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ABSTRACT

Monoclonal antibody (mAb) therapeutics have become widely successful for treatment of any number of dis-
eases. However, for certain hard-to-reach tissues, e.g., eye, brain, tumors, and joints, local delivery is desired and
long-term controlled release is necessary to avoid frequent injections and poor patient compliance. If local and
sustained exposure of mAbs (or their Fab or nanobody fragments) could be accomplished by injectable polymer
long-acting release (LAR) systems, the incredible potential of mAb therapeutics could be extended to additional
diseases, e.g., neovascular age-related macular degeneration (wet AMD) and glioblastoma multiforme (GBM). In
prior studies, long-acting delivery of mAbs has been limited by the inability to design a delivery system prepared
from a biodegradable polymer used in FDA-approved LARs that achieves long-term continuous release of
structurally stable and immunoreactive mAb with a low initial burst release that is easily injectable and avoids
material build-up upon repeated injection. Here, we present for the first time a long-acting delivery system
capable of delivering several different mAbs for multiple indications by developing a novel process to stabilize
mAbs through the combination of formulation, micronization and encapsulation conditions, and to control
stabilized mAb exposure in vivo for months by formulation with an appropriate biodegradable polymer (poly
(lactic-co-glycolic acid) (PLGA)), utilization of a pH- and pore-modifying agent, and development of a novel
PLGA coating layer to control osmotic pressure induced by elevated levels of critical co-encapsulated stabilizers,
particularly mAb-stabilizing-trehalose. The resulting implants showed long-term efficacy in animal models for
both wet AMD and GBM after single local injections. Although much more work needs to be done before their
clinical application to these two diseases, the injectable PLGA platform meets several important benchmarks for
controlled mAb delivery and can be developed further for delivery of a wide array of mAbs and other cofactors,
offering an improved therapeutic option for treating diseases amenable to local antibody therapy.

One Sentence Summary: A generalizable injectable biodegradable PLGA implant platform for site-specific
and long-term slow and continuous release of stabilized monoclonal antibody drugs demonstrates improved in
vivo efficacy for wet AMD and glioblastoma.

1. Introduction

sales list [1]. Unlike many biologics, mAbs typically have longer circu-
lating plasma half-lives owing to the neonatal Fc receptor-mediated

Monoclonal antibody (mAb) therapeutics have become a powerful recycling mechanism [2]. MAbs encompass diverse pharmacologic tar-
drug class recently occupying five out of ten spots on the current US drug gets and have been successfully administered systemically. Certain
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tissues such as the eye, brain, solid tumors, and joints are difficult to
attain therapeutic mAb levels without inducing significant off-target
side effects [3,4]. The eye and the brain, for example, possess protec-
tive endothelial barriers and surrounding blood vessels comprising the
blood-retinal and blood-brain barriers, respectively. These barriers
preclude optimal and effective treatment for a multitude of diseases such
as neovascular age-related macular degeneration (also referred to as wet
AMD) and glioblastoma (GBM).

Wet AMD is one of the most common causes of blindness [5-8] and
may be treated with monthly intravitreal injections of an anti-vascular
endothelial growth factor (VEGF) mAb such as Avastin® (bev-
acizumab, Genentech), Lucentis® (ranibizumab, Genentech) or the
VEGF trap, Eylea® (aflibercept, Regeneron) [5,9,10]. More recently,
Vabysmo™ (Faricimab, Genentech) is the first bispecific antibody that
inhibits both angiopoietin-2 (Ang-2) and (VEGF-A) for the treatment of
wet AMD or diabetic macular edema (DME) [11]. Despite the inherently
long intravitreal half-life of bevacizumab, the monthly injections are
problematic, posing risks of infection, inflammation and hemorrhage
[12]. Additionally, monthly injections are a real burden on patients
leading to compliance issues [13]. An injection frequency of at least 3-
months between doses is a highly desired clinical goal [14-16].

Glioblastoma (GBM) is one of the most deadly cancers with a high
rate of recurrence and a poor median survival (14-20 months), which
has not greatly improved over the past several decades [17-19]. Due to
the immunosuppressive nature of GBM, immune checkpoint inhibitor
immunotherapies such as anti-PD-1 and anti-CTLA-4 blockade are
currently being investigated as a treatment option. However, systemic
administration of these antibodies is associated with adverse side effects
[18,20-23]. Local controlled release of immune checkpoint inhibitors
for GBM offers the potential of superior local drug exposure while
avoiding systemic toxicity and mitigating systemic immunosuppression
[22].

An approach to overcome such biological barriers to drug delivery is
the application of biodegradable polymer implants capable of releasing
the drug from weeks to months after local delivery. Intravitreal in-
jections in the physician’s office [24] or implantation after tumor
resection [25] are common applications of this strategy. Other examples
that focus on local/regional controlled-release of drugs in general
include intravaginal rings releasing contraceptives and preventive drugs
for sexually transmitted diseases [26,27], drug-eluting stents for the
treatment of peripheral artery disease [28,29], and intra-articular
extended release formulations for osteoarthritis knee pain [30].
Collectively, these diseases demonstrate an unmet need and significant
opportunity to develop generalizable approaches for sustained, local
release of mAbs. However, mAbs as proteins are often unstable when
encapsulated and slowly released from polymers [31]. General strate-
gies for slow and continuous release of mAbs from poly(lactic-co-gly-
colic acid) (PLGA), the most common polymer used in FDA-approved
long-acting release (LAR) products, have not been achieved. Most mAb
LAR formulations previously reported are deficient in one or more of
these important categories: high and efficient loading of mAb [32-35],
low initial burst release (<20 %) [34,36], >80 % total mAb release
[31-33,35-39], >1-2 month of release [32,34-36,40-42], extensive
analyses of mAb structural stability and activity during formulation and
during release [32-35,37,38,40-43], a lack of polymer build-up after
drug release [44], and evaluation of mAb tolerability and efficacy in
vivo [32-34,36-46].

To address this challenge we selected bevacizumab contained in
Avastin® [47,48] as a model mAb, and developed a LAR formulation
approach based on injectable pencil-lead sized, sub millimeter-scale
rods like the Ozurdex® implant [49]. We built this formulation based
on multiple protein-stabilizing features such as incorporating pH
modifying and pore-forming agents (e.g., MgCOs; and Mg(OH)y),
elevated protein loading, and use of anhydrous encapsulation previously
developed for other PLGA-encapsulated albumin and growth factors
[50,51]. We found that stabilization of bevacizumab required high
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levels of osmotic excipients, such as trehalose, to halt aggregation during
micronization of the mAb for anhydrous encapsulation, although in-
clusion of the excipient caused rapid mAb release. By applying a novel,
micron-thin, PLGA coating we averted the full immediate mAb release
from the high mAb/excipient loaded PLGA core implant and achieved
long-term continuous mAb release with minimal loss of protein stability.
After optimizing our bevacizumab LAR implant specifically for bev-
acizumab stability and release kinetics, we then demonstrated the gen-
erality of this strategy for delivery of four additional mAbs, human and
murine forms of anti-PD-1 and anti-CTLA-4. Here we present our unique
mADb encapsulation technique, implant composition, in vitro perfor-
mance and demonstration of this approach in vivo efficacy for wet AMD
and GBM indications.

