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ARTICLE INFO ABSTRACT

Keywords: Photostability testing of therapeutic proteins is a critical requirement in the development of biologics. Upon
Photo-oxidation exposure to light, pharmaceutical proteins may undergo a change in structure, stability, and functional prop-
Structure erties that could have a potential impact on safety and efficacy. In this work, we studied how exposure to light,
Stability . according to ICH guidelines, leads to photo-oxidation of a therapeutic IgG1 mAb. We also tested the ability of
FAEEZ:E)TOH five different excipients to prevent such oxidation. In samples that were exposed to light, we found that the Cy2
Excipients domain was considerably destabilized but there were no major changes in the overall structure of the protein.

mAb Aggregation of the protein was observed because of light exposure. Mass spectrometry identified that light
exposure oxidizes two key methionine residues in the Fc region of the protein. In terms of function, a loss in
binding to the neonatal Fc receptor, decreased antibody-dependent cell-mediated cytotoxicity and cell pro-
liferation activities of the protein were seen. Combined analysis of the photo-oxidation effects on the structure,
stability, aggregation, and function of the mAb has identified the underlying unifying mechanism. Among the
sugars and amino acids tested, methionine was the most effective in protecting mAb against photo-oxidation.

1. Introduction

Among the over 70 US FDA approved therapeutic protein products
since 2011, more than half belong to the class of monoclonal antibodies
(FDA, 2017; Lagasse et al., 2017). Like all proteins, they are vulnerable
to light-induced degradation which can adversely affect product safety
and quality (Kerwin and Remmele, 2007; Li et al., 1995). Therapeutic
proteins may be exposed to both visible and UV light from manu-
facturing through use by the patient. Exposure to light can come from
normal laboratory and GMP processing protocols (Sreedhara et al.,
2016). Additional exposure can come from purification and during di-
lution and administration via IV bags. Visual inspection of products
exposes antibody formulations to a more intense light exposure than
room light (Rathore et al., 2010). Light exposure leads to oxidation,
which may eventually result in protein aggregation and subsequent loss
of safety and efficacy of therapeutic proteins (Torosantucci et al.,
2014). Because of these detrimental effects on product quality, reg-
ulatory agencies require photostability studies when assessing protein

drug products for marketing authorization.

Current International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (ICH) guidelines
(Q1B) recommend testing for photostability of protein formulations
using both visible and UV light at stipulated intensity (Nowak et al.,
2017; Q1B, 1997). These guidelines can help predict the degradation
pathways for proteins which can in turn lead to developing preventive
strategies to mitigate the issue. Additionally, light exposure can lead to
degradation of formulation excipients such as polysorbates which can
give rise to reactive oxygen species and thereby lead to oxidation of
proteins (Ha et al., 2002; Kerwin, 2008; Kishore et al., 2011a; Lam
et al., 1997). Light-induced degradation is not limited to liquid pro-
ducts, it can also occur in solid lyophilized products (Miller et al.,
2003). All biologic products carry an inherent risk of viral presence and
several steps are required to inactivate and clear the viral presence from
the finished drug product (Cipriano et al., 2012). Exposing to UV-C light
is one such method used for this viral inactivation process, during
which photo-oxidation can occur (Lorenz et al., 2009). Additionally,
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photo-oxidation can depend on the headspace oxygen in filled drug
product vials (Cleland et al., 1993; Qi et al., 2009; Roy et al., 2009).
Buffers containing histidine can degrade due to light exposure (Zbacnik
et al., 2017). With the advent of antibody-drug conjugates (ADCs) as
another modality for biologics, this issue becomes even more critical to
study as most of the anti-cancer drugs that are currently attached to the
antibodies have aromatic groups and many of them are photosensitive
(Cockrell et al., 2015). Just an hour of exposure to ambient light has
been shown to induce aggregation of an ADC (Cockrell et al., 2015).

The primary targets of photodegradation of proteins in the near-UV
region are the aromatic amino acids and cysteine. The absorbed light
leads to excitation of electrons to higher energy singlet state. This could
be followed by diverse processes that include fluorescence, phosphor-
escence, generation of singlet oxygen, or photoionization (Bommana
et al., 2018; Cleland et al., 1993; Kerwin and Remmele, 2007). Photo-
degradation generated reactive oxygen species (ROS) can lead to sub-
sequent oxidation of amino acid residues. Alternatively, excipients like
polysorbates may undergo photodegradation and generate hydroxyl
radicals and singlet oxygen that can cause oxidation of amino acid re-
sidues (Lam et al., 1997). Proteins do not absorb visible light but
tryptophan degradation products like kynurenine, N-formyl kynurenine
and hydroxyl tryptophan can absorb in the visible region and act as
photosensitizers (Du et al., 2018; Kerwin and Remmele, 2007). There-
fore, it is important to understand the effect of both UV and visible light
on the photo degradation profile of proteins.

In this study, we examined the effect of photo-oxidation on the
structure, stability, aggregation, and function for a specific IgG1 mAb
(Fig. 1A), in particular mAb8 from Eli Lilly and Company. We tested the
protective nature of various excipients that include amino acids me-
thionine, tryptophan and arginine, and sugars such as sucrose and
trehalose. Free methionine is a known radical scavenger/sacrificial
agent that can help prevent oxidation (Knepp et al., 1996; Lam et al.,
1997). The photo degradation of tryptophan is known to generate re-
active oxygen species (Li et al., 2014b; Sreedhara et al., 2013), and it
was used here as a positive control to determine the effect of ac-
celerated photo degradation on mAb8. Arginine is hypothesized to
protect proteins against aggregation by weakly interacting with the
aromatic residues in proteins and by weak electrostatic interactions
with proteins (Arakawa et al., 2007a,b; Maity et al., 2009; Sudrik et al.,
2017). The disaccharides sucrose and trehalose have been known to
increase the thermodynamic stability of proteins by the phenomenon of
preferential exclusion (Chi et al., 2003; DePaz et al., 2000; Kendrick
et al., 1997; Timasheff, 2002). To our knowledge, this is the first de-
tailed study that seeks to understand the effects of photo-oxidation on a
mAb from different perspectives of structure and function, and ex-
amines whether there exists an unifying mechanism that can interpret
these changes with the site and extent of photo-oxidation.

