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Abstract

Comparabilityassessmentwe frequentlyerformedduring
biopharmaceutical drugevelopmento evaluate theffect of manufacturing
processhanges othe structural integrity, safety and efficacy of candidate
proteindrug products. Physiochemicatalyticalevaluatiors (an essential
element of any comparability exercise) involve multiple assessment techniques
mapping the differeraspects of protein struotl integrity(primaryand higher
orderstructures) Although significant dvances in regards to primary structure
evaluatiors have been madedhudingpeptide and oligosaccharide mapping
techniquesombined with mass spectrometry, the need for moretsens
approaches for the evaluation of higher order structures of proteins, especially in
their final pharmaceutical dosage forms, remains an important challenge. In this
dissertation, the ability of using multiple protein conformational stability studies
(combined with novel data visualization approaches) as surrogates for evaluating
and comparing di f-bréerstructure greegploeed imtsed6 s hi gher
context of comparability. Empirical phase diagrams (EPDs) and radar charts,
constructed usingtge data sets from high throughput, lowesolution
biophysical techniques, are used to deteajor (point mutations of FGE) and
minor (different glycosylation patterns of an IgG1 mAb and Fc molecules)
structural differences between proteins. In addijtfor the IgG1 Fc glycoforms

expressed in yeast, the effect ofihked glycosylation site occupancy, as well as



the effect of different charge states in various nonglycosylated forms, within the
Cu2 domain was examinedsing this approach, differencesconformational
stability were detectednderstress conditions thaid notnecessarilyetect
structural integrity differences in these proteins in the absence ofstiheses

Thus, an evaluation of conformational stability differences may serae as
effective surrogate to monitonore subtlalifferences in higheorder structure

between protein sample@s part comparability assessments
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Chapter 1

Introduction



1.10verview

Protein based drugs (also knowrpagtein therapeutics or
biopharmaceuticg) are structurally complex, highly specific macromolecules
used therapeutically to compensate for body deficieneigsliormones and
clotting factors) as medicatreatents(e.g.,cytokines and monoclonal
antibodies) as well a® prevent diseas€g.g., polyclonal antiserum and certain
vaccines). A proteinmo | e s sirliceirdl complexity makes it quite challenging
to preservdiologicalactivity and stability throughouhanufacturing, storage
(sheltlife) ard administrationThe primary structure of a protein is defined by the
sequence of twenty different amino acid residues covalently linked to each other
through peptide bonds, in addition to any enzymatic,-passlational covalent
modifications of certai amino acid regiues such as-linked glycosylation of
asparagine, phosphorylation of serine and sulfation of tyrosine. The local folding
into secondary structures is the first step in for the formation of hlder
structures in proteins: for exarepl-h éJ1 i c esbeeta forched bhrough
hydrogen bonding between the main chain NH and C=0 groups. The packing of
such secondary structural elements into a three dimensional folded, globular unit,
called a domain; a folded, protein molecule may contagnarrmultiple domains.
This, formation of the overall three dimensional shape of protein is referred to as

the tertiary structure of a protein. Lastly, the arrangement of multiple polypeptide



chains, that each form independent tertiary structures, imbgomeric complex
i's termed as a proteinds quaternary struct
Proteindrug molecule are prone to different degradation mechanisms
(chemical or physicalluring manufacturing and storagehich ultimatelycan
lead to the loss of structurattegrity and potency(through structural alterations)
as well agpotentially increases immunogenicityreactions upon
administratiorf> Chemical degradatiopathwaysnvolve covalent bond
modifications, as ilsn deamidationAsp isomerization, Mebxidation,
polypeptide chairproteolysis and disulfide bond shuffliidg?hysical degradation,
on the other hand, includes distinct pathways sugrasinstructural
alterations’ surface adsorptiohaggregatiorf and precipitatiorl. There are many
causes leading thié physical and chemicdégradatiorof proteinsincluding
exposure to differergnvironmentabtressege.g.,agitation'® UV light *'and
temperaturé?®) as well achanges in solution arfdrmulationconditions(e.g.,pH
13 jonic strengtht* and addities™). A better understanding of the possible
degradation mechanisaf a protein therapeutic is key step in the formulation
development of safe and effectipeoductcandidates to be evaluated in clinical
trials.
In 1982, the first biotechnology deeigt protein product (Humulf) based
on recombinant DNA technology was approved in the U.S. to be used forinsulin

dependent diabetes mellitus patients. The doors were then opened for



development of more biotechnology based pharmaceutical products, &86in 1
the first monoclonal antibody (mAb), Muromonab (Orthoclone, OKT3), came to
the market as an immune suppressant for patients subjected to organ transplant.
Currently there are more thabQlproteirbased drugs approved the FDA and
EMEA, 35 of thosearemAbs, and more than 900 medicines and vaccines are
being developed, with 30 mAbs in lateage development.t® 1

Inthe mid1980s andearlf 99 006s, the demand for produ
make larger amounts of protein drugs increased substgntallsing
manufacturers to develop new technologies and fgatbeir manufacturing
process to meet up higher demands. The need for an efficient and scientifically
based protocols to evaluate the effect of process changes and productiaup scale
on the sructural integrity and clinical safety and efficacy of protein drug
candidates was realized then by the biopharmaceutical industry and government
regul ators, which gave birth to the terms
bi otechnol ogy pr oidtuiglBDA guidance ih Aprit;, 10965 ar ab i |
The general concepts of comparability were then further defined and expanded by
additional regulatory guidances from the European Medicines Agency (EMEA) in
2003,*®the International Conference on HarmonizatiorHJCQ5E) in 2003

and by the World Health Organization (WHO) in 2089.

1.2 Comparability study definition, concept, and goals.



The primary and higher order structure of prothing molecules are
delicate in nature, especially compared to smallecule drugs, and are highly
sensitive to environmental changes and stresses in general. Changes in the
manufacturing process for a protein therapeutic may occur during clinical
development or after commercialization. These changes are frequently applied
either the manufacturing steps of the active drug substance (e.g., facility,
equipment or process changes) or in the finished drug product (e.g., formulation
excipients, containetlosure system, dosage form chang&sj? A manufacturer
may apply chnges in their manufacturing processes for variety of reasons such as
improving yields and purity, ensuring better patient convenience, or facilitating
compliance with new regulations. Comparability studies are performed to assess
the effect of theseproses and product changes on the #Acr
(CQAs) by comparing the pre and pasiange protein products through a series
of tests performed in a heaothead fashion. Critical quality attributes are defined
as the collective product quadis defining the identity, purity, potency, safety and
stability of the protein drug produtt.
Changes in critical quality attributes of a biological drug due to
manufacturing process changes were historically anticipated since, as was
commonl|l yespaiod¢cesis his the producto, a phras
potential sensitivity of a biological product towards manufacturing changes.

Given numerous advances in analytical technologies to characterize proteins



along with a greatly improved understandirigpmtein structure and stability, the

ability to better assess whether a given process and product change affected the

structural integrity, efficacy or safety profile of a given protein drug became

possible. These advances in our scientific understgniderefore allowed for the

implementation of comparability studies in the biopharmaceutical industry. The

scientifically based assessment of comparability between the pre arthpoge

product relies on the abiliitgtéoasbhawsexpe
thatthe preandpesthange products are Ahighly simil a
physiochemical and biological characteristics, degradation profile,

pharmacokinetics and immunogeniciyPhysiochemical characterizations,

biological assays and stabilithegradation profiles of the drug product are

considered the corner stone of any comparability exercise. The ability to establish

highly similar analytical profilesemoveghe need for additional clinical

evaluations such as pharmacokinetic, efficacy@ndimunogenicity studies.

The ICH Q5E regulatory guideline describes comparability exercises and some of

elements to consider in order to determine physiochemical similarity between a

drug product made by two different manufacturing proce’Sses.



1.3 Elements of a protein comparability study
1.31 Physiochemical characterization

Extensive physiochemical analytical characterization of thevstepost
change active pharmaceutical ingredient (protein itself) and the final drug product
(final dosagdorm with protein and exciprs in the primary container) are
typically the first stepof a comparability evaluation. In these studies, the effect
of manufacturing process changes on the
polypeptide chain, as Was the integrity of the secondary, tertiary and
guaternary structures are evaluated.

For protein primary structure evaluations, peptide mapping is frequently
used to assess the integrity of the amino acid residues and sequence within a
specific protan molecule. This technique involves the chemical or enzymatic
treatment of the protein to generate a specific set of peptide fragments, which in
turn are then separated using Reversed Phase High Performance Liquid
Chromatography (RIPIPLC) method equippedithh diodearray ultraviolet (UV)
for detection. Isolated peptide fragments are then mass characterized using online
mass spectrometry (MS) methods. Peptide mapping has proven to be a valuable
technique in comparability studies, since each protein upog specific
proteolytic enzymes would give specific peptide fragments that are used as a
fingerprint for the protein under evaluatiéfi?° Comparing theeptide map

profiles for the pre and peshange proteins can show alterations in the protein



polypeptde backbone such as fragmentation or changes in individual amino acid

residues (e.g., mutation, oxidation, deamidation, or-passlational

modifications). The correct disulfide pairing can digoevaluated using the same

technique by comparing pept&lander reduced and noaduced conditions.

Alterations in a protein moleculeds pri mar

outcomes ranging from modifications in safety (immunogenicity), efficacy

(binding or enzymatic activity) or stability (folding/aggration) profiles. In

contrast, however, sometimes these changes have no significant biological effects.

The nature and extent of the physicochemical changes (if they occurred during the

process change) must then beptully evaluat

changeo protein (i.e., protein made from t

Based on the outcomes from these types of evaluation studies, additional

analytical characterization studies might be recommended to more thoroughly

understand the nature afy structural changes and rule out any hidden effects on

the proteindés critical guality attributes.
Various postranslational modifications (PTMs) such aggfcosylation,

O-glycosylation and/or @erminal Lysine clipping, are frequently observed upon

changing cell culture manufacturing process, which is partially responsible for the

heterogeneous nature of proteins since they are produced b¥/ Gélésrisk of

having a change in the PTM of a protein depends on the nature of changes in the

manufactuing process (e.g., cell line and cell culture media component changes



have higher risk of leading to PTM compared to changes in purification during
downstream processing) Additionally, the type of the glycoprotein under
evaluation and the extefgercen by masspf glycosylation (erythropoietin is

40% N-glycosylated vs. 2% lycosylation in an IgG1 monoclonal antibod$))

plays a crucial role on the effect of process changes on PTMs as well. Mass
spectrometry based techniques are frequently usedamobsight into a

gl ycoproteinds glycosylation composition a
ionization based techniques such as matsgisted laser desorption/ionization
(MALDI -MS) and electrospray ionization (EBIS) are frequently used for this
purpose 2#% A more detailed picture about the glycan structure and composition
can be achieved using oligosaccharide mapping were the glycan residues are
enzymatically cleaved from the protein and then labeled with a fluorescent
molecule (e.g., Aminoberzamide is frequently used) for detectidh® The

different fluorescenthfabeled glycans are then passed through an normal phase
HPLC system equipped with a fluorescence detector for separation and analysis.
Using such a methoéxtent of similarity bewveen the preand posichange

protein in terms of the correct glycosylation site, branching, sequence and sugar
types is feasible. This is an important result given that glycosylation plays a
critical role in defining protein conformation, clearance, fiomality, folding and

stability.



Ensuring nativdike higher order structures (secondary, tertiary and
guaternary structures) in a protein produced from both th@pdeposichange
manufacturing process is essential since the overall three dimensional
configuration not only defines a proteinos
efficacy and safety when being used a drug candidate. Differences in higher order
structures could stem from physical changes in structural integrity (i.e., partial
unfolding, conformation changes and aggregation) as well as from modifications
in either the backone structure (mutation, deamidation) and/or PTMs such as
glycosylation. These differences in higher order structure (HOS) sometimes are
only detected during longrm storage or during accelerate storage which involve
changes to the surrounding environment (e.g., temperature shifts or agitation). In
addition to the properties of the protein molecule itself, pharmaceutical additives
(i.e., excipients such as salssirfactants, sugars), solution conditions (such as pH
and ionic strength) as well as the nature of the final dosage form (liquid vs.
lyophilized) can also impact the HOS of a protein.

The assessment of higher order structural integrity and conformation
stability of proteins in comparability studies can be performed using multiple
biophysical and calorimetric techniques. -géraviolet Circular Dichroism (CD)
and Fourier Transform Infrared Spectroscopy-(R] have been widely used in
studying the ovethsecondary structure content of proteins where this method

gives distinctive signals that corresponding to the different secondary structural

10



f ol d s -hdlides amdisheets). Detailed studies regarding the use of CD
spectra for structural comparisoim comparability studies have been published
recently?® 1° Common techniques for the evaluation of the overall tertiary
structure of proteins are fluorescence spectroscopy andve@D. Owing to

the unique fluorescence properties of aromatic antitrasidues (Tryptophan,
Tyrosine and Phenylalanine) and theansitivity toward polarity of its
surrounding environment, changes in a prot
conformational stability upon partial or full unfolding can be monitored.
Furthermoe, extrinsic fluorescence dyes (e.gariilino-8-naphthalenesulfonate,
ANS, as well as Sypro orange) have been empleyedessfully in monitoring
partially unfolded intermediates (molten globular states) which have been shown
to play a role in initiatingorotein aggregation process.®® Such dyes have the
unique property of being relatively nonfluorescent in polar environments and with
greatly enhanced fluorescence in less polar, more hydrophobic milieu. These
features allow scientists to examine timset of structural unfolding of a protein

as more hydrophobic patches within the protein are exposed to the solution/dye
when the protein solution is stressed (e.g., during heating or agitation).
Differential Scanning Calorimetry (DSG)nother powerful aadytical technique

to monitor protein conformational stability, measuneat capacity difference
between the protein solution and a reference buffer as a function of temperature.

As a protein starts unfolding, heat capacity increases resulting in amemdiat

11



peak centered at the thermal melting temperature (Tm), or the midpoint of the
protein unfolding event(s). As part of a comparability study, DSC can provide
information about the overall conformation stability of the proteins under
evaluation. Struciral alterations in a protein as a result of manufacturing process
changes could be detected in the form of a Tm shift or a change in the shape of
the endothermic peak. Multiomain proteins (such as a monoclonal antibody)
show multiple endothermic peaksa given DSC thermogram. Structural changes
in one of these domains can be reflected in corresponding changes to the
associated DSC peak.

Other emerging analytical techniques for use in comparability studies to
evaluate higher order structure of prateare Nuclear Magnetic Resonance
(NMR) spectroscopy and Hydrogen/Deuterium Exchange Mass Spectrometry
(H/DX-MS). Although these techniques are very powerful in terms of obtaining
detailed information about the folded protein structure, their use hadiléed
due to some drawbacks including protein size and formuleggtnictions in
addition to being technically challenging and time consuming techniques.
Research is currently being doto overcome these drawbacker example, the
effect of differentanions and excipients on an IgG1 mAb local flexibility was
evaluated using H/DS.2*> ** An increase in the local flexibility of a certain
peptide fragment in thed2 domain of the mAb was seen upon using thiocyanate

(as anion) and arginine (as an exeig) that was correlated with decreased

12



thermal stability of the (2 domain and increase in aggregation propensity.
These results demonstrate the intricate interrelationships between different
excipients and their effect on protein dynamics and physiociaéstability of a
monoclonal antibody.

Only a limited number of case studies evaluating the effect of changes in
the manufacturing processes on protein structure and function from a
comparability poihof view have been publisheleh. one study, the eftts of
changing the final dosage form a lyophilized formulation to a liquid dosage form,
in addition to the impact of transferring the bulk drug substance to the commercial
site, was evaluatefdr two monoclonal antibodie§An increase in a specific Asn
deamidation for one of these mAbs was observed which did not have any effect
on the structural integrity, biological potency or the pharmacokinetic profile in
animal models. This Asn deamidation was attributed to the transfer of the bulk
process to the comercial site at an increased scale which required longer hold
times in solution. Additional anal ytical e
stability as well as functionality using newer analytical methods was carried out,
with no differences being obssed between the two dosage forms of the two
mADbs. The impact of changing formulation composition on protein
conformational stability has been addressed in a comparability Etirdghis
work, the effect of formulation exchange on a human growth hormatein

was evaluated. The authors concluded that the formulation change affected the

13



structural integrity of the protein and additional considerations needed to be given
regarding the choice of final excipients. Selecting an appropriate formulation
condtions for insulin was emphasized in another study as they reported that
changes observed on the physical and chemical stability of insulin (due to changes
in its crystallization process) were dependent on the raw materials and excipients
used in formulatin.®®

Alterations in glycosylation patterns of proteins as a result of
manufacturing method changes have been repdrt€He effect of such changes
on the conformational stability of protein varied depending on specific conditions.
For example, the rolef glycosylation on the conformational stability of
erythropoietin was investigated in one stddg@lycosylated erythropoietin was
found to be more resistantgoanidine hydrochloride (GndHYand acidic pH
induced unfolding compared to the ngligcosylaed form of the protein.
Glycosylation profiles have been found to affect the structural integrity and
conformational stability of mAbs as well. In one study, three intact IgG1 mAbs
were compared before and after glycan residue removal using a variety of
aralytical technique&’ An increase in fluorescence signal upon deglycosylation
was observed indicating structural perturbations, a conclusion that was further
reinforced by DSC results indicating a structural change in tRer€yion of all
three IgG1 mAbsA similar study looked at the influence of a series of

differentially glycosylated IgGEc mAbs with varying glycan length generated

14



through an enzymatic reaction on the conformational stabillt\sing DSC,
glycosylation length was found to play a roldgG1 conformational stability
specifically at the G2 domain where glycosylation resides. In addition to
influencing conformation, glycosylation was found to have an effect on the
protein sisceptibility for proteolysisThe existence of the glycan atie type of
the terminal sugar in the glycan residue were reported to influence the

susceptibility of an IgG to papain digestitn®

1.3.2 Biological activity characterization

Biological activity of a protein, an equally important critical quality
attribute as physiochemical properties, defines the ability of a drug product to
achieve a specifically defined biological function, ideally through an understood
mechanism of action that lestb a desired clinical effeciechniques used to
characterize thbiological activity of a protein serve as complement
physiochemical assays in confirming the correct higher order structure of the
protein. Determining bioactivity for monoclonal antibody based protein drugs is
usually done using a variety iof vitro binding assays such as Enzyhinked
immunosorbent assay (ELISA) and Surface Plasmon Response Spectroscopy
(SPR). Another group of bioassays, that directly measures biological
functionality, are often also used with mAbs includingitro cell proliferation

andin vitro animal models. Using functionality bioassays (if feasible) in
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comparability studies is sometimes preferred over simple antigen binding assays
because some degraded, aggregated and chemically modified product could still
bind nonspecifically téhe target molecule in a simple binding assay. Protein
molecules containing multiple regions with different functionalities should have
multiple functionality and/or binding bioassays reflecting each and every
structural region. For example, monoclondilaodies are composed of two

antigen binding regions (Fab), responsible for antigen binding, and one
crystallizable region (Fc), responsible for immune effector function. Each one of
these regions may need to be tested for its ability to bind to itsispeteifget to
perform its desirable function.

