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Abstract. Griffithsin (GRFT) has shown potent anti-HIV activity, and it is being
developed as a drug candidate for HIV prevention. Successful implementation requires
thorough understanding of its preformulation characterization. In this work, preformulation
assessments were conducted to characterize GRFT and identify its degradation pathways
under selected conditions of temperature, light, pH, shear, ionic strength, and oxidation.
Compatibility with vaginal fluid simulant, vaginal enzymes, Lactobacillus spp., and human
cervicovaginal secretions was assessed. The purity, melting temperature, and HIV gp120-
binding affinity of GRFT stored at 4°C and 25°C in phosphate-buffered saline (PBS) were
assessed for 2 years. Chemical modifications were evaluated by intact mass analysis and
peptide sequencing. Excised human ectocervical tissue permeability and localization of
GRFT were evaluated. Our results demonstrated GRFT to be safe and stable under all the
preformulation assessment conditions studied except oxidative stress. When GRFT was
exposed to hydrogen peroxide or human cervicovaginal secretion, methionine 78 in the
protein sequence underwent oxidation. GRFT did not permeate through human cervical
tissue but adhered to the superficial epithelial tissue. The 2-year stability study revealed no
significant change in GRFT’s aggregation, degradation, melting temperature, or gpl20-
binding affinity despite a slow increase in oxidation over time. These studies elucidated
desirable safety and bioactivity profile for GRFT, showing promise as a potential drug
candidate for HIV prevention. However, susceptibility to oxidative degradation was
identified. Effective protection of GRFT from oxidation is required for further development.
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INTRODUCTION

Recent global statistics have revealed that in 2018,
approximately 1.7 million people became infected with the
human immunodeficiency virus (HIV), and there were 0.77
million deaths related to acquired immunodeficiency syn-
drome (AIDS) (1). Although these numbers are quite
alarming, they have slowly and consistently decreased over
the past decade due to the life-saving capacity of antiretro-
viral therapy. Despite these decreases, 38 million people are
living with HIV worldwide.

Sexual transmission remains a leading cause of HIV
infection. Abstinence, reduction of the number of sexual
partners and concurrent sexual relationships, and correct,
consistent condom use are highly effective against HIV
acquisition but have been proven to be insufficient to combat
this incurable disease. Therefore, an opportunity for strength-
ening the toolbox of HIV prevention methods exists. In
July 2012, Truvada®, a once-a-day oral tablet containing
fixed-dose reverse transcriptase inhibitors emtricitabine (200
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mg) and tenofovir disoproxil fumarate (300 mg), was
approved by the US Food and Drug Administration (FDA)
for pre-exposure prophylaxis (PrEP). However, oral PrEP
may not prove a viable option for some people. Therefore,
vaginally and rectally applied antiretroviral PrEP products,
called microbicides, are under preclinical and clinical devel-
opment. Agents being investigated as microbicide candidates
include antiretrovirals that inhibit enzymes involved in
different steps of a viral life cycle: viral entry and fusion,
reverse transcriptase, integrase, and protease. These active
pharmaceutical ingredients (APIs) include small molecules,
peptides, proteins, and monoclonal antibodies. Additionally,
various dosage forms are being investigated in order to
expand prevention options. The dapivirine (reverse transcrip-
tase inhibitor) vaginal ring is the product furthest along the
microbicide development pipeline, which received a positive
opinion from the European Medicines Agency in 2020.
Another encouraging microbicide candidate is Griffithsin
(GRFT). GRFT was originally isolated from marine red alga
Griffithsia sp. (2) and is now mass produced via expression in
Nicotiana benthamiana leaves utilizing a recombinant tobacco
mosaic virus (TMV) vector system (3). It exists as a
homodimer under native conditions, and each monomer
consists of 121 amino acids with a molecular mass of 12.7
kilodaltons (kDa) (2). GRFT is a carbohydrate-binding
protein or lectin that exhibits broad-spectrum activities
against a variety of viruses, including HIV (2-7), herpes
simplex virus type 2 (HSV-2) (8,9), human papillomavirus
(HPV) (8), Nipah (10), hepatitis C (HCV) (11,12), Japanese
encephalitis virus (JEV) (13,14), coronaviruses such as severe
acute respiratory system coronavirus (SARS-CoV) (15) and
Middle East respiratory syndrome coronavirus (MERS-CoV)
(16), and some other viruses as reviewed elsewhere (17-19).
Among the long list of viruses, HIV is likely the most
studied target for GRFT (2-7). GRFT binds to viral gp120, an
HIV envelope glycoprotein, to elicit its anti-HIV activity (2).
Both the native and recombinant forms of this lectin potently
inhibit CXCR4- and CCRS5-tropic HIV infection and trans-
mission in vitro, requiring concentrations only in the
picomolar range (20). This high potency can be explained
by GRFT’s ability to have tight multivalent interactions with
high-mannose N-linked glycans present on HIV envelope
glycoproteins (21,22). GRFT has also been found to be safe in
human cervical explants and in the rabbit vaginal irritation
model (3). Given GRFT’s favorable preclinical bioactivity
and safety profile, GRFT is being developed as a microbicide
candidate (8,23-30). To support such developmental efforts,
preformulation studies of GRFT were warranted.
Preformulation evaluations are essential to pharmaceu-
tical research and development (R&D). Within these assess-
ments, the prospective API is exposed to a variety of forced
conditions (i.e. pH, acidic and alkaline hydrolysis, photolysis,
oxidation, temperature, ionic strength agitation, and freezing
and thawing cycles) to determine its instabilities, if any. These
experiments provide us critical information on processing,
storage, and usage conditions to avoid or protect the product;
therefore, they are paramount in preparation for drug
formulation. For a proteinaceous API such as GRFT,
potential conformational changes (like denaturation or ag-
gregation) under the above conditions should also be
evaluated. A potential vaginal microbicide should be further
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assessed under conditions similar to the vaginal environment.
These include the pH of this environment as well as the
presence of commensal bacteria such as Lactobacillus spp.,
enzymes such as lysozyme and aminopeptidase (31-33), a
plethora carbohydrate cleaving enzymes including sialidases
(34,35), and other polypeptides, salts, organic acids, perox-
ides, and oligosaccharides (36,37). Tissue permeability as-
sesses drug absorption and distribution. Furthermore, real-
time stability studies provide valuable information about the
physicochemical properties of drug substance and support
preformulation evaluations.