2. Methods
2.1. Materials

The Avastin® commercial solution of bevacizumab was purchased
from the University of Michigan pharmacy and used within its shelf-life
period. PLGA 50:50 (inherent viscosity = 0.64 dL/g and M,y = 54.3 kDa,
ester terminated) was purchased from LACTEL Absorbable Polymers
(Birmingham, AL). Trehalose dihydrate (trehalose), MgCOs (basic),
guanidine hydrochloride, DL-dithiothreitol (DTT), ethylenediamine-
tetraacetic acid (EDTA), NagHPO4, NaH,PO4, anti-human IgG-alkaline
phosphatase antibody produced in goat and p-nitrophenyl phosphate
liquid substrate system (pNPP) were purchased from Sigma-Aldrich
Chemicals (St. Louis, MO). Tween 80 (10 %), acetone, KHyPOy,
KoHPO4, KCl, phosphate buffered saline (PBS), Amicon Ultra-15 Cen-
trifugal Filter Units (10,000 MWCO), and coomassie plus reagent assay
kit were purchased from Fisher Scientific (Hanover Park, IL). Platinum-
cured silicone rubber tubing (0.8 mm i.d., 2.4 mm o.d.) was purchased
from Cole Parmer (Vernon Hills, IL). Recombinant human vascular
endothelial growth factor (VEGF) was a generous gift from Genentech.
Murine and human anti-PD-1 and anti-CTLA-4 mAbs were a generous
gift from Bristol-Myers Squibb.

2.2. Preparation of mAb powder

The buffer of Avastin® solution containing bevacizumab and ex-
cipients was exchanged into 51 mM sodium phosphate buffer (pH 6.2)
by using Amicon Centrifugal Filter Units (10,000 MWCO) to remove
trehalose. Then, different levels of trehalose were added (weight of
trehalose:weight of bevacizumab = 0, 0.1, 0.5, 1 and 1.5:1) and the
solution was diluted with 51 mM sodium phosphate buffer (pH 6.2) for
the final bevacizumab concentration of 25 mg/mL and lyophilized. The
solid was then ground by CryoMill (Retsch, Germany) at 30 Hz for 30
min and sieved through 90-ym screen (Newark Wire Wearing, Newark,
NJ). Anti-PD-1 and anti-CTLA-4 powders were prepared in the same way
with a ratio of trehalose:mAb of 1.5:1 w/w. High trehalose content
protein powder was prepared (ratio of 2.4:1 w/w, trehalose:bev-
acizumab) by lyophilization of the commercial Avastin® solution
without buffer exchanging, followed by grinding and sieving (<90 pm).

2.3. Preparation of mAb injectable implants

The resulting mAb powder was suspended into 50 % (w/w) PLGA
solution in acetone with 3 % (w/w) MgCOs in a 2 mL centrifuge tube,
then mixed and transferred into a 3 mL syringe. The suspension was
extruded into silicone rubber tubing (i.d. = 0.8 mm) and sealed at the
ends with paperclips, then dried at room temperature for 48 h followed
by vacuum drying at 40 °C and 23 in. Hg vacuum for an additional 48 h.
The final dried implants were obtained by removal of silicone tubing and
were cut into 0.5 cm long segments for future use. For coated implants,
the core implants were put back into silicone tubing and pure PLGA
solution at various concentrations (10 %, 30 %, 50 %) in acetone within
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a 3 mL syringe was extruded over the core implants to coat the surface,
and the tubing was sealed at both ends before drying in vacuum oven at
room temperature for 48 h and at 40 °C for an additional 48 h. Then,
silicone tubing was removed, and the final coated implants were cut to
0.5 cm for the following experiments. For anti-PD-1 and anti-CTLA-4
implants, coating was repeated after drying for a total of two, 30 %
PLGA in acetone coatings, before silicone tubing removal.

2.4. Preparation of sterile mAb injectable implants

For an initial test of biocompatibility, the optimal coated implants
with bevacizumab were prepared aseptically using sterile starting ma-
terials. Tubes, syringes, filters, silicone rubber tubing and containers
were either received sterile or autoclaved. The aqueous solutions were
sterile filtered. The MgCOg3 and polymer were dry heat sterilized (150°C,
23 in Hg, 3 h) in nylon sterile bags. Components were combined in a
sterile hood and placed in pre-sterilized nylon sterilization bags, freeze-
drying (protein solutions) and vacuum drying (base and coated
cylinders).

2.5. Measurement of mAb loading in implants

Implants (3-5 mg) were dissolved in 1 mL of acetone for 1 h and
centrifuged to precipitate mAb. PLGA dissolved in supernatant was
removed and the mAb pellet was washed with acetone and centrifuged
three times more to remove residual PLGA. The pellet was then air dried,
reconstituted in 1 mL of PBST (phosphate buffered saline with 0.02 %
Tween-80, pH 7.4) at 37 °C overnight and analyzed by size-exclusion
high-performance liquid chromatography (SE-HPLC) or size-exclusion
ultra-performance liquid chromatography (SE-UPLC). The condition of
SE-HPLC to quantify monomer and soluble aggregates was followed as
previously described [52] with slight modifications, which included the
injection volume of 50 pL and filtration of all samples through 0.45 pm
filter. Similarly, loading was determined for anti-PD-1 and anti-CTLA-4
after polymer removal by SE-UPLC with an injection volume of 10 pL, a
flow rate of 0.4 mL/min through a BEH SEC 450 A, 2.5 pm column
(Waters, Milford, MA) over 6 min, and elution was monitored at UV
absorption of 280 nm. For both SE-HPLC and SE-UPLC, an isocratic
elution of mobile phase (0.182 M KH3PO4, 0.018 M K;HPOy4, and 0.25 M
KCl, pH 6.2). Extracted loading and loading efficiency were calculated
by the following Egs. (1) and (2):

. Weight of extracted bevacizumab
Extracted loading (%) = Weight of total implant

x 100%

@

Extracted loadi
Loading efficiency (%) = Xiractec Joadlig

[ 0,
Theoretical loading X 100% 2

2.6. In vitro release of mAb from implants

Implants (0.5 cm long, unless otherwise indicated) were added in 1.5
mL centrifuge tubes with 1 mL of PBST and incubated at 37 °C without
agitation, as agitation was found to cause insoluble aggregation of the
antibody in the release media. The release medium was replaced with
fresh medium at each time point. The amount of released mAb at each
time point was measured by SE-HPLC/UPLC as described above and
calculated as percentage of the released amount out of the extracted
loading of soluble mAb. In certain instances, the release media was also
analyzed for protein structure and immunoreactivity, as described
below.

2.7. Evaluation of residual bevacizumab in implants

At the end of release study, the remaining bevacizumab was
extracted by the same procedure used to measure protein loading after
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lyophilizing the remaining polymer. The protein pellet was then
reconstituted in PBST and incubated at 37 °C overnight to determine the
soluble fraction of the protein remained in the polymer. After centrifu-
gation, the supernatant was collected and the remaining insoluble pre-
cipitates were dissolved in denaturing solvent (6 M guanidine
hydrochloride/1 mM EDTA) at 37 °C for 1 h to determine non-covalent
protein aggregates [51]. After centrifuging and collecting supernatant,
the remaining insoluble precipitates were dissolved again in dena-
turing/reducing solvent (6 M guanidine hydrochloride /1 mM EDTA/10
mM DL-dithiothreitol) to measure covalent protein aggregates formed
by disulfide bonds. Concentration of protein aggregates in each step was
measured by Coomassie plus protein assay. All measurements were
performed in triplicate (n = 3) and bevacizumab standards were dis-
solved in the same solvent used for each analysis.