Case studies examining protein functional activity changes due to changes
in manufacturing process have been reported. An oxidized form of the protein
filgratism (a human granulocytolony stimulating factoused primarily for
patient with severe neutropenia) was found to be 25% potent, whereas, filgratism
dimer had 67% potency compared to the intact molééufeaddition to
influencing protein conformation, glycosylation can play a critical role in defining
biological functionality. In the case of a mAD, the presence of a core fucose unit
in the NHinked oligosaccharide was found to be responsible for decreasing the
antibodydependent cellular cytotoxicity (ADCC), highlighting the importance of
glycan identiication in comparability studies for the prand posichange mAb

products’® As another example, TNKissue Plasminogen Activator (TN#RA)
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is a glycosylated protein which contains four glycosylation sites, three-are N
linked and one site is-inked. Inone comparability studsf, with a biosimilar
molecule under development, the biosimilar protein had a similar glycosylation
pattern as the innovator drug product, except for ogybbsylation site which

was found be only partially glycosylated. The elgsoximity of the partially
glycosylated glycan to the active site raised concerns about its influence on the
clot lysis biological activity, resulting in the need for more detailed s$udie
investigate such effectdnother marketed protein product leal Myozyme
(Alglucosidase alpha), used to treat patients with Pompe disease, that was
produced in two different sites in the U.S. from the same company was found to
be not similar in terms of biological activity These differences observed in the
biological activity were attributed to glycosylation differences between proteins

from the two manufacturing sites.

1.3.3 Accelerated and Forced Degradation stability studies

Forced degradatiostudiescomprisethe group ofinalytical tests applied
on the drg product to elucidate the physicochemical mechanism(s) of protein
degradation, whereas, accelerated stability studies measure the rate of given
degradation mechanism(s) over time at various temperatures in specific
formulations. Evaluating the effect dbsage period, excipients and

environmental stress on the accelerated (and long term) stability of protein drug
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products is an essential part of formulation development and comparability
evaluations. Protein drugs encounter different environmental stchsseg
production, storage, shipment and patient administration. Thus, accelerated
stability studies and forced degradation studies are needed to determine the
stability profile of a protein drug by subjecting the protein to various stresses
including elerated or changing temperatures, freezing, thawing, agitation and
oxidative stresses, light, exposure to different interfaces and pH cH&nt&he
design of successful forced degradation and accelerated stability studies depends
on having the appropri@atanalytical tools to detect, quantify and characterize any
degradants, impurities and side products generated during these studies.

For the stability component of a comparability exercise, regulatory
guidelines such as ICH Q3% ICH Q5C> and ICH Q& *° can be used for
initial guidance regarding the type of forced degradation and stability studies to be
applied. For example, ICH Q3C guideline mentions the importance of developing
analytical assays to quantify residual impurities of xylene leachamg fubber
stoppers during freezdrying process. Similarly, ICH Q5E guideline talks about
divalent cations leaching from vial stoppers which in turn activate trace amounts
of proteases leading to the degradation of the protein drug. These titereal
exanples highlight the importance of assessing the effect of process changes
made in the final dosage form. Stressing the drug product samples obtained from

different manufacturing processes can potentially magnify any small changes in
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protein stability helpig scientists to reach a conclusion concerning the protein
drugdés structur al Il ntegrity, safety
regulatory guidance documents discussing forced degradation and accelerated
stability studies lack detailed demations regarding the analytical procedures and
storage conditions, thus leaving it up to protein drug manufacturers to identify
specific methods and conditions to test degradation behavior of their specific
protein product.

Designing a successful comphility stability study also depends on the
type of process or product change being evaluated. For instance, a change in the
final dosage form from a liquid to a lyophilized drug product will result in a more
stable product and would thus not necessaglgxpected to have a similar
stability profile. In this case, showing similarity of degradants type would be of
primary interest. In an opposite scenario, changing from a lyophilized dosage
form to a liquid one, would not only require evaluating the tygesegradants
but also the protein drug product under additional stress conditions (e.g.,
mechanical stress) to get an insight about the aggregation behavior of the liquid
formulated protein drug. Exposure to new surfaces from changing the primary
contairers or formulation additives has been reported to induce protein
aggregation and oxidation in some protein drug products. In one?Stady,
assessment of the impact of changing the primary packaging from a vial to a pre

filled syringe in terms of conforntianal integrity and stability of two mAbs was
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evaluated. Similar molecular structure, biological activity and degradation profiles
were seen for both mAbs in a liquid formulation filled in the vials and syringes
with the one exception: a small but statially significant difference in subvisible
particles levels was noted. This relative increase in subvisible particles in the two
containers was attributed to the presence of trace amounts of silicon oil in the
syringes, which has been reported to haveratesirable effect on proteins
stability and aggregatiotf: >°

In another protein comparability exercise, the biophysical stability of three
lots of an IgG1 mAb that were manufactured and filled at different locations was
assessetf. These three lots we incubated for multiple time points (0, 8 and 16
weeks) under either refrigeration@) or heat stressed conditions {@). No
differences between the different lots of the protein in terms of conformational
stability as well as in aggregation behaweere detected for the refrigerated lots.
However, variations between the different lots stored €4 different time
points were seen using extrinsic fluorescence spectroscopy (using ANS as a dye),
and differences between two of the lots were atteaed using intrinsic (Trp)
fluorescence spectroscopy. Different aggregation levels were seen for the heat
stressed samples as well using static light scattering (SLS) and size exclusion high
performance liquid chromatography (#PLC). This example illstrates, as

mentioned before, the importance of applying stress on the protein sample to
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extract additi onal i nformation about

HOS that may otherwise not be observed.

1.3.4 Pharmacokinetics Studies

In addition to analytical comparability testing described above,
pharmacokinetic studies may need to be evaluated in the form of either non
clinical or clinical studies in which the pharmacokinetic profile of the protein drug
is evaluated using animal modeledents or primates) and/or in humans. These
studies are applied as part of comparability assessments to demonstrate product
comparison for the preand postchange products after drug administration in a
relevant animal model or patient population. Thed®r performing
pharmacokinetic studies depends on a variety of factors including the type of
structural, functional or stability differences observed analytically in the product
after applying the process change. In cases involving an observesthmtarity
between the products under comparison, it may be necessary to perform
pharmacokinetic study in human subjects to demonstrate compardbilitgse
pharmacokinetic studies are performed using the same route of administration and
dose regimens proviadg comparative results (e.g., absorption, bioavailability as
well as elimination parameters like clearance and eliminatiodifglthat should

be highly similar for the two samples being compared.
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Structural differences introduced in the posinufaturing process
change drug product can vary in the extent to which they affect pharmacokinetic
parameters. Glycosylation plays a central role in defining the circulation and half
life in the human body for glycoproteins. In one example, using a rat animal
model, 50% loss in the amount of circulating protein (ceruloplasmin, a copper
carrying protein in the blood) was observed after a 20% reduction in sialic acid
content of the glycan attached to the prot&in some glycoproteins lacking
sialic acid, ithas been shown that they have a higher affinity to mannose receptors
in the liver cells, leading to a faster clearance and catabolism compared to the
fully sialylated ones® The same fate was observed for antibodies containing
mannose terminated-dlycans®® ®* Multiple comparability studies have
examined glycoproteins with different distributions of glycosylation patterns due
to a process change (especially those including changes in cell line or cell
culture). In one study, the amount of sialic aciaddition to the relative
distribution of neutral oligosaccharides were different between the pre ard post
change for mADb proteins after changing the producing cells form a murine
myeloma cell line (NS0) to Chinese hamster ovary cell line (C¥@jother
study demonstrated that using a different clone of the same cell, or changing the
cell culture components, resulted in a significant increase in acidic glycoforms of

a mAb compared to the original cell lifie.
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Pharmacokinetic parameters, in addition tmgesensitive to changes in
the glycosylation patterns, have also been reported to be sensitive to changes in
the overall charge state of the protagwell. Proteins with specific charge
heterogeneity profiles have been shown, after modifying the maurifer
method, to have a different charge distribution préfi€hanges in the overall
charge state of a protein could alter the electrostatic and hydrophobic interactions
between the protein and the negatively charged cell membrane leading to a
different pharmacokinetic profil& Using animal studies, minor shifts in thieg
a protein (in the range of B2 d units) have been demonstrated to have no
effect on the pharmacokinetic proffieMeanwhile, shifts of above 1.0 pnits
could have a meagable effectin one study, protein cationization resulted in a
longer tissue retention times and a faster clear§haereas protein
anionization tended to cause a decrease in tissue retention time but still increased
the whole body clearanéé(demorstrated in rats and mice, respectively). At the
molecular level, changes in the charge heterogeneity profile of a protein molecule
could rise from alterations in the primary sequence of the protein as a result of
amino acid mutations or chemical degraofatfe.g., Asn deamidatioflj. Post
translational modificationge.g., sialic acid on the glycan residues ari@inal
lysine) on proteins couldontribute to the charge heterogeneity profile of a
protein® Protein aggregation may also affect the phaokimetics profile

directly or indirectly through neutralizing antibodies produced from the immune
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cells in the body. For example, insulin oligomers have been reported to have a
slower absorption and bioavailability upon subcutaneous administration caimpare
to nonaggregated form of the protéih.

Taken together, changes to a proteinds
distribution and aggregation profiles upon manufacturing changes could have a
measurable effect on its pharmacokinetic profile, which may grmaghave an
effect on the drug pharmacodynamics, efficacy and safety profiles. The evaluation
of such pK affects are almost always carried out first using animal models (either
rodents or primates), and if results are inconclusive, human clinical

pharmaokinetic comparability studies may be necessary.

1.3.5 Clinical Immunogenicity Studies

Since proteins are complex macromolecules of high molecular weight and
naturally occurring structural heterogeneity, any changes to the native structure
could potentilly reveal antigenic sites that could stimulate an immune response.
An immune response could be stimulated by many factors that are generally
divided into two categories: extrinsic and intrinsic. Patient immunogenic
susceptibility and patient health stafi@@dministering canedications) in addition
to the dose and route of administration are all considered extrinsic factors related
to the immunogenicity of a protein based dffintrinsic factors are those related

to the protein or the drug product itsei€luding aggregation propensity,
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impurities (e.g., residual host cell protein not removed by the purification steps)
and leachables (from contairgosure system, which may not be immunogenic
by itself but could induce protein aggregatiGh)® The corsequences of an
immune reaction against a protein drug could vary significantly, ranging from
clinically minor to seere, lifethreatening effectdn one unfortunate story, a
specific erythropoietitd dr ug p r 9 Has been agséciated(in 13981
peaked in occurrence in 2002) with pure red cell aplasia (PRG¥).increase in
neutralizing antibodies titers in patients with chronic renal failure against the
protein drug was found, which waserrelated after investigation with changes
made in the pduct formulation’> Human serum albumin (HSA), used as a
stabilizer, was removed from the original formulation and substituted by
polysorbate 80 surfactant. This substitution facilitated instability either by the
leaching of compounds (tungsten in onedty) ® from the rubber plunger of the
prefilled syringe causing the protein to unfold and aggregate. Another theory
suggested that polysorbate 80 formed micelles with the protein resulting in an
adjuvantlike nanoparticle that stimulated the immune egst’ The route of
administration plays a critical role as well in product immunogenicity. It was
found that patients who received Eptelrough an intravenous injection (i.v) did
not get PRCA unlike those received the drug subcutaneously(8<)partof the

corrective actions to prevent PRCA in the future, European regulatory authorities
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recommended changing the route of administration for Edrex s.c to i.v in
addition to going back to using HSA as gtabilizerof choice’

Other intrinsic fators that could influence immunogenicity include
protein degradation, during manufacturing or storage, resulting in exposure of
previously unseen epitopes that could activate the immune system. Glycoproteins
bearing different kinds of monosaccharidesifferent linkages than the naturally
occurring ones in the human body could potentially stimulate the immune
response as well. These glycan differences are introduced from various
mammalian cell lines used to produce a recombinant protein. For example, the
presence of galactod#1, 3 glycans have been associated with causing
anaphylactic shock and an immune response in patients using cetuximab and
bovine thrombin, respectively: ®° N-glycolylneuraminicacid (Neu5Gc or
NGNA) is a sialic acid glycan thabntains an additional oxygen atom compared
to the naturally occurring fdcetylneuraminic acid (Neu5AC or NANA) glycan in
humans. The presence of this sialic acid form (NGNA) has been associated with
immunogenicity risk§' A comparison between cetuximabdapanitumumab
(both antibodies specific for binding epidermal growth factor receptor),
concerning the addition of Neu5Gc to the glycan struaturgng expression in
cell culture, showed that cetuximab only was incorporating NGNA to the glycan
structure® The addition of NANA to the culture media helped reduce the

incorporation of NGNA to the glycoprotein drug. Finally, complete
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deglycosylation of a glycoprotein has been associaittdincreasing
immunogenicity incidences. Mechanisms underlying suctifest@re not fully
understood, however, aggregation resulting from the exposure of normally hidden
hydrophobic patches, decreasing solubility and the exposure of antigenic sites or a
combination of factors have been proposed, for example, immunogenicity
incidences due to deglycosylation were reported for interfbfrf*and
Granulocyte Macrophage ColoStimulating factor (GMCSF)®°

Protein aggregation events are thought to have a significant impact on the
immunogenicity potential of protein drug3otein aggregation can be
exacerbated by multiple factors including changes in solution conditions (pH,

5, 36, 50

salts, excipients, etc® and exposure of the protein solution to different

environmental stresses (temperature, agitation, fréeme, etc).**%® An

immunogenic response in patients receiving an interferon alpha was attributed to
the presence of aggregated species in the drug product, seen after alterations
applied into the formulation componefit# positive correlation between protein
aggegation and immunogenicity has been shown as well for other therapeutic
proteins, such as insulfihuman growth hormon® and bovine serum albunifh
manifesting the important role of protein aggregate detection and characterization
in protein drug prodcts®® %

Immunogenicity prediction in humans using eitlrevitro models or

animal studies is difficult, and the development of new approaches to obtain more
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reliable immunogenicity tests remains highly desirdblEne need to evaluate
postmanufaturing change protein drug products for immunogenicity becomes
even more important for products with a gaistory of immunogenicity (the pre
change product), as well for those protein products with manufacturing changes
that are considered extensive [d@ke) or result in observations for increased

levels of aggregates or particles.

1.4 Analytical challenges for future comparability studies

Overall, the type and extent of any comparability exercise depends
primarily on the nature of the protein (sibemplexity, microheterogeneity), the
magnitude and type of manufacturing changes, and the analytical tools available
to monitor the stretural integrity of a proteirAn in depth understanding of the
protein including its inherent susceptibility to th&etent chemical and physical
degradation mechanisms, combine with accumulated clinical and manufacturing
experience with product, is essential for a successful comparability exercise.
Accurate structural determination for protéiased drugs is a diffitiutask for
pharmaceutical and biotechnological industry, in contrast to small molecule
drugs, because of their complex thBmensional structures and
microheteogeneity. Major advances have been made in developing analytical

tools for primary structurenalysis, ranging from chromatographic (size
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exclusion, reversed phase and-exthange HPLC) anelectrophoreti¢capillary
isoelectric focusing ancapillary sodium dodecyl sulfgteeparation methods that
are typically linked with mass spectrometry datec(intact molecular weight,
peptide map, and oligosaccharides mapswell characterizeapr ot ei n6s pr i mar
structureincluding posttranslational modificationsAlthough major advances

have been made in developing analytical tools for primary steietualysis,

major challenges regarding the development of improved analytical techniques
for determination of higher order structural integrity of proteins still exist. In fact,
the currentrequirement foperformingfunctionalbiological potency assay®

ensure biological activity is considered an overall check on the higher order
structural integrity of a protein. Although multiple high resolution analytical
techniques, with the ability to better characterize the high order structures of
proteins are ailable (xray crystallography, H/DXMS and NMR), development

of these methodologies for use with protein drug candidates within a
pharmaceutical dosadgerm (containing excipients) still remains as a major
challenge.

More well established, commonly alsdile, lower resolution biophysical
techniques such as circular dichroism, intrinsic and extrinsic fluorescence
spectroscopy, differential scanning calorimetry, static light scattering and
turbidity assays are used for the evaluation of secondary/testratures and

colloidal stability of a protein as part of a pharmaceutical drug product containing
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formulation components. These biophysical methods can be setup as high
throughput assays in which analysis can be performed automatically across
various enironmental conditions such as changes in solution pH and temperature.
Environmental stresses, such as elevated temperatures and extreme pH conditions,
are frequently used stress factors to evaluate the overall conformational stability
of proteins duringdrmulation development, but the use of these types of data sets
for comparability analysis has not been explored. By u$atg setacquired

from multiplelow-resolutionbiophysical techniques that monitor different aspects
of a pr o toalerstictralstabditi a&s a function of environmental
stressdifferences in structural integrity may potentially be detected when these
differences are not readily apparent when monitored using lower resolution
methods under nestressed conditions €., at low temperaturgat neutral pH
conditiong. Additionally, theevaluation of conformational stability differences

may not only be an effective surrogate to monitor differences in hagder

structure between protein samples, but also a useful complenteaditmnal
accelerated stabilitgnd forced degradation studigiten used in analytical

comparability studieas described above
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1.5 Possible applicability of high throughput biophysical analysis of protein

stability to comparability studies

Physiochemical characterization for the higher order structural integrity of
a protein in two different drug products under comparison is one of the essential
elements of a comparability study (as discussed above). Although various lower
resolution analytial techniques have been used and developed to test higher order
structural comparability between two protein drug samples (i.e., CD, fluorescence
and DSC), as discussed above, the use of higher resolution techniques such as
NMR, X-ray crystallography and/B exchange mass spectrometry (that provide
structur al details about the proteinds ffol
limited in their wide spread use (e.g., due to high molecular weight, presence of
formulation components, and/or analytical compl@xats part of analytical
comparability studies. With that being said, the need for a new approaches to
better monitor the higher order structural integrity of proteins during
comparability studies is of a great interest.