2. Materials and methods
2.1. Materials

IgG1 monoclonal antibody (mAb8) was provided by Eli Lilly and
Company. All experiments were done in formulation buffer, containing
citrate, NaCl, mannitol, glycine, and polysorbate 80, pH 6, unless
otherwise mentioned. Methionine, tryptophan, arginine, sucrose and
trehalose were purchased from Sigma-Aldrich. PD-10 columns were
purchased from GE healthcare (GE Healthcare, catalog # 17085101).

2.2. Reaction and quenching

Photodegradation of mAb8 was done as per ICH guidelines (Q1B,
1997) on the Caron 6510 Series Photostability chamber (Expose 1
cycle-1.2 million lux hours of visible light (400-700 nm), 200 W-h/m?
of UVA light (320-400 nm)). The dark control and the light exposed
samples were both stored in the photostability chamber after crimping
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the 15ml glass vials with rubber stopper. mAb8 was used at a con-
centration of 10 mg/ml.

Met and Trp concentration were 260 mM and 19.6 mM. Arginine
HCl, sucrose and trehalose dihydrate were all used at 100 mM.
Concentrations for Met and Trp were chosen close to saturating con-
ditions to test for the maximum protective and damaging effects re-
spectively, Arg was chosen at 100 mM as it has been shown to suc-
cessfully prevent protein aggregation at this concentration, and higher
concentrations of Arg can sometimes lead to unfavorable interactions
(Sudrik et al., 2017). After the recommended light exposure, all the
samples were passed through two gel filtration PD10 columns for
complete removal of any oxidant or free amino acid. No visible ag-
gregates were seen in any of the samples. Samples were then stored at
4°C in dark in the formulation buffer for further studies.

2.3. SDS-PAGE

SDS-PAGE was run using Tris-Glycine running buffer (25 mM Tris,
192mM glycine, 0.1% SDS at pH-8.3). A 4-20% mini-protean TGX
precast protein gel from Biorad was used. Protein was loaded into each
well after treating it with 2-mercaptoethanol for 5 min and boiling the
samples at 100 °C for 5min. Samples were centrifuged for 2 min at
15,000g before loading.

2.4. Circular dichroism (CD) spectroscopy

Far and near-UV CD measurements were done at a protein con-
centration of 0.1 mg/ml with 0.1 cm pathlength cuvette, and 1 mg/ml
with 1 cm pathlength cuvette (1 X 1 cm) respectively using Jasco J-810
polarimeter. Data was collected at a 0.5nm interval with a response
time of 4 s in the wavelength range of 190-250 nm for far-UV CD and
250-330 nm for near-UV CD. The bandwidth and slit widths were 2 nm
and 1 mm respectively. Each spectrum was the average of four scans.
The corresponding buffer spectrum was subtracted from the recorded
protein spectrum, and the subtracted spectrum was then normalized
using the protein concentration measured on the corresponding CD
samples. For far-UV CD, all samples were buffer exchanged into phos-
phate buffered saline (PBS), 10 mM Na Phosphate, 150 mM NacCl, pH
7.0 before recording spectra to circumvent interference from the for-
mulation buffer components. Near-UV CD spectra were recorded di-
rectly in the formulation buffer because none of the buffer components
absorb in this wavelength region. All spectra were recorded at 25 °C.

2.5. Fluorescence spectroscopy

Fluorescence spectra were recorded using a 1 cm pathlength cuvette
(l1cm X 1cm) at a protein concentration of 0.25mg/ml using Cary
Eclipse EL07013879 fluorometer (Varian). The excitation wavelength
was 295 nm, and the emission was monitored from 310 nm to 450 nm.
The buffer spectrum was subtracted from the recorded protein spec-
trum, and the subtracted spectrum was then normalized using the
protein concentration directly measured on the corresponding fluores-
cence sample. Each reported spectrum was the average of 4 scans and
all measurements were done at 25 °C.

2.6. Differential scanning calorimetry (DSC)

Protein stability was measured using a MicroCal VP-Capillary DSC
at a protein concentration of 1 mg/ml and with a scan rate of 60 °C/h in
the temperature range of 20-95 °C. The solutions were pressurized at 60
psi in the capillaries during each scan. Buffer/buffer scan was sub-
tracted from buffer/protein scan and a temperature range of the ther-
mogram around the peak was selected. The baseline correction was
performed and the thermogram was normalized for protein con-
centration. Midpoint of thermal denaturation (T,,) was determined as
the peak maximum in DSC thermograms.
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2.7. Size exclusion chromatography (SEC)

SEC analysis was performed at 25 °C using a TSK Gel G3000SWx;,
column at a flow rate of 0.3 ml per min. 2mg/ml protein with 10 ul
injection volume was loaded on SEC column. Mobile phase used was
10 mM sodium phosphate, 500 mM cesium chloride, pH 7. SEC chro-
matograms were recorded by monitoring absorbance at 280 nm.
Cesium chloride was used to minimize non-specific interaction of the
protein with the column matrix (Bruner et al., 1997).

2.8. Dynamic light scattering (DLS)

Hydrodynamic radius (Ry) was determined using Wyatt DynaPro
Plate Reader at a protein concentration of 2mg/ml in batch mode.
Twenty acquisitions were collected for each measurement and each
acquisition was for 3 sec. For determination of hydrodynamic radius, a
default value of 1.333 at 20 °C was used for the refractive index of the
protein at 589 nm.