In this work, we focused on GRFT preformulation
efforts to determine the stability of GRFT in several forced
conditions, to describe the degradation pathways, and to
assess its real-time stability in phosphate-buffered saline
(PBS) over a 2-year period. These evaluations were per-
formed to provide information needed to develop GRFT as a
drug candidate, especially as a vaginally delivered drug for
HIV prevention.

MATERIALS AND METHODS

Materials

Recombinant GRFT drug substance was supplied by
Kentucky Bioprocessing LLC (Owensboro, KY). The protein
was supplied in a solution of PBS (12 mg/mL for 2-year
stability study; 10 mg/mL for all other assessments). PBS 10x
molecular biology grade (pH 7.4) was purchased from
Mediatech, Inc. (Manassa, VA). Acetonitrile (ACN),
trifluoroacetic acid (TFA), sodium acetate, formic acid,
phosphate acid, potassium phosphate monobasic, potassium
phosphate dibasic, Tris, hydrochloric acid (HCl), and sodium
hydroxide (NaOH) were obtained from Fisher Scientific
(Pittsburgh, PA). Hydrogen peroxide (H,0O,, 30%), disodium
ethylenediaminetetraacetic acid (EDTA), D-a tocopheryl
polyethylene glycol 1000 succinate (vitamin E TPGS),
ascorbic acid, methionine, glutathione, cysteine, aminopepti-
dase, lysozyme, and proteinase K were obtained from Sigma
(St. Louis, MO). A MilliQ (Millipore; Milford, MA) water
filtration system operating at 18.2 M() cm was used for water.

Physical and Chemical Stability Assessments

Thermal Stability

GRFT (450 pg/mL) in MilliQ water was exposed to 5°C,
25°C/60%RH (relative humidity), 30°C/65%RH, 40°C/
75%RH, and 65°C in controlled temperature/humidity Car-
son 6010 environmental chambers for 28 days (RH control at
5°C and 65°C is not available). GRFT concentration was
monitored via reverse-phase high-performance liquid chro-
matography (RP-HPLC) with fluorescence detection.

lonic Strength

GRFT solutions were prepared at concentrations ranging
from 31.25 to 250 pg/mL in water and phosphate buffers (pH
4,7, and 10) at low (50 mOsm/kg) and high (500 mOsm/kg)
osmolality. UV spectroscopy with a Cary 50 Bio UV-Visible
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Spectrophotometer was employed for this stability
evaluation.

Photolysis

GRFT (450 pg/mL) in MilliQ water was exposed to
30°C/65%RH for 28 days. Experimental containers were
exposed to the lamps within this environmental chamber.
Negative control containers were protected from light with
aluminum foil. GRFT concentration was monitored via RP-
HPLC.

Freeze/Thaw Cycling

GRFT (450 pg/mL) in MilliQ water was exposed to five
freeze/thaw cycles at both —80°C/25°C, and —20°C/25°C.
GRFT concentration was monitored via RP-HPLC.

Agitation

GRFT (450 pg/mL) was subjected to 72 h of agitation
(Vortex Genie®-2, speed 3) at 25°C. Its concentration was
monitored via RP-HPLC.

pH Stability

The effect of pH on the stability of GRFT (450 ug/mL)
was evaluated at 25°C with buffer solutions over the pH
range of 3 to 9 as follows: 10 mM Formate pH 3, 10 mM
acetate pH 4, 10 mM phosphate pH 4, 10 mM acetate pH 5,
10 mM phosphate pH 7, 10 mM phosphate pH 8, and 10 mM
Tris pH 9. GRFT concentration was monitored via RP-
HPLC.

Acid/Base Hydrolysis

To determine degradation due to hydrolysis, GRFT was
prepared at 450 pg/mL in 1 N HCl or 1 N NaOH, with storage
at ambient temperature. GRFT concentration was monitored
via RP-HPLC over 30 h.

Oxidation

Oxidation of GRFT was evaluated by exposing GRFT to
0.02% H,0,. The final concentration of GRFT was 450 pg/
mL and was stored at ambient temperature. Samples were
assayed by RP-HPLC every 30 min for a total of approx-
imately 24 h. The oxidative by-products were fraction
collected and then subjected to mass spectrometric analysis
and gp120 binding via enzyme-linked immunosorbent assay
(ELISA).

Protection Against Oxidation

We screened six antioxidants that are commonly used in
pharmaceutical products, including methionine (0.09 and
0.25%), cysteine (0.09 and 0.25%), glutathione (0.09 and
0.25%), vitamin E TPGS (0.009%), EDTA (0.05%), and
ascorbic acid (0.1%). The stability of GRFT after addition of
an antioxidant was monitored via HPLC.

Page 3 of 13 83
Stability Under Biologically Relevant Conditions

Stability in Vaginal Fluid Simulant

Vaginal fluid simulant (VFS) was manufactured as
previously described (38). GRFT (450 pg/mL) was stored in
VES at 37°C for 4 days. GRFT concentration was monitored
with RP-HPLC.

Susceptibility to Cervicovaginal Enzymes

GRFT was exposed to three enzymes commonly present
in human cervicovaginal secretion environment (31-33):
aminopeptidase 100 U/mL, lysozyme 100,000 U/mL, and
proteinase K 100 U/mL. GRFT (450 pg/mL) was incubated
with each enzyme separately for up to 6 h at 37°C. GRFT
concentration was monitored via RP-HPLC.

