Methodological approaches to study
antibody aggregation and thermal
stability

Master’s thesis

Suvituuli Poikonen
"Detection Technology
Department of Chemistry
University of Turku
2Qrion Corporation
Tengstrominkatu 8
20360 Turku

May 2022

The originality of this thesis has been checked in accordance with the University of Turku quality

assurance system using the Turnitin OriginalityCheck service.



Master’s thesis

Subject: Chemistry

Author: Suvituuli Poikonen'

Title: Methodological approaches to study antibody aggregation and thermal stability
Supervisors: Harri Hirmé!, Kari Kopra'!, Mikko Ares?, and Rune Salbo?

Number of pages: 52

Date: May 2022

Therapeutic monoclonal antibodies are alluring novel drug candidates for the treatment
of various diseases, but their complicated structures also present challenges in meeting
the stability requirements of drugs. The utility of external luminescent probes in the
detection of protein aggregates compared to common methods of SEC-MALS and DLS
used in the pharmaceutical industry was assessed in this study. The methods were
compared in terms of sensitivity, specificity towards different aggregates, and overall
performance. Also, the applicability of different (nano)DSF methods was compared in

producing thermal unfolding curves of the chosen antibodies.

Luminescent probes proved their applicability and high sensitivity in aggregation
studies while problems with the more established light scattering-based methods
surfaced. The probes were able to produce quantitative results for the samples, while
SEC-MALS detected aggregation primarily as reduced content of the intact protein. DLS
produced qualitative results but suffered from low resolution. Multiple analytical methods
are still required to confirm the results from aggregate studies due to the dynamic and
complicated nature of aggregates. In the thermal unfolding experiments, nanoDSF
reliably produced unfolding curves for all the studied mAbs without external components.
The external probes had more variance between different mAbs, which was reflected in
the unfolding curves. However, the lowest LLD was achieved with a FRET-probe that

utilizes the long lifetime of Eu?*-chelate emission.
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Abbreviations

(T)ICT = (Twisted) Intramolecular Charge Transfer
ANS = 8-Anilino-1-naphthalenesulfonate

AT = Aggregated Trastuzumab

CDR = Complementary Determining Region
CV % = Coefficient of Variation %

DLS = Dynamic Light Scattering

dRI = differential Refractive Index

DSF = Differential Scanning Fluorimetry

Dr = Translational diffusion coefficient

EMA = European Medicines Agency

ET = Energy Transfer

Fab = Fragment antigen binding

Fc = Fragment crystallizable

FDA = U.S. Federal Drug and Food Administration
GMP = Good Manufacturing Practices
HMWA = High Molecular Weight Aggregates
Ig = Immunoglobulin

ISC = Intersystem crossing

IV = Viscometer

LLD = Lower Limit of detection

mADb = Monoclonal antibody

MALS = Multi-Angle Light Scattering

MS = Mass spectrometer

MW = Molecular Weight

MWCO = Molecular weight cutoff

PDI = Polydispersity Index

PS = ProteoStat



QC = Quality control

RET = Resonance Energy Transfer

Rg = Radius of gyration

rH = Hydrodynamic radius

RI = Refractive Index

rpm = rounds per minute

S/B = Signal-to-Background

SD = Standard Deviation

SEC = Size-Exclusion Chromatography
Tm = Midpoint melting temperature
Tonset = Onset melting temperature
TR-FRET = Time-Resolved Forster Resonance Energy Transfer
TRL = Time-resolved Luminescence

UV = Ultraviolet



1 Introduction

1.1 Antibody aggregation

Therapeutic monoclonal antibodies (mAbs) are immunoglobulins (Ig) consisting of a
protein structure with attached carbohydrates. The most common immunoglobulin
isotype utilized in therapeutic applications is IgG, that is built of four polypeptide chains,
two heavy chains and two light chains. The heavy chains consist of four domains and the
light chains of two. The structure can be divided into two fragment antigen binding (Fab)
-portions and one fragment crystallizable (Fc) -portion. Disulfide bonds connect the light
and heavy chains in the Fab-portions and the two heavy chains in the Fc-portion, near a
hinge region that connects the Fabs to the Fc. The variable regions at the ends of the Fabs
contain complementary determining regions (CDRs), which are responsible for the
antigen binding of the molecule, while Fc-portion mediates effector functions. The
structure of a mAb molecule is presented in Figure 1. Common carbohydrates in humans

attached to the IgGs are e.g., galactose, fucose, mannose and N-acetylglucosamine.
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Figure 1. Structure of an IgG antibody. (Abbreviations: CH: constant domain, heavy chain, CL: constant
domain, light chain, VH: variable domain, heavy chain, VL: variable domain, light chain, Fc: fragment
crystallizable, Fab: fragment antigen-binding, COO-: carboxy terminal, NH3+ amino terminal, CDR:
complementary determining region, S-S: disulfide bond). IgGs have a molecular weight of approximately
150 kDa and dimensions in the nanometer scale. The figure is adapted from Awwad, S., et al., Pharm.
2018, 10, 83.



Therapeutic mAbs are currently used to treat a vast variety of diseases ranging from
autoimmune diseases and inflammations to different cancers. They can mediate their
therapeutic effect by e.g., causing cell death of the bound target. Currently over 100
therapeutic antibody drugs have been either approved or are under review by European
Medicines Agency (EMA) or by the U.S. Federal Drug and Food Administration (FDA)!,
with estimates of rapid market growth?. Mabs are attractive drug candidates since they
possess high specificity and affinity towards their drug targets, with affinities varying
typically between pico- to nanomolar?. Also, due to similarities in the constant domains
of mAbs and the use of platform-based manufacturing processes, they are alluring
biological drug options against new targets. As protein-based therapeutics, their structure
is complex and large, which possesses challenges throughout the drug development
process. Sample heterogeneity is problematic, stemming from different phases of the drug
manufacturing process or variations in the formulation. Different techniques and quality
control steps in the manufacturing processes are utilized to minimize heterogeneity in
addition to optimal drug formulations that ensure the integrity of the drug even when
submitted to different stress conditions. Not only does sample heterogeneity impose
safety issues and increased immunogenicity, but it also affects the efficacy and activity
of the drug. Regulatory agencies like EMA and FDA have implemented Good
Manufacturing Practices (GMP), which manufacturers must comply with and get
approved for. These strict guidelines ensure product safety and quality, among other

factors, and emphasize the importance of sample homogeneity.?

Different physical stress factors occur at multiple phases of the mAb manufacturing
process, resulting in non-native mAb structures. The most common stresses that mAbs
encounter throughout their life cycle are mechanical stress, temperature changes, and
freeze—thaw cycles*. Another major factor causing drug instability and variation is
formulation. Formulation is a process where different chemical substances are combined
with the active pharmaceutical ingredient to obtain a final product. Solubility, viscosity,
and aggregation are the main concerns in formulation development?, and it is highly
dependent on the route of administration of the drug. Sample homogeneity can be
achieved by creating a stable product that is not prone to degradation and/or aggregation.
The protein instability mechanisms can be divided into physical and chemical
instabilities, which may be sometimes hard to separate since one can lead to the other.
Examples of chemical degradations of mAb therapeutics are oxidation, deamidation and,

cross-linking. Physical degradation stems from the loss of the three-dimensional

2



structure, induced by different environmental factors or by previously mentioned
chemical instabilities. One significant physical degradation is the formation of

aggregates.’

The native mAb structures are held together by various non-covalent forces, including
van der Waals, electrostatic and hydrophobic interactions, and hydrogen bonds. Within a
native, folded mAb, some forces resist the folding, including steric and electrostatic
repulsions and the loss of entropy. The tertiary structure of a mAb is in a dynamic
equilibrium and fluctuations between the folded and slightly unfolded states occur.® Even
slight changes to this equilibrium can cause the structure of a mAb to change towards a
more unstable form. This makes the structure of mAbs, and proteins in general, inherently
quite unstable.” Protein stability can be divided into conformational and colloidal
stability. Conformational stability relates to the forces keeping a protein in its folded form,
and colloidal stability relates to the interactions between individual proteins®. An
intermediate state, like a molten globule, can lead to an unstable structure. These unstable
structures can achieve lower free energy by assembling and forming aggregates. Native
monomers may also assemble to aggregates, and so it is a term describing a complex of
at least two monomers. The forces holding these monomers together can be covalent or
non-covalent, and some aggregates can be reversibly self-associated.? Reversibility of
aggregates is dependent on, e.g., the sample matrix and this feature may change upon
alteration of conditions. The lifetimes of reversible aggregates vary significantly from

milliseconds to days.’

Nucleation is described as the preliminary event in the formation of aggregates. It can
originate from an exposure of an aggregation-prone sequence often called ‘hot spot’ due
to natural conformational fluctuations of mAbs. Exposure of these sequences can cause
the association of monomers to form oligomers and eventually reversibly dissociate back
to monomers. Once first irreversible aggregates form, e.g., via beeta-sheet formation with
other monomers, they are called nuclei.® Different stress factors, like inappropriate
formulation!® or physical stress'!, can enhance disruptions in the mAb structures and
increase the nucleation events. In addition to disintegration in the structures,
intermolecular bonds, e.g., disulfide bonds, can form via reactions between native mAbs,
which can also induce aggregation'?. Hydrophobic interactions have been traditionally
proposed as the driving forces for aggregation. In addition, electrostatic interactions can
also be named an essential force in aggregates' formation.'3 The driving force(s) in protein

aggregation are dependent, e.g., on the environment and the protein structure, and are
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case-dependent®. In general, the aggregation process is a sum of various factors. The rate
might be impossible to estimate based only on the structure of the studied protein'# since
environmental factors play a crucial role. For protein-based drugs, aggregation propensity
is a combination of nucleation, conformation, and colloidal effects!>. Aggregation can be
concentration-dependent or -independent. Especially with mAbs, it has been observed
that high concentrations can increase the rate of aggregation or promote it due to shorter
distances between the molecules.® Concentration independent aggregation is observed

when the aggregation is due to unfolding processes!® or adsorption to bulk surfaces!”.

The formed oligomers can grow into larger particles via various mechanisms, e.g.,
aggregate-aggregate interactions'8, condensation!®, chain-polymerization!®, or monomer
addition'®. The growth of aggregates is usually not a linear process in relevance to time.
The growth can even be exponential as the number of aggregates grows. These additional
aggregates and nuclei can be described as seeds that ease the growth of aggregates. The
aggregates become first become subvisible, and thereafter possibly visible as they are no
longer soluble. Eventually, they may sediment.® An example of aggregation pathways is

presented in Figure 2.
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Figure 2. A schematic representation of possible aggregation pathways of an antibody. The pink circles
symbolize ‘hot spot’ sequences that are usually buried in the structures but upon exposure can form
intermolecular bonds. The single arrows represent irreversible steps and double arrows reversible steps.

The figure is adapted from Roberts, C. J., Trends Biotechnol., 2014, 32, 372-380.



General classes of aggregates have been specified as follows?: 1) swiftly reversible
noncovalent small oligomers (dimers, trimers, etc.); 2) irreversible noncovalent
oligomers; 3) covalent oligomers; 4) large aggregates (over 10-mer); 5) very large
aggregates (from 50 nm to 3 um); 6) visible particulates. The reversibility of the larger
aggregates depends on the type of interaction(s) involved in the structure. A sample

containing aggregates is likely to include more than one type of the following aggregates.’

Multiple analytical methods are usually required to make a definite conclusion on the
stability of the product. For aggregation studies, at least Size-Exclusion Chromatography
(SEC) and turbidity measurements are recommended, but additional complementary
methods are also advised to support the decision making.?° It is noteworthy that different
analytical techniques can give different results based on their operation time due to the
varying lifetimes of reversible aggregates. It is also essential that the method does not
induce or destroy aggregates for accurate aggregate detection.” An analytical method
would ideally give the exact amount by weight fraction and size of all the species present
in a sample. However, more commonly, the methods report the total amount of aggregates

and main size classes in relation to the native mAb.2!
1.2 The purpose and goal of the work

The purpose of this master’s thesis was to study and compare different analytical methods
in the detection of monoclonal antibody aggregates and test different (nano) Differential
Scanning Fluorimetry (DSF) methods in the production of thermal unfolding curves of
the studied mAbs. The studied monoclonal antibodies were trastuzumab (hIgGl),
atezolizumab (mlgG2a), pembrolizumab (hIgG1), bococizumab (hlgG1) and antibody X
(mlIgG1). The work comprised of two main parts. First, thermal unfolding curves of the
mAbs using (nano)DSF methods were measured. This was performed to observe
differences in the melting curves when measured using different external luminescent
probes or the inherent luminescence of the antibodies. In addition to their overall
performance, the methods were evaluated in terms of their sensitivity and selectivity. The
melting curves were obtained using nanoDSF with Prometheus Panta -instrumentation
and with ANS, SYPRO Orange, and FRET-probe that bind to antibodies upon structural
changes. In this experiment, the five antibodies studied were chosen based on
distinguishable melting curves and concentration dependency observation with the
obtained Tm-values using nanoDSF. A Tm-value indicates the temperature at which half

of the mADb molecules have unfolded.