2.9. Functional characterization

2.9.1. FcRn binding assay

20 pg/ml of FcRn was immobilized onto a CM5 flow cell. A cali-
bration curve was created in the concentration range 39-1000 ng/ml
diluted at 1:1.5 using the mAb8 product reference standard. The mAb8
samples were tested at five concentrations in the range 98.7-500 ng/ml
as determined from absorbance at 280 nm. 10 mM sodium phosphate,
150 mM NaCl, 3mM EDTA, 0.05% w/v polysorbate 20, pH 5.8 was
used as the running buffer and as the sample dilution buffer. The sur-
face was regenerated for 10s at a flow rate of 60 ml/min using 10 mM
sodium phosphate, 500 mM NaCl, 0.05% w/v polysorbate 20, pH 7.2.
An assay control of 250 ng/ml mAb8 was used to ensure assay stability.
The calculated concentrations of the samples were based on 4-para-
meter regression analysis of the product standard curve. The con-
centration of mAb8 in a sample was calculated from its resonance units
by comparison to the resonance units of solutions containing known
amounts of mAb8 standard. The binding activity was calculated from
mean calculated concentration of mAb8 from five dilutions divided by
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2.9.3. Target protein receptor binding assay

Binding of mAb8 to target protein receptor was measured using
Biacore C. The receptor was immobilized onto a CM5 flow cell and a
calibration curve was created with concentrations in the range
78-2000 ng/mL using the product reference standard. The samples
were tested at five concentrations ranging from 117 ng/mL to 889 ng/
mL based on the protein concentration determined from absorbance at
280 nm. The calculated concentrations of the samples were based on 4-
parameter regression analysis of the product standard. The concentra-
tion of mAb8 in a sample was calculated from its resonance units by
comparison to the resonance units of solutions containing known
amounts of the standard. The potency values, reported as % activity,
were calculated from mean calculated concentration of mAb8 from five
dilutions divided by the protein concentration determined from ab-
sorbance at 280 nm times 100.

2.9.4. Cell proliferation assay

The ability of mAb8 to inhibit the growth of DiFi cells (rectal car-
cinoma cell line) in culture was performed by measuring ATP produc-
tion which reflects cell number. In this assay, a 96-well plate was
seeded with DiFi cells (10,000 cells/well). Known concentrations of
mADS8 reference standard and the light exposed samples ranging from
0.13nM to 5nM were added to each well. The potency of mAb8 was
measured by comparing the growth of the DiFi cells without and with
the addition of mAb8. After incubation for 96 h at 37 °C/7% CO,, cell
viability was measured based on the amount of ATP produced by the
metabolically active cells in the culture. The produced ATP was mea-
sured by the conversion of luciferin to oxyluciferin by luciferase en-
zyme. The luminescence generated during the process was measured
using a plate reader with luminescence detection. The luminescence is
proportional to the amount of ATP present, which in turn is propor-
tional to the number of viable cells. Higher luminescence is indicative
of a higher number of viable cells and lower inhibition of the growth of
the DiFi cells. The data was analyzed by using the equation,

2.10. Peptide mapping by LC-MS

About 100pg of mAb8 samples were dried completely using

% Biological Activity = 100 X (ICsy of mAb8 reference standard/ ICsy of unknown sample)

the protein concentration determined from absorbance at 280 nm times
100.

2.9.2. Antibody dependent cell-mediated cytotoxicity (ADCC) assay

Target cells (human colon cancer cell line HCC827) were seeded in a
96-well plate and incubated overnight at 37 °C, 7% CO,. After 16-21 h,
cells were first incubated with serial dilutions of antibody for 1h, and
then with Jurkat-vv-NFAT-Luc cells at a fixed effector: target cell ratio
of 1:5 for 3-4h at 37 °C, 7% CO,. Antibody and effector cell dilutions
were performed in serum free assay medium. Target and effector cells
as well as antibody dilutions were added in 50ul volume each.
Luciferase activity of activated effector cells was measured by in-
cubating cells with Bright-Glo™ Luciferase substrate and reading in a
microtiter plate reader to obtain a relative luminescent signal (RLU).
Activation of effector cells, and hence antibody activity is directly
proportional to the luminescent signal from luciferase activity. Data
was analyzed by Softmax Pro 5.4.4 software to generate dose response
curve. The relative ADCC activity was calculated using the formula
((D — A)/C) x 100.
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speedvac before they were denatured and reduced by 50 mM DTT
(Thermofisher) in 7.2 M guanidinium chloride (GdmCl), 100 mM Tris,
pH 7.5 buffer. The reduced samples were alkylated with 125 mM io-
doacetamide dissolved in 100 mM Tris, pH 7.5. The reduced and al-
kylated samples were dialyzed in 50 mM Tris, pH 7.5 buffer using a 96-
well micro-dialysis plate (Thermofisher) for 1.5-2h with two diluent
changes. The digestion was done with 1:20 trypsin (Promega) to protein
ratio at 37 °C for 3 hrs. The samples were analyzed by LC-MS (1200
Agilent; LTQ Orbitrap XL, Thermo) using AdvancedBio peptide column
(2.1 x 150 mm, 2.7 uM) from Agilent with a mobile phase A of 0.1%
trifluoroacetic acid in H,O and B of 0.085% trifluoroacetic acid in
acetonitrile. The HPLC gradient was 0% B to 40% B in 95 min with a
flow rate of 0.2 ml/min and 50 °C column temperature. Modifications
were identified from the MS and MS/MS data, and relative percentages
of modifications were calculated using extracted ion chromatograms
(XIC) of integrated peak areas of corresponding modified and un-
modified peptides using Protein Metrics software.
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Fig. 1. (A) Structure of an IgG1 mAb com-
posed of 2 heavy (subscript H; blue colored)
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and 2 light (subscript L; red colored) chains,
with each chain having variable (V) and
constant (C) domains. Each heavy chain
consists of 3 constant domains (Cyl, Cy2,
and Cy3) and 1 variable domain (Vy),
whereas each light chain consists of 1 con-
stant domain (C;) and 1 variable domain
(VL). Figure also shows the N- and C-termini
of the light and heavy chains. (B)
Hydrodynamic radii of mAb8 samples de-
termined from dynamic light scattering
(DLS) measurements. (C) Light exposed
samples after completion of the exposure
cycle as per ICH guidelines in the photo-
stability chamber. (D) Dark control samples
after keeping in the photostability chamber
for the same amount of time as those of
samples in panel C. (E & F) SDS-PAGE of
different samples run under reducing con-
ditions. HC and LC refer to heavy and light
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3. Results
3.1. Photo-oxidation of mAb8

Following the ICH guidelines Q1B (2) (Q1B, 1997), mAb8 samples
in formulation buffer were exposed for 1.2 million lux hours of visible
light (400-700 nm), 200 W-h/m? of UV light (320-400 nm with max-
imum energy emission between 350 and 370 nm) without and with
potential protective excipients. The light exposed samples were stored
in clear glass vials and the dark control samples were covered with
aluminum foil and placed in the same photostability chamber regulated
at 25°C.