Although lower resolutiomiophystal techniques such as circular
dichroism, intrinsic/extrinsic fluorescence spectroscopy, differential scanning
calorimetry, static light scattering and turbidity assays are commonly used
techniques to monitor the structural integrity and conformatioahllgy of

proteinbased drugs, no single technique provides sufficient information to
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establish the higher order structural integrity of complegroraolecules such as
proteins.Therefore, the use of more than one technique is generally needed for
bettercharacterization. The muldimensional nature of such analysis makes
collection, analysis and visualization of larger data sets problematic. Historically,
data analysis of protein conformational stability data was performed by either
visual inspection odata fitting of thermal unfolding curves to sigmoidal

functions of results from individual instruments. These types of approaches can
result in data interpretation that is not only subjective, but limited in terms of the
scope and utility.

In 2003, a nevdata visualization methodology was introduced as a tool
for analysis of protein physical stability data obtained from high throughput
biophysical instruments, and its application toward formulation screening
purposes for protein based drugs was extensixluated® This methodology,
called Empirical Phase Diagram (EPD)aidata visualization tool that is based
on using data sets from multiple lewsolution biophysical techniques to
construcia color coded diagrameflecting the different structurphases that the
protein would experience during an applied stress conditions (e.g., pH,
temperature, ionic strength or protein concentration). The idea of developing such
a methodology stemmed from the fact that most comparative experiments using
protein hermal melting curves conventionally use visual assessment,#Anghsk:

values to determine differences between the different formulations under
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comparison, which makes data interpretation across multiple samples difficult and
potentially highly subjecti®. Using bovine granulocyte colony stimulating factor
(bGSCF) as a model protein combined with second derivative absorbance
spectroscopy as a model biophysical method to characterize the physical stability
of the protein across multiple pH and temperatarditions, the first EPD was
constructed. This EPD, interestingly, was able to detect six different structural
phases that the protein experienced under a combination of two stress conditions
used (temperature and pH) that by visual observation of thadodl data sets

were not easily detected.

An EPD analysis involves the collection of protein physical stability data
under different experimental conditionsing multiple lowresolution biophysical
techniques. The stability data from the experimertaditions and techniques are
then entered into x n input matrix in whichm represents the experimental
techniques (i.e., circular dichroism, fluorescence spectroscopy, turbidity, etc.) and
n represents the experimental conditions (i.e., number of pésal number of
temperature measurements). After data normalizatiogularvalue
decomposition of then x n experimental data matrix is calculated to extract three
orthogonal basis vectors associated with the three largest singular. ddass
resuls are then mapped ted-greenblue RGB) color scheme that can be
visualizedas a function of the stress conditions (e.g., temperature andiéf).

an EPD is generatedhat remains is the interpretationtbé change otolorsof
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the different areas dhe EPD. The colors of the different areas within an EPDs
have no physical meaning, instead the change in color signifies a structural
change in the protein as detected by the data from experimental techniques. A
scientist must refer to the original expeental biophysical data and consider the
physical process that generated regions with different colors. Changes in the
bi ophysical signal which corresponds
would be seen in the EPDs as changes from one color tioeana change that
would be interpreted as a transition of the protein from one conformational state
to another®® ¥’

Realizing the potential applications of this EPD methodology, a
subsequent optimization was carried over the following years witkle variety
of proteins in terms of the number and type of biophysical techniques included in
the EPD, clustering analysis and color interpretat(dn.2012, radar charts were
introduced as an additional data visualization tool for displaying proteincahys
stability data obtained from multiple biophysical instruméhEhe major idea of
this data visualization approach is to arrange multiple axes, representing the
different biophysical techniques, at evenly spaced angles to form a polygonal
figure. Polr axes are adjusted to display values from each analytical instrument
between zero (representing the starting point or in this case the native state of a
protein) and 1 (representing the end point or in this case the structurally altered

state). Data acaed from the different biophysical methods are therefore
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normalized and mapped to points in the polar coordinates in the radaiRzdat.
diagrams are composed of multiple charts arranged in two dimensional
coordinates of environmental stress conditi@@g., temperature and pH).
Structural changes of the protein as monitored by the different methods are then
visualized in the form aflifferences in theareaof the polygons where the native

like state of a protein would have a polygon vathaller ara compared to
structurally disrupted states of the same protein. Unlike EPDs, radar diagrams
have the advantage of displaying protein physical stability results from a larger
number of experimental techniques, allowing the evaluation of protein structural
integrity and conformational stability as a function of the specific biophysical
techniques across the experimental conditins.

In this work, the possible use of high throughput biophysical analysis of
protein physical stability data along with thaalgisualization techniques is being
evaluated as a way to compare the structural integrity and physical stability of
different versions of the same protein to each other (as wouldrizeiwl
comparability studiesOur approach (as will be discussed itaileoelow) is
based on using a variety of different proteins with different sizes, post
translational modifications and inherent stability. Structural differeimctse
form of known dAmajoro (i .e., point mutatio
modifications) alterationg protein structure were specifically introduced into

three different proteins: FGE, IgG1 mAb, and IgGd-c protein.These different
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proteins were subsequently extensively characterized in terms of physical stability
properties ging multiple lowresolution biophysical techniques described above

to monitor different aspects of the higkeder structural of these proteins across

a wide range of pH and temperature conditidiese large data sets of

biophysical data where then ds® construct EPDs and radar charts for data
visualization and structural comparison between the different proteins. Using this
approach, differences in structural integrity and conformational stability were
detected at stress conditions that could natdiected by using the same

techniques under ambient conditions (i.e., no str&ssis, an evaluatioof
conformational stability differences magrve as aeffective surrogate to

monitor differences in highesrder structure between protein samples

1.6 Chapter reviews

1.6.1 An Empirical Phase Diagram Approach to Investigate Conformational
Stabilitygefnem&ticoma Functi onal Mut ants of
Growth Factor (FGF-1). (Chapter 2)

FGF1 i s a 16 kDa p rtefbildamiy oftptotairts. Ithse | ongs t o
composed of -basregl stchoded ©6-hafrpinat one end
structures. FGH is an intrinsically unstable protein molecule that is invibive
the angiogenesiprocesslt is being investigated from a pharmaceutical

perspective as @andidate for treatment of ischemic disease, including wound
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healing in diabetic ulcers, peripheral artery disease, andreatable (i.e.6 6 n o
optiondd6) c orSme BGFY haantrigsicallyslowdhersmodynamic
stability in conjunction with three reactive cysteine residites vulnerabldo
irreversible unfolding and aggregation during production and storage, with
associated negative consequences for ifielfpotency, and immunogenicity.
FGF-1is a heparin binding protein ahds significantaturalaffinity for many
polyanions andbased orthis observationFGF1 for human therapeutic use has
been formulated with the addition of hepaiiihe use of heparin as axcipient,
however, adds considerable complexity including increased expense, its own
pharmacological properties (e.g., as an anticoagulant), animal derived material
from pig tissues (with potential for infectious contamination), and the possible
induction of adverse inflammatory or allergic reactions in a segment of the
targeted patient population. Thus, although heparin or related polyanions used as
formulation additive$elp to addresthe FGF1 stability issue, they introduce
other undesirable propes.To solve this problenyg site directed mutagenesis
approach is usedith the goal of altering the temperature and pH stability profile
of the FGF1 mutantgo more closely resemble thatwildtype FGF1 in
complexation with heparinn this chapter,ite structural integrity and
conformational stability of ten FGE mutants were characterized and compared
to the FGF1 wild-type alone and with heparin. Twelve EPDs were constructed

and usedo broadly assegbe physical stability of these mutaimsespnse to
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variations in pH and temperaturén addition, the EPD ability to distinguish

stability differences between the FGFvariants was evaluated.

1.6.2 High-Throughput Biophysical Analysis and Data Visualization of
Conformational Stability of an IgG1 Monoclonal Antibody (mAb) After
Deglycosylation. (Chapter 3)

Monoclonal antibodies are glycosylated, multidomain proteins (~MW of
150 kDa) andhe extent and type of glycosylation has been shown to influence
the conformational stabilitgf mAbs. In this chapterthe structural integrity and
conformational stability of an IgGhADb, after partial and complete enzymatic
removal of the Ninked Fc glycan, was compared to the untreated mAb over a
wide range of temperature (10° to 90°C) and solution pH (3. ®ubtle to larger
stability differences between the different glycoforms were observed. Improved
detection of physical stability differences was then demonstratechoaerower
pH range (4.6.0) andsmaller temperature increments Additionaldata
visualization method (radar plotsas incorporated to the data assessment as
well. Differential scanning calorimetry and differential scanning fluorimetry were
then utilized and also showed an improved ability to detect differences in mAb
glycoform physichstability. Based on these results, a tatep methodology was
used in which mAb glycoform conformational stability is first screened with a

wide variety of instruments and environmental stresses, followed by a second
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evaluation with optimally sensitivexperimental conditions, analytical techniques
and data visualization methodss.this chapterhigh-throughput biophysical
analysis to assess relatively subtle conformational stability differences in protein

glycoforms is demonstrated.

1.6.3 Global stablity assessment of an IgG¥c; mutation, glycosylation and
charge variation effects. (Chapter 4)
In this chapter, a model Ig&Ac protein (~50 kDa protein containing

two G42 domains and two 3 domains) was produced from yeR&thia pastoris
and diffeent glycosylation forms were generated to provide insight about the
effect of glycosylation differences, and charge heterogeneity differences (due to
point mutations and enzymatic treatments of the Fc glycoforms) on the structural
integrity and conformadinal stability of the G2 domain from different Fc
glycoforms.

Using this yeast expression system, two glycosylation forms of-FG1
were produced and purified. These foranecomprisel of different site
occupancy: a high mannoseglycosylated formyhere the Fc protein is
glycosylated in the two (2 domains (glycaglycan), and high mannose meno
glycosylated form, where the Fc protein is glycosylated at a singlel@main
(glycanrAsn). These two glycoforms of the Ig&t molecule were separated

using cation exchange and hydrophobic interaction chromatography to obtain the
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individual glycoforms of high purity. An aglycosylatéglc1-Fc mutant
containing GlIn irboth Gy2 domains (instead of Asn) was also produced using the
same expression system andifoed using hydrophobic interaction
chromatography. The three Fc glycoforms,(chona, and aglycoylated species)
were then used to study the effect of glycosylation level on the global stability of
the G42 domain.

In addition to site occupancy, theoghl physical stability of differentially
charged forms of the aglycosylated Fc molecule, specifically in gBedGmain,
is an additional aspect of antibody stability that was then evaluated in this chapter.
Differentially charged forms of the aglycosydtFc protein were created upon
treating the dglycosylated and monglycosylated IgG4Fc molecules with
PNGase F enzyme creating actiarged (AspAsp) and a monaharged (Asp
Asn) IgGEFcs in the G2 domsain as an outcome of the enzymatic
deglycosylatio mechanism. These two molecules were compared to the non
glycosylated (GIrGIn) IgG1-Fc mutant. An assessment of these charge
differences within the G2 domain in terms of their impact on structural integrity

and physical stability of the Fc protein wasoaevaluated.

1.6.4 Conclusions and future work. (Chapter 5)

This final chapter summarizes what we learned about the structural

integrity and conformational stability of the various proteins examined in
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Chapters 2 (point mutants of FGE, deglycosylad forms of an IgG1 mAD,

and different glycoforms of an IgG Fc) and as well as the potential utility of
using new data visualization methods for displaying high throughput biophysical
stability data (as discussed in the previous chapters) in analygioglacability

studies. Suggestions for future work are also discussed.

41



1.7 References

1- Aggarwal, S. R., What's fueling the biotech engirg911 to 2012Nature
Biotechnology2012,30, 1191 1197

2- Manning, M.; Chou, D.; Murphy, B.; Payne, R.; Katayama, Eapfty of
Protein Pharmaceuticals: An Upda®aarmaceutical Resear@010,27
(4), 544575.

3- Tsai, R. M. M. a. A. M., Misbehaving Proteins, Protein (Mis)ding,
Aggregation, and Stabilit2006

4- Mgller, M. v. d. W. a. E. H., Immunogenicity of Biophaaceuticals.
2008

5- Rosenberg, A., Effects of protein aggregates: An immunologic
perspectiveThe AAPS Journ&006,8 (3), E50XE507.

6- Shirley, B. A., Protein Stability and Folding, Theory and Pracfi®8s

7- Bee, J. S.; Randolph, T. W.; Carpenter, JBishop, S. M.; Dimitrova, M.
N., Effects of surfaces and leachables on the stability of
biopharmaceuticalslournal of Pharmaceutical Scienc2811,100(10),
41584170.

8- Narhi, L. O.; Schmit, J.; Bechtolgeters, K.: Sharma, D., Classification of

proten aggregateslournal of Pharmaceutical Scienc2812,101(2),
493498

42



9- Wang, W., Protein aggregation and its inhibition in biopharmaceutics.
International Journal of Pharmaceuti@905,289(1i 2), 1-30.

10-Brych, S. R.; Gokarn, Y. R.; Hultgen, H.; StevensR. J.; Rajan, R.;
Matsumura, M., Characterization of antibody aggregation: Role of buried,
unpaired cysteines in particle formatidournal of Pharmaceutical
Science2010,99 (2), 764781.

11- Davies, M. J., Singlet oxygemediated damage to proteingdats
consequence8iochemical and Biophysical Research Communications
2003,305(3), 76%770.

12-Banks, D. D.; Latypov, R. F.; Ketchem, R. R.; Woodard, J.; Scavezze, J.
L.; Siska, C. C.; Razinkov, V. I., Nativgate solubility and transfer free
energy apredictive tools for selecting excipients to include in protein
formulation development studie®urnal of Pharmaceutical Sciences
2012,101(8), 27202732.

13- Hari, S. B.; Lau, H.; Razinkov, V. |.; Chen, S.; Latypov, R. F., Acid
Induced Aggregation of Humavionoclonal IgG1 and IgG2: Molecular
Mechanism and the Effect of Solution CompositiBrmchemistry2010,
49 (43), 93289338.

14- Majhi, P. R.; Ganta, R. R.; Vanam, R. P.; Seyrek, E.; Giger, K.; Dubin, P.

L., El ectrostatical | y-LaQogiobulmatLdvr ot ei n Ag
lonic StrengthLangmuir2006,22 (22), 91509159.

43



15 Hamada, H.; Arakawa, T.; Shiraki, K., Effect of Addés on Protein
Aggregation Current Pharmaceutical Biotechnolo@®09,10 (4), 400
407.

16- Reichert, J. M., Which athe antibodies to watch in 20118Abs2013,5
(2), 1-4.

17- GUIDANCE CONCERNING DEMONSTRATION OF
COMPARABILITY OF HUMAN BIOLOGICAL PRODUCTS;
AVAILABILITY. Federal RegisteApril 26, 1996,61 (82).

18 Committee for Proprietary Medicinal Products. Guideline on
comparability of medicinal products containing biotechnoldgyived
proteins as active substance. Ndimical and clinical issues.
EMEA/CPMP3097/02/Final2003.

19 ICH Q5E: Comparability Biotechnological/Biological Products Subject to
Changes in Their Manufacturing Process. Fed. Reg. 70(125) 200337861
37862; www. ich.org/LOB/media/MEDIA1196.pdf

20- EXPERT COMMITTEE ON BIOLOGICAL STANDARDIZATION.
GUIDELINES ON EVALUATION OF SIMILAR BIOTHERAPEUTIC
PRODUCTS (SBPs). World Health Organization 20009.

21- Chirino, A. J.; MireSluis, A., Characterizing biological products and
assessing comparability following manufacturing chaniyas Biotech
2004,22(11),13831391.

44



22- Federici, M.; Lubiniecki, A.; Manikwar, P.; Volkin, D. B., Analytical
lessons learned from selected therapeutic protein drug comparability
studiesBiologicals2013,41 (3), 131147.

23-Berkowitz, S. A.; Engen, J. R.; Mazzeo, J. R.; Jones, GArialytical
tools for characterizing biopharmaceuticals and the implications for
biosimilars.Nat Rev Drug Disco2012,11(7), 527540.

24-Li, C.; Rossomando, A.; Wu, &.; Karger, B. L., Comparability analysis
of antrCD20 commercial (rituximab) and RNAmediated fucosylated
antibodies by two LEMS approachesnAbs2013,5 (4), 565575.

25- Lubiniecki, A.; Volkin, D. B.; Federici, M.; Bond, M. D.; Nedved, M. L.;
Hendricks, L.; Mehndiratta, P.; Bruner, M.; Burman, S.; DalMonte, P.;
Kline, J.; Ni, A.; Panek, ME.; Pikounis, B.; Powers, G.; Vafa, O.; Siegel,
R., Comparability assessments of process and product changes made
during development of two different monoclonal antibodg#slogicals
2011,39(1), 9-22.

26- Skrlin, A.; Radic, I.; Vuletic, M.; Schwinke, DRunac, D.; Kusalic, T.;
Paskvan, I.; Krsic, M.; Bratos, M.; Marinc, S., Comparison of the
physicochemical properties of a biosimilar filgrastim with those of
reference filgrastimBiologicals2010,38 (5), 55%566.