Compatibility with Commensal Vaginal Bacteria

GRFT stock material was tested for compatibility with
commensal vaginal bacteria utilizing the Standard Microbi-
cide Safety Test as previously described (39). Strains tested
were Lactobacillus crispatus ATCC 33197, L. jensenii ATCC
25258, and L. jensenii LBP 28 Ab, which are present within
normal human vaginal fluid. Bacterial suspensions were
prepared in N-(2-acetamido)-2-aminoethanesulfonic acid
buffer. To determine the effect of GRFT on the lactobacilli
viability, GRFT was added into the suspensions and incu-
bated at 37°C for 30 min. Samples were taken at time 0 and
30 min. Aliquots of each sample after the treatment were
seeded on the surfaces of agar plates. The plants were
incubated at 37°C for 24 h. The number of viable bacterial
cells was counted for each plate, and colony-forming unit per
mL (CFU/mL) was calculated. The average CFU value count
at each time point was log-transformed (log (CFU/mL)).
Lactobacillus viability was calculated as the log (CFU/mL)
difference between the log counts at time 0 and after 30 min
of treatment. In comparison with the controls, a decrease of
Lactobacillus viability by more than 10-fold was considered as
an undesirable effect.

Stability in Human Cervicovaginal Lavage

Human cervicovaginal lavage (CVL) was obtained from
the University of Pittsburgh under IRB Protocol
PRO11020218. CVL was collected from healthy, HIV-
negative premenopausal women. Samples were stored at
—80°C until they were thawed for immediate testing. GRFT
was exposed to human CVL at room temperature (25°C) and
monitored via RP-HPLC every 30 min for approximately
2.5 h due to volume constraints. The oxidized GRFT products
from the CVL exposure were fraction collected and further
characterized via intact mass analyses and HIV-1 gp120
binding.

Permeability Through Human Cervical Tissue
Excised human cervical tissue was obtained from the

University of Pittsburgh Health Sciences Tissue Bank under
the University of Pittsburgh Institutional Review Board
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(IRB) Protocol PRO09110431. Tissue specimens were col-
lected from women undergoing hysterectomies for non-
cervical issues. A section of each tissue was retained for
histological evaluation. After removal of the excess stromal
tissue, the ectocervical epithelial tissue was placed between
two pre-measured slides for thickness measurement.

A Franz cell system (PermeGear) was utilized for these
tissue permeability studies. Tissue sections were placed
between the donor and receptor compartments of the Franz
cell with the epithelial side toward the donor compartment.
This set-up was maintained at 37°C throughout the experi-
ment. The receptor compartment was filled with PBS1X. The
donor compartment was loaded with 450 pL of 2.25 mg/mL
GRFT or GRFT-AlexaFluor488 drug substance in PBS1X. At
the beginning of the experiment, 50 L was removed from the
donor compartment. At predetermined time points, 200 uL
was removed from the receptor chamber and the same
volume of fresh PBS1X was added for replacement. These
samples were held at 2-8°C until analyzed by RP-HPLC.

All tissues were processed for paraffin sectioning. The
tissue sections were embedded into paraffin blocks using the
Leica EG 1160 embedding station. Tissues were then
sectioned at five microns (5 pm) with the Olympus CUT
4060 microtome and placed on slides for further processing or
staining procedures.

GRFT was tagged using an Alexa Fluor® 488 Protein
Labeling Kit from Invitrogen. GRFT-AlexaFluor488 has been
previously used in tissue and cellular studies (40). The tissue
sections on the slides were deparaffinized. Then 4’,6-
diamidino-2-phenylindole (DAPI; VECTASHIELD HardSet
Mounting Medium with DAPI) was used for fluorescence
visualization of cellular nuclei (tissue orientation aid) and to
seal the cover slip. Areas on the tissue containing GRFT-
AlexaFluor488 appeared bright green. Nuclei of epithelial
cells appeared blue/purple.

Additionally, tissue sections were developed to deter-
mine GRFT tissue localization for the permeability experi-
ments performed with unlabeled GRFT. Unlabeled GRFT
was used for this experiment because the AlexaFluor488 dye
compound has a molecular weight of approximately 900,
which may impact GRFT permeability due to increased size
or conformation of GRFT-AlexaFluor488. Slides were heated
at 60°C for 10 min. The tissue sections on the slides were
deparaffinized. The following antibodies and staining compo-
nents were used in this procedure: polyclonal primary goat
anti-GRFT and biotinylated rabbit anti-goat IgG secondary
antibody. Avidin-HRP (Vector Labs) and DAB (3,3’-diami-
nobenzidine; InmPACT DAB HRP Substrate, Vector Labs)
were applied and incubated for 1 min at RT.

To determine the tissue safety (any gross morphological
changes) of GRFT application on human cervical epithelial
tissue, hematoxylin and eosin (H&E) were used. Hematoxy-
lin stains the nuclei of cells purple. Eosin stains the other
structures of the tissue section red/pink.

Microscopy was performed with a Zeiss Axioskop 40
Microscope equipped with a Prior Scientific Lumen 200
Fluorescence Illumination System (for fluorescence imaging).
Micrographs were obtained with an AxioCam MRc 5 color
camera and AxioVision software. For fluorescence detection,
the FITC filter and the DAPI filter were used. AlexaFluor488
and FITC have comparable excitation and emission
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wavelengths. Micrographs utilizing these two fluorescence
filters were overlaid. All micrographs were taken with a x20
objective.

Long-Term Stability Assessments

GRFT was filled into 5 mL PETG vials at a concentra-
tion of 12 mg/ml in PBS and stored at either 4°C or 25°C. At
each time point (0, 1, 3, 6, 9, 12, 18, and 24 months), a fresh
vial of GRFT from both conditions was characterized using
analytical methods of RP-HPLC, SEC-HPLC, DSF, gp120
ELISA, and SPR as described below.