2.8. Measurement of the effect of trehalose on aggregation of
bevacizumab in dry powder for encapsulation

Bevacizumab powder with the various weight ratios of trehalose to
bevacizumab (0, 0.1, 0.5, 1, 1.5 and 2.4:1) were dissolved in PBST at 37
°C overnight. The soluble fraction of protein was measured by SE-HPLC
to determine the effect of trehalose on aggregation of bevacizumab.

2.9. Confocal microscopy

The distribution of protein powder and PLGA coating in the coated
implants was visualized using confocal microscopy. A commercial Alexa
Fluor® 488-labeled BSA (Thermo Fisher Scientific, Waltham, MA) was
used instead of bevacizumab to ensure high intensity of fluorescence.
Regular BSA including 5 % of the fluorescent BSA was loaded at 10 %
with trehalose and MgCOs into core implants as described before. To
visualize and distinguish the PLGA coating from the fluorescent protein,
Cyanine5 carboxylic acid dyes (Cy5, Lumiprobe, Hallandale Beach, FL)
were dissolved at 10 pg/mL in PLGA/acetone solution, and the core
implants were coated with the Cy5/PLGA solution as previously
described. The dried implants were cut for cross-sectional images and
placed on a clean glass slide. A clean glass cover slide was placed over
the implant slices. To visualize lateral surface of implants, the dried or
lyophilized implants from in vitro release study were placed on a glass
slide. Samples were imaged using a confocal microscope (Nikon Al
Spectral Confocal Microscope) with excitation/emission wavelengths of
488/525 nm for the BSA labeled with Alexa Fluor® 488 and 640/700
nm for the Cy5 in PLGA coating.

2.10. Measurement of monomer content

Intact bevacizumab originally shows a small dimer peak in SE-HPLC
chromatogram and the monomer content calculated by the following Eq.
(3),

AUC of a monomer peak

0,
AUC of total peaks x 100% 3

Monomer content (%) =

is dependent on the concentration of bevacizumab. Similarly, monomer
content was calculated based on SE-UPLC for anti-PD-1 and anti-CTLA-
4.

2.11. Engyme linked immunosorbent assay (ELISA) and cell-based
bioassay

The ELISA was performed to determine immunoreactivity of the
released bevacizumab as described previously [41] with some modifi-
cations. Briefly, 96-well ELISA microplates were pre-coated with 50 pL
of VEGF (0.5 pg/mL) solution in PBS (phosphate buffered saline, pH 7.4)
at 4 °C overnight. After washing with 350 pL of PBS four times, 100 pL of
PBS containing 1 % BSA (bovine serum albumin) was added for blocking
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and incubated at room temperature for 2 h. After washing, 50 pL of
bevacizumab standards (0-2.56 pg/mL) and samples diluted in PBST
containing 1 % BSA were added into each well and incubated at room
temperature for 1 h. After washing, 50 pL of secondary antibody
(alkaline phosphatase conjugated goat anti-human IgG) was added at 1:
1000 dilution in PBST containing 1 % BSA into each well and incubated
for another 1 h. Detection was carried out by adding 50 pL of pNPP after
washing. Color development was monitored with a plate reader (Dynex
MRX II, Richfield, MN) every 10 min for 30 min at 405 nm.

Immunoreactivity and bioactivity for anti-PD-1 and anti-CTLA-4
were determined using commercial ELISA kits from AcroBiosystems
(Newark, DE, EPH-V1 and ECH-V1, respectively) or with a cell-based
assay from Promega (Madison, WI, J1250 and JA3001, respectively)
with slight modifications. Briefly, the competitive ELISAs used human
PD-1 and human CTLA-4 as the coating ligands, then an equal parts
mixture of release samples (n = 3 for each time point, triplicated on the
plate, diluted to ~1 pg/mL) and biotin labeled anti-PD-1 or anti-CTLA-4
were added to the coated plates and were detected by UV absorption at
450 nm after HRP conjugation using TMB substrate.

For the anti-PD-1 cell-based bioassay, human PD-L1 expressing
aAPC/CHO-K1 cells were cultured overnight (37 °C, 5 % CO3) on a 96-
well plate. The next day, standards and release samples were added to
the cells followed by the addition of PD-1 effector cells (Jurkate T cells
expressing human PD-1 and a luciferase reporter, NFAT response
element) and incubate for 6 h (37 °C, 5 % CO,). For the anti-CTLA-4
bioassay, CTLA-4 effector cells (Jurkate T cells expressing human
CTLA-4 and a luciferase reporter), standards and release samples, and
aAPC/Raji cells expressing CD80 and CD86 ligands were plated on a 96-
well plate and incubated for 6 h (37 °C, 5 % CO). Standards were
prepared using the same solutions of mAbs, provided by Bristol-Myers
Squibb, that were used to make the mAb implants. Release samples
were run in triplicate and concentration of reactive mAb was calculated
based on the standard curve. Both bioassays were detected using the Bio-
Glo Luciferase assay system (Promega, Madison, WI) using a 0.5 s
integration time, and standards were graphed using a 4-parameter lo-
gistic curve for interpolating the release sample concentrations. For each
release time point, n = 3, each replicate was triplicated on the plate.

Immunoreactivity of all three mAbs (and bioactivity of anti-PD1
mADb) were calculated by the following eq. (4):

Immunoreactivity / bioactivity (%)

_ Concentration from ELISA/bioactivity
"~ Concentration from SE — HPLC/UPLC

x 100% @

2.12. Circular dichroism spectroscopy (CD)

CD was performed with Jasco J-815 CD spectrometer equipped with
Jasco temperature controller (CDF-426S/15) and Peltier cell at 25 °C.
The samples were diluted or buffer-exchanged into 51 mM sodium
phosphate buffer (pH 6.2) and concentrated by using Amicon Centrif-
ugal Filter Units (10,000 MWCO), so the final concentration ranged from
0.05 to 0.5 mg/mL for far UV measurements (200-250 nm). The samples
were measured in quartz cuvettes (Hellma) with a path length of 1 mm.
The spectra were collected in continuous mode at a speed of 50 nm/min,
bandwidth of 1 nm and a DIT of 1 s and were the averages of 5-10 scans.
The spectrum of blank 51 mM sodium phosphate buffer (pH 6.2) was
subtracted from each spectrum by using the Jasco spectra manager
software (Version 2.1). The raw data was converted to mean residue
ellipticity (MRE, Oy, ;) using the following eq. (5):

0

_ A
[g]mrw./l = MRW x 10 xdxc¢

(5)
where is the 0, observed ellipticity in degree at wavelength 1, d is the
path length in cm, c is the concentration in g/mL, and mean residue
weight (MRW), calculated as the molecular weight of the mAb divided
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by the number of amino acids —1, in g/mol is 113 for bevacizumab, 112
for anti-CTLA-4, and 110 for anti-PD-1. Concentration of the total pro-
tein measured by SE-HPLC/SE-UPLC was used to normalize all data.
Data smoothing was performed using SigmaPlot software (Version 12.0,
Systat Software, Inc.).