27-Walsh, G.; Jefferis, R., Pestanslatonal modifications in the context of
therapeutic proteindlat Biotech2006,24 (10), 12411252.

45



28-Beck, A.; SanglieCianférani, S.; Van Dorsselaer, A., Biosimilar,
Biobetter, and Next Generation Antibody Characterization by Mass
SpectrometryAnalytical Chemistry2012,84 (11), 46374646.

29 Zaia, J., Mass Spectrometry and the Emerging Field of Glycomics.
Chemistry & Biology2008,15 (9), 881892.

30-Brooks, S., Strategies for Analysis of the Glycosylation of Proteins:
Current Status and Future Perspectikslecular Biotechnolog009,43
(1), 7688.

31- Pompach, P.; Chandler, K. B.; Lan, R.; Edwards, N.; Goldman, R.; Semi
Automated Identification of MGlycopeptides by Hydrophilic Interaction
Chromatography, nanReversePhase LCMS/MS, and Glycan Database
Seard. Journal of Proteome Resear2B12,11(3), 17281740.

32- Desaire, H., Glycopeptide Analysis, Recent Developments and
Applications.Molecular & Cellular Proteomic2013,12(4), 893901.

33 Leymarie, N.; Zaia, J., Effective Use of Mass Spectrometry for Glyca
and Glycopeptide Structural Analysfnalytical Chemistry2012,84 (7),
30403048.

34Bakovil, M. P.: Selman, M. H. J.: Hoffm
Deelder, A. M.; Lauc, G.; Wuhrer, M., Highhroughput IgG Fc N
Glycosylation Profiling by Mass Spectrometry of Glycopeptidesirnal
of Proteome Resear@®13,12(2), 821831.

46



35 Manikwar, P.; Majumdar, R.; Hickey, J. M.; Thakkar, S. V.; Samra, H. S;
Sathish, H. A.; Bishop, S. M.; Middaugh, C. R.; Weis, D. D.; Volkin, D.
B., Correlating excipient effects on conformational and storage stability of
an lgG1 monoclonal antibody with loadynamics as measured by
hydrogen/deuteriurexchange mass spectromettgurnal of
Pharmaceutical Scienc&913,102(7), 21362151.

36- Majumdar, R.; Manikwar, P.; Hickey, J. M.; Samra, H. S.; Sathish, H. A.;
Bishop, S. M.; Middaugh, C. R.; Volkin, D. B.; \i¢eD. D., Effects of
Salts from the Hofmeister Series on the Conformational Stability,
Aggregation Propensity, and Local Flexibility of an IgG1 Monoclonal
Antibody. Biochemistry2013,52 (19), 33763389.

37- Cauchy, M.; Hefford, M. A., Excipient exchangetie comparison of
preparations of the same biologic made by different manufacturing
processes: An exploratory study with recombinant human growth hormone
(rhGH). Biologicals2010,38 (6), 637%643.

38 DeFelippis, M. R.; Larimore, F. S., The role of formulatia insulin
comparability assessmenBiologicals2006,34 (1), 4954.

39 Narhi, L. O.; Arakawa, T.; Aoki, K. H.; Elmore, R.; Rohde, M. F.; Boone,
T.; Strickland, T. W., The effect of carbohydrate on the structure and
stability of erythropoietinJournal d Biological Chemistry1991,266
(34), 230226.

a7



40-Kai Zheng, C. B. a. R. B., The impact of glycosylation on monoclonal
antibody conformation and stabilitmAbs2011,3 (6), 568576.

41- Mimura, Y.; Church, S.; Ghirlando, R.; Ashton, P. R.; Dong, S.; Goodall,
M.; Lund, J.; Jefferis, R., The influence of glycosylation on the thermal
stability and effector function expression of human Igkgi properties of
a series of truncated glycofornMolecular Immunology000,37 (12-13),
697-706.

42-Raju, T. S.; Scallon, Bl., Glycosylation in the Fc domain of IgG
increases resistance to proteolytic cleavage by papaichemical and
Biophysical Research Communicatid@®96,341(3), 797803.

43 Raju, T. S.; Scallon, B., Fc Glycans Terminated with N
Acetylglucosamine Resi@s Increase Antibody Resistance to Papain.
Biotechnology Progres?007,23 (4), 964971.

44- Skrlin, A.; Krnic, E. K.; Gosak, D.; Prester, B.; Mrsa, V.; Vuletic, M.;
Runac, D., Correlation of liquid chromatographic and biological assay for
potency assessmeuitfilgrastim and related impuritie§ournal of
Pharmaceutical and Biomedical Analy2810,53 (3), 262268.

45 Shields, R. L.; Lai, J.; Keck, R.; O'Connell, L. Y.; Hong, K.; Meng, Y. G.;
Weikert, S. H. A.; Presta, L. G., Lack of Fucose on Human IgG1 N
Linked Oligosaccharide | mproves Binding t
Antibody-dependent Cellular Toxicitylournal of Biological Chemistry
2002,277(30), 2673326740.

48



46- Jiang, H.; Wu, SL.; Karger, B. L.; Hancock, W. S., Characterization of
the Glycosylation Occupay and the Active Site in the Follean Protein
Therapeutic: TNKTissue Plasminogen Activatgknalytical Chemistry
2010,82(14), 61546162.

47- Kozlowski, S.; Woodcock, J.; Midthun, K.; Behrman Sherman, R.,
Developing the Nation's Biosimilars Prograitew Ehgland Journal of
Medicine2011,365(5), 385388.

48- Cordes, A. A.; Carpenter, J. F.; Randolph, T. W., Accelerated stability
studies of abatacept formulations: Comparison of figbagving and
agitationinduced stressedournal of Pharmaceutical Scienc2812,101
(7), 23072315.

49 Miller, M. A.; Rodrigues, M. A.; Glass, M. A.; Singh, S. K.; Johnston, K.
P.; Maynard, J. A., Frozestate storage stability of a monoclonal
antibody: Aggregation is impacted by freezing rate and solute distribution.
Journal of fharmaceutical Sciencé¥13,102(4), 11941208.

50-Wang, T.; Kumru, O. S.; Vi, L.; Wang, Y. J.; Zhang, J.; Kim, J. H.; Joshi,
S. B.; Middaugh, C. R.; Volkin, D. B., Effect of ionic strength and pH on
the physical and chemical stability of a monoclonal amatybantigen
binding fragmentJournal of Pharmaceutical Scienc2813,102(8),
25202537.

51- Britt, K. A.; Schwartz, D. K.; Wurth, C.; Mahler, ¥C.; Carpenter, J. F.;

Randolph, T. W., Excipient effects on humanized monoclonal antibody

49



interactions with sitone oil emulsionsJournal of Pharmaceutical
Sciencef012,101(12), 44194432.

52-1CH Q3C: Impuritied Guideline for Residual Solvents. Fed. Reg.
68(219) 2003: 643554353; www.ich.org/LOB/media/ MEDIA423.pdf.

53 ICHQ3C: Stability testing of Biotechnolagal / Biological products. Fed
Regis 52(125)1996t4928-44935; www.ich.org/LOB/media/
MEDIA263.pdf.

54- Jones, L. S.; Kaufmann, A.; Middaugh, C. R., Silicone oil induced
aggregation of proteindournal of Pharmaceutical Scienc2805,94 (4),
918927.

55 Thirumangalathu, R.; Krishnan, S.; Ricci, M. S.; Brems, D. N.; Randolph,
T. W.; Carpenter, J. F., Silicone-oéind agitatioAinduced aggregation of
a monoclonal antibody in aqueous solutidournal of Pharmaceutical
Science2009,98 (9), 31673181.

56- Maity, H.; Lai, Y.; Srivastava, A.; Goldstein, J., Principles and
Applications of Selective Biophysical Methods for Characterization and
Comparability Assessment of a Monoclonal AntiboGurrent
Pharmaceutical Biotechnolog3012,13 (10), 20782101.

57- Putnam, WS.; Prabhu, S.; Zheng, Y.; Subramanyam, M.; WangJY.
C., Pharmacokinetic, pharmacodynamic and immunogenicity
comparability assessment strategies for monoclonal antibdaesgds in
Biotechnology2010,28 (10), 509516.

50



58 van den Hamer, C. J. A.; Moref, G.; Scheinberg, I. H.; Hickman, J.;
Ashwell, G., Physical and Chemical Studies on Ceruloplasioirnal of
Biological Chemistryi970,245(17), 43974402.

59 Stockert, R. J., The asialoglycoprotein receptor: relationships between
structure, function, aneixpressionPhysiological Review$995,75 (3),
591-609.

60- Kanda, Y.; Yamada, T.; Mori, K.; Okazaki, A.; Inoue, M.; Kitajima
Miyama, K.; KuniKamochi, R.; Nakano, R.; Yano, K.; Kakita, S.;
Shitara, K.; Satoh, M., Comparison of biological activity among
norfucosylated therapeutic IgG1 antibodies with three differehhikéd
Fc oligosaccharides: the highannose, hybrid, and complex types.
Glycobiology2007,17 (1), 104118.

61- Goetze, A. M.; Liu, Y. D.; Zhang, Z.; Shah, B.; Lee, E.; Bondarenko, P.
V.; Flynn, G. C., Highmannose glycans on the Fc region of therapeutic
IgG antibodies increase serum clearance in hun@lgsobiology2011,
21(7), 949959.

62- Kilgore, B. R.; Lucka, A. W.; Patel, R.; Andrien, B. A.; Dhume, S. T.,
Comparability and Monitoring Immunoge N-linked Oligosaccharides
from Recombinant Monoclonal Antibodies from Two Different Cell Lines
using HPLC with Fluorescence Detection and Mass Spectrometry. In
Posttranslational Modifications of Protein2008; Vol. 446, pp 33346.

63-He, X. Z.; Que, AH.; Mo, J. J., Analysis of charge heterogeneities in
mADbs using imaged CEELECTROPHORESIZ009,30(5), 714722.

51



64- Khawli LA, M. M., Sharifi J, Hu P, Epstein AL., Pharmacokinetic
characteristics and biodistribution of radioiodinated chimeric -IINP,
and -3 monoclonal antibodies after chemical modification with biotin.
Cancer Biother Radiophar2002,17 (4), 35970.

65- Harris, R. Heterogeneity of recombinant antibodies: linking structure to

function.Developments in biologica®005,122, 11727.

66- Hong, G; BazinRedureau, M. I.; Scherrmann, J. M. G., Pharmacokinetics
and organ distribution of cationized colchicisigecific IgG and fab
fragments in ratJournal of Pharmaceutical Scienc&399,88 (1), 147
153.

67-M Dellian, F. Y., V S Trubetskoy, V P Torchiliand R K Jain, Vascular
permeability in a human tumour xenograft: molecular charge dependence.
British Journal of Cance2000,82, 1513 1518.

68- Sosic, Z.; Houde, D.; Blum, A.; Carlage, T.; Lyubarskaya, Y., Application
of imaging capillary IEF for characieation and quantitative analysis of
recombinant protein charge heterogendiyECTROPHORESIZ008,29
(21), 43684376.

69- Pezron, I.; Mitra, R.; Pal, D.; Mitra, A. K., Insulin aggregation and

asymmetric transport across human bronchial epithelial cell iaers
(Calu-3). Journal of Pharmaceutical Scienc2802,91 (4), 11351146.

52



70-Bal, S. M.; Slutter, B.; Verheul, R.; Bouwstra, J. A.; Jiskoot, W.,
Adjuvanted, antigen loaded-timethyl chitosan nanoparticles for nasal
and intradermal vaccination: Adjuvarind sitedependent
immunogenicity in miceEuropean Journal of Pharmaceutical Sciences
2012,45(4), 475481.

71- Ohkuri, T.; Nagatomo, S.; Oda, K.; So, T.; Imoto, T.; Ueda, T., A
Proteinds Conformational Stability Is a
Factor: Evilence That FreEnergy Barriers for Protein Unfolding Limit
the Immunogenicity of Foreign Proteifghe Journal of Immunology
2010,185(7), 41994205.

72- Johnson, R.; Jiskoot, W., Models for evaluation of relative immunogenic
potential of protein particles biopharmaceutical protein formulations.
Journal of Pharmaceutical Scienc2812,101(10), 35863592.

73-Rosenberg, A. S.; Verthelyi, D.; Cherney, B. W., Managing uncertainty: A
perspective on risk pertaining to product quality attributes as they bear on
immunogenicity of therapeutic proteirkurnal of Pharmaceutical
Science2012,101(10), 35603567.

74- Pure ReeCell Aplasia and Recombinant Erythropoietiew England
Journal of Medicin€002,346(20), 15841586.

75 Boven, K.; Knight, J.; Bader, F.; Rosgel.; Eckardt, kU.; Casadevall,
N., Epoetinassociated pure red cell aplasia in patients with chronic kidney
disease: solving the mystefyephrology Dialysis Transplantatidz005,
20 (suppl 3), iii33iii40.

53



76- Seidl, A.; Hainzl, O.; Richter, M.; Fische®,; Bohm, S.; Deutel, B.;
Hartinger, M.; Windisch, J.; Casadevall, N.; London, G.; Macdougall, I.,
Tungsterlinduced Denaturation and Aggregation of Epoetin Alfa During
Primary Packaging as a Cause of ImmunogeniBivarmaceutical
Researct2012,29(6), 1454-1467.

77- Relationship between biopharmaceutical immunogenicity of epoetin alfa
and pure red cell aplasi@urrent Medical Research and Opinig003,19
(5), 433434.

78- Schellekens, H., How to predict and prevent the immunogenicity of
therapeutic proteingn Biotechnology Annual Reviel-Gewely, M. R.,
Ed. Elsevier: 2008; Vol. Volume 14, pp 1202.

79 Chung, C. H.; Mirakhur, B.; Chan, E.; Le,-@Q.; Berlin, J.; Morse, M.;
Murphy, B. A.; Satinover, S. M.; Hosen, J.; Mauro, D.; Slebos, R. J.;
Zhou, Q.; GoldD.; Hatley, T.; Hicklin, D. J.; Platt¥lills, T. A. E.,
Cetuximablnduced Anaphylaxis and IgE Specific for Galactokk,3-
GalactoseNew England Journal of Medicirg908,358(11), 11091117.

80- Schoenecker, J.; Hauck, R.; Mercer, M.; Parker, W.; LawkoExposure
to Topical Bovine Thrombin During Surgery Elicits a Response Against
the Xenogeneic Car-3Galicisbloanalef Gal actose U
Clinical Immunology2000,20 (6), 434444.

81- Hokke, C. H.; Bergwerff, A. A.; van Dedem, G. W. K.; van Oostrdm,

Kamerling, J. P.; Vliegenthart, J. F. G., Sialylated carbohydrate chains of

recombinant human glycoproteins expressed in Chinese hamster ovary

54



cells contain traces of-ylycolylneuraminic acidFEBS Letterd990,275
(271 2), 914.

82- Darius Ghaderi, R. H.., Vered Padleiaravani,Sandra Dia& Ajit
Varki, Implications of the presence ofgdllycolylneuraminic acid in
recombinant therapeutic glycoproteihiature Biotechnolog2010,28,
863 867.

83 Runkel, L.; Meier, W.; Pepinsky, R. B.; Karpusas, M.; Whigty,
Kimball, K.; Brickelmaier, M.; Muldowney, C.; Jones, W.; Goelz, S.,
Structural and Functional Differences Between Glycosylated and Non
glycosylated Forms of Human Interferbn ( -b FPNarmaceutical
Researcti998,15(4), 641649.

84- Rudick, R. A.; Sinonian, N. A.; Alam, J. A.; Campion, M.; Scaramucci, J.
O.; Jones, W.; Coats, M. E.; Goodkin, D. E.; WeinstGecktman, B.;
Herndon, R. M.; Mass, M. K.; Richert, J. R.; Salazar, A. M.; Munschauer,
F. E.; Cookfair, D. L.; Simon, J. H.; Jacobs, L. D.; *, T.MC. R. G,,
Incidence and significance of neutralizing antibodies to interferonlzeta
in multiple sclerosisNeurology1998,50 (5), 12661272.

85- Gribben, J. G.; Devereux, S.; Thomas, N. S. B.; Keim, M.; Jones, H. M;
Goldstone, A. H.; Linch, D. C., elopment of antibodies to unprotected
glycosylation sites on recombinant human ®$8F.The Lancefl990,
335(8687), 434437.

55



86- Sahin, E.; Weiss, W. F.; Kroetsch, A. M.; King, K. R.; Kessler, R. K.;
Das, T. K.; Roberts, C. J., Aggregation and fgmperatue phase
behavior for aggregates of an IgG2 antibabburnal of Pharmaceutical
Science2012,101(5), 16781687.

87- Thirumangalathu, R.; Krishnan, S.; Ricci, M. S.; Brems, D. N.; Randolph,
T. W.; Carpenter, J. F., Silicone-oénd agitatioAinduced aggredesn of
a monoclonal antibody in aqueous solutidournal of Pharmaceutical
Science2009,98 (9), 31673181.

88- Cordes, A. A.; Carpenter, J. F.; Randolph, T. W., Accelerated stability
studies of abatacept formulations: Comparison of figbagving and
agitatiorrinduced stressedournal of Pharmaceutical Scienc2g12,101
(7), 23072315.

89 Braun, A.; Kwee, L.; LabowM.; Alsenz, J., Protein Aggregates Seem to
Play a Key Role Among the Parameters Influencing the Antigenicity of
Interferon Alpha (IFNU) i n Nor mal a rPHarnfaceatnas geni ¢ Mi
Researcii997,14 (10), 14721478.

90- Robbins, D. C.; Cooper, S. M.; FinebgeS. E.; Mead, P. M., Antibodies
to Covalent Aggregates of Insulin in Blood of Instllising Diabetic
PatientsDiabetes1987,36 (7), 838841.

91- MOORE, W. V.; LEPPERT, P., Role of Aggregated Human Growth

Hormone (hGH) in Development of Antibodies to h@iurnal of
Clinical Endocrinology & Metabolis980,51 (4), 691697.

56



92- Cleland, J. L.; Powell, M. F.; Shire, S. J., The development of stable
protein formulations: a close look at protein aggregation, deamidation, and
oxidation.Critical reviews in theraputic drug carrier systent993,10
(4), 307377.