The second part of the work comprised physically induced aggregation of the studied
mAbs and subsequent analysis of the mAbs carried out with selected methods. The
biophysical techniques used in this study were SEC combined with Multi-Angle Light
Scattering (MALS), Dynamic Light Scattering (DLS), and external luminescent probes
ProteoStat, Protein-Probe, and SYPRO Orange. The DLS studies were run in a batch
mode with a dedicated instrument, while SEC-MALS, also having a DLS module, was
used in a flow mode. However, in this study, emphasis was placed on the batch mode
DLS. The aim was to compare the selected methods in their ability to detect antibody
aggregation and measure different forms of aggregates. Emphasis was also placed on the
sensitivities of the methods. The amount of aggregates were evaluated with the help of
aggregation-% standards, commercial and self-produced. With common analytical
methods used in the pharmaceutical industry, like SEC-MALS and DLS, external probes
as complementary methods in analyzing mAb aggregates were assessed. An additional
goal of the study was to obtain more information on the mAb aggregation processes,
which was performed by a slow induction of aggregates with two mAb samples and by
monitoring the events over days. Also, the relationship between conformational stability
obtained with (nano)DSF-methods and the aggregation tendency of the mAbs was

examined, although only a modest correlation has been previously discovered??.
1.3 Methods for thermal unfolding

Thermal unfolding is a process where proteins lose their native three-dimensional
structure upon exposure to gradually rising temperatures. This change from their folded
structure to a fully unfolded state can be monitored with multiple methods. One popular
method is DSF, which utilizes external luminescent probes to visualize the thermal
unfolding process. These probes bind to the exposed parts of proteins as they unfold. The
prefix nano- is used when the luminescence is produced by the intrinsic fluorophores in
the protein structure, and no external probes are utilized. Common parameters derived
from the unfolding process are the onset (Tonset) and midpoint (Tm) temperatures of the
specific protein, indicating the temperatures at which the unfolding has begun and at
which half of the studied protein molecules have unfolded. A high Tm-value represents

high conformational stability. This information can partly be used to explain aggregation.

In DSF, multiple different types of external probes can be utilized. Depending on the
probe, it can function, e.g., by hydrophobic interactions or by detecting changes in the

solvent viscosity. The luminescence emission and the wavelength maximum of the probe



change as the protein unfolds. In nanoDSF, the 350/330 nm is measured, and changes in
the ratio can be seen when the polarity of the microenvironment around the aromatic
amino acids, mostly tryptophan, alter?®. Usually, the F350/330 nm increases when a
protein unfolds since a red shift occurs when tryptophan is exposed to a more polar
environment?*. The F350/330 nm is a global average of all the local surroundings in the
studied molecule. Multiple events can affect the luminescence intensity and wavelength
maxima, like aggregation and different quenching effects, and these complicated
spectroscopic events hamper the data interpretation. Also, sometimes tryptophan residues
might move towards a more hydrophobic environment in an unfolding event, which can

be seen as a blue shift.?

The luminescence sensitivity enables the detection of unfolding events of individual
domains, which is highly beneficial with multidomain proteins like mAbs. Three
unfolding events may be seen with mAbs. These represent three different mAb
regions/domains, which usually unfold in the following order: CH2, Fab, and CH3%.
However, not all of these events are always measurable since e.g. the subclass of IgG or
the stability of the Fab region affects the measurement®*. Additional orthogonal methods,
like DLS, can provide insightful information about the aggregation propensity of different

domains and help pinpoint where possible engineering efforts should be directed.

1.4 Methods for aggregation

1.4.1 Size-exclusion chromatography and light scattering-based methods

Size-exclusion chromatography is used as a standard method to assess aggregate levels
qualitatively and quantitatively in protein therapeutics. It separates proteins based on their
molecular sizes (hydrodynamic radius, ra) and diffusivities and is an entropically driven
separation method where no adsorption should occur. The stationary phase consists of
densely packed small, porous particles through which the proteins diffuse. The pore size
is selected according to the sample, and the elution order follows the order of decreasing
size. Proteins larger than the pores are excluded and elute out first with the interstitial
volume. The mobile phase is usually a buffered aqueous solution with a neutral pH. One
of the advantages of SEC is the close physiological conditions that can be achieved with
the mobile phase. With these conditions, any conformational changes upon mAb
structures are mitigated, which could significantly impact the separation process.?® In
terms of aggregate characterization, SEC is commonly used to separate different sample

species due to its sensitivity, simplicity, moderate throughput, and applicability to a QC
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environment.?! SEC is also compatible with various combinations of detectors like UV,
MALS, viscometer (IV) and differential refractive index (dRI), which allow a
comprehensive evaluation of the mAb samples?’. Additional information about the
hydrodynamic sizes of the aggregates can be obtained by connecting DLS to the system?3,
and a complete structural characterization is also achievable by combining SEC with a

mass spectrometer (MS)%6.

SEC-MALS is a general name for a configuration comprising of SEC used with MALS,
dRI, and UV detectors. The aromatic amino acids in the mAb structure absorb UV light
at around 280 nm?®, and it is a standard detector coupled with SEC to visualize the peaks
and determine concentrations. dRI detector is also used to determine sample
concentrations, as it detects changes in the refractive index of the eluent due to samples
eluting. Multi-angle light scattering detector allows to obtain the molecular weights
(MW) and the mean square radius of the eluting components with the help of the
information from the other detectors. It measures the amount of light scattered into
different angles when an analyte is irradiated with a laser beam.’* The number of
photodiodes can vary from 3 to around 20.3! The MWs of the eluting components can be
calculated based on Equation (1),

R(0)
Ke(Gp)?

(1)

where M is the molecular weight of the analyte, R(0) is the reduced Rayleigh ratio
(amount of scattered light relative to the laser intensity) extrapolated to zero angle, c is
the concentration based on either the UV or dRI detector, dn/dc is the increase in the
refractive index and K is a system constant’?. The concentration is usually calculated
based on the dRI?’, since the concentration-response dn/dc is similar for almost all pure
proteins in aqueous buffer’*. An SEC-MALS configuration allows the determination of
MWs without regarding the elution volumes. This eliminates possibly wrong derived
MWs if the calculations were performed using a standard curve based on a globular
reference protein and can be considered an ‘absolute’ method.’® With an additional DLS
detector, information can also be obtained about the conformation and hydrodynamic

sizes of the particles®®.

In light scattering applications, a liquid sample is irradiated with a monochromatic laser,
and the light is scattered in all directions due to the solvent and particles. The shape and
the size of the analyzed molecules affect how the light scatters. This scattered light is

detected by photodetectors placed around the sample. The information generated from
8



this application is based on the Brownian motion of particles in solution, which results
from coincidental collisions between the particles and solvent molecules. The Brownian
motion will cause the scattered light intensity to fluctuate in relation to time, and the
particle size will affect the time of these intensity fluctuations. In multi-angle light
scattering, a time-averaged intensity is recorded at different angles 0 related to the sample.
The smaller the angle of scattered light, the higher the intensity and vice versa.?® The
asymmetry grows in proportion to the particle size. With this information, the weight-
averaged molar mass and mean square radius, also known as the radius of gyration (Rg),

can be determined with the knowledge of concentration from MALS*.

With DLS, the occurring intensity fluctuations are characterized. The smaller the particles
are, the faster intensity fluctuations occur and vice versa. These fluctuations are recorded
to time, and with the help of autocorrelation analysis, translational diffusion coefficients
(Dr) for the particles can be derived. This way, size distributions and hydrodynamic
particle sizes for samples can be obtained.”® DLS covers particle size range between 0.3
nm — 10 pm3*. With the translational diffusion coefficient, the hydrodynamic radius of
the particle can be determined, which is defined as a hard-sphere with the same diffusion
coefficient as the particle in question.?® The ru can be derived from the Stokes-Einstein
Equation® (2),

kT
N 67T77Rh

Dy (2)

where ks is Boltzmann coefficient, T is temperature (K) and 7 is the viscosity of the

medium.

Both MALS and DLS are non-invasive, which is essential when reliable results from
sensitive samples, like aggregates, are desired.!>*® Both methods are also inherently
biased towards higher molecular weight species. The higher the molecular weight of the
component, the higher the scattering intensity. This means that when, e.g., the size
distribution of a sample is analyzed with DLS, the high molecular weight aggregates
(HMWA, > 100 nm) are disproportionally represented over the possibly dominant,
smaller molecular weight components. Also, the concentration of the molecules affects
the signal intensity. This way, these light scattering methods can detect even a small
amount of aggregates in a sample, but they are also sensitive to contaminants, other

interfering particles, and air bubbles.?¢



DLS is considered exceptionally useful in detecting subvisible particles in protein
therapeutics, which often can act as nuclei for visible particles. DLS is ideal for these
samples since the subvisible precursors are usually present at very low levels initially but
might accumulate in storage and cause the formation of visible particulates with time.
Due to this, DLS is best suited for studying larger aggregates.” When DLS is combined
with SEC, it is used in flow mode, but the method is often used in batch mode. The
advantages of batch mode detection are the lack of separation and dilution, which means
that the reversible aggregates are in equilibrium.?! Also, the sample consumption in batch
mode is small, and it is applicable for a high-throughput method¢. In general, the large

dynamic size and concentration range of DLS?! are clear benefits of the method.

Limitations of DLS are that it suffers from low resolution meaning that it has trouble
separating molecules of similar size, like a monomer from a dimer*®. Reports of a
minimum size difference that DLS can resolve vary from fivefold®’ to tenfold3. It is also
sensitive to solvent viscosity and temperature, which must be known for reliable
measurements®. In addition, turbid*® and concentrated!> samples cause problems in the
experiments. With concentrated samples, particle-particle and particle-solvent
interactions might cause deviation in the obtained particle sizes?!. It has been reported
that the method underestimates the particle size at high concentrations and overestimates
it at low concentrations.>* An instrument-specific concentration working range for
different particle sizes needs to be established to determine the correct particle sizes. The
DLS used in batch mode also suffers from masking due to the bias towards large particles.
Especially with highly aggregated samples, smaller aggregates might be masked. DLS
has been reported to not be optimal for analyzing polydisperse samples due to the low
resolution and concentration dependency. This suggests that inaccurate results are
possible when analyzing aggregated mAb samples with DLS.3* It is also noteworthy that
while DLS can be considered a high-throughput method, the throughput is affected by

laborious data interpretation.?!

Most of the drawbacks of SEC-MALS in characterizing protein aggregates are rooted in
SEC alone. SEC has a limited dynamic range, which negatively correlates with the
resolution of the system.?! Unwanted interactions between the stationary phase and mAbs
may occur and cause asymmetry in the peaks, lower recovery, and altered elution timesS.
The main interactions in question are hydrophobic and electrostatic interactions3®. The

attempts to mitigate these secondary interactions can involve changes in the mobile

phase?® by, e.g., an increase in the ionic strength, which might affect the sample

10



composition by inducing additional aggregate formation’. Also, the usage of high-
pressure columns can falsify the test results by creating new aggregates. A study showed
that SEC columns with particle sizes below 2 pm increased pressure and subsequently
the aggregate amount.> Also, changes in the solubility of mAbs are relevant when high
pressures are used?®. SEC also suffers from moderate throughput due to the high
resolution required from the method?¢. In addition, the samples are filtered and highly
diluted in the separation process, which could cause the dissociation of reversible
aggregates®®. The inherent lifetimes of reversible aggregates can also cause problems in
the ability of SEC to separate individual oligomers. The peaks can contain a mixture of
multiple oligomers due to a separation process disturbing the equilibrium between
association and dissociation of the aggregates. In addition, SEC will usually resolve
components differing in conformation, and so it is important to not, e.g., mix a
conformationally altered monomer with an aggregate. Also, when separating and
analyzing aggregated mAb samples with SEC-MALS, large and sticky aggregates might
cause separation and data interpretation problems. The continuous coelution of large
aggregates with the other fractions will cause incomplete separation and incorrectly

derived parameters, like MWs.’
1.4.2 Luminescent external probes

Luminescence-based, noncovalent, extrinsic probes can also be utilized to detect mAb
aggregates. They can be widely applied to characterize proteins*®® because they detect
changes in the tertiary structures*'. Hence, a variety of them can be used to detect
aggregates and the unfolding behavior of mAbs since, in both events, the conformation
of the mAbs is generally altered*?. The popularity of these probes is based on their high
sensitivity and versatility, relatively low cost, and applicability for high-throughput
screening*®. A common factor with the luminescent probes is that their luminescence
emission changes significantly upon interaction with an altered protein structure than a
native protein or the absence of protein. Different probes can display different selectivities
or specificities for different types and sizes of aggregates due to differences in their
functions. The noncovalent interactions between the probe and protein can be, e.g.,
electrostatic or hydrophobic.*” One of their disadvantage is the possible interference of
the probes on the studied processes by promotion or inhibition*’, which will cause
inaccurate results. Some probes can also be sensitive toward detergents, which can
hamper their functions. In addition, luminescent probes are not specific only for mAb

aggregates but can also probe generally altered protein structures.*® This can be
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considered a disadvantage with the probes since it is not likely that a sample only contains
native and aggregated mAb due to the complicated formation of aggregates, but also other

altered protein structures.