2.13. Evaluation of anti-VEGF efficacy in a DL-AAA-induced rabbit
chronic retinal leakage model

Anti-VEGF efficacy of the sterile PLGA-bevacizumab implants was
examined in the rabbit DL-AAA (alpha-aminoadipic acid) induced
chronic retinal vascular leakage model [53,54]. Dutch Belted Rabbits
were purchased from Covance (1.0-1.2 kg). Animals were sedated with
isoflurane vapors to effect. The cornea was anesthetized with 1-2 drop
of proparacaine and rinsed with ophthalmic betadine prior to intra-
vitreal injection. On day 0, all animals received 80 pL of an 80 mM DL-
AAA solution per eye intravitreally. Starting on week 10, animals were
imaged to ascertain baseline leakage. Tropicamide and Eyeprine were
used to dilate the eye and animals were sedated with isoflurane vapors
to effect. IR fundus imaging, fluorescein angiography (FA), were per-
formed using the Heidelberg Spectralis cSLO. Eyes were anesthetized
with proparacaine and pupils dilated with tropicamide. 50 pL to 25 %
sodium fluorescein was injected into the marginal ear vein and allowed
to circulate for >5 min. FA images of the entire vasculature were
collected, exported and placed into Power Point (Microsoft), arranged
into a single coherent collage and graded for leakage. Once the retina
developed stable leakage (>10 weeks), the mAb implants (average 400
pg of mAb/implant) were injected into the rabbit vitreous using a 16G
thin-wall needle and a Hamilton syringe plunger. To compare with free
mADb, the same dose of Avastin® solution (400 pg, 16 pL) was injected
into the free mAD control group. The control group received only saline
(16 pL). At each time point (day 3, 7, 14 and every other week), FA was
performed and leakage from the retinal blood vessels on the FA images
was scored at 14 points across the fundus by a trained expert. Peripheral
vessels were graded on a score of 0—4 and central vessels were graded on
a score of 0-1. This resulted in a potential maximum score of 50 per eye.
The scoring criteria are described in Supplementary Table 1. The raw
scores from each time point were normalized to the initial score of each
eye. The statistical analysis was done with Stata 15, a mixed-effects
regression model with fixed effects for day and group, and their inter-
action. To account for the dependence within animals and within eyes, a
random intercept for each eye was nested within a random intercept for
each animal. To test for significant differences at each time point,
marginal means were compared between each group.

2.14. Evaluation of anti-VEGF efficacy in a VEGF-induced rabbit retinal
leakage model

Anti-VEGF efficacy of the PLGA-bevacizumab implants was exam-
ined in the rabbit VEGF-induced retinal vascular leakage model (male
Dutch Belted rabbits, 2 animals, 4 eyes, 8 blood vessels/group). The 30
% PLGA coated implants (400 pg of bevacizumab) were injected into the
rabbit vitreous. To compare with free mAb, the same dose of Avastin®
solution was injected as a control group. The no-treatment control group
received no drug. On day 42, recombinant human VEGF (1000 ng) was
intravitreally injected (29-30G needle) into each eye to induce retinal
leakage. On day 45, fluorescein angiography (FA) was performed and
the degrees of fluorescein leakage and tortuosity of retinal blood vessels
were scored on 4-point scale as described in Supplementary Table 2. On
days 56 and 70, the same assay was performed for the implant group. For
these time points, two untreated rabbits were added as a new control
group at each time point and the previous no-treatment control and free
mAb groups were not tested further since their retinal blood vessels were
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damaged during the 42-day VEGF challenge.
2.15. Biocompatibility of bevacizumab intravitreal implants

An initial testing of biocompatibility of sterile bevacizumab-loaded
PLGA implants (30 % PLGA coated implants (400 pg of bevacizumab))
was investigated using healthy rabbits (male Dutch Belted rabbits, 6
animals, 12 eyes). Implants were injected intravitreally as described
above. The rabbits were euthanized after 70 days and the collected eyes
were immediately stored in 10 % neutral buffered formalin. The pos-
terior chambers were injected with 0.3 mL of formalin at the limbus
upon receipt by the ULAM In-Vivo Animal Core at the University of
Michigan. Eyes were trimmed on midline in the dorso-ventral plane and
each half hemisphere was separately placed in a histology cassette,
labeled A and B. All cassettes were processed to paraffin using standard
histologic protocols. Step sections were cut at midline (3 sections) and at
2 mm off-midline (3 sections) and mounted on glass slides. Each section
was 4 pm thick. One slide at each level was stained with hematoxylin
and eosin on an automated histostainer by routine protocols. Histolog-
ical sections were evaluated using light microscopy at magnifications
ranging from x20 to x600 by a board-certified veterinary pathologist
using an Olympus BX45 light microscope (Olympus Corporation). Slides
were evaluated with knowledge of the right or left eye for each animal
but blinded to treatment status. All regions of the eye (optic nerve, retina
[all layers], choroid, iris/ciliary body/iridal angle, vitreous/posterior
chamber, lens, aqueous/anterior chamber, cornea, and other areas
(sclera, conjunctival or other visible periocular structures) were exam-
ined. Severity scoring parameters were defined in the supplementary
Table 3.
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2.16. Determining therapeutic efficacy in a syngeneic GBM model

Intracranial GBM tumors were established in 6-8-week old C57BL/6
mice by stereotactically injecting 3.0 x 10* GL261 cells into the right
striatum using the following coordinates: 1.00 mm anterior, 2.5 mm
lateral, and 3.00 mm deep from the bregma [55].

At 7 days post-tumor implantation, mice were divided into two
experimental sets. The first set received the following treatments: saline,
systemic IP administration of anti-CTLA4, IR (radiotherapy), a combi-
nation of anti-CTLA4 with IR, and anti-CTLA4 sterile implants combined
with IR. The second set received saline, blank implants, blank implants
with IR, systemic administration of anti-PD1 + IR, and anti-PD1 im-
plants with IR. The IR dose used for this study was 2 Gy, 5 days/week for
2 weeks, totaling 20 Gy of ionizing radiation. For local delivery, each
implant was loaded with 285 pg of anti-PD1 or anti-CTLA4 neutraliza-
tion antibody, designed to release approximately 5 pg of antibody per
day over a span of 57 days. For systemic delivery, anti-CTLA4 and anti-
PD1 antibodies were administered intraperitoneally (IP) at a dosage of 5
pg/day for up to 60 days or until the survival endpoint was reached.
These dosing regimens were chosen to ensure consistent and therapeu-
tically relevant delivery of the antibodies in both local and systemic
treatment groups. MAb-containing and blank PLGA rods were intra-
tumorally implanted. Mice were monitored for tumor burden and sur-
vival, and upon observing symptoms of tumor burden mice were
perfused with paraformaldehyde (PFA).
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3. Results

3.1. Optimization of stabilizing excipient content in PLGA-bevacizumab
LAR

Injectable PLGA 50/50 rods were formed by suspending lyophilized
and cryo-micronized mAb powder (<90 pm) with solid micron-sized
MgCOs in an acetone/PLGA solution before extrusion into 0.8 mm i.d.
silicone tubing and removal of organic solvent [51,52] (Fig. 1A). As
Avastin® contains a significant level of osmotically active and release-
modifying excipients [56] (Supplementary Table 4), particularly
trehalose, we adjusted both the composition and level of mAb powder in
the formulation. As seen in Fig. 1B, the release kinetics under physio-
logical conditions from these preparations suffered from rapid release
over the first few days (i.e., high initial burst) when the mAb content was
desirably >6 % w/w, and below this level, the protein was slowly
released without complete release owing to insoluble protein aggrega-
tion [51]. Complete removal of trehalose from the powder resulted in
low encapsulation efficiency (Supplementary Table 5), very slow and
incomplete release, e.g., 12.9 % total cumulative mAb release with 41.9
% insoluble aggregation even at 15 % theoretical mAb loading (Sup-
plementary Table 6 and Fig. 1B).