Analytical Methods

Reverse-Phase (RP) High-Performance Liquid
Chromatography

The HPLC system (Waters Corporation; Milford, CA)
was equipped with an autosampler model 717plus, a quater-
nary pump controller model 600, and a fluorescence detector
model 2487, using an excitation wavelength of 273 nm and an
emission wavelength of 303 nm. Separation of GRFT from
by-products/degradants was achieved using a Phenomenex
Jupiter C18 5pm 300A (4.6x250 mm) column (Phenomenex;
Torrance, CA) protected by a Gemini C18 (4x3 mm) guard
cartridge (Phenomenex; Torrance, CA), both maintained at
ambient temperature. The mobile phase gradient consisted of
mobile phase A (0.1% TFA in water (v/v)), and mobile phase
B (0.05% TFA in ACN (v/v)) pumped at a flow rate of 1.0
mL/min. The gradient was proportioned as follows (minute,
%B): 0,12; 15, 20; 16, 50; and 20, 12. Linearity of the detector
response curve was 10 to 500 pg/mL.

Mass Spectrometry

GRFT and its oxidative by-products from the H,O,
exposure were subjected to intact mass analyses via mass
spectrometry to determine their molecular weights. Prior to
analysis, 5% formic acid was added to each sample. For intact
mass analysis, a Bruker micrOTOF with a capillary ESI
source and a Dionex U3000 HPLC system were utilized. The
HPLC column was a PRLP-S column (Thermo Fisher, 1000
A5 pum, 100x0.3 mm) maintained at 40°C temperature. The
mobile-phase gradient consisted of mobile phase A (2.5%
acetonitrile/0.1% formic acid in water) and mobile phase B
(80% acetonitrile/20% water/0.1% formic acid) pumped at a
flow rate of 3.5 pL/min. The gradient was proportioned as
follows (minute, %B): 0, 5; 10, 30; 50, 75; 65, 100; and 75, 5.
The intact mass analysis was performed in positive ion mode,
with the acquisition range of m/z 50-3000. The m/z values
were converted into molecular mass values with the MaxEnt
Deconvolution program. The mass accuracy of this instru-
ment is 0.01% of the analyte mass. Therefore, for GRFT
parent monomer of 12.7 kDa, the mass accuracy should be 1-
2 Da. For GRFT parent homodimer of 25.4 kDa, the mass
accuracy should be 2—4 Da.

One of the GRFT oxidative by-products also underwent
peptide sequencing to determine the site(s) of oxidation.
Prior to this analysis, samples were concentrated, denatured
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with 1% Rapigest, and diluted with 100 mM ammonium
bicarbonate to 0.1% Rapigest. After dilution, protease
(trypsin or chymotrypsin) at 2:1 protein/protease (w/w) was
added to each sample. Following an overnight incubation at
37°C, 5% formic acid was added to each sample to hydrolyze
the Rapigest. The samples were then concentrated, the
Rapigest was removed, and the sample was desalted with
zip tips (Millipore). For peptide sequencing analysis of GRFT
stock, a Thermo LTQ XL and a Dionex U3000 HPLC system
were utilized. For peptide sequencing of Peak C, a Thermo
LTQ Orbitrap XL and a Waters nano-Acquity UPLC system
were used. The same column system was used for both:
PicoChip ReproSil-Pur C18-AQ 3 um 120 A HPLC column
maintained at ambient temperature. The mobile phase
gradient consisted of mobile phase A (0.1% formic acid in
water) and mobile phase B (0.1% formic acid in acetonitrile)
pumped at a flow rate of 300 nL/min. The gradient was
proportioned as follows (minute, %B): 0, 2; 50, 40; 51, 95; 52,
95; 52.5, 2; and 60, 2.

SEC High-Performance Liquid Chromatography

Size exclusion (SEC) was performed on a Beckman
Coulter System Gold HPLC. An aliquot of 10 uL GRFT
(4°C, 25°C and reference standard) was injected onto an SEC
column (TSKgel SuperSW3000, 4.6 mm L.D. x 30 cm, 4 pm;
TOSOH Biosciences, LLC; TSKgel guardcolumn SuperSW,
4.6 mm LD. x 30 cm, 4 pm; TOSOH Biosciences, LLC)
equilibrated in running buffer (100 mM sodium phosphate
[pH 7.2], 150 mM sodium chloride, 0.05% sodium azide).
After injection, running buffer was applied to the column at
flow rate of 0.2 mL/min for 30 min. Based on the percent
purity of the GRFT peak, this SEC-HPLC method has an
intermediate precision of <1% coefficient of variation.

DSF

The melting temperature (7,,) of GRFT, at a final
concentration of 62.5 uM in PBS, was determined on a
BioRad iQ5 multicolor real-time PCR system. Sypro orange
(Molecular Probes) at a final concentration of x5 was added
to GRFT and was heated from 20 to 95°C in 0.2°C increments
at intervals of 15 s. T}, values were determined by the vertex
of the first derivative of the relative fluorescence unit (RFU)
values.

gp120 ELISA

The binding between GRFT or its oxidative by-products
and gpl120 were determined employing a gp120 ELISA as
previously described (2,3) with the minor modification of
using anti-GRFT goat polyclonal instead of anti-GRFT rabbit
polyclonal. Briefly, serial dilutions of a GRFT sample were
added to gpl120-coated plates, and GRFT was visualized by
goat anti-GRFT primary antibody and HRP-labeled rabbit
anti-goat secondary antibody. Optical density at 450 nm was
measured. The data was plotted as the log concentration of
GRFT on the X-axis and the OD on the Y-axis in GraphPad
Prism 5.0. The log(agonist) vs. response—variable slope (four
parameters) was used to fit the curve and calculate ECs
values.
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SPR