Following the light exposure, all samples were buffer exchanged
into formulation buffer, and were analyzed for biophysical, biochem-
ical, and functional properties. No sample showed any change in phy-
sical appearance in terms of color or the presence of visible aggregates,
except the light exposed sample containing tryptophan (Fig. 1C and D).
The change in color in the tryptophan containing sample is due to the
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chains, respectively.

Trp

Arg Sucrose Trehalose

generation of N-formyl kynurenine, kynurenine, and other photo-
degradation products of the tryptophan (Li et al., 2014b).

3.2. Effect of photo-oxidation on the aggregation and hydrodynamic size of
mAb8

Using reduced SDS-PAGE analysis, we first studied the changes in
the monomer and aggregate content of mAb8 (Fig. 1E and F). In all
samples, we observed two bands at ~25 and 50 kDa corresponding to
the light chain (LC) and heavy chain (HC), respectively. However, in
the case of light exposed mAb8 (lane 1 in Fig. 1E), we see two other
bands at ~75kDa and ~150kDa, indicating mAb8 oligomerization.
These two higher molecular weight bands were absent in the dark
control (lane 2 in Fig. 1E). Since the SDS-PAGE was run under reducing
conditions, these aggregates were not disulfide-linked. The presence of
such covalent aggregates has been seen earlier in other light exposed
antibodies, and the bands at ~75kDa and ~150kDa have been as-
signed to HC + LC and (HC + LC), covalent aggregates (Cockrell et al.,
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Table 1
Hydrodynamic radius of mAb8 samples determined using DLS.

Sample Hydrodynamic radius (nm)
Light exposed Dark Control

mAb8 5.8 5.6
mAb8 + Met 5.6 5.5
mAb8 + Trp 5.9 5.6
mAbS8 + Arg 5.8 5.6
mADb8 + Sucrose 6.0 5.5
mADb8 + Trehalose 6.0 5.6

2015). Similar high molecular weight bands were also observed in light
exposed mAb8 samples with different excipients, except in the case of
methionine. The sample incubated with free methionine showed only
one band at ~75kDa, instead of two. None of the dark control samples
showed any high molecular weight aggregation bands.

When samples were analyzed by dynamic light scattering (DLS)
(Table 1 & Fig. 1B), we noted an increase in the hydrodynamic radius
(Ry) for samples that were exposed to light compared to the respective
dark controls except for the light exposed sample containing methio-
nine. The light exposed mAb8 containing free methionine in solution
has similar hydrodynamic radius as that of the dark control without
methionine, indicating that methionine might be protecting mAb8 from
photo-oxidation. This is consistent with the SDS-PAGE results (Fig. 1E
and F) where less aggregates were observed for photo-exposed sample
containing Met.

3.3. Effect of photo-oxidation on the structure of mAb8

Secondary and tertiary structure characterization was done on
mADbS8 to detect light-induced structural changes. We used far-UV CD to
monitor the secondary structural changes of mAb8. The chromophore
that absorbs in the far-UV range is the peptide group. mAbs being [3-
sheet proteins show a characteristic minima at 218 nm (Greenfield,
2006). As seen in Figs. 2A & 3A, no major changes were detected in the
secondary structure of mAb8 upon exposing to light. To monitor the
changes in tertiary structure, near-UV CD was used (Figs. 2B & 3B).
Near-UV CD signal arises from the chiral environment of the side chains
of aromatic residues tryptophan, tyrosine and phenylalanine in folded
proteins. mAb8 did not show major changes upon photo degradation;
however, the sample incubated with tryptophan (Fig. 2B, green)
showed marked changes in the spectra. This change can be attributed to
the excessive free radicals generated in this sample due to the de-
gradation of free tryptophan present in solution. Changes in the en-
vironment around tryptophan residues can also be effectively probed
using fluorescence spectroscopy (Lakowicz, 2006; Maity et al., 2012)
(Figs. 2C & 3C). The fluorescence spectra of tryptophan containing
sample (Fig. 2C, green) exposed to light showed a decrease in trypto-
phan fluorescence with a corresponding increase in the fluorescence at
higher wavelengths, which is characteristic of photodegradation pro-
ducts of tryptophan that include kynurenine and N-formyl kynurenine
(Kerwin and Remmele, 2007; Li et al., 2014b; Roy et al., 2009). All the
dark controls with excipients or no excipients showed no changes in the
fluorescence spectrum compared to that of the dark control mAb8.

3.4. Effect of photo-oxidation on the stability of mAb8

To identify changes in the thermodynamic stability of the protein,
all samples were analyzed by differential scanning calorimetry (DSC).
The DSC profile of mAb8 shows two unfolding events (Fig. 4A, yellow
line). By comparing with the published DSC thermograms of similar
IgG1l mAbs (Ionescu et al., 2008; Thiagarajan et al., 2016), the first
peak in the DSC thermogram that occurs at lower temperature (with a
T, of ~71°C) can be attributed to the unfolding of the Cyz2 domain,
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Fig. 2. Structural characterization of mAb8 samples. (A) Far-UV CD spectra of
light exposed and corresponding dark control samples. (B) Near-UV CD spectra
of light exposed and corresponding dark control samples. (C) Fluorescence
spectra of light exposed and corresponding dark control samples. In all panels,
black — mAb8 only (light), yellow — mAb8 only (dark), red - mAb8 with Met
(light), magenta — mAb8 with Met (dark), green — mAb8 with Trp (light), blue —
mAb8 with Trp (dark). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