To identify the conditions for adequate protein stability during
encapsulation we initially monitored the level of mAb aggregation as a
function of the content of the stabilizer, trehalose, by size-exclusion
chromatography (SEC) after cryo-micronization. As seen in Supple-
mentary Fig. 1, a critical level of trehalose (1.5:1, trehalose:mAb, w/w),
which was slightly below the level in the commercial formulation
(2.4:1), was necessary to halt significant protein aggregation. Reducing
trehalose below this level induced significant aggregation of mAbs
(Supplementary Fig. 2), which is undesirable for release and likely more
immunogenic [57]. Reducing the osmotic excipient to 1.5:1, trehalose:
mAD, in the powder at elevated mAb content (10 %) resulted in
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implants, prepared as above, with reduced osmotic pressure and initial
burst. However, the long-term release was still not continuous, and
protein aggregation was still evident as the total protein release was
<<100 % of loaded protein after several weeks (Fig. 1C).

3.2. PLGA coating over core implant, in vitro release and stability
characterization

Trehalose is known to stabilize proteins in the solid state by multiple
mechanisms including, vitrification, water-replacement, and preferen-
tial exclusion [58,59]. Therefore, the mAb powder with just enough
trehalose (1.5:1, trehalose:mAb, w/w) was encapsulated as before
Fig. 1A, except with a PLGA coating (from 10, 30 and 50 % w/w PLGA in
acetone, Supplementary Tables 7 and 8) around the core implant to
further manage the osmotic burst release triggered by the necessary
trehalose stabilizer (Supplementary Fig. 3). As seen in Fig. 2D and E, the
coating was only microns thick (Supplementary Table 8). Applying a
thicker coating layer (achieved by using a higher polymer concentration
in coating solution) over a 10 % mAb loaded core implant, the burst
release began to disappear and extensive mAb release (>89 % for 30 %
polymer in acetone coating solution) was achieved for >6 weeks
(Fig. 2A, Supplementary Table 9). Increasing the PLGA coating to a 50 %
polymer solution resulted in a slightly lower total cumulative release
(82 %). This reduced total release in the thicker coated sample is
consistent with the slightly higher levels of mAb aggregation and protein
recovery (Supplementary Table 9), likely owing to lower microenvi-
ronmental pH created by slower release of acid byproducts from the core
matrix by thicker coating, which inhibits release of acidic degradation
products. Increasing mAb core implant loading to 15 %, with a 50 %
PLGA solution coating, still resulted in high initial burst release and
complete release in the first few days (Supplementary Fig. 3). To
determine if mAb released from the optimized coated implants (10 %
mAb core implant loading, and 30 or 50 % coating) retained stability,
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the protein was also analyzed by size exclusion chromatography (SEC),
circular dichroism (CD) spectroscopy, and VEGF-binding enzyme-linked
immunosorbent assay (ELISA). As seen in Fig. 2B, C, F, and G, the mAb
was remarkably stable according to these assays in the polymer,
retaining >90 % monomer, secondary structure (indicated by insignif-
icant changes in characteristic f-sheet peak), and > 80 % immunore-
activity over 6 weeks.

3.3. Bevacizumab implant in vivo performance

Anti-VEGF efficacy of the optimized mAb implant (10 % mAb core
loading, 30 % PLGA coating, 0.5 cm length) was compared to the same
dose (400 pg) of free mADb in a rabbit DL-alpha-aminoadipic acid (DL-
AAA) induced chronic retinal leakage model [53,54]. After a single
intravitreal injection, the mAb implant strongly protected retinal blood
vessels over 12 weeks, as seen by inhibition of retinal leakage, deter-
mined by scoring of fluorescein angiography images with normalization
to their initial scores. The free mAb group showed significant anti-VEGF
efficacy for only 4 weeks before returning to the no-treatment control
leakage level (Fig. 3).

Similar long-term exposure of the anti-VEGF mAb was observed after
control, free mAb, and mAb implant intravitreal injection into healthy
rabbit eyes before intravitreal challenge with exogenous VEGF (1000
ng). Six weeks after intravitreal injection of the bevacizumab formula-
tions, only the mAb implant groups protected retinal blood vessels
against VEGF challenge, while significant leakage was observed in the
no-treatment control and free mAb groups. The retinal blood vessels of
the implant group were still protected over 8 weeks, but not at 10 weeks
when leakage finally appeared (Fig. 4). The difference between pro-
tection times observed for the two rabbit models likely relates to the
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aggressive VEGF challenge in the healthy animals, which may require
higher intravitreal mAb levels to inhibit leakage than do DL-AAA rab-
bits. The vitreous, which is known to bind bevacizumab [60], is known
to extend the anti-VEGF exposure significantly with an intravitreal half-
life of 4.9 days (human) [61] and 4.3 days (rabbit) [60], far beyond that
predicted during in vitro release.

3.4. Biocompatibility of the injectable coated bevacizumab/PLGA implant
in vivo

To examine for potential adverse events, the histology of eyes after
70 days after a single intravitreal implant injection were examined in
healthy rabbits. Results of in vivo biocompatibility of the coated bev-
acizumab/PLGA implants showed 3 out of 6 rabbits in this group had no
histological findings in either eye. The other three animals had mild (n
= 2) and moderate (n = 1) findings in one eye, but the affected eye
varied from animal to animal (Supplementary Tables 10A and 10B).
Principal findings, where present, showed mild to moderate retinal
detachment/degeneration, mild to moderate focal intravitreal inflam-
matory cell (macrophage) infiltrates, and focal intravitreal debris
consistent with the presence of the degrading implant (Supplementary
Fig. 4). These findings suggested a mild macrophagic “clean-up”
response to the degrading implant. Collectively, these histological
findings suggested excellent biocompatibility of the coated mAb/PLGA
implants after a single intravitreal injection.