93 Wuchner, K.; Buchler, J.; Spycher, R.; Dalmonte, P.; Volkin, D. B.,
Development of a microflow digital imaging assay to characterize protein
particulates during storage of a high concentration IgG1 momaiclo
antibody formulationJournal of Pharmaceutical Scienc2810,99 (8),
33433361.

94- Jiskoot, W.; Randolph, T. W.; Volkin, D. B.; Middaugh, C. R.; Schéneich,
C.; Winter, G.; Friess, W.; Crommelin, D. J. A.; Carpenter, J. F., Protein
instability and immunogenicity: Roadblocks to clinical application of
injectable protein delivery systems for sustained releagenal of
Pharmaceutical Scienc&912,101(3), 946954.

95- Geertje J. D. van Mierlo, N. H. P. C., Diana Wouters, Gerrit Jan Wolbink,
Margreet H. LHart, Theo Rispens, NielShristian Ganderup, C. Frieke
Kuper, Lucien Aarden, and André H. Penninks, The minipig as an
alternativenor odent model for I mmunogenicity t
blockers adalimumab and infliximabournal of Immunotoxicolog®013,
0(0), 2-10.

96- Kueltzo, L. A.; Ersoy, B.; Ralston, J. P.; Middaugh, C. R., Derivative
absorbance spectroscopy and protein phase diagrams as tools for
comprehensive protein characterization: A bGCSF case stadsnal of
Pharmaceutical Scienc&903,92 (9), 18051820.

57



97- Maddux, N. R.; Joshi, S. B.; Volkin, D. B.; Ralston, J. P.; Middaugh, C.
R., Multidimensional methods for the formulation of biopharmaceuticals
and vaccineslournal of Pharmaceutical Scienc2811,100(10), 4171
4197.

98- Kim, J. H.; lyer,V.; Joshi, S. B.; Volkin, D. B.; Middaugh, C. R.,
Improved data visualization techniques for analyzing macromolecule
structural change®rotein Scienc2012,21(10), 15401553.

99-Li, C. H.; Nguyen, X.; Narhi, L.; Chemmalil, L.; Towers, E.; Muzammil,
S.;Gabrielson, J.; Jiang, Y., Applications of circular dichroism (CD) for
structural analysis of proteins: qualification of nesmrd farUV CD for
protein higher order structural analyslsurnal of Pharmaceutical
Science2011,100(11), 46424654.

100 Amezaia, C. A.; Szabo, C. M., Assessment of higher order
structure comparability in therapeutic proteins using nuclear magnetic
resonance spectroscopyurnal of Pharmaceutical Scienc2@13,102
(6), 17241733,

101- Dimitrov, D., Therapeutic Proteins. Trherapetic Proteins
Voynov, V.; Caravella, J. A., Eds. Humana Press: 2012; Vol. 899, pp 1
26.

58



Chapter 2
An Empirical Phase Diagram Approach to
| nvestigate Confor mat-i onal
generationo Functional Mu t

Fibroblast Growth Factor (FGF-1)

59



2.1 Introduction

Acidic fibroblast growth factefi (FGF1) is a potent angiogenic factor
being investigated as a pamgiogenic biopharmaceutical drug candidate for
treatment of ischemic disease, including wound healing in dialde&csu
peripheral artery disease, and non treatab
occlusions”* Significant hurdles, however, remain in the successful realization of
FGF1 as a biopharmaceutical drug, principally related to its intrinsically low
thermodymmic stability in conjunction with three reactive cysteine residues (free
thiols) buried within the protein interiSfThese features contribute to irreversible
unfolding and aggregation of this 16 kDa protein during production and storage,
with associate negative consequences for sHiéf, potency, and
immunogenicity.

A substantial number of formulation studies have been performed on FGF
1 with the goal of identifying pharmaceutical excipients that can stabilize the
protein during long term storagedaadministratior!° FGF1 has significant
affinity for polyanions such as heparin/heparan sulfate, which as formulation
additives can dramatically stabilize F@FRgainst unfolding by both heat and
extremes of pH as well as against metal catalyzed ofiimtaof free cysteine
residues.® Based on these observations, FGfor human therapeutic use has
been formulated with the addition of both heparin and antioxidants. The use of

heparin as an excipient, however, adds considerable complexity including
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increased expense, its own pharmacological properties (e.g., as an anticoagulant),
animal derived material from pig tissues (with potential for infectious
contamination), and the possible induction of adverse inflammatory or allergic
reactions in a segment thfe targeted patient population. Thus, although heparin
or related polyanions used as formulation additives solve thelF&dbility
issue, they introduce other undesirable properties.
An alternative approach to the use ofsmutes to increase protein
stability is to directly alter the protein
modification or mutagenesis. One approach that has been used to increase the
circulatinghalfl i f e of proteins is OO6PEGyl ationdd |
polyethylene glycol (PEGH biocompatible polymer]. This increases the
molecular mass of a protein and thereby reduces renal clearance (i.e., glomerular
filtration of biomolecules is size dependent) and substantially increases the
circulating halflife.** Furthermore, the attach@EG molecule can mask regions
of the protein surface that would otherwise be susceptible to proteolytic attack or
immune recognition, increasing the circulating Hid#f and reducing
immunogenicity** PEGylation has either little effect or destabiliZes t
thermodynamic stability of proteitis thus, the beneficial properties of
PEGylation are primarily associated with modulation of renal clearance and
reduction of the irreversible pathways associated with degradation and

insolubility. One problem with P&ylation is that it can interfere with functional
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regions on the proteinds surface, reducing

orders of magnitud&*
Mutating proteins to improve properties for human therapeutic application

is a practical appro&csince over 30 mutant proteins have been approved for use

as human biopharmaceuticalsThese include mutations that contribute to

increased yields during purification, increased in vivo functionatltialfor

improved activity. Examples include mutais of buried freeysteine residues in

betainterferon (BetaseronVR ) and interleui@n(ProleukinVR ) as well as other

mutations hypothesized to increase thermostability. Thus, a mutational approach

to improve the physical properties of proteins is &leiaoute to develop

606segemar ati on66 protein biopharmaceuti cal :
In the present report, mutations are introduced into humanrlR@kh the

goal of altering the temperature and pH stability profile to more closely resemble

that of FGF1 in complexatin with heparin. These mutations target increases in

thermostability as well as a reduction in the number of buried free cysteine

residues. Furthermore, these mutations select positions with limited surface

accessibility. Using empirical phase diagramsEPto broadly assess the

structural integrity of proteins in response to variations in pH and temperature,

mutants of FGH are identified to achieve the design goal of matching, or

exceeding, the protective effects of heparin as an addftiV@hese mtants
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represent pegteennetriaatli oonddsheheltsnaydnessuceessfully G F
formulated for use as a human therapeutic in the absence of heparin.

We also take advantage of the revised EPD approach used in this study to
compare the relative ctormational stability of FGHA mutants to assess the
value and utility of this multidimensional vector based approach as a novel
analytical comparability todf*° Comparability assessments in
biopharmaceutical development are conducted to determinartiarisies (and
differences) of various preparations of a biopharmaceutical drug used in clinical
devel opment in terms of a protein drugos
relate to its safety and efficaéy?* Currently, one of the major analytical
challenges in this area is to identify new biophysical approaches that complement
in vitro/in vivo potency assays to better assess higher order structure and
conformational stability of biopharmaceutical drug candidates. Although the
series of FGHL mutantsevaluated in this study are different molecular entities,
the updated EPD data analytical approach used in this study could potentially be
applied to biopharmaceutical comparability assessments of different preparations

of the same protein drug.
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2.2 Experimental section
2.2.1 Materials
Recombinant FGR proteins (WT and mutants, except for Sym#tl)
utilized a synthetic gene for the 140 amino acid form of human F&#
containing an additional amirterminal six His tag as previously descrifé@he
design strategy of the SymfelP mutant used complete gene synthesis and was
reported previousl§® The FGF1 protein mutants used in this study are listed in
Table I. The QuikChang®" site directed mutagenesis protocol (Agilent
Technologies, Santal&a, CA) was used to introduce all point mutations and was
confirmed by nucleic acid sequence analysis (Biomolecular Analysis Synthesis
and Sequencing Laboratory, Florida State University). All expression and
purification protocols followed previously plished procedures involving
sequential chromatograplsteps using NNTA resin and heparin Sepharose-CL
6B affinityresin*Thr ee of the mutant proteins, SYMB6c¢
SYM1O@pp (=SYM7 opp/ K12V/ P1-84whichHhave®) and Sy mf
affinity for hepain, were purified by NINTA chelation and Superdex 75 size
exclusion chromatography as reported previofi§he purified protein in each
case was exchanged into 50 mM sodium phosphate, 0.1 M NaCl, 10 mM
ammonium sulfate, 2 mM dithiothreitol (DTT),én pH 7.5 (6o0crystalliz
bufferd66). The purified A66C mutant protei

oxidized forms. To isolate the fully oxidized form of A66C, the purified protein
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was exchanged into crystallization buffer without DTT and subseguentl
oxidized at room temperature for 3 weeks. An extinction coefficient of E280 nm
(0.1%, 1 cm) =1.26*°was used to determine protein concentration for 2GF
with the exception of C€C83T/C117V/ L44F/ F13
SYM1O pmp, a Me. D& yoitine \aafiation in number of Trp and Tyr
residues in these mutants, the extinction coefficient was determined by the
method of Gill and von Hippel or densitometry analysis as reported
previously®***The resulting E280 nm (0.1%, 1 cm) values utilinete:
C83T/ C117V/ L44F/ F132W, 1. 58, SYM6 pop/ K12V/ P
Symfoil-4P, 0.32.
Heparin sodium salt, gradeALfrom porcine intestinal mucosa, was
purchased from Sigrindldrich (St. Louis, MO). All other chemicals were
purchased from Sigrindldrich (St. Louis, MO) or Fisher Scientific (Pittsburg,

PA).

2.2.2 Methods
2.2.2.1 Sample preparation

The purified FGFL proteins (WT and mutants) were dialyzed against 20
mM citratephosphate buffers at pH 8 and adjusted to an ionic strength of 0.15
M with NaCl, using a 3.5 kDa molecuaeight cutoff (Pierce, Rockford, IL)

membrane. The dialysis step was carried out overnighf@t A mixture of WT
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FGF1 and heparin was prepared by adding heparin to the protein solution to

achieve a 3:1 (w/w) ratio dfeparin to protein.

2.2.2.2 Circular dichroism spectroscopy

FarUV CD spectra were recorded using either a Ja810J Tokyo,
Japan) or Chirascan (Applied Photophysics) instruments, both equipped with a
peltier type temperature controller. The protaxmcentration used was 0.2
mg/mL using a 0.1 cm path length quartz cuvette in a total volume of 0.2 mL. Full
CD spectra were collected before and after temperature rampind@{fd0
wavelengths ranging from 260 to 200 nm with a resolution of 0.2 nma and
bandwidth of 1 nm over the pH rangie83at one unit intervals. The CD signal
intensity changes at 228 nm were followed as the temperature was raised from 10
to 90°C at 2.5°C intervals with a scanning speed of°C3h and 5 min

equilibration time at edctemperature.

2.2.2.3 Intrinsic fluorescence spectroscopy and static light scattering (SLS)
Intrinsic fluorescence measurements were recorded usingehtawmel,

four positions PTI Quantum Master fluorometer (Brunswick, New Jersey)

equipped with a paer temperature controlled cell holder. Spectra were obtained

using excitation at 280 nm with emission spectra recorded between 290 and 390

nm at a resolution of 1 nm. Spectra were also obtained from 10°® &®.5°C
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intervals in a 0.2 cm path lengtctangular reduced volume cuvette containing

0.2 mL protein solutiorBuffer spectra were collected and subtracted from

protein samples. Fluorescence emission peak positions and intensities were
determined by a 606dpol y o6 6SLIetensitpfdrthe si ng Or i
same sample was followed by using a right angle detector locat®del®tve to

the other detector, and the peak intensity change at 280 nm was followed as the

temperature was raised.

2.2.2.4 Extrinsic fluorescence spectroscopy

Measurements were performed using ANS to detect exposure of apolar
regions of the protein as the temperature was increased. A protein concentration
of 0.08 mg/ mL was used, and ANS was added to the protein solution to achieve
an optimal ANS: protein molaatio of 10:1. The resulting mixture was excited at
374 nm, and the emission spectra were recorded from 400 to 600 nm with a

resolution of 1 nm.

2.2.2.5 Empirical phase diagrams

EPDs are designed to summarize and visualize physical characterization
dat as a colored diagram with tvdimensional axes of environmental stress
conditions such as temperature and pH. The theory and calculation procedures to

create EPDs are described in detail elsewherelhe EPDs of FGA and its
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mutants were constructédsed on the following biophysical measurements:
intrinsic fluorescence intensity ratio at two wavelengths (I1305/I1330 nm), intrinsic
fluorescence peak intensity, CD at 228nm, SLS and ANS fluorescence intensity at
480nm. Complete data sets are present&lipporting Information section. Data
from the individual biophysical measurements (except for the 1305/1330 nm
fluorescence intensity ratio) were normalized as described previSd$ail
calculations were performed using MATLAB software (The Mathwadmks,
Natick, MA).

Two revisions of the data analysis methodologies are used in this work to
improve the ability of EPDs to compare the conformational stability profiles of
the FGF1 mutants. First, the EPD data analysis technique was extended to better
pursue direct color comparison of EPDs from multiple samples. Previously,
regions of color transition, but not the color itself, have been compared between
EPDs. Similar colors in different EPDs could not be interpreted, even if proteins
had similar conforrational states, because each EPD was generated separately
using an arbitrary RGB color mapping scheme. In contrast, the colors of EPDs
made with the revised methodology can be directly compared with each other,
assuming the meaning of the results fromdifierent biophysical measurements
is consistent between different samples. In brief, experimental data sets are
represented asdimensional vectorashere n refers to the number of experiment

techniques (five in this case). The condition space of thenalifPD method
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consists of two environmental conditions (typically temperature and solution pH)
whereas in this revised version the space is extended to incorporate multiple
samples. Therefore, a sample condition space is defined with three components:
sanple, temperature, and solution pH. For a total obmddions (=number of
samples xumber of temperature measurements x number of pH measurements),
singular value decomposition of the m x n experimental data matrix is calculated
to extract three orthogal basis vectors associated with the three largest singular
values, which are then mapped to RGB colors and visualized as EPDs.

The EPDs generated in this way are considered to display similar
conformational behaviors across the different proteins basat assumption
that the collected experimental data represents similar physical behavior. If,
however, the same data values represent different conformational states, these
proteins are not processed together to generate EPDs for comparison purposes.
Forthis reason, we divided WT FGF1 with and without heparin, as well as the 10
mutants into two groups (I and Il) to generate EPDs (Table I), due to the
significant differences in their intrinsic fluorescence behavior (see Supporting
Information). This evalation was done manually by visual assessment of the
fluorescence data from each protein. Group | proteins include WT1H@I,
WT FGF1 with heparin (B), and the mutants L26D/ H93G (C),
C83T/C117V/K12V (D), P134V/C117V (E), K12V/C117V (F), A66C (G), and

K12V/C117V/P134V (H). Group Il proteins include C83T/C117V/L44F/ F132W
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(1), SYM6@mp/ K12V/4PP 3(4KY) ,( Jdnd SSYrM IoG chbop
Group | contain a single Trp residue
state. Mutants in Group Il conta@ither an unquenched Trp residue in the native
state or do not contain a Trp residue. These differences lead to different
fluorescence peak positions and intensities and the data sets cannot be directly
compared. In summary for this work, the EPDs for FiGftoteins in each group

(I and Il) were created together as can be seen in Figures 5 and 6, respectively;
therefore, the colors of EPDs should be compared directly within these two
groups but not between the two groups.

The second revision implementedivihe EPD methodology is the
application of mathematical clustering analysis to computationally identify
regions of structural transitions (e.g., color changes). Previously, structural
transitions in the EPDs were estimated by visual inspection of thenRD
comparisons to the individual biophysical data sets. The subtle or gradual change
in colors often presented in the EPD, however, makes the location of the
transitions difficult to be determined visually. Therefore, clusterintyaisahat
utilizes he same m x experimental data matrix as the EPD can provide
complementary information for structural transitions.

In this research,-kneans clustering algorithm was chosen for the

clustering analysis and implemented using a MATLAB toolbox downloaded fro
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http://www.dcorney.com/ClusteringMatlab.html. The performance of various
clustering algorithms will be the subject of future work.

k-Means clustering is a mathematical procedure in which a number (m) of
experimental observations are partitioned intedugs or clusters. Clusters are
based on the proximity of observations to proximate means. Observations are
defined as fdimensional vectors (al, a2, . . ., an). The method then partitions m

observations intodsets (k <n) P % [P1, P2, .. .Pkjtominimizt he -6 6wi t hi n

cluster sum of squaresod66. More formally:

AdCET AQ B

in which pi is the mean of point in Pi.

The number of clusters (k) is determined after several diagnostic runs with
various integral numbers. Gemally, k = 2 5 works well for protein
characterization data because k should, to a first approximation, correspond to the
number of conformational states portrayed in the EPD. When constructing an
EPD, the clustering results are used to draw the boubheamneen different
clusters. The clustering results identify regions of conformational changes in

FGF1 mutants (due to environmental stresses such as temperature and pH), and
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help to identify and compare regions displaying native state behaviors, anel can b
used to compare mutant F@Fproteins across the two groups, even though the

two groups of EPDs display two different color sets.

