that buffer exchange is
feasible in this system (Fig. S57).

Biocompatibility of the PNP hydrogel was assessed by his-
tology samples of skin surrounding the subcutaneous hydrogel
depot both with and without antibody encapsulated (Fig. S6T,
Fig. S71). In addition, blood chemistry analysis in a rat model
showed either values within the normal range or values not sig-
nificantly different for animals administered PNP hydrogels com-
pared to healthy rats (Fig. S8t). Further, previous work by our
group has demonstrated the cytocompatibility of these materials
in studies utilizing them to encapsulate, deliver, and proliferate
both human mesenchymal stem cells and CAR-T cells for thera-
peutic applications.*>** In vivo biocompatibility has previously
been assessed in rodents with histology, gross necropsy, and
blood panels for applications in the subcutaneous space, thoracic
cavity, or abdominal cavity.”®***" Prior work has also shown that
PNP hydrogels are generally cleared from the subcutaneous
space within several weeks, depending on the formulation rheo-
logical properties and injected hydrogel volume.*"** Taken
together, these data demonstrate both cytocompatibility and
in vivo biocompatibility of the PNP hydrogels.

3.5 Extrapolating to human pharmacokinetics and design
requirements for depot materials

Beyond evaluating drug depot performance, simple pharmaco-
kinetic modeling can be an important tool to aid the biomater-
ials design process. In particular, modeling can help inform

This journal is © The Royal Society of Chemistry 2023

how a given materials platform, such as the PNP hydrogel
system, could be tailored to deliver biotherapeutics such as
antibodies with similar physical characteristics but different
pharmacokinetic characteristics. Because pharmacokinetics in
a mouse model are different than in humans due to differ-
ences in physiology and allometric scaling, basic compartment
modeling can be used to estimate PK profiles in humans
based on both drug and material depot characteristics.®> In
order to extrapolate PK profiles in humans, we implemented a
two compartment model with first order kinetics and relevant
dosing and physiological values for IgG antibodies in humans
(Fig. 8a).'>"'*0%62:%% we ysed this model to simulate PK pro-
files for four antibody drugs with distinct elimination half-
lives that are either on the market or in preclinical or clinical
development (Fig. 8b-e). The drugs selected were (1) IgMs and
IgG3s, which are both promising antibody drug subtypes hin-
dered by poor pharmacokinetics (¢1/5e1im = 7 days (endogen-
ous)), (2) VRCO1, a bnAb against HIV (t1/5 e1im = 14 days), (3)
REGN-COV2, Regeneron’s dual antibody cocktail against
SARS-CoV-2 (t1/3,elim = 27 days), and (4) mAb-LS, an LS-modi-
fied anti-HIV mAb with representative extended half-life
characteristics (£1e1im = 50 days).”">*”7! For each drug, pro-
files were simulated for no depot (single compartment model)
compared to a two compartment model with varying depot
release half-lives from the material depot compartment to the
subcutaneous space. In addition, the time above a threshold of
3 pg mL™" serum concentration was quantified, as two of the
four selected drugs are representative anti-HIV antibodies, and
a threshold concentration of 3 ug mL™" has been suggested in
a simian HIV model as a protective serum titer for passive
immunization.” The threshold was kept consistent for sake of
comparison. However, it should be noted that although main-
taining a threshold serum titer is typically used as a bench-
mark for assessing durability of prophylaxis, the correlation
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Fig. 8 Compartment modeling to understand depot pharmacokinetics in humans. (a) Two compartment model schema with first-order kinetics
between compartments, including relevant physiological parameters and antibody drug characteristics. Pharmacokinetic profiles were generated for
antibodies with different elimination half-lives to simulate antibody release from subcutaneous depots exhibiting different release rate constants: (b)
IgM class antibodies, (c) VRCO1, an anti-HIV bnAb, (d) REGN-COV2, antibody cocktail against SARS-CoV-2, and (e) mAb-LS, indicating a bnAb
modified with the LS mutation to increase serum half-life. Arrows on bars indicate that serum titer remained above the 3 pg mL™ threshold beyond

365 days.

between serum antibody concentration and protection against
infection in humans is both disease and drug dependent and
generally not well defined. Defining appropriate benchmarks
and defining protective threshold are active areas of research
in the field of passive immunization.