The equilibrium dissociation constant (K,;) of GRFT to
gp120 was measured using a Biacore X100 2.0 instrument at
ambient temperature. For each sample (4°C, 25°C, and
reference standard), the assay was performed in triplicate.
Recombinant biotinylated gp120 (Dul51, HIV1/Clade C,
Immune-tech no. IT-001-139p-Biotin) at a concentration of 1
pg/mL was immobilized on a SA sensor chip (Biacore no.
BR-1000-32) in 10 mM sodium acetate pH 5.5 at a flow rate
of 5 uL/min and a contact time of 150 s. A reference flow cell
was utilized to correct response contributions such as bulk
shifts that occur equally in the sample and reference flow
cells. Serial dilutions of GRFT (125, 62.5, 31.25, 15.625, and
7.8125 nM) were made in running buffer (HBS-EP, GE
Healthcare) and injected, at a flow rate of 5 pL/min, for a
contact time of 60 s and a dissociation time of 600 s. Between
sample injections, the system was washed with running buffer,
and the immobilized surface was regenerated with 10 mM
glycine—-HCIl pH 2.0 for a contact time of 30 s. Each set of
data was analyzed using the steady-state affinity analysis in
the Biacore X100 2.0 evaluation software.

Statistical Analyses

GRFT concentration over time is reported as GRFT
recovery (% of time zero) + standard deviation for all of the
analyses involving GRFT stability assayed with RP-HPLC.
GRFT recovery (% of time 0) is calculated as [GRFT, pg/mL]
at the specified time point/[GRFT, ug/mL] at time 0 x 100.
This data was analyzed using one-way analysis of variance
(ANOVA). p values of < 0.05 were considered statistically
significant.

RESULTS
Physical and Chemical Stability

Thermal and Photolytic Stability

The GRFT recovery over 28 days exposure was calcu-
lated for the following thermal conditions: 5°C, 25°C/
60%RH, 30°C/65%RH, 40°C/75%RH, and 65°C. For the
four lower thermal conditions, the GRFT loss was only 10%
of time 0, and no significant difference was observed between
any of these four conditions (p = 0.07) at day 28 (Fig. 1). In
contrast, the recovery of GRFT at 65°C (the highest
temperature studied) quickly declined within 1 day, and the
protein became undetectable at 14 days exposure (detectable
up to 7 days exposure). No GRFT degradation/product peaks
were detected.

Ionic Strength

The effect of ionic strength on the stability of GRFT was
evaluated by UV-spectroscopy. No pronounced increases in
absorbance were evident for 250 ug/mL of GRFT at either
low or high osmolality (Fig. 2). In addition, GRFT was tested
at different concentrations, and it remained stable under all
testing conditions (between 31.25 and 250 pg/mL). These
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Fig. 1. GRFT thermal stability. GRFT (450 pg/mL) in Milli-Q water was exposed to 5 °C, 25 °C/60%RH,
30 °C/65%RH, 40 °C/75%RH, and 65 °C in controlled temperature/humidity Carson 6010 environmental
chambers for 28 days. Relative humidity (RH) control at 5 °C and 65 °C was not available. GRFT
concentration was monitored via HPLC with fluorescence detection. The inset is included to better display
the thermal stability trends at the four lower temperature conditions

results indicate that insoluble protein aggregates were not
formed under these conditions.

Freeze/Thaw Cycling and Agitation

After five freeze/thaw cycles at —80°C/25°C and —20°C/
25°C, the GRFT recovery was 102.0 = 0.23% and 99.0 +
0.90%, respectively. After 72 h of agitation, the GRFT
recovery remained at 97 + 0.88%. Therefore, GRFT was
not prone to physical instability from freeze/thaw cycling, and
agitation or shaking during formulation or sample processing.

pH Stability

GRFT’s stability in pH buffered solutions was initially
monitored for 5 days. GRFT showed >95% recovery in pH 3
formate, pH 5 acetate, pH 7 phosphate, pH 8 phosphate, and
pH 9 Tris buffers. However, the GRFT recovery in pH 4
acetate buffer declined to 88.1% of time 0 concentration on
day 5 (Fig. 3). The stability analysis was therefore extended to
20 days for further assessment. GRFT was found to remain
>90% recovery in pH 3, 5, 7, 8 and 9 buffered solutions
throughout the storage period (not shown). In contrast,
recovery in pH 4 acetate buffer declined to 79% on day 20.
In pH 4 phosphate buffer, GRFT recovery decreased to 95%
after 3 days. Further testing in this buffer was not pursued.

Acid/Base Hydrolysis
GRFT showed stability with >97% recovery when stored

in 1 N solutions of both HCI and NaOH for 30 h (data not
shown).

Biologically Relevant Assessments

Stability in Vaginal Fluid Simulant

The stability of GRFT in vaginal fluid simulant was
monitored. This biological fluid simulant was utilized due to
its historical use in in vitro experiments of vaginally applied
products. GRFT drug substance remained stable over 4 days
(p = 0.08), with recovery of 98% =+ 1.4% (Fig. 4a).

Susceptibility to Cervicovaginal Enzymes

Given its proteinaceous nature, GRFT has the potential
to be enzymatically degraded. In order to establish the
cervicovaginal enzymatic degradation potential of GRFT, this
protein was exposed to enzymes commonly present in the
normal human vaginal environment (31-33). GRFT was
found to be a stable protein and was not highly prone to
enzymatic degradation of aminopeptidase, lysozyme, or
proteinase K. Recovery of GRFT from these individual
enzyme solutions ranged from 90 to 103% after 6 h of
incubation at 37°C (Fig. 4b).