and the second larger peak occurring at higher temperatures (with a
Tm?> of ~82.5°C) can be attributed to the unfolding of Fab and Cy3
domains. DSC thermograms indicated clear differences in the thermo-
dynamic stability of light exposed mAb8 when compared to their cor-
responding dark control samples (Fig. 4A & B). Photo-oxidized mAb8
(Fig. 4A, black) showed destabilization of the C;2 domain as indicated
by unfolding of the first peak at lower temperatures compared to the
dark control (Fig. 4A, yellow). Interestingly, the sample exposed to light
in the presence of free methionine showed complete protection
(Fig. 4A, red); the DSC thermogram closely matched with that of the
dark control (Fig. 4A, yellow). The tryptophan containing sample
(Fig. 4A, green) showed greater destabilization of the Cy2 domain
compared to the light exposed sample without free tryptophan (Fig. 4A,
black) because oxidation of free tryptophan present in solution is ex-
pected to produce more free radicals (Kerwin and Remmele, 2007; Roy
et al., 2009). The presence of arginine, sucrose and trehalose did not
seem to confer much protection to the protein and the results for these
samples were similar to the mAb8 sample without excipients (Fig. 4B).
This data shows that free methionine is effective in protecting mAb8
against photo-induced degradation under the excipient concentrations
used in this study.

3.5. Effect of photo-oxidation on the aggregation of mAb8

Size exclusion chromatography was performed to monitor physical
degradation (Table 2). Light exposed sample without any excipients
showed loss of monomer along with the generation of aggregates (high
molecular weight species; HMWS) and fragments (low molecular
weight species; LMWS).

Of all the samples exposed to light that contained excipients, only
the methionine containing sample had a similar level of monomer as
dark controls (Table 2). This result shows that free methionine was able
to exert its protective effect to such an extent that the mAb8 degrada-
tion was almost the same as storing the formulation in the dark.

3.6. Effect of photo-oxidation on the FcRn binding and function of mAb8

Measurements of biological activity of mAb8 were made on dark
control and light-exposed sample without and with free L-methionine
(Table 3). FcRn receptor binding assay was used to determine the effect
of oxidation on the ability of mAb8 to bind to neonatal Fc receptor
(FcRn). This activity is critical for the half-life of antibodies once they
are administered to the patients (Gao et al., 2015; Liu et al., 2008;
Roopenian and Akilesh, 2007). The FcRn receptor binding activity was
partially lost in the case of photo-oxidized mAb8 (Table 3). For this
binding, residues located in the Cy2 domain are crucial, and the de-
crease in FcRn binding was consistent with the DSC results that Cy2
domain was destabilized in the photo-oxidized mAb8 (Fig. 4A). Con-
sistent with the DSC results, free methionine rescued the FcRn binding
activity to significant extent (Table 3).

Antibody dependent cell-mediated cytotoxicity (ADCC) assay
(Table 3) was performed on mAb8 to examine the effect of photo-oxi-
dation on the correct functioning of both the Fab and Fc regions. Both
Fc binding to FcyRs (Fc gamma receptors) and Fab binding to its target
protein receptor are important for ADCC activity. mAb8 relies on two
different types of functionalities. The first is target specific binding by
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Fig. 3. Structural characterization of mAb8 samples. (A) Far-UV CD spectra of
light exposed and corresponding dark control samples. (B) Near-UV CD spectra
of light exposed and corresponding dark control samples. (C) Fluorescence
spectra of light exposed and corresponding dark control samples. In all panels,
maroon — mAb8 with Arg (light), dark green — mAb8 with Arg (dark), orange —
mAb8 with sucrose (light), cyan — mAb8 with sucrose (dark), olive - mAb8 with
trehalose (light), blue - mAb8 with trehalose (dark). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Stability characterization of mAb8 samples. (A) Differential scanning
calorimetry (DSC) thermograms of light exposed and corresponding dark con-
trol samples. Black — mAb8 only (light), yellow - mAb8 only (dark), red - mAb8
with Met (light), magenta — mAb8 with Met (dark), green — mAb8 with Trp
(light), blue - mAb8 with Trp (dark). (B) DSC thermograms of light exposed and
corresponding dark control samples. Maroon — mAb8 with Arg (light), dark
green — mAb8 with Arg (dark), orange — mAb8 with sucrose (light), cyan —
mAb8 with sucrose (dark), olive - mAb8 with trehalose (light), blue — mAb8
with trehalose (dark). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

the Fab (antigen-binding fragment) domain and the second is immune-
mediated effector functions — such as antibody dependent cell-mediated
cytotoxicity (ADCC) which is regulated by both Fab and Fc regions. We
observed decrease in the ADCC activity of photo-oxidized mAb8 com-
pared to the dark control. In the presence of free methionine, this
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activity was affected to a lesser extent (Table 3).

We also performed the cell proliferation and target specific receptor
binding assays (Table 3). Binding to the target specific receptor is im-
portant to the potency of mAb8. Loss in this activity leads to the loss of
efficacy of the drug. Cell proliferation assay is a more comprehensive
measure of the same activity; however, unlike the receptor binding
assay, this is a cell-based assay and hence represents a more realistic
assessment of the product efficacy. For the cell proliferation assay, the
photo-oxidized sample again seems to be less effective, but free me-
thionine rescued the activity completely (Table 3). Target receptor
binding activity was not affected significantly by the photo-oxidation.

3.7. Identification of photo-oxidized residues in mAb8

To identify the residues that were oxidized by light, we subjected
the samples to proteolysis-coupled mass spectrometry. Out of many
peptides generated by trypsin proteolysis, only two peptides showed
significant mass difference between dark mAbS8 control and light ex-
posed mAb8 forms. From the peptide sequence and the observed mass
difference, two methionines Met252 and Met428 in the Fc region were
identified to be oxidized (leading to a mass difference of 16 Daltons
corresponding to the addition of an oxygen atom). In addition, the two
Met residues were oxidized to different extents in the presence of dif-
ferent excipients. M252 was oxidized more than M428. In the absence
of any excipients, M252 was oxidized about 41% and M428 was oxi-
dized about 24%. Interestingly in the presence of free methionine, near-
complete protection was observed, demonstrating the effectiveness of
free Met to protect the protein from photo-oxidation (Table 4). The
other three excipients, sucrose, trehalose and arginine did not protect
the protein from photo-oxidation, under the excipient concentrations
used here. Sample containing free tryptophan was the most affected due
to the degradation of free tryptophan generating excess reactive oxygen
species (ROS) that attacked the Met residues.