3.5. Immune checkpoint inhibitor implant in vitro release and stability
characterization

Although ocular delivery of anti-VEGF drugs is significant, an even
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Fig. 3. Anti-VEGF efficacy of bevacizumab implants in a rabbit DL-AAA induced chronic retinal leakage model. (A) Schematic representation of the rabbit
study timeline. (B) Representative fluorescein angiography (FA) image of pre-dose retinal blood vessel for leakage scoring. (C) Normalized leakage scores for 100
days. Symbols (@: saline, o: free bevacizumab, v: bevacizumab implant) represent mean + SE. (+++: p < 0.001, ++: p < 0.01 for saline-free bevacizumab, *: p <
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Statistical analysis was performed with Stata 15 software.
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higher impact could be envisaged if the mAb-releasing PLGA formula-
tion could be applied to important therapeutic mAbs for additional
difficult-to-reach tissues and diseases such as brain cancer. To test this
potential and the generality of our formulation approach, we encapsu-
lated two key immune checkpoint inhibitor mAbs, anti-PD-1 and anti-
CTLA-4, using the same formulation (albeit with a second PLGA
coating to improve uniformity, Fig. 1A), and investigated their
controlled release and stability properties. The two human mAbs are
FDA-approved and administered systemically to treat a variety of can-
cers including melanoma, non-small-cell lung cancer, renal-cell carci-
noma, and squamous-cell carcinoma of the head and neck [62-64]. In
addition to challenges in reaching the brain, systemic administration of
immune checkpoint mAbs suffers from unwanted side effects mainly in
the gastrointestinal tract, endocrine glands, skin, and liver [64].

As seen in Fig. 5, both murine and human forms of anti-PD-1 and
anti-CTLA-4 could be encapsulated (6-8 % loading, Supplementary
Table 11) and released continuously for ~60 days, similar to that
observed with bevacizumab. As with the anti-VEGF mAb, the immune
checkpoint mAbs were released in a monomeric form in each case until
the very end of the release period when small levels of soluble aggre-
gates (<0.66-5.18 % of total) were observed in anti-PD-1 implants
(Fig. 5B). The structure and immunoreactivity of released mAbs were
also well-preserved, insofar as determined by far UV CD and ELISA

(Figs. 5C-E). Some loss of immunoreactivity was noted during release for
both mAbs, which is reasonable considering the excipients applied from
the bevacizumab formulation were not optimized for these immune
checkpoint antibodies. The immunoreactivity results were in-line with
cell-based bioactivity evaluations for days 1 and 28 (Supplementary Fig.
5).

3.6. Invivo therapeutic efficacy of systemic vs. local controlled delivery of
immune checkpoint blockade inhibitors

To determine whether the long-acting mAb polymers could have
application to treat brain cancer, we inserted murine immune check-
point mAb implants via intratumoral injection through a 1.5 mm
diameter burr hole in a syngeneic GBM bearing mouse. Since radiation
therapy (IR) is the standard-of-care for GBM patients [18,23], we com-
bined a single insertion of the controlled release mAb implant therapy
with IR. The murine forms of the mAbs were used in place of the human
forms to offset interspecies immunogenicity to the mAbs.

Immunocompetent C57BL/6 mice were implanted with glioma cells
in the right striatum. Following the surgical implantation of tumors, the
mice were observed daily for 10 days to monitor their recovery Subse-
quently, the mice were monitored regularly for clinical signs of tumor
burden, such as weight loss, hunched posture, scruffy fur, neurological
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symptoms, or reduced activity. The reported treatments were adminis-
tered concurrently with two cycles of radiotherapy, the established
standard treatment for GBM (Figs. 6A and 7A).

As seen in Fig. 6, intraperitoneal (IP) administration of soluble anti-
CTLA4 antibodies (Median survival, MS = 34-day post-implantation) at
an equivalent dosing rate to the local implants did not affect median
survival compared to the saline-treated group (MS = 32); IR alone (MS
= 33) also did not affect the survival. In addition, the group treated with
IP anti-CTLA4 combined with radiation (MS: 43 days post-implantation)
was found to be nonsignificant (p < 0.1) (Fig. 6B). The group treated
with anti-CTLA4 implants combined with radiation (MS: 76 days post-
implantation) showed an approximate 2.7-fold increase (p < 0.05) in
median survival (MS) compared to the saline group (Fig. 6B).The me-
dian survival of blank implants (MS = 34 days post-implantation) and
blank implants in combination with radiation (MS = 35 days post-
implantation) also displayed a undesirably similar median survival
(Fig. 7B). Among mice treated with IP soluble anti-PD-1+ IR (MS: 35
days) and those treated with anti-PD-1 coated implants combined with
IR (MS: 71 days post-implantation) (p < 0.1) (Fig. 7B), there was a 2-fold
increase in the median survival. These findings collectively indicate
significant in-vivo efficacy of combining implants loaded with immune
checkpoint blockade inhibitors with radiotherapy to enhance survival in
a preclinical model of GBM.

4. Discussion

4.1. Addressing an unmet need for local biodegradable polymer controlled
release of mAbs

There is an increasing demand for new and improved monoclonal

antibody (mAb) therapeutics and approaches for their delivery to the
body owing to the rising prevalence of a number of diseases (e.g.,
macular degeneration, cancer, and osteoarthritis), rising healthcare
expenditures and longer life expectancy. Unlike other biologics, mAbs
encompass an incredible diversity of pharmacologic targets and have
been successfully administered systemically because of their unusually
long plasma half-lives [2]. However, certain tissues such as the eye,
brain, solid tumors, and joints are difficult to attain therapeutic mAb
levels without inducing significant off-target side effects [3,4]. The eye
and the brain, for example, possess protective endothelial barriers and
surrounding blood vessels comprising the blood-retinal and blood-brain
barriers, respectively. These barriers preclude optimal and effective
treatment for a multitude of diseases such as neovascular age-related
macular degeneration (also referred to as wet AMD) and glioblastoma
(GBM). The formulation of long-acting ocular drug delivery systems has
been significantly advanced recently, with various LAR strategies
developed for treatment of chronic ocular diseases [65-68]. Local intra-
articular injections of mAbs in the knee have also been studied for
treatment of osteoarthritis in a similar manner as local delivery anti-
inflammatory agents and hyaluronic acid [69,70]. Collectively, these
studies demonstrate an unmet need and significant opportunity to
develop generalizable approaches for sustained, local release of mAbs
and/or their fragments.

Biodegradable polymers are commonly desired because of diffi-
culties associated with implantation and removal of nondegradable
devices. For example, the new 6-month refillable Port Delivery System
for release of the anti-vascular endothelial growth factor (anti-VEGF)
Fab ranibizumab has encountered significant adverse events associated
with the implantation of the device [71]. However, as described above,
mAbs as proteins are often unstable when encapsulated and slowly
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released from biodegradable polymers [31]. The generalizable strategy
for slow and continuous release of stable mAbs from PLGA similarly as
described here with key improvements where necessary (e.g., smaller
size, longevity, and more extensive stability analysis) could fill an unmet
need for slow release of mAbs and potentially their fragments (e.g., Fabs
and nanobodies) in the future.