Commonly used luminescent probes for aggregate detection are organic fluorophores.
Characteristic electronic transitions for these molecules are simplified in Figure 3. The
excitation of a fluorophore causes electrons to move from the ground state So to singlet
excited states. After this, various processes can occur as the molecule returns to the
ground state and releases the absorbed energy. These processes are internal conversion
and vibrational relaxation (Figure 3a)), intramolecular charge transfer and solvent
relaxation (Figure 3b)), intersystem crossing to a triplet state, and luminescence (Figure
3¢)). All the other processes compete with luminescence and cause a Stokes shift as
energy is lost in the other processes. Luminescence is denoted as fluorescence when the
molecule relaxes from a singlet excited state, e.g., from S1 or S(mjicr, to a singlet ground
state So, where radiationless internal conversion competes with it. The mechanisms
through which many of these probes function and exhibit their luminescence features are
based on (twisted) intramolecular charge transfers (TICT, ICT) and solvent relaxation
processes following the excitation of the molecules.*’ The solvent polarity plays a crucial
role in solvent relaxation processes*. A change in the dipole moment of the probe usually
occurs due to the electronic transitions. Polar solvent molecules might, in response to this,
also orient in an energetically more favorable position. This, in turn, will cause a larger
Stokes shift due to a smaller energy difference between the energy levels of So and Si.
On the other hand, in intramolecular charge transfer, an electron is transferred from an
electron-donating group to an electron-withdrawing group inside the probe molecule.
E.g., aromatic systems can act as electron-withdrawing groups while amino groups are
good electron-donating groups. In the case of a twisted intramolecular charge transfer, a
change in the conformation of the probe must occur for the charge transfer to take place.
Luminescent molecules that can form twisted states upon excitation are frequently called
molecular rotors. The dipole moment in the S(micr will be enhanced due to the charge
transfer, and this will, in turn, increase solvent relaxation processes.*® A benefit with
probes relaxing through intramolecular charge transfer is that from these energy states,
the relaxation is often non-luminescent, meaning that they will have low luminescence in
polar solvents®. As the environment changes or interactions with proteins occur, the
relaxation pathways are altered. This can be seen as a change in the luminescence

intensity and a possible change in the emission peak maximum.*
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Figure 3. A scheme illustrating different energy levels and electronic transitions characteristic for organic
fluorophores. The dashed dotted line represents the light absorption and excitation of electrons.
Absorption to only one excitated state of S, is shown for a more simplified presentation. After excitation,
different relaxation processes can occur: a) radiationless vibrational relaxation and internal conversion
processes (dashed arrows), b) solvent relaxation and (twisted) intramolecular charge transfer (T)ICT
(dotted arrows) and c) luminescence (solid arrows). A possible conversion to the triplet state is not shown

in this figure. The figure is adapted from Hawe, A., et al., Pharm. Res. 2008, 25, 1487—1499.

Resonance Energy Transfer (RET) implementations measure distances between two
points between 15-100 A from each other. This allows a near-Angstrom resolution,
detecting even the slightest conformational changes in, e.g., proteins. Due to this,
luminescent probes that utilize RET are effective for studying mAb aggregation. For
example, a Eu**-chelate can be utilized as a donor fluorophore that transfers the energy
to an acceptor fluorophore. The excitement of the donor results in an oscillating electric
dipole field, which interacts with the energy levels of the acceptor. The transfer of energy
is dependent on the distance R between the donor and acceptor, and it decays as R-% when
R << A (wavelength of donor emission). In addition to the distance between the donor
and acceptor, also spectral overlap is required for the energy transfer.*® Utilizing a Eu?'-
chelate as the donor in RET applications has many benefits, like sharp and defined
emission peaks. The excitation of the antenna occurs in the ultraviolet region (340 nm)
and the emission of the Eu**-ion the red of the visible spectrum (615 nm), which results
in a large Stokes shift.*¢ In addition, a Eu**-chelate enables time-resolved luminescence
(TRL) measurements, where a lag time is used before the emission is read. This reduces

the background signal and allows higher sensitivity*’. TRL measurements can be utilized
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since the emission lifetime of Eu**-chelate is in the millisecond region*®. Figure 4. is a
simplified scheme of the electronic transitions taking place in a RET application with a
Eu?*-chelate as the donor molecule. The organic chelate surrounding the Eu*-ion offers
protection from water and transfers the absorbed energy from the antenna®. Intersystem
crossing in the chelate from Si to the triplet state T:1 (Figure 4a)) is followed by
intramolecular energy transfer to the Eu**-ion (Figure 4b))*. The long emission lifetime
obtained with the Eu*'-chelate is due to forbidden electronic transitions between 4f
energy levels of the Eu**-ion*. Lastly, the energy is transferred to the acceptor via RET

(Figure 4c)).
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Figure 4. A simplified Jablonski diagram representing the electronic transitions taking place in a RET
application that utilizes a Eu**-chelate as the donor. After excitation of the chelate structure from Sy to Si,
a) intersystem crossing (ISC, dotted blue arrow) to a triplet state T inside the chelate takes place. After
this, b) an intramolecular energy transfer (ET, dotted red line) from the chelate to the Eu**-ion occurs.
Lastly, c¢) an intermolecular energy transfer (ET, dotted green line) to the acceptor can occur. Dashed

arrow = radiationless vibrational relaxation and internal conversion processes.

8-Anilino-1-naphthalenesulfonate (ANS) (Figure 5a)) is a luminescent probe that has
been in use for protein characterization for decades. The probe is excited at approximately
370 nm, and it has an emission maximum of 500 nm. The luminescence properties of
ANS are sensitive to changes in its environment, e.g., polarity and viscosity.*’ As the
dielectric constant of the solvent decreases, a blue shift and an increase in the quantum

yield of luminescence occurs*. The amino and naphthalene structures in ANS (Figure
14



5a)) promote TICT in polar environments, resulting in low luminescence®. In general,
interactions with proteins change the polarity and viscosity of the environment, which
reduces the relaxation of the probe through solvent relaxation processes, and TICT, which
changes the luminescence properties of the probe*’. The main interactions through which
ANS binds to proteins are hydrophobic and electrostatic. The negatively charged

sulfonate groups create ion pairs with the positively charged amino acids™.

SYPRO Orange is a zwitterionic merocyanine probe (Figure 5b)) popular for probing
protein structures. It has an excitation maximum of approximately 470 nm and an
emission maximum of 570 nm. The excited state of SYPRO Orange is highly polar due
to the intramolecular charge transfer between the dimethylaniline group and the
pyridinium (Figure 5b)). In polar solvents, the quantum yield of the emission decreases,
which indicates that non-radiative relaxation from the excited state is promoted. In
addition to solvent polarity, also viscosity affects the luminescence properties of the
probe. An increase in emission quantum yield is proportional to the viscosity of the
solvent. This relationship can be explained by the large amplitude diffusional motion,
e.g., twisting of the molecule, hindered in high viscosity, so luminescence is favored
instead of non-radiative decay pathways. It has been suggested that SYPRO Orange acts
like a molecular rotor and that the emission properties of the probe are highly dependent
on the solvent viscosity®'. Despite this, it is generally considered a hydrophobic probe
like ANS. At low protein aggregate concentration, the probe mainly binds the aggregates
by hydrophobic interactions, but at higher aggregate concentrations, also hydrogen

bonding takes place with the amino acids.>!

ProteoStat is a luminescent rotor probe with a structure based on Thioflavin T>? (Figure
5c¢)), aprobe used to detect amyloid fibrils. The probe has an excitation maximum of 550
nm and an emission maximum of 600 nm. The detection of aggregates is based on the
rotation of the probe around a single bond. While freely rotating in a solution free of
suitable binding pockets or at low viscosity, the luminescence intensity of the molecule
is negligible. In a solution containing aggregates, the probe binds to them, which in turn

prevents the free rotation and results in high luminescence intensity.*
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The Protein-Probe and TR-FRET -methods utilize a Eu’*chelate (Figure 5d)),
conjugated to a negatively charged probing peptide®. This conjugate is referred to as
Eu**-probe. In addition, both methods are based on RET, so an additional fluorophore is
included. The Protein-Probe method utilizes a soluble quencher, which absorbs at the
main emission peak of 616 nm of the Eu**-chelate and acts as an acceptor in the energy
transfer. The Eu’"-probe has little interaction with native mAbs, but as they form
aggregates, the reveal of hydrophobic areas leads to interactions between the aggregates
and the probe. These interactions reduce the quenching effect of the quencher and so lead
to an increase in the (TRL) signal.>* The basic function of the Protein-Probe is presented

in Figure 6a).

The TR-FRET (Time-resolved fluorescence resonance energy transfer) method utilizes a
FRET-probe comprising of a similar Eu**-probe with the acceptor conjugated to the
structure. In the absence of, e.g., heat-denatured and aggregated mAbs, the distance
between the donor and the acceptor is too long for any energy transfer and subsequent
emission from the acceptor to occur. As hydrophobic patches are revealed, the peptide
connecting the Eu**-chelate and the acceptor interacts with the mAbs. The process brings
the donor and acceptor close enough for the Eu’*-chelate to transfer its energy to the
acceptor. As a result, the acceptor emission is the indicator of FRET-probe-antibody
interaction, and the signal increases in proportion to the interactions. The basic function

of the FRET-Probe is presented in Figure 6b).
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Figure 6. A schematic illustration of the basic function of a) Protein-Probe and b) FRET-probe in the
detection of mAb aggregates or conformationally altered mAbs. Q = quencher (also acceptor), A =

acceptor.

2 Experimental section

2.1 Materials

0.2 um Syringe Filter, Hydrophilic PTFE (Millex); 384 well skirted PCR plate
(FrameStar); ANS (Alfa Aesar); Antibody X mlIgG1 (Orion Corporation); Atezolizumab
mlgG2a (Icosagen); Bococizumab hIgG1 (Orion Corporation); CellCarrier-96 ultra black
(PerkinElmer); Citric acid monohydrate (Sigma-Aldrich); Nax2HPO4 (Merck); Optiplate-
384 black well plates (PerkinElmer); PBS 1X, 10X (Gibco, Lonza); Pembrolizumab
hIgG1l (Icosagen); Protein-Probe-kit (QRET Technologies); FRET-probe (In-house,
under development); Proteostat aggregation assay kit (Enzo Life Sciences); Proteostat
aggregation-% standards (Enzo Life Sciences); Slide-A-Lyzer™ MINI Dialysis Device
3.5 K MWCO, 0.5 mL (Thermo Fisher Scientific); Slide-A-Lyzer™Dialysis Cassettes G2
3.5K MWCO, 3 mL (Thermo Fisher Scientific); SYPRO Orange (Sigma-Aldrich);
Trastuzumab hlgG1 (Roche); Triton X-100 (Honeywell).

2.2 Instrumentation

Size-exclusion chromatography was performed using Agilent 1260 Infinity II LC Bio-

inert System with Agilent 1260 Infinity II Diode Array Detector WR combined with
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Wyatt miniDAWN MALS and Optilab instrumentations and WyattQELS module.
AdvanceBio SEC 300A column (Agilent Technologies) was used with AdvanceBio SEC
300A guard column (Agilent Technologies). 1xPBS was used as the eluent in all the
analyses, and 20 ug of samples were injected as duplicates. The employed flow rate was

0.350 ml/min. The data were analyzed using ASTRA software (Wyatt Technology).

NanoDSF and batch mode DLS were measured with Prometheus Panta -instrumentation
(NanoTemper Technologies). The used excitation power in each nanoDSF measurement
was determined using the autodetection feature. The used temperature ramp in nanoDSF
was 1 °C/min from 20 °C to 95 °C. The samples were excited using a wavelength of 280
nm, and the luminescence at 330 nm and 350 nm was recorded to obtain 350/330 nm used
in data analysis. The laser intensity used in the DLS measurements was 100 % with a
temperature of 25 °C. All the obtained information was derived from the Panta Control

Software (NanoTemper Technologies).

The aggregation samples were measured with Envision Multimode Plate Reader
(PerkinElmer), and the thermal unfolding of the mAbs was monitored with Tecan Spark
20M (Tecan Life Sciences). The excitation and emission wavelengths used for Protein-
Probe, FRET-probe, ProteoStat, SYRO Orange, and ANS were 320/615 nm, 340/665 nm,
510/600 nm, 485/590 nm, and 350/490 nm, respectively. With Protein-Probe and FRET-
probe, the TRL signals were measured with a lag and integration time of 800/400 ps and
50/100 ps.

2.3 Methods

2.3.1 Luminescent probes for aggregate detection

With Protein-Probe and ProteoStat, the detection solutions were prepared according to
the instructions provided by the manufacturers. With SYPRO Orange, the detection
solution was prepared by diluting the stock (5000X) with MQ-H20 to obtain a final
concentration of 5x in the wells. The detection solution volume to sample volume used
with Protein-Probe, ProteoStat, and SYPRO Orange were 65/2 ul, 2/98 ul, and 2/28 pl,
respectively. With Protein Probe and SYPRO Orange, a black, flat-bottomed 384-well
plate was used, while with ProteoStat, the measurements were performed on a clear-
bottomed 96-well plate. In the Protein-Probe assay, the plate was shaken for 10 seconds
and incubated for 1 hour in the dark before measurement. With ProteoStat, the incubation

time was 15 min.
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2.3.2 Dialyzing trastuzumab

Trastuzumab was used as a model antibody, and to obtain more comparable results, it was
dialyzed against MQ-H2O to remove excipients used for storage. This was done by using
3 ml 3.5K MWCO dialysis chambers (Thermo Fisher Scientific). The dialysis was done
at 4 °C by changing the MQ-H2O three times before dialyzed overnight.

2.3.3 Thermal unfolding

The thermal unfolding curves of the five studied antibodies were measured and compared
using nanoDSF, FRET-probe, SYPRO Orange, and ANS. The trastuzumab analyzed with
the FRET-probe was in the commercial formulation. For the FRET-probe, the antibodies
were diluted in 0.1xPBS, while 1xPBS was used with SYPRO Orange and ANS. The
final mAb concentrations in the wells were 0.004 mg/ml with Protein-Probe, and 0.5
mg/ml with SYPRO Orange and ANS. With FRET-probe, the samples were analyzed as
n =4, while n = 3 was used with SYPRO Orange and ANS. For the detection solutions,
SYPRO Orange and ANS were diluted with 1xPBS to obtain final concentrations of 5x
for SYPRO Orange and 10 pM for ANS in the wells. In addition, the detection solutions
contained 0.0008 % of Triton X-100 in the final well volumes. With SYPRO Orange and
ANS, 20 pl of the sample was used with 5 pl of detection solution. For the FRET-probe,
the detection solution was prepared by diluting the probe in 0.1xPBS to obtain a dilution
of 1/2000 in the wells. Additionally, the detection solution contained 0.008 % of Triton
X-100 in the final well volumes. With the FRET-probe, 5 ul of the sample was used with

20 pl of detection solution.