Permeability Through Human Cervical Tissue

GRFT-AlexaFluor488 permeability was performed on
six pieces of human cervical tissues. To confirm findings
obtained from the GRFT-AlexaFluor488 experiments, unla-
beled GRFT permeability was performed on five human
cervical tissue specimens (sample size limited due to tissue
availability). All tissue samples were obtained from females
in the age range of 30-50 years.

GRFT recovery from the donor compartment (mean =+
SD) at the end of the experiment (6 h) was 98.0% + 4.5% and
101.3% + 6.8% for GRFT-AlexaFluor488 and unlabeled
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Fig. 2. UV scans to determine the effect of pH and ionic strength on GRFT (250 pg/mL). GRFT solutions in water, pH 4, pH 7, and pH 10
buffers were analyzed by UV spectroscopy to determine the formation of insoluble aggregates. a GRFT solutions prepared in low ionic strength
buffers (50 mOsm/kg). b GRFT solutions prepared in high ionic strength buffers (500 mOsm/kg). ¢ Absorbance values at 280, 320, and 350 nm.
The trend lines largely overlap due to the similar absorbance of the different samples at each pH

GREFT, respectively. GRFT was not quantifiable with RP-
HPLC in the receptor samples at any time point for any of the
specimens.

Under the current experimental set-up, GRFT (labeled
and unlabeled) was found to adhere to the surface (superficial
layer) of the cervical epithelium (Fig.5a, b). No gross
morphological changes were observed upon H&E staining
between pre-tissue and post-tissue.

Compatibility with Lactobacillus

GRFT was exposed in vitro to three strains of
Lactobacillus that are present within the normal, healthy
human vaginal environment. As shown in Fig. 5c, GRFT
caused < 10-fold change in bacterial growth across all
three strains, suggesting compatibility between GRFT and
the bacteria.

—#—pH 3 Formate 4—pH 4 Acetate

—e—pH 5 Acetate

—=—pH 7 Phosphate =~ —A—pH 8 Phosphate =~ —<—pH 9 Tris

120 1

100

80 +
60 +

40 +

Recovery (% of Time 0)

80

0 +——
0 24

Fig. 3. GRFT stability in pH-buffered solutions.

T

48

72

Time (Hours)

GRFT (450 pg/mL) stability in buffered solutions over the

pH range of 3 to 9 was monitored via HPLC detection. The inset is included to better display the pH

stability trends
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Fig. 4. GRFT stability in a vaginal fluid simulant (VFS) (with an inset) and b enzymes commonly present in human cervicovaginal lavage
(CVL) (with an inset). GRFT (450 pg/mL) in VFS and in each of the three enzymes (aminopeptidase 100 U/mL, lysozyme 100,000 U/mL, and
proteinase K 100 U/mL) was monitored at 37 °C for 4 days and 6 h, respectively. GRFT concentration was monitored via HPLC fluorescence

detection

Oxidation in Hydrogen Peroxide and CVL

After 24 h of exposure to 0.02% H,O,, the parent GRFT
peak (denoted as Peak A, RRT 1.000) disappeared, and the
chromatogram showed approximately 8% Peak B (RRT
0.900) and 92% Peak C (RRT 0.690), suggesting complete
degradation of GRFT. GRFT degraded in a similar fashion
when exposed to human CVL. Representative HPLC chro-
matograms of samples subjected to H,O, and CVL exposures
are shown in Fig. 6a.

To further investigate GRFT degradation by H,O, and
human CVL, intact mass analyses of peaks A, B, and C from
both exposures; peptide sequencing of GRFT peaks A and C
of H,O, exposure; and gp120 binding activity of peaks A, B,
and C from both exposures were performed. Representative
intact mass spectra are shown in Fig. 6b, ¢ for H,O,-treated
samples. All the intact masses detected by mass spectrometry
are summarized in Table I.

The intact mass of recombinant GRFT was determined
to be 12,732.2 Da, in agreement with the published sequence

a b
Fluorescence
H&E Antibody/DAB
Pre-tissue
Pre-tissue
GRFT,
o - -
C
Lactobacillus Strain® Viability Reduction
’ (log difference)
L. crispatus ATCC 33197 0.0211
L. jensenii ATCC 25258 0.0588
GRFT- L. jensenii LBP 28Ab 0.0298
AlexaFluor488 ap —
. n=3.
in PBS1X R

Fig. 5. Cervical tissue microscopy of a GRFT-AlexaFluor488 and b unlabeled GRFT, and GRFT compatibility with lactobacilli (c).
Representative H&E (first column) and fluorescence (FITC and DAPI filter overlay; second column) micrographs (a) or Antibody/DAB
staining (second column) micrographs (b) are shown. GRFT tissue localization is represented by green fluorescence, as indicated by the white
arrows (a) or by reddish-brown coloring, as indicated by the black arrow (b). Micrographs were taken with a x 20 objective for both a and b
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Fig. 6. Oxidation of GRFT after exposure to 0.02% hydrogen peroxide (H202) and CVL. a Representative chromatograms and b—c¢
representative intact masses observed after the exposure. HPLC chromatograms of GRFT exposed to H202 and human CVL (separately) are
overlaid in order to visually compare the chromatographic similarity (a). The bottom (black line) chromatogram represents GRFT in 0.02%
H202 at 5 h. The upper (blue line) chromatogram represents GRFT in human CVL at 2.5 h of exposure. Peak A is GRFT. Peaks B and C are
oxidative products of GRFT. The extra peaks in CVL were also present in the CVL blank; therefore, they were not GRFT related. Mass
spectrometric analysis of the H202 peak B identifies three species with intact masses corresponding to the heterodimer (b) and two monomers
(¢), respectively
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Table I. Summary of GRFT Intact Mass Analyses

Homodimer Heterodimer—one Monomer Oxidized

(25466 + 4 monomer oxidized (12733 +2 monomer

Da) (25482 + 4 Da) Da) (12749 + 2
Da)

GRFT X X

HZ 02

peak A

GRFT X X X
Hz 02

peak B

GRFT X
HZ 02

peak C

GRFT X

CVL

peak A

GRFT X X
CVL

peak B

GRFT X
CVL

peak C

of GRFT isolated from red alga Griffithsia sp. except that the
unknown residue X at position 31 was replaced with alanine
(A) (underlined) (2).