4. Discussion

Pharmaceutical proteins are susceptible to photodegradation.
Exposure to light can come from ambient lighting in the manufacturing
facility, during storage or transportation, and at the pharmacy or hos-
pital before administration to the patient (Kerwin and Remmele, 2007;
Rathore et al., 2010; Sreedhara et al., 2016). This light exposure in most
cases is in the visible or near-UV wavelength region (Du et al., 2018;
Nejadnik et al., 2018). Though proteins do not absorb in the visible
spectrum, buffer components like polysorbates absorb in this region
(Du et al., 2018). Current ICH guidelines recommend testing for pho-
todegradation of protein drugs using specified light exposure protocols
(Q1B, 1997). Photodegradation pathways characterized from light ex-
posure can further help develop methods to prevent such degradation
(Du et al., 2018; Hawe et al., 2012). The residues that are most sensitive
to light exposure are those that absorb near-UV light, specifically
tryptophan, tyrosine, phenylalanine and cysteine. Oxidation of these
residues may further lead to secondary oxidation events of methionine
and histidine (Kerwin and Remmele, 2007). Depending on the level of
surface exposure, these residues may be oxidized to different levels (Liu
et al., 2009; Sreedhara et al., 2013). Photodegradation can lead to
structural changes (Kim et al., 2007; Liu et al., 2008; Sreedhara et al.,
2016), chemical modification (Bane et al., 2017; Cleland et al., 1993;
Kerwin and Remmele, 2007; Pattison et al., 2012; Roy et al., 2009),
partial unfolding (Li et al., 2014b), destabilization (Liu et al., 2008;
Mason et al., 2012), aggregation (Cockrell et al., 2015; Maity et al.,
2009) and even loss of function in proteins (Wei et al., 2007). Ad-
ditionally, generation of protein aggregates can lead to immunogenicity
of therapeutic proteins, which is a major concern with protein drugs
(Fradkin et al., 2014; Torosantucci et al., 2014).

In this study, we assessed photodegradation of a mAb from two
aspects. The first was to understand the underlying mechanisms behind
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Table 2

SEC quantification of aggregates (high molecular weight species; HMWS) and
fragments (low molecular weight species; LMWS) in light-exposed mAb8 sam-
ples with respect to their dark controls.

Sample % Monomer % HMWS % LMWS
Light exposed

mAb8 87.2 9.4 3.5
mAb8 + Met 95.8 1.6 2.6
mAb8 + Trp 88.3 5.3 6.5
mAb8 + Arginine 87.5 8.1 4.4
mADb8 + Sucrose 88.2 8.1 3.8
mADb8 + Trehalose 86.7 9.0 4.4
Dark Controls

mAb8 97.8 0.7 1.3
mAb8 + Met 97.9 0.8 1.2
mAb8 + Trp 97.9 0.8 1.2
mAb8 + Arginine 97.9 0.8 1.3
mADb8 + Sucrose 97.9 0.8 1.3
mADb8 + Trehalose 97.9 0.8 1.3

Table 3

Effect of photo-oxidation on mAb8 function. Experimental errors are within
10% of the measured values.

Sample Name Assay Type

FcRn ADCC Assay  Cell Proliferation  Receptor
Binding Assay Binding
Binding Relative Relative Potency  Binding
Activity (%) ADCC (%) Activity (%)

Activity (%)

Reference 98 - - 100
Standard

mADb8 Fresh 109 Used as assay 103 100
control control

mAbS control 93 104 102 99

Light 52 72 79 91

Light + Met 84 84 103 90

the changes in structure, stability, aggregation, and function that oc-
curred because of photo-oxidation on an antibody, and whether there
exists any unifying mechanistic correlation between the changes in
structure and stability with the aggregation and loss of antibody func-
tion. The second aspect was to identify the excipients that might protect
the protein from light-induced oxidation and degradation. These ex-
cipients are frequently used in pharmaceutical formulations and have
shown varying protection against light-induced damage to proteins
(Grewal et al., 2014; Lam et al., 1997; Maity et al., 2009; Roy et al.,
2009). Characterization with reducing SDS-PAGE gel showed that the
photodegraded protein forms covalent aggregates whereas the dark
control samples did not show these aggregates (Fig. 1E & F). Such
formation of covalent aggregates has been seen in other antibodies
upon photodegradation. These aggregates have been identified in ear-
lier studies to form as a result of cross-linked HC-LC or HC-HC of two
different antibody molecules (Cockrell et al., 2015). For all the ex-
cipients tested except Trp, we did not see major changes in the sec-
ondary and tertiary structure of mAb8. The sample exposed to light in
the presence of free tryptophan did show browning of the solution
(Fig. 1C), because tryptophan is a known photosensitizer and undergoes
light-induced degradation to kynurenine, N-formyl kynurenine, and
other degradation products. Consistently, the tertiary structural
changes we see were only in the tryptophan containing sample (Fig. 2).
In terms of thermodynamic stability, we noticed a change in the sta-
bility of the C42 domain of the protein when it was exposed to light in
the presence of all tested excipients except methionine (Fig. 4). For the
sample containing free methionine, the protein was completely pro-
tected from photodegradation. In terms of protein aggregation, all light
exposed samples showed similar levels of aggregates (Table 2), and

Table 4

Photo-oxidized residues in mAb8 determined using proteolysis-coupled mass spectrometry.