With all the external probes, a black 384-well PCR plate was used. Following the addition
of all the components, the plates were incubated for 10 seconds on a plate shaker. After
this, the luminescence signals were read at the set wavelengths first at room temperature.
A PCR machine (PTC-200, MJ Research) was used to heat the samples. The mAbs were
heated at 50-88 °C using 2 min measurement interval every 2 degrees. For the nanoDSF
measurements, the mAbs were diluted to 1 mg/ml with 1xPBS containing 0.0008 % of
Triton X-100. The samples were analyzed as n = 3. The melting curves and the derived

parameters were obtained by the Panta Control software (NanoTemper Technologies).

The Tm-values were calculated by fitting the data with standard sigmoidal fitting functions
with Origin 2016 (OriginLab). For multiple unfolding events, a sigmoidal function was
fit independently. In addition, some data points were removed to obtain the best fit
possible and subsequently derive accurate Tm-values. The lower limit of detection (LLD)
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for each external probe was calculated based on the signal-to-background-ratio (S/B) of
trastuzumab in each method’s optimized concentration. The lower limit of detection was
calculated as LLD = ¢/S/B/5, where ¢ = concentration of trastuzumab used with each
method and S/B = the highest S/B-ratio of the measurement. The sensitivities of the
methods were further studied by using trastuzumab as a model antibody at the

concentration of 0.01 mg/ml.

2.3.4 Proteostat and self-produced aggregation-% standards

The Proteostat aggregation-% standards were used with the well plate —based methods to
evaluate the aggregation-% of the samples. Additional 0.1 % and 0.05 % standards were
produced by diluting the 12.5 % standard with the 0 % standard. In addition, self-
produced, aggregated trastuzumab (AT) standards were produced. The standard curves
were produced by fitting the data with linear fitting functions with Origin 2016
(OriginLab). The LLD for each probe using both standard curves were calculated as y =
3 * SD(background(0% standard)), where SD = Standard Deviation. The signals
obtained from different experiments were normalized to these standard curves with five
same standard samples, if not stated otherwise, to obtain the aggregation-%s. Diverging
from the SYPRO Orange protocol, an hour of incubation time was needed for the AT
standards to obtain acceptable SD within the standards. The two standard sets were also
analyzed with SEC-MALS and DLS. Before the analysis of the standards with SEC-
MALS, the samples were centrifuged to prevent column blockage. The samples were

centrifuged with 14 000 G for 10 min at 4 °C.

The AT standards were prepared by diluting trastuzumab with 1xPBS to create a 1 mg/ml
solution. A part of this solution was fully aggregated by incubation at 85 °C for 3 min,
which was used to spike the monomeric solution to create the standards>?. The same
aggregation-% standards were produced than in the Proteostat Aggregation-% Standards
kit: 1:2 dilution series from 12.5 % to 0.2 %. In addition, the two aggregation standards

containing lower amounts of aggregates of 0.1 % and 0.05 % were produced.
2.3.5 Long-term incubation of trastuzumab and atezolizumab at elevated temperatures

2 mg/ml trastuzumab and atezolizumab were heated using heating blocks. Trastuzumab
was incubated at 57 °C and atezolizumab at 53 °C. Samples were collected daily, and the
collection included diluting the antibodies to 1 mg/ml using 1xPBS and placing them at
4 °C until simultaneous analysis. Protein-Probe was used as a follow-up method to

monitor the level of aggregation in the samples daily. Samples were collected on days 1,
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2,3,4,7,9, and 11, after which they were analyzed using DLS, Protein-Probe, and
ProteoStat. The background used in the background reduced signals was the signal of the

unstressed, native antibody.

2.3.6  Short-term incubation of mAbs at elevated temperatures

A rapid aggregation protocol was conducted by heating all the studied antibodies at 60
°C and 70 °C for short periods. 0.2 mg/ml of trastuzumab, atezolizumab, bococizumab,
pembrolizumab and antibody X solutions were used. A lower mAb concentration was
used in this experiment due to high sample consumption. The samples were divided into
three different pools. Two pools were aggregated at the used temperatures, while the third
one was used as a reference for the native mAb. Both aggregated pools were incubated at
the chosen temperatures for 10 min. After this, all the samples were analyzed using SEC-
MALS, DLS, Protein-Probe, SYPRO Orange, and ProteoStat. For SEC-MALS, the

samples were centrifuged prior to the analysis with 14 000 G for 10 minutes at 4°C.

2.3.7 Low pH incubation of trastuzumab, atezolizumab and pembrolizumab

0.1 M citric acid and 0.2 M Na:HPO4 were used to create citric acid — Na2HPO4 buffer in
pH 3.2, 3.6, and 6.0. 1 mg/ml of trastuzumab, atezolizumab, and pembrolizumab were
divided into three different pools: one was dialyzed in pH 3.2, one in pH 3.6, and one,
used as a reference, was stored at 4 °C. The other two pools per mAb were placed in the
low pH buffers heated to 37 °C using 0.5 ml dialysis chambers with 3.5K MWCO
(Thermo Fisher Scientific). The samples were dialyzed in pH 3.2 and 3.6 for 3 hours
while stirring at 100 rpm. After 3 hours, the samples were transferred in the same dialysis
chambers into the pH 6.0 citric acid — Na2HPO4 buffer. The samples were dialyzed in the
pH 6.0 buffer at 4 °C overnight while stirring at 100 rpm. The buffer volume was 417x

greater than the total sample volumes in all the dialysis steps.

Dialysis caused slight mAb concentration dilution, and thus all samples were diluted to
the lowest concentration in the sample set. The native reference samples were diluted
with 1xPBS, while the aggregated samples were diluted with the pH 6.0 citric acid —
NaxHPOsbuffer. The concentrations after the dilutions for trastuzumab, atezolizumab and
pembrolizumab samples were 0.86 mg/ml, 0.92 mg/ml, and 0.84 mg/ml, respectively.
Subsequently, all the samples were analyzed using SEC-MALS, DLS, Protein-Probe,
SYPRO Orange, and ProteoStat. Before injecting the samples into SEC, they were filtered
with a 0.2 pm syringe filter.
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3 Results and discussion

3.1 Thermal unfolding studies with nanoDSF, SYPRO Orange, ANS and

FRET-probe methods

The melting curves of all the mAbs derived by (nano)DSF -methods are presented in
Figure 7. For many mAbs, the probes exhibited noticeably higher luminescence signals
at room temperature than at higher non-denaturation temperatures. This has been
hypothesized to be due to a degree of aggregation®? in the native mAb formulation. It
could also indicate specific interactions between the probe and the native mAb structure
independent of aggregation. For trastuzumab, two phases were detected with SYPRO
Orange, FRET-probe and, nanoDSF, indicative of the unfolding of different mAb
domains/regions. In addition, nanoDSF detected two unfolding events for bococizumab
while the external probes detected only one. This could suggest that intrinsic
luminescence 1s more sensitive than the external probes in detecting domain/region-
dependent unfolding. Also, the different transitions were the most distinguishable when
produced with intrinsic luminescence. However, the number of transitions detected with
each method is also mAb-dependable, and the amount of tryptophan residues or
secondary structures affects the results. For atezolizumab and antibody X, ANS and
SYPRO Orange presented seemingly a second transition after the first one, but these are

most likely artifacts since the methods are not very specific.

The Tm-values obtained for the mAbs with each method are presented in Table I. For
trastuzumab, ANS seemed to result in a higher transition temperature near 80 °C. High
SDs obtained with the probes for the last data points were most likely due to evaporation
at high temperatures. The two Tm-values obtained with FRET-probe and nanoDSF are
similar, while SYPRO Orange yielded lower transition temperatures. Similar Tm-values
have been previously reported for trastuzumab with nanoDSF (70 °C and 80 °C)**. The
first unfolding transition is likely due to the CH2 domain, and the second is due to the
Fab and/or CH3?%. Some variance occurred with the Tm-values obtained with the different
methods. The largest discrepancy between the methods occurred for bococizumab
(Figure 7d)). The first unfolding event was detected at approximately 62 °C, 63 °C, 57
°C, and 70 °C with nanoDSF, FRET-probe, SYPRO Orange, and ANS, respectively. The
second unfolding event detected with nanoDSF occurred at around 76 °C. Interestingly,

the Tm-value obtained with ANS was between the two values obtained with nanoDSF. It
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may indicate that ANS detected the two unfolding events as one transition. Differences
in Tm-values were expected since the used mAb concentrations and conditions varied
between the methods. Overall, the obtained Tm-values were relatively uniform, except for
SYPRO Orange producing slightly lower values than the other methods. Additionally,
the Tm-value of trastuzumab derived with ANS deviated from the other probes.

The external probes interacted differently with different mAbs, and this caused variation
in the mAb detectability. ANS exhibited high SD and low S/B-ratio for antibody X. This
may indicate that the interactions between antibody X and ANS upon the unfolding
process are suboptimal, and the studied unfolding event is difficult to detect. SYPRO
Orange did not seem to bind antibody X at lower temperatures, while ANS and the FRET-
probe had significant interactions with the mAb prior to the unfolding event. The curves
created for pembrolizumab did not suffer from the above-mentioned and were uniform
between the methods. Bococizumab exhibited the most deviating unfolding curve with
most of the methods. With nanoDSF, a large decrease in 350/330 nm was observed at the
beginning of the heating. This indicates that the heating initially caused an increase in
hydrophobicity around the luminescent amino acid residues. At temperatures around
55°C, the 350/330 nm increased, indicating that the luminescent residues were exposed
to a more hydrophilic environment. Also, ANS and the FRET-probe exhibited relatively

high luminescence already at RT for bococizumab.
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Figure 7. The melting curves of a) trastuzumab, b) atezolizumab, c¢) antibody X, d) bococizumab and e)
pembrolizumab obtained with the (nano)DSF methods. The luminescence signal from the external probes

has been normalized against the highest signal and the data from nanoDSF is presented as 350/330 nm.

Table 1. The Ty-values obtained with different methods for the studied mAbs.

Tm(s) (°C) SYPRO Orange ANS FRET-probe nanoDSF
Trastuzumab 68.6+0.3;76.3+1.7 [80.5+0.1 71.4+0.2;783+0.2 |70.3+0.1;,79.8+ 0.1
Atezolizumab 70.4+0.1 71.2+0.1 74.6 £ 0.1 72.1£0.1
Antibody X 70.0+ 0.2 71.8+0.3 74.1+0.1 72.8+0.1
Bococizumab 56.9+0.2 69.6 + 0.3 63.4+0.2 61.7+0.1;75.5+ 0.1
Pembrolizumab 68.1+0.2 69.9+ 0.2 66.1+0.4 69.2+0.1

The S/B-ratios and the LLDs of the external probes are presented in Table 2. Compared
to the other methods, SYPRO Orange had high S/Bs for all the studied mAbs, while ANS

provided the lowest S/B-ratios in the experiments. On the other hand, FRET-probe
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showed the most variance in the S/B-ratios between different mAbs. These values are not
reported for nanoDSF, as they are not fully comparable. In terms of sensitivity, the
methods varied greatly. The LLDs were calculated as ¢/S/B/5, where ¢ = concentration
of trastuzumab used with each method (7able 3.) and S/B = the largest signal-to-
background-ratio of the measurement. The FRET-probe had the lowest LLD of 0.013
pg/ml, while ANS had the largest of the three (13 pg/ml). The concentration range for the
nanoDSF instrument provided by the manufacturer is 5 pg/mL — 250 mg/mL. Hence, it
can be deduced that nanoDSF has a similar sensitivity to SYPRO Orange.

Table 2. The S/B-ratios obtained for the studied mAbs and the LLD for trastuzumab calculated for each

external probe.

S/B SYPRO Orange ANS FRET-probe
Trastuzumab 45 7.6 64
Atezolizumab 36 3.7 8
Antibody X 28 1.8 3.8
Bococizumab 5.6 4.1 1.9
Pembrolizumab 16 6.1 39
LLD (pg/ml)

Trastuzumab 2.2 +0.1 13+0.1 0.013 £0.001

Table 3. The protocols optimized for each (nano)DSF method and used in the thermal unfolding

experiments.
Thermal unfolding protocols | SYPRO Orange ANS FRET-probe nanoDSF
MAD concentration (mg/ml) 0.5 0.5 0.004 1
Buffer PBS (1x) PBS (1x) PBS (0.1x) PBS (1x)
Triton X-100 (%) 0.0008 0.0008 0.008 0.0008
Sample volume (ul) 20 20 5 10
Total volume (pl) 25 25 25 10

The sensitivities of the methods were further examined by producing thermal profiles for
trastuzumab at a concentration of 0.01 mg/ml (Figure 8.). Per the calculated LLDs, ANS
could not produce an unfolding curve for trastuzumab at the given concentration. While
SYPRO Orange and nanoDSF could produce unfolding curves at this concentration, the
curves were not as well defined as with an optimized trastuzumab concentration (Figure
7a)). SYPRO Orange detected the first unfolding transition clearly, but the second
transition had disappeared. With nanoDSF, the assay window reduced from
approximately 0.1 to 0.04, and as a subsequence, the two transitions were not as distinct
anymore. The clear second transition temperature increased by 1.7°C from the previous
experiment. The dependency of the Tm-values on concentration has been discovered
before. It has been proposed that aggregation masks the correct Tm-values at higher

concentrations®>. The FRET-probe, on the other hand, worked well with this
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concentration, which is not surprising since the optimized concentration of the method
was 0.004 mg/ml. However, FRET-probe did suffer from higher SD, which could indicate

that the concentration is suboptimal.
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Figure 8. The thermal unfolding curves obtained for 0.01 mg/ml trastuzumab with SYPRO Orange, ANS,
FRET-probe and nanoDSF.