2.3 Results
2.3.1 Selection of FGFL mutants
A combination of wildtype (WT) and 10 different FGE mutants were
chosen fo analysis in this study. The mutant proteins were developed via a series
of protein stability and folding studies with FAFand were identified
experimentally as having enhanced stability, functionatlifelfor mitogenic
activity.>?*??8 The previous} described thermodynamic stability properties and
available in vitro mitogenic activity as well as in vivo kifé values are
summarized in Table I. The rationale used for the selection of mutants examined
in this study is based on the results in TA§&T FGF1 and mutants are labeled
AT L). For example, the L26D/H93G (C) mutant (developed as part of g stud
evaluating t he e4ufneotfAsePfoAdx-BlgonF@GRLIs ensus b
stability and folding®®) combines a destabilizing mutation (L26D), and an
essentially offsetting stabilizing mutation (H93G), resulting in the overall
thermostability essentig unchanged in comparisonto WT F@F ( A) ( oG =
0.9 kJ/mo] calculated based on differential scanning calorimeliyis mutant is

therefore a thermostability control for the EPD analysis. Two of the FGF
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mutants [ SYM6@pp/ K12V/ PIwerseled¢tetido and SYM1O®
evaluate the effect of significantly elevated thermostability. These mutants

(developed to test the effect of symmetry on FGbrotein folding and design

2229 exhibit diminished mitogenic activity towards 3T3 fibroblasts, which is

podulated to be due to an effect of enhanced stability which prevents structure

(dynamic) changes essential to the formation of receptor comgfexes.

Al ternatively, the P134V/C117V -0E) mutant
kJ/mol) yet exhibits similar mitogenic activity in comparison to WT FIG[A).

Otherexamples include K12V/C117V (F) and K12V/C117V/ P134V (H) which

are stabilizing mutations &, in the absence of heparin, achieve similar mitogenic

potency to that of WT formulated in the presence of heparin (mutants E, F, and H

were designed to stabilize-ldnd Gt e r mstnand interactions, a region of

known structural weakness within FGF?% The mutants C83T/C117V/K12V

(D), C83T/ C117V/L44F/F132W (1), and oxidized A66C (G) have eliminated one

or more free thiols, in comparison to WT FGKA). These mutations

substantially increase their in vitro functional kg with varying effecton

thermostability (by mutating exclusively at solv@maccessible positions, thereby

limiting immunogenic potentid?®?). Finally, Symfoit4P (K), a synthetic ultra

s t a Hrefal prbtein(designed as a hyperthermophile, purely symmetric

polypeptide?®?), was selected to evaluate its EPD profile in the context of its use

as a nonfunctional r?Forehe ioplysicgli neering 66s
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characterization work performed in this study, the FAGRutants in Table | were
subdivided into two groups (I and 1) due to the significant differences in their
intrinsic fluorescence behavior (see 66Met
Due tothe large amount of biophysical stability data generated in this
work for WT FGF1, both with and without heparin, as well as the 10 mutants of
FGF1, one mutant [K12V/C117V/P134V or (H) in Table I] was selected as an
example to be compared with WT FGRvith heparin (B in Table I) and without
heparin (A in Table 1) in the main text. The data generated in this study for the
other nine FGF1 mutants are provided in Supporting Information. The
biophysical characterization of WT F&Fn the presence and &pse of heparin
by the original EPD methodology has been determined previtubly was
repeated in this work to provide a direct comparison to the F@ktants,
especially in terms of evaluating of stability profiles using the revised EPD

methodology.

2.3.2 Biophysical measurements of FGE and mutants
2.3.2.1 Circular dichroism

Farultraviolet (UV) circular dichroism (CD) analysis was used to
characterize the secondary (and tertiary) structure of WFEQ@¥in Table I),
WT FGF1 with heparin (B infable 1), and 10 mutants of FERC-L in Table 1).

The mutant K12V/C117V/P134V was selected as an example to represent CD
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spectra at different solution pH values (pH8Bat 10°C (Fig. 1A). The CD
spectra of K12V/C117V/P134V from pH 4 to 8 are similanature, with a broad
positive peak at around 228 nm and a strong negative peak near 205 nm. The
negative peak near 205 nm i sprowionsi stent
structure>® The positive band at 228 nm is presumably a combination of
contribt i o n s -tufns, aps a@nd aromatic side chalhd®and is potentially
tertiary structure sensitive. At pH 3, the positive peak at 228 nm is greatly
diminished, which suggests an alteration of protein tertiary structure under acidic
conditions. Becauwssignificant secondary structure still appears preserved, this
suggests the possible preserve of a molten globule®$ta&T FGF1 (with and
without heparin) display similar CD spectra from pH 5 to 8 with a positive peak at
228 nm and a negative peaik205 nm (Supporting Information Figs. 1A and 2A).
For WT FGF1 without heparin at pH 3 as well as WT FGMith heparin at pH
3i 4, the CD spectra show a negative peak broadened toward 215 nm, which could
be explained by the formation of interm@ c u-$heet struiturd.”® At pH 4,
WT FGF1 without heparin shows a CD spectrum similar to K12V/
C117V/P134V at pH 3, with only a negative peak at 205 nm (Supporting
Information Fig. 1A).

To monitor structural changes of the proteins, CD signé@2&inm were
collected as a function of temperature from 10 t3Q0At elevated temperature,

the positive peak diminished under all pH conditions examined, whereas the
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negative peak shifted toward 215 nm (data not shown). As a result, &BpHhé&
CD sgnals at 228 nm decreased from positive to negative as the temperature
increased, as shown in Figure 1C for mutant K12V/C117V/P134V, Figure 1B for
WT FGF1, and Figure 1D for WT FGE with heparin. This structural transition
occurs between 40 and 80 for WT FGF1, 50 60°C for K12V/C117V/P134V
and 6070°C for WT FGF1in the presence of heparin. Thus, K12V/C117V/
P134V shows a significantly higher thermal stability than WT AG&lthough it
is still less stable than WT FGFwith heparin.

The CD thermatransitions monitored at 228 nm at pH43are different
when comparing K12V/ C117V/P134V, WT FAFand WT FGFL with
heparin, for example, for K12V/C117V/P134V at pH 4, the CD signal at 228 nm
shows a similar positive to negative transition as p8i abeit at lower
temperature (36C). In contrast, the CD signal at 228 nm for
K12V/C117V/P134V at pH 3 does not show a major structural transition.
Similarly, WT FGF1 at pH 34 does not show any significant structural
transitions. In contrast, WT FGEwith heparin at pH 34 shows a transition
from negative to less negative ellipticity, probably due to the precipitation of

protein out of solution.
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2.3.2.2 Intrinsic fluorescence spectroscopy

Intrinsic fluorescence spectra were used to monitor the testiargture of
WT FGF1 (with and without heparin) as well as the 10 FGRutants. Because
the WT FGF1 contains eight Tyr and a single Trp residue quenched in the native
state, the proteins were excited at 280 nm to simultaneously collect fluorescence
from both Tyrosine and Trp residues. The intrinsic fluorescence spectra of
K12V/C117V/P134V at 18C are displayed in Figure 2A. The spectra from the
mutant at pH B8 have a single peak at 305 nm, which corresponds to the
emission of Tyr residues. In contratte spectra at pH 3 show a major peak at
305 nm, but a significant broad shoulder at 340 nm, which corresponds to the
emission of the previously quenched Trp residues. Trp fluorescence is not
observed at pHi®B because when the protein is properly foldedear neutral pH
conditions, the fluorescence of the single Trp residue is quenched by positive
charges from neighboring His and Lys residu&st pH 3, the structure of WT
FGF1 is altered, and the nearby His and Lys side chains are moved away from
the indole ring of Trp, resulting in dequenching of Trp fluorescence. The intrinsic
fluorescence spectrum of the K12V/ C117V/P134V mutant at pH 4 show
intermediate behavior compared with pH 3 anfl.5 he intrinsic fluorescence
spectra of WT FGR and WT IGF1 with heparin at 18C are shown in
Supporting Information Figures 1C and 2C, respectively. The fluorescence

spectra for WT FGR both with and without heparin at pf4is composed of
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contributions from Trp and Tyr, whereas Tyr contributions domiastgescribed
above for pH b8.

The ratio of the fluorescence intensity at 305 nm and 330 nm (1305/1330)
has been shown to sensitively monitor the change in F@fiary structure as a
function of pH or temperatur8 A higher value (~ 3) of 1305/I330 fgroteins in
Group | (see Table 1) indicates a more natike, properly folded structure,
whereas a lower value (~1) indicates altered structure. Thus, intrinsic fluorescence
spectra were obtained from 10 to%@Dat 2.5°C intervals and 1305/I1330 valse
were calculated and plotted as a function of temperature to monitor changes in
tertiary structure for the K12V/C117V/P134V mutant and WT HGKith and
without heparin (Fig. 2BD).

As shown in Figure 2B for the K12V/C117V/ P134V mutant at pH 3, the
fluorescence intensity ratio started at ~1 and increased gradually as the
temperature was increased, without any obvious structural transition, indicating
that the higher order structure is already altered at pH 3%2.16 contrast, the
fluorescence inteiity ratio for pH 5 8 started at about 3 and then decreased to
~0.7. The fluorescence intensity ratio for the mutant at pH 4 is between the values
observed at pH 3 and pH & (starting at ~2 and decreasing to ~1.1 between 25
and 40°C). The thermal transiins for the mutant occurred between 20 anf(55
for pH 4 7, with an apparent fphasic transition observed between pH 5 and 8.

The first transition is more gradual than the second phase. For W-IL &R
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and without heparin, the fluorescence intensityprat both pH 3 and 4 shows no
obvious structural transitions, indicating the expected structural alterations in WT
FGF1 at both pH values. In contrast, for pHB5the ratio quickly decreased
from 3 to ~0.7. By comparing the temperature at the complefithis structural
transition for pH 58, the transition ended at ~45 for WT FGF1, ~55°C for
the K12V/ C117V/P134V, and about B0 for WT FGF1 with heparin.

For FGF1 mutant proteins in Group Il (see Table 1), however, the ratio of
the fluorescece intensity at 305 nm and 330 nm (1305/I330) has a different
biophysical meaning because these mutants contain either an unquenched or
missing Trp residue. Both a His and Lys residue, which quench the Trp residue in
WT FGF, were del et eHdl34Vi(Jonmab®eY) 8@ qoqp/ K12 V/
SYM1O@pp (L in Table I). Thus, the 1305/133
native state of protein (Supporting Information Figs. 4F and 5F). In contrast,
C83T/C117VILA4AF/F132W (I in Table I) has one extra Trp residue, which is not
guenched in the native state. As a result, the 1305/ 1330 value is below 1 across
the temperature range from pH 3 to 8 (Supporting Information Fig. 8F). In the
case of SymfoidP (K in Table I), the protein contains no Trp residues but does
have three Tyresidues, so the 1305/1330 value is above 3 up ta8DJC
(Supporting Information Fig. 6F). Due to the difference of 1305/1330 values in the

native state, Symfo#lP (K in Table I) has a different color scheme in the EPDs
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(discussed below in Fig. 6) even the low temperature region compared with the

other mutants in Group Il.

2.3.2.3 *Anilino -8-naphthalnesulfonate fluorescence

1-Anilino-8-naphthalnesulfonate (ANS) has been extensively used to
detect the exposure of apolar binding sites on the sudBproteins and to detect
the presence of molten globtlike states® "% At pH 3 and 4, substantial ANS
fluorescence was observed for K12V/C117V/P134V (Fig. 3A), WT-BEGF
(Supporting Information Fig. 1H), and WT F&Fwith heparin (Supporting
Information Fig. 2H) at 18C. Above pH 5, however, much less fluorescence is
observed in the presence of these samples %&.IDhus, ANS fluorescence
spectra indicate that the tertiary structure of FGE altered in acidic condition
even at low temperatey consistent with CD and intrinsic fluorescence results.

The ANS fluorescence intensity at 480 nm was monitored from 10 to 90
°C at 2.5°C intervals. K12V/ C117V/P134V manifested an increase in ANS
fluorescence intensity at ~4@ for pH 5 and ~58C athigher pH values (Fig.
3B). As shown in Figure 3C, at pH& WT FGF1 shows an increase in ANS
fluorescence intensity starting at Z0. By including heparin with WT FGE, the
onset temperature of ANS binding was delayed t8G5fr pH 5 8 (Fig. 3D). At
pH 3' 4, the major trend is a decrease in ANS fluorescence intensity as

temperature increases for all three proteins. At pH 4, the K12V/C117V/ P134V
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mutant shows slightly more neutral pide structural transitions (compared with
WT FGF1 with and withouteparin), probably because the K12V/C117V/P134V
mutant has more natidéke structure at pH 4.
2.3.2.4 Static light scattering

Both acidic pH conditions and elevated temperatures cause
aggregation/precipitation of WT FGE*>Due to the low protein coeatration
used during dialysis, however, no gross precipitation was observed after dialysis
at pH 3 4. The temperature induced aggregation of AG#as followed by the
static light scattering (SLS) signal at 280 nm. As shown in Figure 4A, very little
scatering was observed at low temperatures for the K12V/C117V/P134V mutant
under all pH conditions. An increase in light scattering intensity started 4C~45
for pH 5 8 and ~55°C for pH 4. No significant aggregation could be detected by
light scattering fopH 3 up to 99C. A decrease in light scattering signal was
observed for pHB above ~60C due to the precipitation of protein. For WT
FGF1 at pH 3, light scattering initiated at a higher level than other pH conditions,
probably due to acidic bufferdiced aggregation, although no obvious visible
precipitation was observed. The onset of WT FIGkggregation at pHi 8
started at ~468C. For WT FGF1 with heparin, the light scattering signal for both
pH 3 and 4 started at higher values than all othecgotdlitions, immediately
followed by a gradual increase and then decrease. This aggregation started at ~45

°C for pH 5 and ~66C for all other pH values. At a solution pH between 6 and 8,
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protein aggregation started at 4T, 45°C, and 6(°C for WT FGF1,
K12V/C117V/P134V, and WT FGE with heparin, respectively. Again, the
K12V/C117V/P134V mutant displayed improved stability under acidic

conditions.

2.3.2.5 Empirical phase diagrams

The EPD approach has been developed to combine large amounts of data
from multiple measurements to evaluate the overall conformational stability of
proteins and other macromolecular systems under different environmental
stresses$®!"* As shown in Figures 5 and 6, EPDs were generated for WFIFGF
(with and without heparirgnd for the 10 different FGE mutants. All of the
measurements as a function of temperature and solution pH (as described above
and in Supporting Information section) were summarized into RGB color plots in
a two-dimensional space of pH and temperatigiag the revised EPD approach
described in 66Method section. 86 As expl ai
section, 66 t h-&@mEaRt®werefgenerated im &vo grabps (1 and
I1). Group | (Fig. 5) includes proteinsiA in Table | and Group Il (Fig.)6
includes proteinsiL in Table I. Colors can be compared directly within each
group. A clustering method was then used to generate three distinct regions for

each group of EPDs (not each EPD). The location of boundary of the individual
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regions can be udego compare the conformational stability among and between
the two groups.

As shown in Figure 5, the EPD for WT FGHA) has two distinct
regions, a blue area (Region 2) and a green area (Region 1). The green region
(Region 1) covers the low temperatared neutral pH range, which represents the
native, most stable form of the protein. A structural transition occurs 2C-fbt
pH 6 and 7, which are the most stable pH conditions for WT-EGE).
Although a third light blue region is present aroundidbendary between
Regions 1 and 2, which represents molten globkéebehavior**° this subtle
color difference was not defined as a separate region by this clustering analysis.
On the addition of heparin to WT FGHRB), a third region (pink) appears
between Regions 1 and 2 as well as at low temperatures at pH 3 and 4. The
formation of this third region is primarily due to the strong negative CD signal at
low temperatures for pH 3 and 4 and at high temperatures at$tFty. 1D).
From inspection ofthe CD spectra of WT FGE with heparin (B) (Supporting
Information Fig. 2A), itisappr ent t hat -sheetstructmetas cul ar
formed at pH 3 and 4 at £@ and pH 58 at higher temperatures. As the
temperature increased, protein aggregates started to form as indicated by
increased light scattering (Fig. 4C), which is followed blighsdecrease
presumably due to precipitation of protein. This third region in the EPD appears

to be unique to WT FGE with heparin (B). The structural transition between
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Regions 2 and 3 for WT FGEwith heparin occurred at 6@, which is about 16
°C more stable than WT FGE without heparin.

The EPDs for 6 of the FGE mutants are also shown in Figure 5. The
EPDs for the mutants show 2 regions (green for Region 1 and blue for Region 2).
The K12V/C117V/P134V (H) mutant is most stable at pH 6 and 7, avit
transition at 52C, which is ~&C higher than WT FGH. At pH 4, structural
transitions are present at ~%D, which differs from WT FGHA and most of the
other mutants where transitions at pH 4 cluster with pH 3. Thus, K12V/
C117V/P134V (H) has enhaed resistance to acidic unfolding. The
K12V/C117V (F) mutant is similar to K12V/C117V/P134V (H), except for a
lower overall thermal stability (~4C less).

The EPDs for the other four mutants of FGERre shown in Figure 6. The
EPDs of C83T/C117V/L44H1 32 W (1) , SYM6 pp/ K12V/ P134V (
SYM1O@pp (L) have Regions 1 (purple) and 2
temperature and in the neutral pH range. It thus represents the native, stable
regi on. Both SYM6@pp/ K12V/P134V (J) and SYM
degree of enhanced physical stability. In contrast, the EPD of Sy#HdqiK)
manifests a Regions 1 (purple) and 3 (light blue/green) due to the difference in the
1305/1330 value, as explained above, where Region 3 represents the native stable
region.Asg pected, SYM1O qpdgP (K)La)synthetidultr&staiié o i |

b-trefoil protein, are the most conformationally stable mutants observed by the
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EPD analysis. The EPDs and clustering of the BGRutants are consistent with
the thermodynamic conformatidretability data previously obtained for the

mutants (see Table I).

2.4 Discussion

The stability of FGFL is strongly dependent on complexation with
polyanions such as hepafifi This stabilization is important endogenously where
the biological activi of this (and many other) growth factors requires interaction
with polyanionic proteoglycans and protein receptors on the cell surface. In
addition, the use of FGE as a therapeutic agent requires the presence of heparin
or other polyanions because thretgin is unstable during storage and
administration in its absence. In this work, we have analyzed a series df FGF
mutants with the goal of reducing or eliminating the need for exogenous heparin
by enhancing the pr ot e iabled frthe ddsariptions i ¢
of each FGFL mutant and Figures 5 and 6 for the summary of the biophysical
stability results which will be the focus of the rest of this discussion. Rather than
the usual reliance on evaluating protein stability from a singieue biophysical
technique (e.g., CD, intrinsic and ANS fluorescence, light scattering, etc.), we
have evaluated the protein stability data from multiple experimental methods

holistically in the form of a multivariable vectbased approach designated the
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EPD to provide a broad picture of the physical behavior of the F@ktants as
a function of temperature and pH.