SLTHRKFGGS
GGSPFSGLSS
IAVRSGSYLD
AINIDGVHHG
GSGGNLSPTF
TFGSGEYISN
MTIRSGDYID
NISFETNMGR
RFGPYGGSGG
SANTLSNVKV
IQINGSAGDY
LDSLDIYYEQ
Y

In the GRFT sample exposed to H,O,, peak A contained
unmodified monomer and its dimer (homodimer) as ex-
pected; peak B contained both unmodified and oxidized
monomers as well as their dimer (heterodimer), suggesting
partial oxidation, and peak C contained only oxidized
monomer (Table I). In the GRFT sample exposed to CVL,
peaks A, B, and C contained unmodified monomer, a mixture
of unmodified and oxidized monomers, and oxidized mono-
mer, respectively (Table I). Therefore, oxidation was found to
be the major degradation pathway of GRFT when subjected
to oxidative stress. The site of oxidation was found to be
methionine 78 (bold and underlined in the sequence listed
above) by peptide sequencing of the GRFT peak C from
H,0, exposure.

The oxidized samples were subjected to gpl20 binding
ELISA experiments. Our preliminary results showed that all
H,O, oxidative samples (peaks A, B, C) had % binding curves
comparable with each other and to the GRFT standard, but
CVL oxidative samples displayed binding curves that were

AAPS PharmSciTech (2021) 22: 83

shifted to the right (data not shown), indicating decreased
GRFT-gp120 binding in these three CVL samples.

It should be noted that several antioxidant excipients
were investigated for their potential to prevent GRFT from
oxidation. However, none of the amino acids, vitamin E
TPGS, or the chelating agent EDTA afforded any significant
protection from protein oxidation (data not shown).

Long-Term Stability

The long-term aggregation, degradation, oxidation, melt-
ing temperature, and potency (i.e., gp120-binding affinity) of
GRFT were evaluated using SEC-HPLC, RP-HPLC, DSF,
gpl120 binding ELISA and SPR. Using these analytical
procedures, the physical, chemical, thermal and functional
stability of GRFT was evaluated for GRFT stored at 4°C and
25°C up to 24 months.

The GRFT drug substance formulated in PBS was found
to be free of protein aggregation or degradation by SEC-
HPLC analysis, and good stability was maintained after
storage at 4°C and 25°C (oxidation <2.5% and <6.5%,
respectively) for 2 years (Fig. 7; Table 1I). Additionally, no
significant change in the potency or thermostability of GRFT
was found. GRFT was shown via RP-HPLC to be oxidized by
approximately 1% and 5% during storage at 4°C and 25°C,
respectively.

DISCUSSION

All pharmaceutical products need to maintain physical,
chemical, thermal, and functional stability during storage,
formulation, and delivery. During all of our preformulation
assessments except oxidative stress (see more discussions
below), GRFT proved to be a stable protein. GRFT was
found to be thermally stable under <40°C/75% RH but
degraded quickly at 65°C (Fig. 1). Given its proteinaceous
nature, GRFT is likely to have undergone denaturation
during the duration of exposure at this elevated temperature.
However, it should be noted that it is unlikely that GRFT will
be exposed to temperatures as high as 65°C during its
formulation manufacturing or dosage form administration/
use.

GRFT remained stable when exposed to light, freeze-
thaw cycling, physical agitation (data not shown), different
ionic strengths (Fig. 2), and even strong acid (IN HCIl) and
strong base (IN NaOH) (data not shown). Its stability was
maintained in different buffered solutions at pH of 3, 5, 7, 8,
and 9 (Fig. 3). However, degradation was observed at pH 4
no matter whether the solution was acetate or phosphate
buffered. The GRFT samples in pH 4 buffers became cloudy
either upon initiation of the study or shortly after, suggesting
reduced solubility, which in turn caused the decreased
recovery at pH 4. This type of non-monotonic behavior has
been observed by Zhang et al. (41) for a recombinant
therapeutic antibody. The isoelectric point (pl) is 7.2 for this
antibody. At pH 5.3, far below its pI, when the ionic strength
was increased, the antibody underwent an initial solubility
decrease followed by a solubility increase, which was
contributed to anion binding and its charge neutralization
effect.
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Fig. 7. Representative SEC-HPLC chromatogram for long-term stability. GRFT was
stored at 4 °C and 25 °C (RT) and compared to the reference standard. The 4 °C and 25 °C
profiles overlap with each other, and they each overlap with the reference standard. The
overlaid peaks represent the GRFT dimer mass of approximately 25 kDa

A vaginally applied product, like a vaginal microbicide,
should not exert any harmful effects on the innate commensal
microflora or tissue of the cervicovaginal environment. GRFT
was found to be stable in VFS (Fig. 4a). Enzymes commonly
found within the human vagina did not degrade GRFT (Fig.
4b), which was similar to the findings of Moncla et al. (42),
who evaluated the impact of nine proteases on GRFT and
found eight of them could not digest/degrade GRFT. Addi-
tionally, GRFT was found to adhere to, instead of penetrating
through the cervical epithelium (Fig. 5a, b). This was
consistent with the previous report that GRFT-
AlexaFluor488 adhered to the surface of Ectl/E6E7 cells, a
human ectocervical cell line (40). These results indicate that
GRFT will remain in the vaginal lumen, coating but not
harming, the surface of an intact cervical epithelium. Fur-
thermore, GRFT did not affect the viability of three stains of
commensal Lactobacillus spp. present in the normal human
vagina (Fig. 5c). These observations, taken together, provide
evidence of GRFT’s safety profile.