3.2 Antibody aggregation-% standard studies with ProteoStat, SYPRO

Orange, Protein-Probe, DLS and SEC-MALS

The two sets of aggregation-% standards were analyzed with SYPRO Orange, ProteoStat,
and Protein-Probe to create two standard curves for each method, which could be used to
quantify the aggregate amount in the samples produced in the aggregation studies. In
addition, both sets were analyzed with DLS and SEC-MALS to obtain information on the
content and explain possible differences between the aggregate sets. The sample and

detection solution volumes required for the used methods are presented in Table 4.

Table 4. The sample and detection solution volumes used in the aggregation studies.

Protocols ProteoStat SYPRO Orange | Protein-Probe DLS SEC-MALS
Sample volume (ul) 98 28 2 10]20-100 (20 pg)
Detection solution volume (ul) 2 2 65|— -

(=)

The standard curves measured with all three probes for the ProteoStat and Aggregated
Trastuzumab (AT) aggregation-% standards are presented in Figure 9. For the ProteoStat
standards, SYPRO Orange could detect the aggregate content from 0.39 % upwards. For
ProteoStat, the minimum aggregate content detected was 0.2 %, but this standard did not

fit within the linear curve. The standard curves produced with ProteoStat and SYPRO
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Orange provided similar linear slopes (Figure 9a)). With Protein-Probe, two linear fits
were necessary, indicating that the probe detected two different phases. This may be due
to different types of aggregates in the lower standard concentrations compared to the
higher standard concentrations. For ProteoStat, SYPRO Orange and Protein-Probe, the
coefficient of variation % (CV %) varied between 0.68 %—13 %, 2.0 %20 % and 4.3 %—
18 %, respectively.

In the production of the AT standards, the fully aggregated sample became cloudy after
incubation at 85 °C, indicating large aggregates. The ProteoStat and Protein-Probe
methods measured two phases with the given AT standards, but it was more prominent
with the Protein-Probe. Therefore, two linear fittings were applied for both probes to
obtain linear curves (Figure 9b)). With Protein-Probe, the two curves differed
significantly from one another. The data indicates that the Protein-Probe may be more
sensitive to the higher standard concentrations than the other methods, as the slope for
these standards was shallow. For ProteoStat, the trend was the opposite, as the shallower
slope was obtained for the lower standard concentrations. However, the difference in the
slopes was not prominent. This result supports previous findings indicating that
ProteoStat is more sensitive toward smaller aggregates®’. The different phases suggest the
interaction between the aggregates and the probe changes according to the concentration
or that the used concentrations were suboptimal. For ProteoStat, SYPRO Orange, and
Protein-Probe, the CV % varied between 0 %-34 %, 2.6-21 %, and 3.2-23 %,
respectively.
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Figure 9. Aggregation-% standard curves created with the probes using a) ProteoStat and b) AT

standards.
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The LLDs were calculated for the probes with both standard sets as the % aggregate equal
to 3xSD of native non-denatured mAb (7able 5.). ProteoStat and SYPRO Orange gave
similar LLDs at around 0.5 % aggregates with the ProteoStat standards. On the other
hand, the Protein-Probe with two slope values gave LLDs of 0.07 % and 0.006 % based
on the ProteoStat standards. The steeper curve with an LLD of 0.07 % was used in the
aggregation studies as the ProteoStat standard curve to determine the aggregation-% of
the samples. The samples were diluted differently for each assay which may affect the
outcome and thus must be carefully considered. No dilution in the wells occurred in the
ProteoStat and SYPRO Orange assays, while with Protein-Probe, the dilution factor was
33.5 (Table 4.). Therefore, the total concentration of aggregates in the Protein-Probe
method was significantly lower. For example, with the 1.56 % standard, the actual

aggregate concentration in the Protein-Probe assay is 0.05 %.

With the AT standards, two LLDs were obtained for Protein-Probe and ProteoStat. For
ProteoStat, the two LLDs of 0.61 % and 0.53 % did not differ significantly (7able 5.).
Altogether, the LLDs calculated from both standard sets with the ProteoStat-probe were
in good accordance. The two LLDs obtained for Protein-Probe were again quite different.
The first LLD of 0.063 % was in good agreement with the LLD obtained with the
ProteoStat standards, while the second LLD of 0.001 % was significantly lower. The
lower LLD is inaccurate and could be due to the low number of replicates used. With
Protein-Probe and ProteoStat, the curves with an LLD of 0.063 % and 0.53 % were used
in the aggregation studies as the standard curves to determine the aggregation-% of the
samples. SYPRO Orange had over 2x improved LLD of 0.21 % for the AT standards than

ProteoStat standards.

Protein-Probe and ProteoStat interacted differently with the two standard sets, while with
SYPRO Orange, this was not prominent. This could result from different aggregate
binding specificities, which result in varying selectivities. Protein-Probe is possibly more
sensitive at probing minimal structural changes than the other probes. It could also be
deduced that SYPRO Orange is the least specific since it produced only one standard
curve with both standard sets and did not differentiate between the standards. The lowest

LLD was obtained for the Protein-Probe with both standard sets.

Table 5. LLD in % aggregates for each method based on the ProteoStat and AT standards.

LLD: % aggregates ProteoStat SYPRO Orange|Protein-Probe
ProteoStat standards  |0.53 £ 0.02 0.57+0.01 0.070 £+ 0.009;0.006 = 0.004
AT standards 0.61 +0.02;0.53 +£ 0.01 0.21+0.02 0.063 £+ 0.004;0.001 £ 0.001
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Analyzing two standard sets with DLS resulted in the size distributions shown in Figure
10. DLS detected only the presumed monomer peak with all the ProteoStat standards
(Figure 10a)). A slight variation in the monomer peak intensity was detected, but it did
not follow the decreasing aggregate content. For the standards with lower aggregate
concentration, the ru was approximately 6.2 nm. With increasing aggregate content, the
ru of the monomer peak decreased, and for the 12.5 % standard, it was 5.8 nm. For all
standards except one, the polydispersity index (PDI) of the main peak was below 0.2.
While this indicates that the standards are not fully homogeneous, a PDI below 0.2 is
considered an acceptable limit for a sufficiently homogeneous sample. Without
knowledge of the buffer used in the ProteoStat standards, it was set as PBS. If inaccurate,

it might have affected these results.

The size distributions for the 0, 0.05, and 0.1 % standards were nearly identical for the
AT standards. A noticeable decrease in the monomer peak frequency occurred in the
standards with 0.78 % aggregates or more (Figure 10b)). The monomer peaks shifted and
widened when the aggregate content increased to 1.56 % or more, which also caused the
particle sizes and the PDIs to increase. The ru of the monomer peak was approximately
5.7 nm for the lower standard concentrations but increased up to 7.8 nm for the 12.5 %
standard. For the standards of 6.25 and 12.5 %, the PDI of the monomer peak was
significantly over 0.2. Thus, DLS was not able to separate the contents in these peaks. In
addition, a peak at around 30 nm was prominent with the 6.25 and 12.5 % standards. By
decreasing the relative frequency scale, particles above 1 um became more visible
(Figure 10c)). The 12.5, 6.25, and 3.13 % standards seemed to have particles in the pm
region. In addition, the 3.13 % standard also showed peaks close to 50 nm and 500 nm.
Peaks below a relative frequency of 0.002 % were determined as noise. In summary, DLS
seemed to mainly detect aggregation in AT standards as functions of the monomer peak.
Indication of aggregation was detected in the standards with or above 0.78 % aggregates
initially as a decrease of monomer peak intensity. Changes could also be seen as widening
of the monomer peak at higher aggregate concentrations. The most prominent common
aggregate size was 30 nm, visible in the 6.25 and 12.5 % standards. The 3.13 % standard
also had a peak in this range, indicating the presence of this oligomer, possibly a penta-

or hexamer if composed of intact, monomeric mAbs.

29



a . . - b AT standards with DLS
) ProteoStat standards with DLS ) R
— &
Q & 0.19
< 0.19 =
'S g
g |5} 0.14
g 0.14 E
g 2
g & 0.09
& 0.09 4
2 £ 0.04
=3 0.04 E
S
& 001
0.01 0.1 1 10 100 1000 10000
0.1 1 10 100 1000 10000 Radius (nm)
. us
Radius (nm)
—0% 0.78% —1.56% —3.13% —625% —12.50%
—0% —12.50%
C) AT standards with DLS
0.019
> 0.014
Q
i=
Q
=
3 0.009
o
2
5 0.004
=
Q
~ =
-0.001
01 1 10 100 1000 10000
Radius (nm)

—0% 0.78% —1.56% —3.13% —6.25% —12.50%
Figure 10. The a) ProteoStat and b), ¢) AT Aggregation-% standards analyzed with DLS.

Lastly, both sets of standards were analyzed with SEC-MALS. The chromatograms
obtained for the ProteoStat and AT standards are shown in Figures 11. and /2. The main
peak in both ProteoStat and AT standards represented the monomeric mAb. The intensity
of this monomer peak decreased to the increasing aggregate content similarly within both
standard sets. With the ProteoStat standards, two higher molecular weight peaks were
visible, while with the AT standards, only one slight hump preceding the monomer peak
was detected. In addition, fragments were visible with the ProteoStat standards but not
with the AT standards. Interestingly with the ProteoStat standards, even the 0 % standard
containing solely monomer had the same content as the standard containing 12.5 % of
aggregates. On the other hand, all the AT standards contained mainly the monomer peak.
With both standard sets, the derived MWs for the main peaks were approximately 140
kDa (Table 6. and 7.). These were slightly underestimated since 150 kDa is the general
molecular weight of IgGs>>. With the ProteoStat standards, the first peak preceding the
monomer peak had an MW of approximately 273 kDa (Table 6.), indicating that it likely
contained a dimer. The MWs determined for the first peaks eluted at around 5 min varied
between the standards. The uneven MW curves indicated that the peaks were not
homogeneous even within the individual standards. Based on the derived MWs, the peaks
contained oligo- and/or multimers. Similarly, with the AT standards, the peak preceding
the monomer peak had different MWs increasing with the aggregate concentration. The

MW of peak 2 varied between 231-737 kDa (Table 7.).
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For both standard sets, the ru determined for the monomer peaks with flow mode DLS
were underestimated compared to batch mode DLS (7able 6. and 7.). Especially with the
aggregate peaks, the ru measurements suffered from very high uncertainties (%), which
makes the derived values unreliable. The mass recoveries for the ProteoStat standards
varied between almost 100 % and below 90 %, and for the AT standards, between 94 %
and 78 %, as the aggregate concentration increased. The decrease was not linear with
either standard set. This is also visible in Figures 11. and 12., where no changes except
the monomer peak decrease are observed in relation to the increasing aggregate content.
The recoveries of the AT standards were lower than the ProteoStat standards, with already
around 7 % of sample loss with the 0 % standard. The low sample recoveries suggest that
sample loss occurred. The sample pretreatment likely affected the recoveries, and larger
aggregates never entered the system. With both standard sets, the mass fractions of the
aggregates were not in accordance with the actual aggregate content of the samples but
under- or over-estimated. In conclusion, SEC-MALS only detected the increasing

aggregate contents of the standards as slight decreases in the monomer peak intensities.
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Figure 11. Chromatograms obtained with SEC-MALS of the ProteoStat Aggregation-% standards with

the molar mass curves visible.
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Table 6. Molecular weights and hydrodynamic radii determined for the first three peaks of the ProteoStat
Aggregation-% standards analyzed with SEC-MALS.

SEC-MALS data Peak 1 7.2-9.0 min Peak 2 6.5-7.2 min Peak 3 4.7-6.5 min
Mass recovery (%) |Mw (kDa) [rn (nm) Mw (kDa) m (nm) Mass fraction (%) |[Mw (kDa) m (nm) Mass fraction (%)

PS 0% standard 98.3 138.6 4.1 276.5 7.7 0.6 976 12.9 0.1
PS 0.2% standard 93.2 138.7 53 275 8.1 0.7 715.1 134 0.1
PS 0.39% standard 94.1 138.5 5.4 271 7.1 0.7 699.7 10.6 0.1
PS 0.78% standard 93.0 138.1 5.1 275.6 7.5 0.7 741.1 11.9 0.1
PS 1.56% standard 89.9 138.0 5.1 269.2 9.6 0.6 5070.7 46.4 0
PS 3.13% standard 92.0 137.9 3.5 271.2 83 0.6 15181.6 46.8 0
PS 6.25% standard 91.0 138.2 4.5 268.6 7.7 0.6 4016.3 57 0
PS 12.5% standard 83.4 138.0 4.7 271.2 7.6 0.6 11352.6 46.4 0
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Figure 12. Chromatograms obtained with SEC-MALS of the AT Aggregation-% standards with the molar

mass curves visible.

Table 7. Molecular weights and hydrodynamic radii determined for the two peaks of the AT Aggregation-
% standards analyzed with SEC-MALS.