For antibodies such as IgM or IgG3 with a relatively short
elimination half-life of 7 days, a drug depot with a release half-
life of 10 days increases the duration above the therapeutic
threshold by 1.6 fold and a depot half-life of 20 days yields a
2.4 fold duration increase. For the anti-HIV bnAb VRCO01
(t4/2,elim = 14 days), a depot half-life of 20 days increases dur-
ation by 1.7 fold. For a neutralizing antibody cocktail like
REGN-COV2 with a comparatively longer half-life of 27 days, a
depot half-life of 50 days would be required to extend the dur-
ation above threshold by 2 fold. As drug elimination half-life

2076 | Biomater. Sci, 2023, 11, 2065-2079

increases, the elimination phase becomes the primary deter-
minant of the overall PK profile; in the case of a long-lived
antibody such as an LS mAb with t;,, ciim = 50 days, the depot
would need to exhibit very slow release to modify the PK
profile. In order for the depot compartment to meaningfully
extended PK profiles, the depot release half-life needs to sig-
nificantly longer than the elimination half life so it becomes
the rate limiting step. From the compartment modeling of
these representative antibody drugs, a general trend emerges
that in order for the duration above threshold to increase 2
fold, the depot half-life must be approximately 2 fold greater
than the drug elimination half life. Depending on the drug
characteristics and desired PK profile for its target application,
this implies that antibodies with poor PK characteristics may
benefit the most from depot formulation technology. For a

This journal is © The Royal Society of Chemistry 2023
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2:10 hydrogel formulation administered subcutaneously at a
suitable volume for humans (1.5 mL), we can estimate time to
50% release as t5g, = 6.3 days based on in vitro antibody diffu-
sivity measurements.”’> The current formulation could be
more effective for short-lived antibody drugs.

Another observation is that increasing the depot half life
reduces the maximum concentration of drug reached in the
serum (Cp,ax). While bnAbs are generally well-tolerated even in
high doses, a reduction in Cp,,x while still maintaining thera-
peutic efficacy is generally desirable from a standpoint of long-
term safety, efficacy and tolerability. Further, for developing
drug delivery materials for applications where dose-dependent
toxicity is a concern, such as in cancer immunotherapy, redu-
cing Cay is crucial for patient safety.

Employing a relatively simple two compartment model is
useful not only for estimating antibody delivery from a sub-
cutaneous depot, but it can also be adapted and applied to
other delivery platforms in which the benchmark for success
is the ability to maintain serum drug concentration either
above a threshold or within a therapeutic window over time.
We acknowledge that much more sophisticated pharmacoki-
netic and pharmacodynamic models exist; however, in the
case of antibodies, a simple model is generally sufficient to be
used as a benchmarking tool to estimate the observed PK by
capturing the dominant mass transport processes in vivo.
Incorporating compartment modeling during the depot design
process is important to estimate what depot release kinetics
are required to achieve a desired PK profile and ensure that
the depot design is relevant for translation.

4 Conclusions

PNP hydrogels exhibit many of the key attributes necessary for
a subcutaneous delivery depot, including injectability, main-
tenance of drug stability during stressed aging, and prolonged
drug exposure. Few other hydrogel platforms exhibit the same
combination of advantageous characteristics of the PNP hydro-
gel system for application as a subcutaneous delivery depot.
PNP hydrogels are readily injected through relevant syringe
and needle combinations, enhance the thermal stability of
encapsulated antibodies to a degree that improved shelf life
and reduction in cold chain dependence are possible, offer
easy hydrogel formulation and drug encapsulation through
physical mixing of components, and afford control over drug
release through formulation modification. An in vivo PK study
comparing delivery of a SARS-CoV-2 antibody via bolus admin-
istration and encapsulated in a PNP hydrogel showed that the
hydrogel was able to deliver functional antibody, but that the
release kinetics from the depot were faster than expected
based on in vitro experiments. This work highlights both the
future potential and reiterates outstanding challenges of deli-
vering antibody therapeutics from a subcutaneous depot.
Implementing a two compartment pharmacokinetic model to
simulate the required depot drug kinetics for clinical or pre-
clinical human antibodies can inform the design of new

This journal is © The Royal Society of Chemistry 2023
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materials that could serve as subcutaneous biotherapeutic
delivery depots for applications in infectious diseases includ-
ing pre- and post-exposure prophylaxis, treatment, and passive
immunization, as well as other applications in biotherapeutic
delivery.
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