When stressed with 0.02% H,0O, or exposed to human
CVL, GRFT was found to be degraded to products with
shorter retention times on RP-HPLC (Fig. 6a). Mass spectro-
metric analysis revealed that GRFT was partially oxidized
upon exposure to either H,O, or human CVL (Fig. 6b, c;
Table I), and the oxidation occurred on methionine 78.

Due to the complex nature of human cervicovaginal
secretions, there was initial concern that proteins in the CVL
may interfere with the mass spectrometry detection of GRFT
proteins in this sample matrix. No such interference was
found. However, the CVL samples appeared to have lower
than expected concentrations when subjected to intact mass
analyses. Therefore, the samples had to be concentrated.
GRFT is a lectin and binds to mannose, glucose, and N-acetyl
glucosamine (2). The apparently low GRFT protein concen-
trations detected in the CVL may potentially be due to the
non-specific binding between GRFT and CVL components,
such as mucins (34,43) or cellular debris (40), which leaves
only unbound GRFT available for RP-HPLC detection/

Table II. Combined Real-Time Stability Data

Time (month) SEC-purity (%) Oxidation peak (%) T (°C) ECs, (ng/ml) Kq (M)

4°C
0 99.9 + 0 1.23 + 0.02 777 + 0.9 8.7 3.19¢-08 + 1.76e—09
1 999 £ 0 1.05 + 0.09 76.9 + 0.8 12.4 3.11e-08 + 9.77e-10
3 99.9 +0 1.16 + 0.05 742 £ 39 8.7 3.22¢-08 + 1.63e—09
6 99.9 £0 1.31 £ 0.05 783 £ 14 54 3.46e-08 + 3.07¢—09
9 999 £ 0 1.35 +0.01 785 +0.2 9.5 3.47¢-08 + 2.07e—09
12 99.9 £0 1.24 £ 0.02 782 £02 31.1 3.04e-08 + 4.61e—10
18 99.8 £ 0 2.39 + 0.02* 78.7 £ 0.1 9.8 2.43¢-08 + 3.07e—09
24 99.8 £ 0 2.10 £ 0.08 785 £ 0.1 14.9 2.46e-08 + 1.75¢—09

25°C
0 99.9 + 0 1.23 + 0.02 777 +0.9 8.7 3.19¢-08 + 1.76e—09
1 999 £ 0 1.34 £ 0.06 76.8 £ 1.2 10.4 3.17¢-08 + 1.33e—09
3 99.9 + 0 1.76 + 0.02 76.8 £ 0.9 10 3.30e-08 + 1.29¢—09
6 999 £ 0 2.13 £ 0.05 79.4 £ 0.9 5.1 3.40e-08 + 2.09¢—09
9 99.9 + 0 2.57 £ 0.02 779 +24 10.2 3.56e-08 + 1.64e—09
12 99.9 £0 2.78 + 0.06 785 £ 0.3 13.4 3.29¢-08 + 1.71e—09
18 99.8 0 5.37 £ 0.04* 789 £ 0.2 10.4 2.35¢-08 + 2.25¢-10
24 99.8 £ 0 6.19 = 0.97 78.7 £ 0.1 6.9 2.38e-08 + 1.42¢—09

*Oxidation by RF-HPLC was measure at 20 months instead of 18 months
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quantification. Similarly, only unbound GRFT is available for
gp120 binding. Therefore, it is not surprising that reduced
¢p120 binding activity was observed for the CVL exposed
GRFT samples (data not shown).

This oxidative degradation pathway and decreased gp120
binding activity of CVL-exposed oxidative products needs to
be taken into consideration prior to or during formulation
studies. Unfortunately, our initial efforts on antioxidant
screening failed to find an effective antioxidant that could
protect GRFT from oxidation. Therefore, further studies are
required to eliminate or minimize oxidation. These studies
could include screening additional antioxidant agents or
explore alternative approaches such as mutating methionine
78 to a non-oxidable residue.

Shelf-life stability studies further proved GRFT to be a
stable protein except that it is prone to oxidation (Fig. 7;
Table IT). The extent of oxidation was higher at 25°C than at
4°C. Nevertheless, our analysis indicated that GRFT main-
tained molecular stability and gp120-binding affinity upon
storage at both 4°C and 25°C over 2 years, suggesting that
oxidation of methionine 78 may not constitute a critical
quality attribute that affects the protein’s efficacy. Its poten-
tial impact on safety, however, remains to be determined.

In summary, we identified several factors (i.e. tempera-
ture, pH, oxidation, and non-specific binding) that should be
taken into consideration for GRFT-based dosage forms.
GRFT should be kept below 65°C and pH adjusted (prefer-
ably to >6.5). Excipients with oxidizing or GRFT-binding
potential should be avoided or kept to the minimum amount.
An approach that can effectively minimize oxidation would
have to be found prior to or during formulating GRFT into a
microbicide product.

CONCLUSION

In this preformulation work, GRFT was demonstrated to
be a stable protein with good physical, chemical, and
biological stability profiles under stressed conditions. It also
showed good physical, thermal, or biological stability after 2
years of storage in PBS at 4°C and 25°C. The protein did not
penetrate through the cervical epithelium or show antimicro-
bial activity against the commensal Lactobacillus spp.,
demonstrating two desirable characteristics of biological
safety. One issue of concern is oxidation. In the GRFT
sequence, methionine 78 is susceptible to oxidation when
exposed to H,O, or human CVL. Slow oxidation was also
observed after long-term storage. Several antioxidants com-
monly used in pharmaceutical products were screened, but
none of them could prevent GRFT from oxidation. More
studies are required to find an effective approach that
protects GRFT from oxidation during storage, formulation,
and delivery.
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