SEC-MALS data Peak 1 7.5-8.7 min Peak 2 6.6-7.3 min

Mass recovery (%) |Mw (kDa) |rn (nm) Mw (kDa) |rn (nm) Mass fraction (%)
AT 0 % standard 93.1 141.6 5 299.2 2.9 0.3
AT 0.05 % standard 93.8 141.9 4.8 236.2 12.9 0.5
AT 0.1 % standard 93.8 141.1 4.7 246.1 0.5
AT 0.2 % standard 93.8 141.8 4.2 231 0.4
AT 0.39 % standard 93.3 141.3 4.9 257.5 17.3 0.4
AT 0.78 % standard 89.9 144.1 5.1 517.6 15.1 0.2
AT 1.56 % standard 88.5 144 4.4 565.9 6.1 0.2
AT 3.13 % standard 86.6 143.8 3 660.5 0.1
AT 6.25 % standard 84 144.3 4.2 589.7 14.6 0.2
AT 12.5 % standard 77.6 144.6 4.4 736.9 14.4 0.1

The ProteoStat Aggregation-% standards are designed to be used with the ProteoStat
probe to quantify aggregates in protein samples. Similar to the AT standards, ProteoStat
standards are also made with native IgG spiked with different amounts of aggregated I1gG.
Despite this, especially the probes detected them slightly differently. The differences
between the two standard sets could be caused by the fact that the AT standards were
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produced by using very high heat, which most likely resulted in large aggregates. This is
supported by the data obtained with DLS and SYPRO Orange, which had a 2-fold
improvement in LLD with the AT standards. The probe has been previously reported to
have a better sensitivity towards large aggregates®’. It is also possible that the large
aggregates dissociated into smaller units when highly diluted to create the lower standard
concentrations. It is noteworthy that the Protein-Probe was sensitive enough to probe two
different types of aggregates already from the ProteoStat standards, which could be
caused by the high sensitivity of the probe towards larger aggregates. DLS and SEC-
MALS shed light on the composition of the standards, and these methods also detected
differences between the two standard sets. With SEC-MALS, the mass recoveries of both
standard sets decreased when the aggregate amount changed from 0 % to 12.5 %. The
ProteoStat standards consisted of small oligomers visible with SEC-MALS, while with
the AT standards mainly the monomer peak was detected. This supports the idea that the
AT standards consisted of larger aggregates that were likely lost in the centrifugation step
before the analysis. Despite this, the main changes observed with both light scattering -

methods were functions of the monomer peak.

3.3 Long-term incubation of trastuzumab and atezolizumab at elevated

temperatures

The goal of this experiment was to obtain information about the aggregation process of
the two studied mAbs and to determine how well the used analytical methods could detect
small changes in the samples. Trastuzumab was incubated at 57 °C and atezolizumab at
53 °C for 11 days to obtain a slow and steady increase of aggregates. These temperatures
were optimized to create a slow increase of aggregates in the samples over time. DLS was
chosen as a reference method due to its extensive use in the industry, and the results were
compared to the ones derived with ProteoStat and Protein-Probe. Trastuzumab and

atezolizumab were chosen for this experiment based on their high concentrations.

The results of the DLS analysis for trastuzumab and atezolizumab are shown in Figure
13. For trastuzumab (Figure 13a)), the ru of the monomer peak was approximately 5.7
nm with PDIs of 0.14, indicating a relatively homogeneous peak during the first 4 days.
The monomer peak shifted towards larger particle sizes and widened with a simultaneous
decrease in the peak intensity from day 7 of incubation forward. For atezolizumab, the
intensity of the monomer peak decreased already from day 1 forward and started to shift
simultaneously to larger particle sizes and widen (Figure 13b)). With trastuzumab, the
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radius gradually increased with the PDI, and on day 11, the radius was 6.7 nm with a PDI
0f 0.53. The results were similar to the AT standards, but the changes were more modest.
Similar to the AT standards, a peak at around 30 nm was visible for the day 11 sample.
For atezolizumab, an ru of 6 nm was obtained for the monomer peak of the native,
unstressed sample. On day 3, the ru was already 7.2 nm with a PDI of 0.56, and on day
11, the monomer peak shifted to 17 nm. On days 3 and 4, a slight hump appeared at
around 20 nm for atezolizumab. From day 7 to 11, the shape of the former monomer peak
morphed into a size distribution of dual peaks where the intensity of the monomer peak
was significantly smaller than a new peak at around 20 nm. DLS could not separate the
two peaks from each other, which was also observed in the ru of the monomer peak. In
conclusion, DLS started to detect changes in the trastuzumab sample from day 9 forward

and the atezolizumab sample from day 1 forward.
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Figure 13. The size distributions of a) trastuzumab incubated at 57 °C and b) atezolizumab incubated at

53 °C produced with DLS.

The results obtained with ProteoStat and the Protein-Probe for trastuzumab and
atezolizumab are presented in Figure 14. Neither of the probes detected any aggregation
for trastuzumab during the first two days of incubation. On day 3, the signal started to
deviate from the native mAb with both methods. With ProteoStat, the S/B-ratio increased
from day 3 forward. On day 7, the S/B-ratio with ProteoStat was over 3, indicating that 7
days was the LLD for ProteoStat in this experiment. On day 7, the aggregation-%
obtained with ProteoStat for trastuzumab was over 1 % (7able 8.). With the Protein-
Probe, the S/B-ratio started to increase from day 4 forward. Despite the one-day delay in
the increase of the S/B-ratio for the Protein-Probe, it also had an LLD of 7 days, at which
point the aggregation-% was slightly over 0.1 % (7able 8.). On day 11, the Protein-Probe
method had an S/B-ratio of 2x larger than ProteoStat. For atezolizumab, on day 1, the
signal of ProteoStat had doubled, and it increased until day 2, which was the LLD. On
day 2 with ProteoStat, the aggregation-% was approximately 2 % (7able 9.). After day 2,

the signal was steady until day 9. This makes the LLD of 2 days for ProteoStat
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questionable. For Protein-Probe, the S/B-ratio increased slightly every day. On day 7, the
S/B-ratio exceeded 3, and the aggregation-% was approximately 0.3 % (Table 9.).
Contrary to the trastuzumab samples, ProteoStat seemed to have higher S/B-ratios for

atezolizumab than the Protein-Probe.
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Figure 14. The background reduced signals for a) trastuzumab and b) atezolizumab during the 11-day

incubation obtained with ProteoStat and Protein-Probe.

The two standard curves obtained with ProteoStat gave quite a similar aggregation-% for
the samples, with more variation starting to occur with the higher aggregate content. Also,
the two standard curves produced with Protein-Probe were in accordance with the
aggregation-% evaluations. The Protein-Probe method evaluated the aggregation-% of
the samples to significantly lower than ProteoStat. The aggregation-%s obtained with
Protein-Probe were approximately 10x lower than with ProteoStat. The results obtained
with the ProteoStat probe and the ProteoStat standards can be considered the most

accurate, since they are designed to be used together.

Table 8. The aggregation-% of trastuzumab during the 11-day incubation obtained with ProteoStat and

Protein-Probe using the two standard curves.

Aggregation-% of trastuzumab incubated at 57 °C
ProteoStat Protein-Probe
PS standard curve AT standard curve  |PS standard curve AT standard curve
LLD (Aggregation-%) 0.53 0.53 0.070 0.063
Day Aggregation-% + SD | Aggregation-% + SD | Aggregation-% + SD | Aggregation-% + SD
0 0.41 £ 0.04 0.60 £ 0.07 0.026 = 0.006 0.083 + 0.020
1 0.26 £ 0.02 0.36 + 0.04 0.014+0.012 0.063 £+ 0.071
2 0.30 + 0.06 0.44 £ 0.09 0.025+0.016 0.082 + 0.065
3 0.52 + 0.06 0.78 £ 0.11 0.033+0.019 0.092 £ 0.065
4 0.70 + 0.10 1.1+0.2 0.030 = 0.008 0.088 = 0.026
7 1.3+£0.2 2.1+0.3 0.12+0.02 0.16+0.03
9 1.7+£0.2 2.8+£0.3 0.15+0.03 0.18 +0.04
11 24+0.1 4102 0.55 £ 0.08 0.32 +0.04

35



Table 9. The aggregation-% of atezolizumab during the 11-day incubation obtained with ProteoStat and

Protein-Probe using the two standard curves.

Aggregation-% of atezolizumab incubated at 53 °C
ProteoStat Protein-Probe
PS standard curve AT standard curve | PS standard curve AT standard curve
LLD (Aggregation-%) 0.53 0.53 0.070 0.063
Day Aggregation-% = SD | Aggregation-% + SD [ Aggregation-% + SD | Aggregation-% + SD
0 0.54 £ 0.05 0.81 + 0.08 0.066 £+ 0.011 0.13 +£0.02
1 1.0+ 0.1 1.6+0.2 0.086+0.018 0.14 £ 0.03
2 1.8+0.2 29+03 0.14 + 0.04 0.17 +0.05
3 1.7+ 0.1 27+0.3 0.17 +£0.02 0.19 +0.02
4 2.1+0.2 3.5+0.3 0.21 £ 0.04 0.21 4+ 0.05
7 23+04 39+0.7 0.31+0.06 0.25+0.05
9 3.6+04 63+0.7 0.52 +0.07 0.31+0.03
11 48+0.2 8.6+0.5 0.50 + 0.08 0.31+0.04

This experiment shed light on the aggregation process of trastuzumab and atezolizumab.
The DLS data of heat-stressed trastuzumab revealed that the AT standards contained large
particles over 1 pm, while incubation at 57 °C led to a slow increase of smaller aggregates
below 100 nm. A lag phase of more than 4 four days was observed with the probes, and
changes were detected from day 7 forward. On the other hand, DLS started to detect
aggregation from day 9 forward as a decrease of the monomer peak intensity. DLS data
also revealed that the only clear aggregate had an ru of approximately 30 nm. It is likely
that the trastuzumab aggregates were reversible due to their small size and slow
formation. The incubation of atezolizumab at 53 °C was also optimal in inducing a slow
increase of aggregates. DLS and ProteoStat detected changes in the sample starting from
day 1. The Protein-Probe was slower at detecting the aggregation. First, DLS detected
changes regarding only the monomer peak, but from day 3 forward, small aggregates in
the size of 20 nm, possibly tetramers, started to form. Upon longer incubation, the size
distribution seemed to shift from a monomer to a small oligomer. On day 11, most of the
monomer had disappeared, and the oligomer was the dominating species. According to
ProteoStat and the ProteoStat standard curve, on day 11, atezolizumab had aggregation

of approximately 5 % and trastuzumab 2 %.
3.4 Short-term incubation of mAbs at elevated temperatures

The purpose of this experiment was to obtain more aggregation faster than in the long-
term incubation, and this was done by incubating all the studied mAbs at higher
temperatures of 60 °C and 70 °C. The goal was to achieve still sub-visible aggregates,

which has been previously done by incubating antibodies at 70 °C for 10 min®.
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Incubation at 60 °C for 10 min was chosen as an additional condition to assess the

sensitivity of the studied methods.

The results obtained with the probes are presented in Graph 1. and Table 10. as S/B-ratios
and aggregation-%s. With the Protein-Probe method, an abnormally high signal was
obtained for the detection solution, which may be reflected in the results. For ProteoStat,
SYPRO Orange, and Protein-Probe, the CV % varied between 2—41 %, 3-28 %, and 4—
71 %, respectively. The S/B-ratios at 60 °C were mainly below 2, which means that only
minimal aggregation was detected compared to the native mAb. This was also seen in the
aggregation-%s. Of all the mAbs, only bococizumab had S/B-ratio at 60 °C, indicative of
substantial aggregation with all the probes. This was expected since the mAb had a Tm-
value below 60 °C. Generally, the incubation at 70 °C caused a significant signal increase
for all mAbs detected by the probes, except for trastuzumab. Trastuzumab excluded, the
S/B-ratios obtained for the other mAbs at 70 °C with ProteoStat, SYPRO Orange and
Protein-Probe varied between 11-26, 5.6—19 and 5.5-77, respectively. The aggregation-
% for these samples mainly varied between 3.3 and 21 %, depending on the probe and
the standard curve used. The Protein-Probe had the most variation in the S/B-ratios, which

shows that the probe binds the aggregates with the most specific interactions.

Only one standard sample was used for SYPRO Orange to equalize the signals to the
ProteoStat standard curve. The amounts of aggregates detected were relatively uniform
between ProteoStat and SYPRO Orange. With Protein-Probe, the estimated aggregation-
%s for the samples were again significantly lower with the lowest estimates obtained with
the AT standard curve. The Protein-Probe estimated the aggregation-% of atezolizumab
incubated at 70 °C to be similar to the other probes when the ProteoStat standard curve
was used. For the same sample, Protein-Probe had an S/B-ratio of 77. This shows that the
used standards are not optimal to be used with the Protein-Probe. In addition, all probes

detected small amounts of aggregation already in the native samples.
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Graph 1. The S/B-ratios of all the mAbs incubated at 60 °C and 70 °C for 10 min. The used background

was the signal of the native, unstressed mAb. The SDs are presented as black lines.

Table 10. The aggregation-% of the mAbs incubated at 60 °C and 70 °C for 10 min according to the

probes with both standard curves.