Increases in stability in this context can be viewed as an expansion of the
apparent phase boundaries obtained in the EPD (i.e., the afgadrupt color
change). For example, when comparing WT FIGR the absence and presence
of heparin, this boundary is moved to significantly higher temperature (Fig. 5)
with an accompanying dramatic increase in biological activity (the EC50 is
approximaely 120 x lower as shown in Table I). Several of the mutants [e.qg.,
Symfoil-4 P ( K) , SYM6 pop/ K12V/ P134V (J), and SYN
greater increase in conformational stability, but demonstrate little biological
activity. In contrast, a number ofgtFGF1 mutants [K12V/C117V (F),

C83T/C117V/ L44F/F132W (1), A66C (G), and K12V/C117/P134V (H)] display
improved free energies of unfolding relative to WT, major increases in mitogenic
activity in the absence of heparin (Table 1), with EPDs similar toetbd$VT in

the presence of heparin (Fig. 5). Thus, these-E@futants seem to be good
candidates for future therapeutic applications from a stability and potency point of
view.

Because the biophysical data for WT FGwith and without heparin)
and the ther six mutants (Table | and Fig. 5) were mathematically processed
together as the same data set, the colors from these EPDs can be directly

compared with each other. Different color regions within the same EPD reflect
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different physical states of proteimder the indicated pH and temperature
condition. Color changes indicate transitions in these states. Note that these are
not necessarily thermodynamic states because reversibility between them is
frequently not present. To facilitate the visualizatiowlifferent color regions in
EPDs, a clustering method was used to divide each EPD into different regions
based on the input data (see below for further discussion).
The FGF1 mutants in Figure 6 have different fluorescence ratios
(1305/1330 nm) in their ative states. This effect is due to the deletion of a Lys,
and thus the Trp fluorescence in SYM6pp/ K1
mutants (L) (see Table I) is not quenched in the native state. Thus, the 1305/1330
profile for these two mutants is quite diffatdrom the others (see Supporting
Information Figs. 4F and 5F). C83T/C117V/L44F/F132W (1 in Table I) has an
additional Trp residue which is not quenched in the native state. SyRf@Ll in
Table I) does not have any Trp residues. As a result, EPDisefee t
SYM6 pp/ K12V/ P134V (J) and SYM1IOmyp (L) mut a
separately (Fig. 6), and their colors are compared with each mutant within this
group. Nonetheless, the location of the cluster boundaries for the phase transitions
shown in the EPDs for thearious mutants can be compared with each other.
FGF1 is known to form molten globuléke states under conditions of
acidic pH as well as at moderately elevated temperatures at higher pH. This

molten globule conformation is visually identified as #&tiglue region between
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the dark blue (Region 2) and green (Region 1) areas identified by the clustering
boundary for the WT FGF and many of the mu
observation of the formation of a molten globule state for-EGRder
environmatal stress is consistent with previous watk.should be noted,
however, that the clustering methodology used in this work was not able to
identify this subtle color change. Thus, the current version of the clustering
analysis identifies the transitioagion between large conformational changes
(e.g., between the native and unfolded, aggregated states of thk rR@GanNts)
but is not currently able to consistently identify the ngurktle color changes
represented by the molten globule state. Thealingf methodology used in this
work is a prototype version, and by exploring different clustering methods (work
in progress), automatic clustering analysis might be able to identify the more
subtle color differences (e.g., the molten globule state fo-rEGRat are
observed visually by human sight in the future. Nonetheless, this version of the
clustering analysis was able to identify several AGhutants, for example
K12V/C117V/ P134V (H), which display an expanded native state (Region 1 in
Fig. 5). Thse FGF1 mutants are stable, bioactive forms of the growth factor that
are not heparin dependent.

A second purpose of this study was to test the ability of EPDs to
distinguish the conformational stability of a series of mutant proteins. We have

previouslysuccessfully utilized the EPD method for the development of stabilized
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pharmaceutical formulations of macromolecular systems such as
biopharmaceutical drugs and vaccihe?’ Instead of relying on one or only a

few biophysical parameters, EPDsuseativi mensi onal 066sti mul ati o
color pattern diagram. As is evident from Figures 5 and 6, both dramatically
different and highly similar EPDs are produced with only a few mutational
differences between proteins. Thus, this approach offers a uniegh@dology to
compare proteins that is not based on structure alone, but rather uses the way a
protein responds to environmental stress (e.g., pH and temperature) as a
comparative principle. The EPD approach is not limited to temperature and pH
but can ao be used to evaluate the effect of protein concentration as well as
solute and ionic strength among other solution variai&We have recently
shown that use of methods sensitive to the internal motions of proteins (e.g.,
isotope exchange, ultrasorspectroscopy, solute spectral quenching, etc.) in the
context of EPDs can also provide insight into more dynamic aspects of a protein
behavior. Thus, the EPD approach would seem to offer an improved method to
analyze the effect of mutation on proteirusture.

In addition, it should be possible in the future to evaluate the revised EPD
methodology developed in this work to compare stability of different mutants, as
a new analytical approach to assess comparabiifiyDuring the pharmaceutical
devebpment of a protein therapeutic drug candidate or vaccine, comparability

assessments are performed to determine if
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properties have changed (or not) across different preparations used during clinical
trials. These analyticalssessments typically involve a combination of routine
quality control tests (e.g., sodium dodecyl sulfate polyacrylamide gel
electrophoresis, size exclustbigh performance liquid chromatography,
isoelectric focusing, etc.), more sophisticated analysigyunass spectrometry
and biophysical methods (e.g., intact MW analysis, peptide and oligosaccharide
maps, differential scanning calorimetry, analytical ultracentrifugation, etc.), and
stability profiles under accelerated and storage temperature condifiéhit has
recently been shown that comparison of accelerated temperature stability profiles
can be an effective and sensitive way to perform comparability asseséfents.
Because the EPD methodology provides a rapid, high throughput approach to
collect and evaluate conformational stability data under accelerated conditions of
temperature and pH, this approach could potentially be useful as a comparability
assessment tool. The EPD method is currently being evaluated in our laboratories
for its utility in examining the conformational stability of different preparations of
the same protein with modest changes in post translational modifications (e.qg.,
glycosylation patterns).

In summary, the conformational stability of WT and 10 different AGF
mutants vas examined as a function of temperature and solution pH by a series of
biophysical techniques, and the resulting data sets were analyzed with an EPD

methodology. The revised version of the EPD methodology used in this work
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resulted in effective and convent comparisons of the effect of temperature and
solution pH on the structural properties of a wide range of-E@Gfutants. The
conformational stability profiles of several of the FGFutants were

comparable to the WT FGEFin the presence of heparimds, candidate FGE
mutants were identified with enhanced stability profiles in the absence of heparin
and can be considered promising seegaderation therapeutic FGIF

candidates. These mutants are currently undergoing preclinicahatakinetic

studies in animal
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Table 1: Summary of Stability Parameters and Biological Activity Values for WT H&iRd 10 FGHA Mutants.

ppG EC50 (ng/mL) EC50 (ng/mL) Half-life Heparin
FGF-1 protein (reference) Symbol
(kJ/mol) (-) heparin (+) heparin (h) Binding
Group |
WT (without and with heparin) A and B _ 584 +254 0.48 £0.08 1.0 Yes
L26D/H93G % C -0.9 N.A. N.A. N.A. Yes
C83T/C117V/IK12V°® D -1.9 0.93+0.25 0.36 +0.12 40.4 Yes
P134V/C117V* E -8.8 46.8 £6.7 N.A. N.A. Yes
K12v/iCc117v F -9.3 4217 N.A. N.A. Yes
ABBC (oxi) 2" 46 G -10.2 5.43 + 3.96% 0.36 + 0.20° 14.2% Yes
K12V/C117V/P134v?>* H -19.1 1.80 £ 0.90 N.A. N.A. Yes
Group Il
C83T/C117V/L44F/F132W° | -0.4 0.74+0.19 0.51+0.15 42.6 Yes
SYM6 pp/ K12 ¥/ J -35.0 741 + 302 N.A. N.A. No
Symfoil-4P 26 K -44.1 N.A. N.A. N.A. No
SYM1 0% L -47.0 N.D.?%° N.A. N.A. No

Conf or mat i on a talcdated aset ontDFCEnifogpoicGctivity (EC50), and in vivo half values are lidtedn the references
provided. FGFL proteins in Group | contain a single Trp residue which is quenched at the native stalepfe@Hns in Group Il contain

either an unquenched Trp residue in the native state or do not contain the Trp residue. lsvAilaidé; N.D., not detected.
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Figure 1
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Far UV CD analysis of WT FGE and a representative F@Anutant. (A) CD
spectra of the K12V/C117V/P134V mutant measured at 10_C at different pH
values. (BD) CD signal at 228 nm as measursdagunction of temperature at
indicated pH values for (B§12V/C117V/P134V, (C) WT FGH, and (D) WT
FGF1 with heparin. Data points are an average of two independent analyses.
Complete CD data sets for the other nine FQRutants are provided in
Supporing Information section. See Table | for a further description of each

mutant including K12V/C117V/P134V (H in Table 1).
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Figure 2
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Intrinsic fluorescence analysis of WT F@FRand a representative F@FRmutant.

(A) Fluorescence emism spectra (excited at 280 nm) of the

K12V/C117V/P134V mutant measured at 10_C at different pH valuéB)(B
Fluorescence intensity ratio (1305/1330) as measured as a function of temperature
at indicated pH values for (B) K12V/C117V/P134V, (C) WT FGFnd (D) WT

FGF1 with heparin. Data points are an average of two separate experiments.
Complete intrinsic fluorescence data sets for other nine F@ktants are

provided in Supporting Information section. See Table | for a further description

of each mutanincluding K12V/C117V/P134V (H in Table I).
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Figure 3
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ANS fluorescence analysis of WT FAFand a representative F@Rnutant. (A)

ANS fluorescence spectra of K12V/C117V/P134V measured at 10_C at different
pH values. (BD) ANS fluorescencentensity ratio as measured as a function of
temperature at indicated pH values for (B) K12V/C117V/P134V, (C) WT-EGF
and (D) WT FGF1 with heparin. Data points are an average of two independent
experiments. The complete ANS fluorescence data sets fotiteenine FGHR
mutants are provided in Supporting Information section. See Table | for a further

description of each mutant including K12V/C117V/P134V (H in Table ).
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Figure 4
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Static light scattering analysis of WT F@Fand a representaéi FGF1 mutant

as a function of temperature at the indicated pH values. (A) K12V/C117V/P134V,
(B) WT FGF1, and (C) WT FGH with heparin. Data points are an average of

two independent experiments. The complete static light scattering data set for the
other nine FGFL mutants is provided in Supporting Information section. See
Table | for a further description of each mutant including K12V/C117V/P134V

(H in Table ).
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Figure 5
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Empirical Phase Diagrams (EPDs) for WT FGKA), WT FGF1 with heparin
(B), and 6 different FGHA mutants without heparin (€l). The EPDs were
constructed based on intrinsic fluorescence intensity ratio at two wavelengths
(1305/1330 nm), intrinsic fluorescence intensity, CD at 228 nm, static light
scattering (SLHand ANS fluorescence intensity at 480 nm. All FGRutants in

this Figure contain a single Trp residue which is quenched at the native state.
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Figure 6
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Empirical Phase Diagrams (EPDSs) for four different FlGfutants without

heparin (IL). The EPDs wereonstructed based on intrinsic fluorescence

intensity ratio at two wavelengths (I1305/I1330 nm), intrinsic fluorescence intensity,
CD at 228 nm, static light scattering (SLS) and ANS fluorescence intensity at 480
nm. FGF1 mutants in thisi§ure contain either an unquenched Trp residue in the
native state or do not contain the Trp residue. See Table | for description of each

mutant.
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Supplemental Figures Legend
Proteins Figures: The following description applies to all FGF1 protein mumants
supplemental figures 1 to 11:

A- FarUV CD spectra at 16C

B- FarUV CD signals at 228 nm as a function of temperature.

Intrinsic fluorescence spectra at (D

o

Intrinsic fluorescence intensity change as a function of temperature

¢

Intrinsic fluorescence pealogition change as a function of temperature

m

Intrinsic fluorescence intensity ratio at 305 and 330 gy ldsg) change

n

as a function of temperature

G- Static light scattering intensity change as a function of temperature

H- ANS spectra at 16C
I- ANS fluorescenc@ntensity change as a function of temperature
Within each figure, the following applies, pH 3 (black), pH 4 (red), pH 5 (green),

pH 6 (blue), pH 7 (cyan), pH 8 (purple).
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Supplementary figure 1: WT FGF-1 data summery.
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Supplementary figure2: WT FGF-1 with (3X) Heparin data summery.
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Supplementary figure 3: L26D/H93G FGF1 data summery.
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Supplemental figure 6: Symfoit4P data summery
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Supplemental figure 7: P134V/C117V data summery
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Supplemental figure 8: C83T/C117V/L44F/F132W data summery
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Supplemental figure 9: A66C data summery
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Supplemental figure 10: C83FC117V-K12V data summery
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Supplemental figure 11 C117V-K12V data summery
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Chapter 3
High-Throughput Biophysical Analysis and Data
Visualization of Conformational Stability of an
IgG1 Monoclonal Antibody (mAb)

After Deglycosylation
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3.1Introduction

Monoclonal antibodies (mAbs) have emerged as a key category of
therapeutic protein drugs with over 30 mAbs curgeafiproved in the USA and
Europe and many hundreds under clinical developméithe commonly used
lgG mADb includes two light chains and two heavy chains forming a homo
dimeric, multidomain structure containing adilNked glycosylation site in each
of the two Gy2 domains found in the Fc portion of the heavy chdiithe
glycosylation pattern of the Fc region of IgG molecules plays a key role in IgG
functionality and clearance, where the type and amount of glycan moieties control
the ability and affiniy of the Fc region to bind to the various Fc recepitors
vivo."*! These Fc receptors are responsible for Fc effector function activities and
regulating clearance of IgGs from circulationvivo.***?

The extent and type of glycosylation has been shovimfluence the
conformational stability of proteins in general and mAbs in particQl@here are
several studies examining the effect of deglycosylation on the structure and
stability of the Fc region of IgG3: ? These studies typically use a siag|
measurement type (e.g., differential scanning calorimetry) over limited solution
conditions (e.g., one or two pH values) to examine the effect of varying mAb
glycosylation patterng?® *|n addition, the protease sensitivity of an IgG (e.g.,

papain dgestion), has been used to examine mAb stability, in which more

cleavage has been noted when the Fc was deglycosiiatéRlecent studies have
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also examined the conformational stability of purified Fc domains as function of
varying glycosylatiorf” #* 2739 32|nteractions between the glycan moieties and
specific residues within theq@ domains are responsible for stabilizing the
structure of the (2 domain, and disruption of these nrowvalent interactions by
partial or full deglycosylation leads ttestabilization of the entire domaih?* *°

% The effect of deglycosylation on the structural integrity of thg2 @omain has
been examined by a variety of structural analysis includingyXcrystallography,

0 SAXS*° and HDXMS >* **as well as xamined by molecular modeliffg>’

The pharmaceutical properties (e.g., storage stability and solubility) of
mADbs are also affected by glycosylation, although not necessarily in predictable
ways. For example, the solubility of an IgG1 was increased dicaia after the
introduction of an additional glycosylation site on the Fab dorffdincontrast,
an isolated cryoimmunoglobulin species from human serum, known to have
dramatically reduced cold solubility, was shown to contain an additional
glycosylatbn moiety in the variable region of the antibddihe aggregation
propensity of IgGs may increase upon deglycosylation, which has been attributed
to the destabilization of thei2 domain as well as exposure of an aggregation
prone regions within the 2 domain that are masked in the native 1gG by the
glycan moiety?® 38 39.59.60

Due to the potential for changes in critical quality attributes for biotech

drugs as a result of manufacturing and/or formulation modifications,
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comparability studies areegformed in which the pre and padtange drug
candidates are evaluated to ensure that these process and product changes do not
affect the drugds s Sirecturaleqiyvalesca f ety and fu
between pre and peshange protein drug candidatis evaluated in a stepise
fashion which may include analytical, biological and clinical evaluatibise
effect of varying glycosylation profiles on the design of comparability
assessments of protein therapeutics, including effects on Fc effeatbofun
activity of mAbs, has recently been reviewéd?
Analytical characterization for comparability evaluations includes
determination of primary and higherder structural integrity using a
combination of method®: “® A combination of chromatografe (SE, RP and IE
HPLC) and electrophoretic (clEF, cSDS) methods are typically utilized along
with mass spectrometry (intact molecular weight, peptide and oligosaccharides
maps) to characteri ze priranslationraldés pri mary st
modificaions(e.g., glycosylation patterndh contrast, analytical methods
available to examine high@rder structure are typically lower resolution in
nature (e.g., CD, fluorescence), ultimately resulting in the requirement for
functional potency assays to performed to ensure biological activity. Since
accelerated or long term stability studies are typically monitored as part of

comparability assessment?,*there is a need for new analytical methods for
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determining the higheorder structure of proteitdrug candidates that would
provide a more comprehensive picture of their structural integrity and stability.