4.2. VEGEF inhibition for treatment of wet AMD

Local administration of anti-VEGF mAbs and related biologics has
had a remarkable influence on wet AMD treatment [72]. This treatment
is now an approved therapy for diabetic retinopathy, diabetic macular
edema, macular edema following retinal vein occlusion and myopic
choroidal neovascularization [9,73]. The presence of the vitreous pro-
vides significant longevity for a few weeks after administration as
indicated by the strong reduction in half-life after vitrectomy [61].
However, a considerable portion of wet AMD patients do not comply
adequately with the AMD treatment and follow-up protocol. The most
frequent reasons for non-compliance with the required protocol are fear
of intravitreal injection, subjective dissatisfaction with the benefit of the
treatment, and financial limitations and difficulty in travel to and from
the hospital [13,74]. Options to extend duration of anti-VEGF therapy
include an Encapsulated Cell Technology (ECT) producing anti-VEGF
proteins in the vitreous (NT-503), a Posterior MicroPump (PMP) de-
livery system, abicipar pegol (DARPin® based anti-angiogenic drug),
and brolucizumab (anti-VEGF chain antibody fragment) [75]. The NT-
503 ECT implant is based on the engineered cell line, which continu-
ously produces a soluble VEGF receptor fusion protein. Despite its po-
tential of long-acting anti-VEGF efficacy, the phase 2 clinical trial was
discontinued due to a larger than anticipated number of treated patients
requiring rescue medication [76,77]. The PMP for sustained delivery of
anti-VEGF drugs has successfully completed first-in-man safety study
[78]. However, this large size system requires surgical implantation on
the sclera, which could be a significant burden for patients and physi-
cians. Both abicipar and brolucizumab, which are new-class anti-VEGF
drugs, have recently resulted in successful outcomes with 12-week
dosing intervals in their phase 3 clinical trials [75,79].

Among long-term controlled release treatments, the FDA approved
Port Delivery System with ranibizumab (PDS), as described above, is a
small, refillable device, slightly longer than a grain of rice, surgically
implanted in the eye and uniquely designed to continuously deliver
ranibizumab which can be refilled through the subconjunctival port in
the office as needed [9]. Widespread use of this new device has not yet
taken place, likely due to some adverse reactions, particularly upon
insertion [80]. A biodegradable device based on a nanoporous poly
(caprolactone) (PCL) thin-film is also of interest, however, such a device
is substantially large (~10 mm) and the slow biodegradation of PCL
would result in significant buildup of polymer during chronic therapy
[39].

4.3. Controlled release of bevacizumab from coated PLGA implants

Anhydrous encapsulation, optimization of the mAb loading, level of
stabilizing excipient (trehalose), presence of a basic additive (MgCOs3),
and concentration of PLGA coating over core implant were all critical for
an ideal encapsulation and continuous release of stable mAb for >6-8
weeks with a low initial burst release. The stabilizing excipient, treha-
lose, was necessary in order to maintain stability and prevent aggrega-
tion of mAb during formulation, but with high levels of trehalose or with
high loading of mAb (>10 %), release significantly increased due to high
levels of water-soluble components and the resulting osmotic pressure
inside the implant. Desirable features of mAb controlled release for-
mulations include a high antibody loading, low initial burst release, a
total cumulative release >80 %, and slow and continuous release for
>6-12 weeks in vitro and in vivo. Furthermore, it is crucial to stabilize
the mAb during processing and up until it is released in order to
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eliminate potential adverse reactions and to deliver therapeutically
active antibody. Thus, proper evaluation of stability and activity is
necessary after encapsulation and throughout the release period,
particularly as it relates to soluble and insoluble protein aggregation.

Many past formulation approaches for controlled release of mAbs
from biodegradable polymers are satisfactory in one or more of the
critical delivery aspects described above, but not in combination, and
have only been applied to 1-2 antibodies [32-46,81,82]. Key challenges
to deliver mAbs include stabilization of the protein during encapsulation
and release for extended periods while at the same time providing slow
and continuous mAb release. We have previously demonstrated
[50,51,83] for several proteins such as albumin, basic fibroblast growth
factor, and tissue plasminogen activator, a technique that combines (a)
mild microencapsulation conditions by anhydrous solvent extrusion into
silicone rubber tubing to avoid protein denaturation under high shear,
high temperature and/or organic solvent exposure [50,51,83-89] and
(b) a combination of elevated protein loading (~15 % w/w) and suitable
level of poorly soluble base (~3 % w/w Mg(OH), or MgCOs) in an end-
capped PLGA 50/50 of moderate MW to avoid strong protein/PLGA
interactions and large drops in microclimate pH, and to provide
continuous protein release after an acceptable initial burst.

Starting from this formulation proven for a number of proteins, when
encapsulating the mAb, bevacizumab, we encountered the additional
issue of protein damage during micronization of the protein (Supple-
mentary Fig. 2). We added the important stabilizer, trehalose, as is
included in the commercial Avastin® solution formulation, to the dry
powder at an optimal level to both stabilize bevacizumab during
micronization and to minimize osmotic pressure (primarily from
trehalose) and total water-soluble solid level (from trehalose + mAb) in
the implant. By applying a unique PLGA coating over the core implant,
the resulting osmotic pressure induced by the elevated trehalose and the
percolation of water-soluble solids was controlled to allow the slow
release to occur. The developed strategy was successful for 5 different
mADbs to deliver completely an efficacious high dose of stabilized and
immuno/bioreactive mAb in vitro and in vivo with continuous release
properties and low initial burst release that has yet to be achieved from
desirable PLGA, most commonly used in PLGA depots [90]. The
continuous release kinetics likely occurs both through the uncoated rod
ends and the coated lateral surface. Diffusional and osmotically induced
release of mAb as the PLGA slowly erodes can be rationalized by the
well-known steady pore-formation expected (at ends and lateral surface)
and observed along the lateral surface of the coating in Supplementary
Fig. 6, as a result of the slow conversion of co-encapsulated MgCOj3 to
Mg-carboxylate salts and/or CO, upon polymer erosion and the osmotic
pressure resulting from the high trehalose content [91].

Implants loaded with 400 pg of bevacizumab were evaluated in two
intravitreal rabbit models, (i) the DL-AAA model which represents
chronic induced leakage, and (ii) in healthy rabbits challenged with
exogenous VEGF challenge after treatment. In both models, the bev-
acizumab implants outperformed the free mAb control group in retinal
leakage protection. Since the rabbit body temperature [92] is higher
than humans, implant performance would be expected to even improve
in humans due to the lower thermal stress on the mAb. An initial in vivo
biocompatibility study was performed to ensure the safety of the intra-
vitreal implants in healthy rabbits. Histological findings described above
were infrequent and suggestive of localized retinal or lenticular
impaction only in 2 animals and expected mild macrophagic response to
implant degradation, which was likely caused by the size of the implant
in the relatively small rabbit eye. It is important to remark that immu-
nogenicity, one of the key attributes of antibody products, has not been
evaluated in this study. However, the significantly improved cumulative
release (~89 %) and low residual aggregation of antibody (~9 % with
~98 % total mAb recovery) of the coated implant (Supplementary Table
9) together with the biocompatibility data collectively demonstrate the
potential for favorable immunogenicity. To translate this or next gen-
eration implants formulation into clinical development, thorough
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evaluation of immunogenicity and possible further adjustment of sta-
bilizing parameters to further minimize residual, and non-releasable
aggregated, protein and potential immunogenicity would be neces-
sary. In the coated PLGA system described here, the cylinders will likely
need to be smaller for ocular applications. At 0.8-0.9 mm diameter, they
are currently slightly larger than the desired diameter for intravitreal
injections (e.g., 0.46 mm of Ozurdex® implant [93]) and may require
attention to PLGA-induced inflammation (e.g., addition of anti-
inflammatory controlled release segments [43,49] or further lactic/
glycolic acid neutralization by antacid excipients [51]. This size limi-
tation, however, is not expected to be so limiting for a number of other
local delivery applications, and the anti-VEGF coated implants devel-
oped here may have applications both with peri-tumoral edema asso-
ciated with cancer of the brain [94] and arthritis of the knee [69]
without further size reduction.