Aggregation-% of mAbs i

bated in 60 °C and 70 °C for 10 minutes

ProteoStat SYPRO Orange Protein-Probe

PS standard curve AT standard curve  |PS standard curve  |AT standard curve  |PS standard curve AT standard curve
LLD (Aggregation-%) 0.53 0.53 0.57 0.21 0.070 0.063

Aggregation-% + SD|Aggregation-% + SD |Aggregation-% + SD|Aggregation-% + SD|Aggregation-% + SD |Aggregation-% + SD
Trastuzumab native 0.40 = 0.08 0.63 +0.13 0.58 +0.07 0.59 & 0.09 0.018 £ 0.013 0.084 + 0.055
Trastuzumab 60°C 0.50£0.16 0.80 = 0.27 0.60 £ 0.02 0.61 +0.03 0.022 £ 0.013 0.091 + 0.048
Trastuzumab 70°C 0.66 £ 0.13 1.1+0.2 0.68 + 0.07 0.70 £ 0.10 0.015 + 0.014 0.077 £ 0.066
Atezolizumab native 0.47 +£0.11 0.76 £ 0.18 0.63 +£0.07 0.65+0.10 0.019 +0.015 0.086 + 0.063
Atezolizumab 60°C 0.53+£0.17 0.86 = 0.29 0.70 £ 0.12 0.72 +0.16 0.023 & 0.022 0.091 & 0.078
Atezolizumab 70°C 4.9 +0.37 9.5+ 0.8 55+03 6.1+£0.5 3.5+0.5 0.85 £ 0.09
Bococizumab native 0.44 + 0.06 0.70 £ 0.09 0.82 +0.08 0.86+0.11 0.01+0.02 0.17 £ 0.03
Bococizumab 60°C 1.7 +£0.20 3.1+04 2.2+0.1 2.4+0.1 1.1+0.1 0.50 + 0.04
Bococizumab 70°C 10+ 1 21£2 11£1 13+£2 4.4+0.6 0.94 £ 0.09
Pembrolizumab native 0.50 = 0.07 0.81+0.12 0.63 + 0.05 0.65 + 0.07 0.12 £ 0.04 0.19 £ 0.05
Pembrolizumab 60°C 0.49 + 0.03 0.79 £ 0.05 0.75+0.10 0.77 £ 0.14 0.024 + 0.009 0.095 £ 0.031
Pembrolizumab 70°C 10+ 1 21 +£2 11£1 13+£2 3.3+0.5 0.83 +0.08
Antibody X native 0.25 £ 0.09 0.38 £0.15 0.90 + 0.04 0.94 & 0.06 0.026 + 0.015 0.10 £ 0.05
Antibody X 60°C 0.32+£0.13 0.49 + 0.21 1.4+ 0.3 1.5+ 0.5 0.022 + 0.007 0.091 + 0.027
Antibody X 70°C 33+£03 6.1+0.5 4.8+0.2 5.4+03 0.19 +0.03 0.24 +0.03

The size distributions obtained with DLS are shown in Figure 15. Trastuzumab was the

only mAb that showed essentially no difference in the size distributions between the

native and stressed samples. The size distribution between the native mAb and the mAb

incubated at 60 °C was similar with atezolizumab and antibody X. With pembrolizumab,

the intensity of the monomer peak in the 60 °C sample had slightly decreased, and with

bococizumab, the monomer peak had additionally shifted to larger particle sizes. The

incubation at 70 °C had shifted the monomer peak to a larger particle size of

approximately 20 nm and decreased its intensity for all mAbs except trastuzumab. With

atezolizumab, the sample incubated at 70 °C also showed a shoulder at the particle size
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of the monomeric mAb. No other particles than the monomer peak were visible in the
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Figure 15. The size distributions obtained with DLS of a) trastuzumab, b) atezolizumab, c¢) antibody X, d)

bococizumab and e) pembrolizumab unstressed and after incubation at 60 °C and 70 °C.

Two sets of these samples were prepared for SEC-MALS because the first analysis did
not give any peaks for the bococizumab and pembrolizumab samples. In the second
attempt, all the samples had aggregate peaks at the same retention times, even the native
ones. This indicated that aggregation could have occurred in the column due to, for
example, absorption of a sticky aggregate, which could have induced aggregation in the
other samples. Also, the elution times did not, in all cases, follow the decreasing size,
indicating secondary interactions between the column and the samples. It was deduced
that the information from the second attempt did not reflect the actual sample
compositions. Hence, the data from the first SEC-MALS analysis is presented here. As a

result, no SEC-MALS data is given for the bococizumab and pembrolizumab samples.

The data obtained for trastuzumab, atezolizumab, and antibody X by SEC-MALS are
shown in Figures 16., 17. and 18. as chromatograms with the MW curves visible. Also,
the MWs of the relevant peaks, the hydrodynamic radii, mass fractions, and mass
recoveries of all the three mAbs are presented in 7able 11. In the chromatograms mainly
monomer peaks were visible for the samples, and only a small amount of higher molecular
weight components were detected. The monomer peak intensities decreased but were not
fully in accordance with the amount of stress induced. The MWs of the main peaks all
corresponded to that of a monomer, with slight undervaluations. The small humps
preceding the monomer peaks had different MWs between the samples with mostly
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negligible mass fractions, which were not in accordance with the probes. However, the
mass fraction obtained for the hump of antibody X incubated at 70 °C was the same
magnitude as ProteoStat and SYPRO Orange estimated the aggregation-%. The MWs of
the preceding peaks suggested the presence of aggregates, but their composition was hard
to reason. Most likely, the monomers present in the aggregates had conformationally
altered structures. Also, their content was not homogeneous, and the uncertainties (%) for
these MW estimates were high. Additionally, SEC-MALS had trouble estimating the ru
for the components. The mass recoveries of the samples varied greatly, with the worst
obtained for atezolizumab samples. Atezolizumab incubated at 70 °C had only a 36 %

sample recovery.
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Figure 16. Chromatograms of the trastuzumab samples incubated at 60°C and 70°C obtained with SEC-
MALS with the MW curves visible.
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Figure 18. Chromatograms of the antibody X samples incubated at 60 °C and 70 °C obtained with SEC-

MALS with the MW curves visible.

Table 11. Relative information obtained with SEC-MALS of trastuzumab, atezolizumab and antibody X

incubated at 60 °C and 70 °C.

SEC-MALS data Peak 1 (7.8-10.8 min) Peak 2 (6.9-7.8 min)
Mass recovery (%) Mw (kDa) |rn (nm) Mw (kDa) |rn (nm) Mass fraction (%)
Trastuzumab native 85.2 140.3 52 501.8 45.3 0.1
Trastuzumab 60°C 86.2 141.1 42 254.6 0.2
Trastuzumab 70°C 83.5 1394 4.3 356 0.1
Peak 1 (7.9-10.7 min) Peak 2 (7.0-7.9 min)
Mass recovery (%) Mw (kDa) [rn (nm) Mw (kDa) |rn (nm) Mass fraction (%)
Atezolizumab native 60.3 146.5 4.2 1376 0
Atezolizumab 60°C 66.2 142.1 4.1 265.9 0.2
Atezolizumab 70°C 35.8 138.2 0
Peak 1 (8.0-10.8 min) Peak 2 (5.2-8.0 min)
Mass recovery (%) Mw (kDa) |rn (nm) Mw (kDa) [rn (nm) Mass fraction (%)
Antibody X native 79.2 143.2 1.4
Antibody X 60°C 88.4 1353 2.6
Antibody X 70°C 64.2 148.5 7.6 1107.6 13.9 1.3
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SEC-MALS did not provide much information on the sample compositions, as it mainly
indicated aggregation as functions of the monomer peaks. Also, SEC-MALS suffered
from significantly low sample recoveries, and peak shapes indicated that the system
would have benefited from optimization for these samples. The DLS data revealed that
aggregates below 50 nm in rg were present in the samples incubated at 70 °C, but due to
poor resolution, the peaks also contained the monomeric mAb. The probes were in
accordance with the DLS data, and the most aggregated samples were bococizumab and
pembrolizumab incubated at 70 °C. ProteoStat and SYPRO Orange evaluated these
samples to have aggregation at around 10 %. While significant aggregation could be
expected for bococizumab, for pembrolizumab, it was surprising since the mAb had a

very similar Tm to atezolizumab and antibody X.
3.5 Low pH incubation of trastuzumab, atezolizumab and pembrolizumab

Aggregation was induced on three mAb samples by incubation at low pH and then
returning the pH near neutral. The goal of this experiment was to see the effect of low pH
on aggregation, and it was designed to mimic the viral inactivation process that occurs in
mADbD production. In the viral inactivation process, the pH is kept at 3.6 for several hours
to inactivate any viruses and then returned to a near-neutral pH>’. To ensure the formation
of aggregates, an additional pH of 3.2 was used, and both low pH incubations were carried
out at 37 °C. Trastuzumab, atezolizumab, and pembrolizumab were chosen for this
experiment based on their high concentrations. The results from the low pH incubation
with the probes are shown in Graph 2. as S/B-ratios and in Table 12. as obtained
aggregation-%s. For ProteoStat, SYPRO Orange, and Protein-Probe, the CV % varied
between 5.3-35 %, 0.1-44 %, and 5.3-57 %, respectively.

The S/B-ratios obtained for the samples incubated at pH 3.6 were much lower than for
those incubated at pH 3.2. None of the probes detected aggregation for trastuzumab
incubated at pH 3.6, but for atezolizumab at pH 3.6, the S/B-ratios were over 1, with
SYPRO Orange having the largest ratio of 2.4. For pembrolizumab at pH 3.6, the Protein-
Probe had the highest S/B-ratio of 8.5, approximately 2—3x higher than ProteoStat and
SYPRO Orange. As for the incubations conducted at pH 3.2, surprisingly, SYPRO
Orange had the highest S/B-ratios for trastuzumab and atezolizumab. For pembrolizumab,

the S/B-ratios were at the same level between the probes.

Only one standard sample was used for equalizing the sample signals to the trastuzumab

standard curve for all the probes. The amount of aggregates present in the samples
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followed the trend of the S/B-ratios. Trastuzumab incubated at pH 3.2 had approximately
1-2 % of aggregation, while atezolizumab and pembrolizumab had 5-20 %, depending
on the used probe and standard curve. ProteoStat and SYPRO Orange gave relatively
similar estimates for the aggregation-% for the samples. On the other hand, the Protein-

Probe estimated them to be significantly lower again.

S/B-ratios of trastuzumab, atezolizumab and pembrolizumab
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Graph 2. The S/B-ratios obtained with ProteoStat, SYPRO Orange, and Protein-Probe of trastuzumab,
atezolizumab, and pembrolizumab incubated at pH 3.6 and pH 3.2. The used backgrounds are the signals

received for the native, unstressed mAbs. Standard error bars are included as black lines.

Table 12. The aggregation-% of trastuzumab, atezolizumab, and pembrolizumab incubated at pH 3.2 and

pH 3.6 according to the probes by using the ProteoStat and AT standard curves.

|Aggregation-% of trastuzumab, at b and pembroli b incubated at pH 3.2 and pH 3.6

ProteoStat SYPRO Orange Protein-Probe

PS standard curve AT standard curve PS standard curve AT standard curve PS standard curve AT standard curve
LLD (Aggregation-%) 0.53 0.53 0.57 0.21 0.070 0.063

Aggregation-% = SD |Aggregation-% + SD |Aggregation-% + SD |Aggregation-% + SD |Aggregation-% + SD |Aggregation-% + SD
Trastuzumab pH 3.6 0.59 +0.19 0.83 £ 0.32 0.27 = 0.03 0.33 +0.04 0.10 + 0.10 0.010 + 0.031
Trastuzumab pH 3.2 1.2+0.1 1.9+0.2 2.1+0.2 2.7+0.3 0.24 + 0.05 0.25 + 0.04
Atezolizumab pH 3.6 1.1+0.2 1.6+ 0.3 1.6+ 0.3 2.1+£04 0.069 + 0.024 0.14 + 0.05
Atezolizumab pH 3.2 4.1+0.3 6.7+0.6 8.1£0.5 1+1 0.58 + 0.09 0.36 £ 0.04
Pembrolizumab pH 3.6 2.6+0.3 4.0+0.6 2.8+0.2 3.8+£0.4 0.48 £ 0.07 0.33 £ 0.04
Pembrolizumab pH 3.2 16+2 29+4 26+ 1 37+1 1.6 +0.2 0.56 + 0.05

The results obtained with DLS of the samples are shown in Figure 19. The lower the pH,
the more the monomer peaks decreased in intensity, shifted to larger particle sizes, and
widened. Least changes were seen with trastuzumab and the most with pembrolizumab,
which was in good accordance with the data obtained from the probes. Even though no
significant changes could be seen for trastuzumab, the ru of the main peak increased to

over 6 nm after incubation at pH 3.6. However, the only deviating ru of the main peak
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occurred when pembrolizumab was incubated at pH 3.2. In these conditions, the ru was
12 with a PDI of 0.53.
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Figure 19. The size distributions obtained with DLS for a) trastuzumab, b) atezolizumab, and ¢)

pembrolizumab unstressed and after incubation at pH 3.6 and pH 3.2.

The chromatograms with MW curves visible obtained with SEC-MALS for all the
samples are presented in Figures 20., 21. and 22. In Table 13. are collected the obtained
MWs and the hydrodynamic radii of the two first peaks, mass fractions of the higher MW
peaks, and the mass recoveries for the whole samples. The decreasing monomer peak
intensity was common for all the mAbs upon decreasing pH. In addition, all the mAb
samples had a higher MW peak preceding the monomer peak except the native
trastuzumab sample. The samples subjected to low pH also showed fragments eluting at

later times.

For all the samples, the MWs of the monomer peaks corresponded to that of a monomeric
IgG, though slightly underestimated. Pembrolizumab incubated at pH 3.6 made an
exception since the MW of the monomer peak was 170 kDa. The PDI of this peak was
also higher than the PDIs of the other monomer peaks. For trastuzumab and atezolizumab,
the monomer preceding peaks of the stressed samples had MWs indicative of a dimer.
For native pembrolizumab and pembrolizumab incubated at pH 3.2, the monomer
preceding peaks had an MW similar to the monomer peak. This suggests that these are
monomers with altered conformations. It is unclear why the unstressed sample also

showed a presence of the altered structure, but it could be characteristic of the specific
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mAb. This could explain why pembrolizumab was the least stable under this experimental
setup. The mass fractions determined for the higher MW peaks corresponded with the
aggregation-% obtained with the probes. For example, SEC-MALS determined the mass
fraction of the aggregate in trastuzumab pH 3.6 —sample to be 0.4 %, while ProteoStat
determined the aggregation-% to be 0.6 %. However, the mass fractions derived from
SEC-MALS are not as trustworthy since significant sample loss occurred again. Upon
incubation at low pH, the sample recoveries significantly decreased. The instrument was
also unable to determine the hydrodynamic radii with the flow mode DLS for most of the

peaks, and the ones obtained did not correlate with the MWs.