Light Exposed

Dark Control

mAb8 + Trehalose

mAb8 + Trp mAb8 + Arg mAb8 + Sucrose

mAb8 + Met

mAb8

mAb8 + Trehalose

mAb8 + Trp mADbS8 + Arg mADbS8 + Sucrose

mAb8 + Met

mAb8

Region

Amino acid

49.3

98.3 47.2 46.8

5.9
1.9

40.5

4.4
1.1

4.4
1.1

4.4
1.0

4.9

4.2

4.5

Fe-Cy2
Fc-Cy3

M252

27.7

27.2

27.6

98.6

23.8

1.2

0.9

1.0

M428
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A

again the protection from methionine was evident here in terms of the
minimal loss of monomer and minimal generation of aggregates or
degradants. These observations confirm the effectiveness of free me-
thionine in protecting the mAb8 from light.

mADbS8 contains 4 Met residues in each HC and 1 Met residue in each
LC. Different Met residues can be susceptible to oxidation to different
extents. The most vulnerable Met residues are typically located on the
surface of protein and levels of oxidation have a direct correlation with
the flexibility of local protein regions (Chu et al., 2004; Hui et al.,
2015). Mass spectrometry analysis on light exposed mAb8 identified
that two critical methionine residues M252 and M428 in Fc region were
oxidized (Table 4). M252 and M428 are in the Ci2 and Cy3 domains,
respectively (Fig. 5A). Although M428 is in the Cy3 domain, it parti-
cipates in the same network of stabilizing interactions at the Cy2-Cy3
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Fig. 5. Structural analysis of the effect of
oxidation on mAbS8. (A) Location of the two
modified Met residues in the X-ray crystal
structure of Fc (Protein Data Bank ID:
1FC1). Met252 is in the Cy2 domain,
whereas Met428 is in the Cy3 domain. (B)
Met252 and Met428 participate in the same
hydrophobic network of interactions invol-
ving Lys248, Leu251, His435, and Tyr436.
(C) X-ray crystal structure of Fc region
bound to FcRn receptor (Protein Data Bank
ID: 1FRT). Gray, blue, and red colors cor-
respond to Fc, FcRn, and oxidized Met re-
sidues, respectively. Met252 and Met428
are in the binding interface between Fc and
FcRn. (D) Various residues in the Fc region
(yellow colored) surrounding the two che-
mically oxidized methionines Met252 and
Met428 in Fc (red colored) form stabilizing
interactions with the residues in the FcRn
(blue colored). (E) X-ray crystal structure of
Fc complex with FcyRIII receptor that con-
trols ADCC activity. The two chemically
oxidized residues Met252 and Met428 are
far away from the binding interface. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

interface that include M252 (Fig. 5B). This explains why the Cx2 do-
main in the Fc region is destabilized upon exposure to light (Fig. 4A). In
the presence of free methionine in solution, the Met 252 and Met 428
residues were completely protected in photo-exposed mAb8 (Table 4).
More severe oxidation was observed in the tryptophan containing
mADb8 sample, because of the generation of reactive oxygen species
(ROS) by free tryptophan that may have led to almost complete oxi-
dation of the two Met residues as seen in mass spectrometry data. This
near-100% oxidation also resulted in significant changes in the tertiary
structure of the protein as measured by near-UV CD (Fig. 2B & C). The
other excipients, arginine, sucrose and trehalose were ineffective in
protecting mAb8 from oxidation under the excipient concentrations
used in this study. The efficacy of free methionine in protecting the
protein is probably due to its sacrificial activity (Lam et al., 1997).
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In functional assays (Table 3), a reduction in FcRn binding was
observed for light-exposed mAb8. This is because the Cy2 domain de-
termines binding to FcRn, and the same domain is destabilized upon
light exposure (Fig. 4A). The two residues Met252 and Met428 that are
oxidized are at the binding interface of Fc and FcRn (Fig. 5C). The other
key residues involved in Fc receptor binding include Ile253, Ser254,
His433, Asn434 and His435 (Shields et al., 2001), and all these residues
are adjacent to the two oxidized Met residues Met252 and Met428 in
the three-dimensional structure of Fc (Fig. 5D). Similar loss of FcRn
binding has been observed in the past upon oxidation of Met252 and
Met428 with oxidation of Met252 causing more serious loss of binding
(Bertolotti-Ciarlet et al., 2009; Gao et al., 2015; Sokolowska et al.,
2017). In the presence of free L-methionine, FcRn binding activity is
much higher compared to light exposed mAb8 with no excipients, in-
dicating the protection conferred by free methionine. In terms of ADCC
activity, which depends on both Fab and Fc, none of the two oxidized
residues Met252 and Met428 participate in the binding of Fc to FcyRs
(Fig. 5E). This ADCC activity is partially retained in the free methionine
containing sample (Table 3). Like ADCC activity, cell proliferation ac-
tivity also decreased upon light exposure. However, this activity was
completely protected when free methionine was present in the solution.
Previously published studies show that FcRn binding in the Fc region
can induce structural changes in the Fab region (Jensen et al., 2015).
Similarly, changes in the complementarity-determining regions (CDR)
have been shown to cause changes in the Fc region (Piche-Nicholas
et al., 2018). Changes not just in the Cy2-Cyx3 Fc region, but also Cyl,
hinge flexibility, Fc-Fab elbow angle etc. can all play an important role
in the structure of Fab region, thereby affecting its affinity and speci-
ficity (Yang et al., 2017). Further, these earlier studies indicate a co-
operativity between the Fc and Fab regions of IgG1 where alterations in
one region can affect the other (Yang et al., 2017). The loss of co-
operativity between Fab and Fc because of the photo-oxidation of re-
sidues in Fc region might explain why the cell proliferation and ADCC
activities, which are controlled by the Fab region in addition to Fc re-
gion, are affected in photo-oxidized mAb8. In contrast to cell pro-
liferation, we did not see any changes in the Fab binding to its target
receptor (Table 3), because this activity specifically depends on the Fab
region, and no chemical modifications were observed in the Fab region
(Table 4).