It is important to note that other interesting reports of mAb encap-
sulation and polymer delivery have been performed [32-46,81,82],
although not with all of the benchmarks achieved here (high protein
loading, low initial burst, continuous and virtually complete release
>30 days, high stability of released protein (SEC, CD, ELISA, bioac-
tivity), low insoluble aggregation, excellent initial biocompatibility, and
positive in vivo efficacy). For example, one study [35] encapsulated two
mADbs useful for cancer treatment (anti-CD40 and anti-CTLA4) in PLGA-
like microspheres prepared from poly(hydroxymethyllactic-co-glycolic
acid), known for being less susceptible to an acidic pH in the polymer
[81]. The microspheres prepared by the deleterious double-emulsion
method possessed a low drug loading (<1 % or less). Quantifying the
mAbs by intrinsic fluorescence in vitro a 24-h initial burst of >40 % was
reported with slow release over 28 days thereafter. No stability indi-
cating assays (e.g., SEC, ELISA, CD, bioactivity) were used. In another
promising study [82], an anti-TNF-a mAb was spray dried in the pres-
ence of lower levels of trehalose and histidine before encapsulating the
protein powder in PLGA microspheres by a solid-in-oil-in-water method
at elevated theoretical loading (~17.4 %) without further pH modifying
excipients. MAb loading determined by a liquid-liquid extraction was
high at 12-13 % w/w (~69-75 % EE). For PLGA 50/50 microspheres,
most of the mAb was slowly released after a modest initial burst as
recorded by UV spectroscopy over 28 days with significant fragmenta-
tion (7.1 %) by SEC. High immunoreactivity (83-100 %) and modest
bioactivity (~46-64 %) was observed relative to the concentration from
the absorbance values over the release interval. No direct protein
structural and insoluble aggregation data, or in vivo experimentation
were reported. Note that we have shown that encapsulation in aliphatic
ester-end-capped PLGA 50/50 millirods or microspheres at high protein
loading and in the absence of pH-modifying species both protein frag-
mentation and insoluble aggregation is common with model proteins
such as albumin, owing to a lowering of pH and ensuing protein
unfolding and peptide-bond hydrolysis [51]. We in contrast did not
observe significant fragmentation in our SEC chromatograms. There-
fore, the formulations in the above latter study and other formulations
applying PLGA for mAb delivery without a pH-modifying strategy are
expected to significantly damage the encapsulated protein during
release incubation by the well-established acidification of the microcli-
mate in the polymer.

4.4. Immune checkpoint inhibitor immunotherapy for treatment of GBM

The current standard-of-care for GBM, consisting of surgical resec-
tion, radiotherapy, and chemotherapy, results in a median survival of 14
to 20 months in humans. Only 5 % of patients survive approximately 5
years making GBM one of the most deadly primary tumors [95]. GBM
has a high incidence of recurrence and evades the immune system
through the upregulation of immune checkpoint inhibitors, such as PD-
1/PD-L1, contributing to its high recurrence rate [18,95]. Anti-PD-1 and
anti-CTLA-4 are both in phase 1 clinical trials for GBM (NCT04606316),
but suffer from systemic-related toxicity that can result in cessation of
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treatment [20]. Delivering immune checkpoint inhibitors locally
through sustained release implants could potentially benefit GBM
treatment by avoiding systemic toxicity and extending antibody pres-
ence at the tumor site [22].

4.5. Controlled release of anti-PD-1 and anti-CTLA-4 from coated PLGA
implants

Adapting the optimized implant formulation of bevacizumab by
adding a second PLGA coating over the core implant reduced the initial
burst. Anti-PD-1 and anti-CTLA-4 implants released mAb continuously
for >6 weeks with maintained secondary structure and low losses of
monomeric content and immunoreactivity/bioactivity. Implants were
evaluated in combination with radiation therapy in a GBM murine
model and were effective at mitigating disease progression and
increasing immunological memory. The results showed that combining
the anti-PD-1 and anti-CTLA-4 controlled release implants with radia-
tion, extended the median survival (MS) significantly. In the anti-CTLA-
4 implant group, median survival increased from 32 days (Saline con-
trol) to 76 days. In the anti-PD-1 implant group, it increased from 28
days (saline control) to 71 days. The combination of free antibodies
given intraperitoneally with radiation did not result in a significant
change in median survival (MS), with MS of 35 days for free anti-PD-1 +
IR and 43 days for free anti-CTLA-4 + IR. The specific mechanisms
underlying the differences in therapeutic effects among various treat-
ment regimens remain unclear and require further investigation, such as
through flow cytometry or MRI imaging.

The implantable sub-millimeter rod system described here is adapt-
able [83] to additional bioactive agents such as immune stimulators (e.
g., CpG) [96,97] and tumor penetration-enhancing cytotoxic agents (e.
g., docetaxel) [98,99]. Combination therapies offer increased survival in
GBM over single arm therapies and both CpG and docetaxel are actively
pursued options for GBM [98,100-103]. Therefore, by formulating
PLGA implants for sustained release of the CpG and combining them
with immune checkpoint inhibitor implants described here, we can
anticipate a stronger and more effective immune response. Additionally,
this approach can potentially be used to enhance tumor cell apoptosis
and improve penetration using docetaxel, thereby increasing the overall
therapeutic impact [101,104-106].

5. Conclusion and outlook

The potential for local controlled release mAbs from PLGA is highly
significant. There are very few local delivery options for the best-selling
drug class despite a well-known difficulty to access vital areas of the
body by systemic administration, and with minimal side-effects. Our
data clearly shows a broad potential of carefully formulated coated
PLGA/trehalose/MgCOs3 implants to slowly and continuously release a
variety of unrelated immunoreactive mAbs for >6-8 weeks with strong
efficacy in two difficult-to-reach organs, the eye and brain. A judicious
combination of past anhydrous PLGA encapsulation techniques
[51,52,83], selection of stabilizing excipients (trehalose and MgCOs3),
and novel coating to obviate the necessarily high osmotic pressure
created within the implant, provides implants that contain elevated drug
load (~6-8 % w/w) and degrade on a reasonable time-scale to avoid
polymer build-up during repeated administrations. This formulation
strategy could easily be envisioned to benefit local therapies for both
existing mAb therapeutics and those mAbs under development or dis-
carded because of systemic toxicity [20,64,107,108]. More research is
necessary to realize the potential of this approach including: (a) further
reduction in implant diameter to <0.5 mm to decrease intravitreal
needle size for improved patient acceptability and reduced risk of
adverse effects [109]; (b) further evaluation and management of mild
PLGA-induced inflammation in sensitive tissues such as the eye, brain,
and joint [110]; (c) the extent and necessity of tissue penetration
[111-113] of immune checkpoint mAbs in brain tissues for GBM and
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other local tumor therapies; (d) the selection of appropriate adjunct
therapies (e.g., radiation [114], adjuvants [96,97], neoantigens [115],
chemotherapy [98,99]) for optimization of the local immune checkpoint
effect; and (e) further optimization of the polymer formulation to
maximize activity and reduce residual protein aggregation at the end of
the release period for certain mAbs. With such initiatives, the applica-
tion of local controlled-release strategies for mAbs, such as presented
here, could have a reasonable path to the clinic.
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