Molar Mass vs. time

“— Trastuzumab native *— Trastuzumab pH 3.6 *— Trastuzumab pH 3.2

o
1.0x10 §

A
1.0x10 §

1000000 3

Molar Mass (g/mol)
3
3

013

0.01 5

6.0 80 100 120
time (min)

Figure 20. Chromatograms of trastuzumab samples before and after incubation at pH 3.6 and pH 3.2

obtained with SEC-MALS with the MW curves visible.
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Figure 21. Chromatograms of atezolizumab samples before and after incubation at pH 3.6 and pH 3.2
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Figure 22. Chromatograms of pembrolizumab samples before and after incubation at pH 3.6 and pH 3.2

obtained with SEC-MALS with the MW curves visible.
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Table 13. Relative information obtained from the analysis of the low pH -samples with SEC-MALS.

SEC-MALS data Peak 1 (7.5-8.9 min) Peak 2 (6.8-7.5 min)
Mass recovery (%) [Mw (kDa) [rn (nm) Mw (kDa) |[rn (nm) Mass fraction (%)
Trastuzumab native 91.5 138.4
Trastuzumab pH 3.6 84.4 139.3 241.1 7.3 0.4
Trastuzumab pH 3.2 66.1 138.2 339.8 0.3
Peak 1 (7.6-9.0 min) Peak 2 (6.5-7.6 min)
Mass recovery (%) [Mw (kDa) | (nm) Mw (kDa) |m (nm) Mass fraction (%)
Atezolizumab native 105 132 55 10.7 4.5
Atezolizumab pH 3.6 73.2 139.7 311.7 6 0.7
Atezolizumab pH 3.2 42.5 141.7 292 7.2 2.3
Peak 1 (8.7-10.2 min) Peak 2 (8.2-8.7 min)
Mass recovery (%) [Mw (kDa) | (nm) Mw (kDa) |[rn (nm) Mass fraction (%)
Pembrolizumab native 93.8 139.2 123.1 3.8
Pembrolizumab pH 3.6 48.1 172.8
Pembrolizumab pH 3.2 46.3 139 143.6 5.8 2.8

All the methods were in accordance with each other, despite that SEC-MALS did not
provide much information about the samples again. However, it did estimate the
aggregation of trastuzumab to be more significant than DLS and the probes if the mass
recoveries are regarded. Pembrolizumab seemed to be the most susceptible to
aggregation induced by pH variation. The obtained Tm-values do not explain the higher
aggregation of pembrolizumab since atezolizumab had a similar Tm-value to

pembrolizumab.

4 Conclusions

NanoDSF produced reliably unfolding curves for all the mAbs, and the utilization of
intrinsic luminescence is a clear benefit since it simplifies the experiments. The sensitivity
of the method was similar to SYPRO Orange. However, the dynamic concentration range
provided by the instrument manufacturer is extensive, which allows the analysis of mAbs
at concentrations that are relevant in formulations. This specific instrument is then
beneficial from mAb development to formulation studies. The performance of the method
suffered from the presence of Triton X-100, and so it is not compatible with all excipients.
However, this was also observed with ANS and SYPRO Orange. A clear disadvantage of
nanoDSF is that it relies on the amount of luminescent amino acids present in the mAb
structure, which can vary greatly and affect the mAb visibilities. The thermal unfolding
curves generated with the external probes had more variance between different mAbs
than what was observed with the curves produced with nanoDSF. In some cases, strong
interactions with mAbs occurred at RT, which lowered the S/B-ratios and affected the
mAb visibilities. Even if a clear transition is obtained with this kind of mAb-probe
combination, the possible interferences to the unfolding event must be considered.

However, it is possible that method optimization could have fixed the problems observed
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with the probes. A much higher sensitivity was obtained with the FRET-probe than with

nanoDSF, enabling very low sample consumption.

SYPRO Orange generally had a low luminescence signal at RT with the mAbs, which is
desired from a luminescent probe used to probe differences between the native and altered
structures. The probe’s functionality also shows in the S/B-ratios of the unfolding curves.
It functioned the most consistent among all the tested probes and was the most applicable
for all the mAbs. This highlights its popularity in DSF measurements and reveals that it
does not have highly specific interactions with the mAbs. Overall, a lack of specificity
might be desired when analyzing a variety of mAb structures, and for that purpose, a
hydrophobic probe seems to suit the best.

ANS performed the least optimal out of all the tested probes. The poor performance of
ANS could be due to the use of surfactant'® even at the lower concentration. ANS could
have required a surfactant free assay to exhibit its full potential, but if so, it is a significant
limitation e.g., in formulation studies. In addition, the dye needs to be excitated in the UV

region and hence is not as versatile as the other probes.

The FRET-probe exhibited varying results. It could be proposed that the peptide
responsible for probing conformational changes is suboptimal for mAb structures like
bococizumab, where the microenvironment of luminescent residues is polar already in
the native conformation. It seems that the probe has an affinity towards some of the
antibody structures at RT, and this causes it to lose its sensitivity towards the structural
changes in the used conditions. For trastuzumab and pembrolizumab it worked
exceptionally well, and for these mAbs, the F350/330 nm was low at RT, and so was the
signal with FRET-probe. Thus, it can be reasoned that the mAb structure plays a crucial
role in the ability of the probe to probe the conformational changes and subsequently

provide good thermal unfolding curves.

All the methods produced thermal unfolding curves for all the mAbs. Out of the mAbs,
trastuzumab exhibited the highest unfolding event at around 80°C and bococizumab the
lowest at around 60°C. Bococizumab seemed to create the most deviating unfolding
curves out of the mAbs. Not only did it cause a decreasing curve with the nanoDSF, but
it also caused relatively high starting luminescence with all the external probes, especially
with the FRET-probe and ANS. The decreasing 350/330 nm ratio for bococizumab at RT
suggests that the luminescent amino acid residues are exposed to a polar environment

instead of usually being buried in the structure. With nanoDSF, the assay window was
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also reduced with bococizumab compared to the other mAbs. It can be deduced that the
structure of bococizumab differs significantly from the other studied mAbs. It is also

possible that the mAb sample was not entirely monomeric.

DLS was supposed to provide size distributions and hydrodynamic radii for the
aggregated samples. Its main advantage is the non-destructiveness of the method
reflecting the actual sample composition. It is also optimal for discovering even trace
amounts of aggregates. The main phenomenon observed with DLS upon analyzing
stressed samples was changes in the monomer peaks. The more aggregated the sample,
the more the monomer peak decreased in intensity, widened, and shifted to larger particle
sizes. Also, the PDI values increased simultaneously and indicated that DLS lacked the
resolution to separate the components. In a few experiments, like atezolizumab incubated
at 53 °C, DLS was able to show separation between the monomer peak and an aggregate
peak at around 20 nm. One explanation for the changes in resolution is the working
concentration ranges for specific particle sizes**. This could also explain why the
instrument mostly only detected the monomer peak. In general, it can be deduced that the
aggregation experiments caused mainly aggregates sized < 100 nm. As for particle sizes
above 100 nm, only the AT standards seemed to contain large aggregates of even > 1 um.
However, the instrument could not determine exact particle sizes for most of the
aggregate peaks. Usually, the ru of aggregate peaks suffered from a SD of several
hundred.

SEC-MALS is a standard method used to obtain qualitative and quantitative information
about aggregated samples. Despite this, the high-pressure SEC-MALS suffered from
serious drawbacks in these experiments. As large aggregates can block the system, the
samples were centrifuged or filtered before the analyses. This changed the sample
compositions and removed any large aggregates, which was detected as low sample
recoveries. However, even the native samples had sample losses of some percentages.
The sample loss was also visible in the chromatograms, as the intensity of the monomer
peak decreased, but no additional particles became visible. In addition, the MW range of
the column excluded larger aggregates. In terms of separation and MW determination,
some dimers were successfully separated from the monomers, and the determined MWs
were obtained with low uncertainties. The MWs for the monomer peaks were slightly
underestimated and the peaks suffered from tailing in some experiments. With some of
the peaks containing larger aggregates, the PDIs indicated that SEC could not separate

the contents due to fast equilibrium events occurring in the samples. Some of these peaks
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were, on the other hand, homogeneous, but the MWs were not exact multimers of the
monomer. This indicates that the monomers in the aggregates had altered in structure.
The sample fractions of the aggregates were mainly not in accordance with the probes but
either under- or over-estimated. While the hydrodynamic radii obtained with flow mode
DLS for most of the monomers were accurate though slightly underestimated, the
instrument struggled to obtain them for the other particles. Alternatively, the radii were
not compatible with the MWs and had high uncertainties. In addition, in one experiment,
SEC-MALS could not produce data for some samples. However, it is likely that some of

these problems would have been solved by focusing on method optimization.

The luminescent probes used were sensitive in detecting aggregation in the samples. With
the help of standard curves, the signals produced, especially with ProteoStat, could be
used to assess the aggregation-% of the samples. Since ProteoStat was designed to be
used with the ProteoStat standards, and it also gave similar results to the AT standards,
the estimates the probe produced can be considered relatively accurate. In addition,
SYPRO Orange gave similar estimates for the aggregation-%s than ProteoStat. The
Protein-Probe estimated the aggregation-% of the samples to be lower than SYPRO
Orange and ProteoStat. This is likely due to the high specificity of the probe and the small
sample volumes used with the method. Since the Protein-Probe interacts with the highest
specificity out of the probes, it likely requires a standard curve created from the same
mAb used in the aggregation experiments. The S/B-ratios obtained with the FRET-probe
varied greatly, with the highest obtained for trastuzumab. Since the Protein-Probe is
similar in structure and function to the FRET-probe, it can be deduced that the differences
in S/B-ratios between different mAbs will cause a significant undervaluation of the
aggregation-%. A 2 pl sample volume used with the Protein-Probe compared to the 98 pl
and 28 pl used with ProteoStat and SYPRO Orange, will also cause discrepancies.
Homogeneous samples are difficult to obtain with very low sample volumes, and
absorption to the pipet is a likely occurrence. Hence, the Protein-Probe likely measured

aggregation from a different perspective than the two other probes.

The probe-based protocols were user-friendly and relatively fast to perform. No complex
and expensive equipment was needed. Also, the external probes were non-invasive, even
though the probes may disturb the aggregate equilibriums. In the case of the ProteoStat
and SYPRO Orange, essentially no dilution in the wells occurred due to large sample-to-
detection volume ratios. With the Protein-Probe method, a dilution of over 30x occurred

in the addition of the detection solution, which may have affected the possible reversible
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aggregates depending on the mAb concentrations. The sample consumptions varied
significantly, as 49x more sample was required with ProteoStat compared to the Protein-
Probe method. Especially the sample consumption of Protein-Probe enables very low
material consumption, and a possibility for frequent assay runs with low-concentration
samples. The probes do not give direct information about the nature of the aggregates,

even though they did display different selectivities.

The different stress conditions used induced various aggregates. The Protein-Probe had a
higher sensitivity towards the standards with higher aggregate-% based on the standard
curves. This could be related to either the larger size of the aggregates, the presence of
more appropriate binding sites, or both. SYPRO Orange showed unusually large S/B-
ratios for the low pH aggregates, indicating that the structures differed from those
produced by high temperatures. This could mean that the aggregates were amyloid-like,
towards which the probe has shown extreme sensitivity®s. A connection between acidic
pH and amyloid formation has been discovered previously>®. The LLDs obtained from
the standard curves suggested the Protein-Probe to be the most sensitive of the probes.
The Protein-Probe has been reported to detect < 0.1 % of IgG aggregates, which is
substantially less than what the ProteoStat manufacturer promises for ProteoStat (1-5%).
However, in these experiments, the Protein-Probe seemed to have a similar sensitivity to
the other probes with a few exceptions. One explanation for this is the dilution of the
sample occurring with the Protein-Probe method. If the samples contained reversible
aggregates, it is possible that the dilution caused them to dissociate, and this changed the
sample composition. In addition, due to the small sample volume used with Protein-
Probe, the samples were likely less homogenous than in larger sample volumes. In
conclusion, all the probes seemed to perform equally well in terms of the S/B-ratios,

which reflect the sensitivities.

ProteoStat performed the most reliably out of the probes, as the specific mAb structure
did not affect the evenly high S/B-ratios it produced. ProteoStat has been reported to be
more sensitive towards smaller aggregates**, which all the experiments seemed to
produce. Despite this, the two other probes produced higher S/B-ratios for the aggregates
induced by low pH. It could be possible that the probe is not as sensitive toward amyloid-
like aggregates. ProteoStat could be used with both standard sets, which is a clear benefit.
A downside of the probe is that the sample consumption is relatively high compared to

the other probes.
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On average, the external probes detected 10x less aggregates present than DLS and SEC-
MALS, providing significantly better sensitivity. With the help of aggregation-%
standards, they could provide qualitative data with low-cost equipment, simple protocols,
and without any separation process. While light scattering-based methods are, in theory,
optimal for aggregate studies, either physical or mathematical models for separation are
necessary, which both have their downsides. The mathematical models in batch-mode
DLS cannot provide sufficient separation in all cases, and physical separation in high-
pressure SEC-MALS is not ideal with sensitive samples like aggregates. The information
obtained with DLS was qualitative but sometimes very limited depending on the samples.
SEC-MALS did not generate much qualitative or quantitative data, as parts of the samples
never entered the system. In addition, the separation process was disturbed by the

aggregate equilibriums.

The most optimal combination to study aggregation would be DLS with an external probe
based on this work. These data combined would give qualitative and quantitative
information of aggregation. The concentration working ranges for each particle sizes with
DLS should be determined so that the data produced would be as accurate as possible.
Considering the dynamic nature of aggregates, any invasive methods should be avoided

to obtain results representative of the actual sample composition.
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