Alternative explanation for the loss of Fab activities can be the
oxidation of tryptophans in CDRs of the variable domain (Bane et al.,
2017; Mach et al., 1994). However, upon light exposure, we did not
observe oxidation of any specific tryptophan residues in mAb8 when
probed using mass spectrometry (Table 4). This is because tryptophan
oxidation does not cause any mass difference unless the tryptophan is
solvent exposed to molecular oxygen (Kerwin and Remmele, 2007).
Although IgG1 antibodies typically contain 20-30 tryptophan residues,
very few or none are vulnerable to irreversible photooxidation because
of their relatively less solvent exposure (Grewal et al., 2014; Lam et al.,
1997; Mach et al., 1994). mAb8 contains 22 tryptophans, and its
structural analysis showed that these residues are buried in the protein
interior making them inaccessible to the solvent. However, we did see
some irreversible oxidation of tryptophan residues in mAb8 when free
tryptophan was present in solution (Fig. 2C), which might have resulted
in higher ROS generation as indicated by the browning of the solution.
Tryptophans are known to be very efficient in transferring absorbed
light energy to molecular triplet oxygen in solution and contribute to
the generation of reactive oxygen species. Singlet oxygen and peroxide
radicals are commonly generated in these cases; however, these species
react rapidly with electron rich amino acids that include Trp (Li et al.,
2014b; Sreedhara et al., 2013). N-formyl kynurenine and kynurenine
are the major photodegradation products of tryptophan, which emit
light at longer wavelengths above 350 nm compared to tryptophan
(Roy et al., 2009). The fluorescence spectrum of light exposed mAb8 in
the presence of free Trp did show a decrease in tryptophan fluorescence
intensity at 332 nm with corresponding increase in the fluorescence at
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longer wavelengths (Fig. 2C), indicating the formation of N-formyl
kynurenine and kynurenine. However, since we did not see any specific
peptide which showed a clear mass difference upon oxidation that
corresponds to tryptophan degradation, the oxidation observed in the
case of light exposed mAb8 with free tryptophan must be non-specific.
This minor oxidation did not change the local environment of the other
unoxidized tryptophans, as evident from no change in the wavelength
of the fluorescence emission maximum (332nm) (Fig. 2C) or the ab-
sence of any near-UV CD spectral changes in the tryptophan region
(> 292nm) (Fig. 2B). In the wavelength region where tyrosines and
phenyl alanines predominantly absorb (below 280nm), near-UV CD
showed a spectral change indicative of tertiary structural changes
around these residues.

In the absence of free Trp in solution where we did not see either
browning of the solution or the formation of N-formyl kyneurenin,
autooxidation may significantly contribute to the oxidation of methio-
nine residues in mAb8. Autooxidation is known to generate singlet
oxygen, which is very efficient in converting Met to Met-sulfoxide
(Schoneich, 2005, 2018). It might also be due to the degradation of
excipients such as polysorbate 80 in the formulation which leads to the
generation of ROS (Kerwin, 2008; Kishore et al., 2011a,b; Li et al.,
2014a; Tomlinson et al., 2015). Photodegradation of proteins has been
shown to be exacerbated in the presence of excipients such as poly-
sorbates (Agarkhed et al., 2013). The levels and grade of excipients
used in formulations can be an important factor in causing their oxi-
dation and so should be chosen carefully (Singh et al., 2012). Hydrogen
peroxide is the predominant oxidant degradation product of poly-
sorbates, which attacks methionine residues (Jaeger et al., 1994; Ji
et al., 2009). This could also explain why free methionine can be highly
efficient in protecting proteins against oxidation, as it is a very efficient
scavenger of singlet oxygen and peroxides.

We see a worsening of photooxidation in the presence of free Trp,
and a similar phenomenon has been observed in the case of type I so-
luble tumor necrosis factor receptor (sTNFR1) (Roy et al., 2009). In-
terestingly, free Met could not protect the protein, which could be due
to the lower levels of methionine used in the study (Roy et al., 2009).
This is one reason why we tested whether higher concentration of
methionine is efficient in protecting proteins from photo-oxidation. In
the case of Trp as the excipient, Trp is a known photosensitizer and can
generate a high concentration of reactive oxygen species (Li et al.,
2014b), and correspondingly we observed increased mAb8 oxidation
(Table 4). Free arginine was also unsuccessful in preventing aggrega-
tion of mAb8 under the excipient concentration we used. Arg prevents
protein aggregation, by binding to the hydrophobic residues and by
weak electrostatic interactions. However, these same weak electrostatic
interactions may lead to charge shielding and reduce the colloidal
stability of the protein (Sudrik et al., 2017). The disaccharides sucrose
and trehalose were also unsuccessful in preventing the photo-oxidation
of mADb8. Sucrose has been successfully used in the past to prevent
oxidation of subtilisin (DePaz et al., 2000); however, it has been shown
to be ineffective in protecting granulocyte-colony stimulating factor
(Yin et al., 2005) and sTNFR1 (Roy et al., 2009), and in fact it increased
the oxidation of rFVIIa (Soenderkaer et al., 2004). This increase was
attributed to the presence of metal impurities in sucrose that may ac-
centuate oxidation. However, it must be noted that fairly high con-
centrations (> 0.5M) of these disaccharides are essential for the pre-
ferential exclusion-induced protective effects (DePaz et al., 2000;
Kendrick et al., 1997; Lee and Timasheff, 1981; Timasheff, 2002). The
lower concentrations used in this study may not have been sufficient. In
the case of filled vials, photooxidation of protein formulations also
depends significantly on the oxygen present in the vial headspace, and
removing headspace oxygen by filling with nitrogen has been shown to
prevent oxidation (Qi et al., 2009). Though we did not observe oxida-
tion of histidine residues, light exposure can cause oxidation of histi-
dine residues in some proteins, which are located near tryptophan re-
sidues (Bane et al.,, 2017). Such secondary oxidation due to
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photosensitization by tryptophan can cause further degradation of
pharmaceutical proteins. Therefore, it is very important to minimize
exposure of therapeutic proteins to light. Use of primary and secondary
package can considerably help protect the proteins from light. However
light exposure is unavoidable in certain situations and it may have a
detrimental effect on the protein. Assessing photosensitivity can help
identify appropriate strategies to mitigate potential issues in protein
formulation development.

5. Conclusion

In summary, our study identified the most photo-oxidation vulner-
able residues in mAb8. Even though no structural differences were
observed, we see a clear correlation between the loss of stability (DSC),
generation of aggregates (HMWS), and loss of function. These effects
can be explained based on the site of photo-oxidation, in particular,
which residues are specifically oxidized, and their role in mAbS8 struc-
ture, stability, and aggregation. Another interesting observation was the
effectiveness of free methionine in providing protection from photo-
induced degradation of mAb8. Together, these findings provided a
comprehensive understanding of the unifying mechanism underlying
the effect of photo-oxidation on the structure, stability, aggregation,
and functional properties of mAb8.
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