In the past decade, multiple papers have appeared from our laboratories
describing the ability of empirical phase diagrams (EPDs) to summarizegahy
stability data and use this information for formulation development of therapeutic
proteins and vacciné$> These EPDs are created through the utilization of large
data sets from high throughput anaal ysis of
function of environmental stresses (e.g., temperature and pH) by multiple lower
resolution biophysical techniques (e.g., CD, fluorescence, light scattering, etc.),
followed by the application of multidimensional mathematical analysis
techniques, to pradte a colored diagram representing structural changes as a
function of environmental stress. Furthermore, the ability of EPDs to detect major
conformational stability changes in a series ofditected mutants of acidic
fibroblast growth factor (FGE) was recently demonstratddRecent work has
also established additional data visualization methods such as radar charts,
Chernoff faces and comparative signature diagrams to better compare protein
samplest >3

The purpose of this study is to test thadibility of using high througput
biophysical analysis and data visualization methods to rapidly evaluate, over a
wide range of solution conditions, differences in the structural integrity and

conformational stability of an IgG1 mAb of varying glycogiga patterns. This
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work required, for the first time, incorporation of differential scanning calorimetry
and differential scanning fluorimetry data into the EPD analysis. We also included
radar chart methods to better visualize conformational stabilitydiierences

across the IgG1 glycoforms.

3.2Materials and Methods
3.2.1 Materials

An 1gG1 mADb solution was received from Janssen R&D/J&J at 40 mg/ml
and frozen in aliquots a80° C. Reagent chemicals were purchased from Sigma

Aldrich (St. Louis, MO)or Fisher Scientific (Pittsburg, PA).

3.2.2 Methods
3.2.2.1 Deglycosylation of IgG mAb
Fully deglycosyl ated mAb was prepared u
(San Leandro, CA). Samples of mAb were diluted to 10 mg/ml with reaction
buffer (100 mM Tris, 100 mM NacCl, pH 7.5), and then 20 ul (200 pg) of the
diluted protein sample was added to 1T®fithe reaction buffer and 8 pl of
PNGase F to achieve a 1:100 (w/w) enzyme: protein ratio. The mixture was
incubated at 37C for 15 h. Partially deglycosylated IgG was produced using
Endogl ycosydase F2 (Endo F2) frlesof ProzymekE

mAb were diluted to 10 mg/ml using deionized water. Twenty pl (200 ug) of the
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diluted protein sample was then added to 38 pl of deionized water, followed by
addition of 10 pl of 5X reaction buffer (250 mM sodium acetate, pH 4.5), and 2

ul of Endo F2to the mixture. The mixture was incubated for 1h al@7

3.2.2.2Electrospray lonization Mass Spectrometry (ESIMS)

To confirm deglycosylation,rdibody samples with and without reduction,
using 10 mM dithiotreitol (DTT), were diluted to 0.25 mg/mtmd.1% formic
acid. Ten pL of this solution (approximately 16 pmoles of intact mAb or 50
pmoles of Fc monomer) was injected into the sample loop of the LC (Agilent
Technologies 1200 Series) with a two pump system. An isocratic loading pump
carried the ample from the loop to a Protein Concentration and Desalting Micro
Trap (BrukerMichrom, Auburn, CA, USA) for 5 mimlesalting with 0.1% formic
acid at 200 pL/min. A gradient pump eluted the protein from the trap at 50
pL/min flow rate using a ®0 % linearacetonitrile gradient in 3 min followed by
a 6095% gradient in 1 min for cleaning the trap onto the electrospray ionization
(4 kV capillary) source of a time of flight mass spectrometer (@20,
Agilent Technologies).he mobile phases used for gradielution were 0.1%
formic acid and 90% acetonitrile /10% water /0.1% formic acid. The mass
spectrometer was operated in 2 GHz extended dynamic range mode with
fragmentor voltage of 150V, desolvation gas flow rate of 10 L/min at 325 °C and

nebulizer preagre of 20 psig. Mass spectra were acquired over an m/z range of
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300-3200 with an acquisition rate of 1 spectrum per secatidreference mass
correction.The raw mass spectral data was processed using Agilent Mass Hunter
Qualitative Analysis (version B4). The mass spectra were deconvoluted at

specific mass ranges to search for intact or reduced mAb species.

3.2.2.3Sample Preparation for Stability Assessments

Samples were dialyzed overnight &Gt using a 10 kDa molecutar
weight cutoff membrane (&ice, Rockford, IL) against 20 mM citrgpdosphate
buffer to achieve the targeted pH range(3vith one pH unit increment or 3.5
6.0 with 0.5 pH increments). The ionic strength in all buffers was adjusted to
0.15 using NaCl. Protein concentration wasetimined at each pH using Agilent
8453 spectrophotometer (Palo Alto, California) and adjusted to 1 mg/ml. For
physical measurements, two different sets of experimental parameters were
evaluated: (1) for the pH range oB3the temperature was raisedrfr 10°C to
90°C at 2.5°C intervals using a 180 sec equilibration time, or (2) for the pH
range of 3.86.0, 1.25°C intervals were used as a temperature ramp with a 30 sec

equilibration time.
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3.2.3Biophysical Measurements
3.2.3.1Far-UV Circular Di chroism Spectroscopy

FarUV Spectra ranging from 260 to 200 nm with a resolution of 1 nm and
a bandwidth of 1 nm was collected first at®@using Chirascan (Applied
photophysics) equipped with four cells peltier type temperature controller. A
protein cacentration of 0.2 mg/ml using 0.1 cm path length quartz cells with a
total volume of 200 pl was used. The CD signal intensity change at 217 nm as a
function of temperature was collected, and buffer subtracted from all protein

samples.

3.2.3.2Intrinsic ( Trp) Fluorescence Spectroscopy and Static Light Scattering
(SLS)

Intrinsic fluorescence and SLS were measured using actiaaheled,
four positioned Photon Technology International (PTI) Quantum master
fluorometer (Brunswick, Ney Jersey) equipped withragted peltier temperature
controller. A protein sample of 0.2 mg/ml in 0.2 cm path length quartz cell
containing a total volume of 200 pl was used. Samples were excited at 295 nm
with emission spectra collected from 300 to 400 nm at a resolutionrof 1 n
collection rate of 1 nm/sec, and an integration time of 1 sec. The slit width used
for both excitation and emission was 4 nm, while 0.25 nm was the slit width used

for light scattering. As the intrinsic fluorescence signal was collected, SLS signal
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wascollected simultaneously using 8thgle detector relative to the other, and

the SLS peak intensity at the wavelength of excitation (295 nm). Spectra and SLS

were was followed with temperature increase as describe in detail elséfvhere.

Fluorescence & position and intensity changes were determined by center of
spectral mass fAMSMO method using OriginE 7
the actual peak position of approximately 10 nm, but produces more reproducible

values of the wavelength maximurBuffer spectra were determined and

subtracted from all protein samples.

3.2.3.3Extrinsic Fluorescence Spectroscopy with ANS

Extrinsic fluorescence was measured using a four positioned Photon
Technology International (PTI) Quantum master fluorometerr(8sick, Ney
Jersey) equipped with a turreted peltier temperature controller. Theahedific
8-naphthalene sulfonate (ANS) was used to detect the exposure of the apolar
regions of the protein. A protein concentration of 0.2 mg/ml was used; ANS was
addedo the protein to achieve a protein:ANS molar ratio of 1:15 and a total
volume of 200 pl using 0.2 cm path length quartz cells. Samples were excited at
374 nm and emission spectra were collected in the range of 400 to 600 nm with a
1 nm resolution, 1 nmég collection ra, and 1 sec integration tim#& slit width
of 3 nm was used fdyoth excitation and emissioBuffer spectra were

determined and subtracted from all protein samples.
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3.2.3.4Differential Scanning Calorimetry (DSC)
DSC measurementswerac r i ed out using MicroCal E c:
DSC instrument (MicroCal,LLC, Northampton, Massachusetts). A protein
concentration of 0.2 mg/ml in a total volume of 600 pl was used with a
temperature ramp from £€ to 90°C and a scanning rate of 80/hr. A pH
range of 46 with 0.5 pH unit increment was evaluated. Buffer thermograms were
subtracted from the corresponding sample thermograms. DSC thermograms were
integrated, before being utilized in the construction of the EPD, to get a sigmoidal

curve, in a stepo get a better representation of the data in the EPD.

3.2.3.5Differential Scanning Fluorimetry (DSF)
DSF measurements were performed using MX3005P QPCR system
(Agilent Technologies), with a protein concentration of 0.2 mg/ml and total
sample volumeof 00 Ol . SYPROE orange purchased fro
(Carlsbad, CA) supplied in a concentrated form (5000x) dissolved in DMSO. The
dye was diluted to 40x and then added to the protein samples to achieve 1x dye
concentration for measurements. Using FAkér sets, the mixture was excited
at 492 nm and the emission intensity change with temperature at 516 nm was
followed. Temperature was raised from®5to 90°C using 60C/hr as a heating
rate and £C as a step size. Data were transferred to Ext®Vare (Microsoft,

Redmond, WA) for data analysis. A pH range  with 0.5 pH unit increment
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was used, and buffers were run and subtracted from all samples. DSF curves
were integrated, before being utilized in the construction of the EPD, to get a
sigmoidal curve, in a step to get a better representation of the data in the EPD.
3.2.3.6Construction of Empirical Phase Diagrams (EPDs) and Radar Charts
EPDs are constructed to summarize and visualize the conformational
stability of IgG1 mAbs using dat&ts from selected experimental techniques as a
function of pH and temperature. The experimental measurements are organized
in the form of a multdimensional vector matrix and analyzed by Singular value
decomposition (SVD) as described in detail elsewferéResults are mapped to
a RGB color scheme and visualized as changes in color which indicate changes in
the physical states of the protein. Additional data visualization scheme with radar
charts was also used to analyze the data as describediiridetahere’ A radar
chart can have any number of polar axes each of which is mapped to an
experimental technique. A polygon drawn by connecting all points in the polar
axes represents changes in the physical states of the protein. Similar to an EPD,
difference in the shapes of polygons indicate changes in the conformational state
of a protein. Apparent boundaries between states can be assessed visually or by
use of computational aid such adleans clustering. A detailed explanation of

radar chartsind clustering methods can be found elsewffere.

129



3.3Results
3.3.1Deglycosylation of the IgG1 mADb

The 1IgG1 mAD used in this study had a glycosylation pattern typically
observed for recombinant mAbs produced from SP2/0 cells with ~75% consisting
of G1F, G2F and GOF structures, and the remaining ~25% being spread over
various charged species (e.g., mono and disialylated glycoforms) as described in
detail elsewheré&’ The ability of the different enzymes to remove the two major
glycans (GOF, G1F) was mibored by mass spectrometry analysis of the heavy
chain Fc from reduced mAb samples (Table 1). Mass spectrometric analysis of
the reduced mAb samples showed no significant changes to the light chain (data
not shown) while the heavy chain manifested a mdé weight consistent with
the specific enzymatic treatments (Table 1). For example, partial deglycosylation
was achieved by the treatment with endoglycosydase F2 (Endo F2) which cleaves
between two GIcNAc residues and leaves Asn 297 in the proteindreckb
attached to GIcNAd¢-uc.Full deglycosylation was achieved using@lycanase
(PNGase F) which fully removes the glycan (see Table 1) and deamidates the Asn
to Asp, adding a negative charge to botf2 @omains. Additional confirmation
was obtained by SDBAGE and capillary isoelectric focusing analysis which
qualitatively showed the expected shifts in migration of fully deglycosylated mAb
in terms of molecular weight and charge heterogeneity due to glycan removal

(data not shown).
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3.3.2Initial biophysic al characterization of a nativeand fully deglycosylated
lgG1

The secondary structure of the native and fully deglycosylated IgG1 mAb
was evaluated by fddV CD analysis from 260 nm to 200 nm at®m®(Figure
1A, 2A). Both samples share the same structeedlires across all pH values in
the form of a broad negati ve -sheetaikh at
structure. By following the CD intensity change at 217 nm with increasing
temperature (Figures 1B, 2B), the two 1gG1 glycoforms show sityila their
secondary structure stability behavior at higher pH values {fHth an onset
temperature of ~68C. A lower pH, however, (pH range53, the native IgG1
shows a trend toward enhanced stability compared to its deglysosylated form,
with ~1 °C difference in the onset temperature.

At 10°C, the native IgG1 produced a higher ANS intensity at pH 3 than
other pH values, suggesting increased exposure of apolar regions at low pH
(Figure 1C). For the fully deglycosyalted IgG1, higher ANS intgngas
observed at all pH values comedrto native IgG1 (Figure 2CJhermal stability
was studied by following the ANS intensity change at 486 nm with increasing
temperatur@s shown in Figures 1D and 2Che native and deglycosylated forms
of the mADb sbbw a similar transition at high pH values (pH8pBwith one, major
structural transition observed starting at 260 Differences between the two

IgG1 forms are observed, however, in more acidic environments-H 3
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including an additional structural trsition at lower temperaturest pH 3, the
first transition begins at approximately 4D for the native IgG1, while the
protein is already structurally altered at°@for the fully deglycosylated form,
suggesting that the fully deglycosylated IgG1xpariencing a higher degree
structural disruption at pH 3. In contrast, the second transition starts %t @5
both samples. Two structural transitions are seen at pH 4 for both IgG1s, with a
similar onset temperature for the second transition {€37but a different onset
temperatures in the first transition (~%5 for the native IgG vs. ~2& for the
fully deglycosylated 19G). The native IgG1 at pH 5 shows only one structural
transition starting at ~6%C while the deglycosylated form maniféso

transitions at ~42 and ~6G.

Intrinsic (Trp) fluorescence spectroscopy was used to probe the overall
tertiary structure stability of the native and fully deglycosylated mAb. Comparing
the two spectra at 1%, no major differences were observed bpHl values
(data not shown). By following the intensity change with increasing temperature
for the IgG1 in the native (Figure 1E) and fully deglycosylated states (Figure 2E),
similar structural transitions are seen including an initial decrease in tteoss
intensity (due to the intrinsic temperature dependent decrease in quantum yield of
the tryptophandés indol ring), a second sud
(indicating the start of a tertiary structure unfolding event), and a third transition

marked by a sudden decrease in fluorescence intensity consistent with
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aggregation/precipitation. The major unfolding event (second transition) for both
lgG1 forms starts earlier at pH 3 (~%8) and pH 4 (~55C) compared to other

pH values. Approximat2-3 °C stability difference for the IgG1 in the native

state (~62.5C) was observed for pH{8) compared to the fully deglycosylated

lgG (~60°C). Peak position changes as a function of increasingérature were

also analyzedlhe peak position for thnative IgG1 (Figure 1F) was 340 nm
(shifted from an actual value of 330 nm du
mass o met hod) f oQCrepeesehtatiyeldf needoldeddestiarat 1 0
structureThe peak position gradually increased with iasiag temperature

followed by a decrease at around’65(except at pH 3) suggésy
aggregation/precipitatioThe fully deglycosylated 1gG1 (Figure 2F) atXDwas

in a partially unfolded state as indicated by the red shifted peak position (345 nm
at pH3 and 342 nm for the pH rangeB4ising MSM analysis). With increasing
temperature, both proteins showed a gradual increase in their peak position as a
result of gradual unfolding followed by aggregation/ precipitation and

concomitant loss of signal.

Figures 1G and 2G show the temperature induced aggregation behavior of
the native and fully deglycosylated IgG1, respectively, as meddy static light
scatteringComparing the two IgG1 forms, pH 3 shows a similar trend with no
increase in light scattegrintensity even up to R, whereas, the native and

deglycosylated IgG1 at pH 4 starts aggregating at & and 62°C, respectively,
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with a greater intensity upon aggregatior the deglycosylated formt pH 5

and 6, native IgG1 starts aggregating82.5°C and ~65C compared to ~64C
and ~62.8C for the deglycosylated IgG1, implying a destabilizing influence of
removal of the sugar moiety.

The thermal melting curves from CD, ANS, fluorescence peak intensity,
fluorescence peak position, andSsanalysis were used to generate EPDs for the
native (Figure 1H) and fully deglycosylated mAbs (Figure 2H). Comparing the
two EPDs, three major regions are identified that signify different conformational
states. The green region represents the IgG#$ stable native state and the blue
region in a structurally perturbed, partially unfolded state. The purple/red region
represents an aggregated state. Both IgG1 forms have similar transition
temperatures in the native to the unfolded state events (blio@yagthe pH
range of €8, suggesting no detectable differences in conformational stability
between the native and fully deglycosylated IgGs in this pH range. In contrast,
notable differences in conformational stability between the two IgG1 forms were
seen under more acidic conditions of prFb3Comparing the native (green) region
of the EPDs at pH 5 for the two IgG1 forms, a large stability difference is
observed, in which the native IgG1 starts transitioning to the unfolded state at
~57.5°C and the fuy deglycosylated form at ~47%. At pH 4, conformational
stability differences are even more dramatic, with transitions to the unfolded state

appearing at ~47.% and ~35C for the native and fully deglycosylated 1gG1,
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respectively. For both 1gG1 fosrat pH 3, the structurally perturbed state initiates

at 10°C with this unfolded state undergoing aggregation at’€50

3.3.30ptimization of experimental parameters to better compare
conformational stability of Native and Fully Deglycosylated mAb glycéorms

Based on the studies above, EPD data analysis permitted a rapid, visual
assessment of conformational thermal stability differences between the native and
fully deglycosylateddG1 in the pH range of 3 to &Given the size of the
temperature steps 8°C) and pH steps (one pH unit), however, it was difficult to
analyze these stability differences in more detail. Thus, a narrower pH range (3.5
to 6 in 0.5 pH increments) with smaller temperature increments () 2&as
used to generate a new set of ER@doth IgG1 mAb forms. Using the same
techniques, a more detailed EPD was generated for native protein (Figure 3A) and
deglycosylated protein (Figure 3C). The data from these experiments are provided
in Supplementary Figures S1 afd. These improved HPs resulted in
observation of four structural regions including a blue region, where both IgG1
forms are in their stableative like states, a dark black region, immediately above
the blue region probably r egdkestdgeent i ng
The third region (green) represents a highly structurally altered, extensively
unfolded state, while the purple/red region comprising protein that is@atgng

and/or precipitatingComparing the blue regions of the two IgG1 forms to each
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other, wesee this region covers most of the native state, but covers a much
smaller area in the fully deglycosylated form. This more clearly illustrates
conformational stability differeres between the two IgG1 fornfsor example, in
the pH range of 3-8.5, a notteable difference in the structural transition
temperatures from the native to the molten globulaneridided states are
observedTransition temperature differences were less substantial in the pH range
of 56 in the EPD with an ~2 °C stability diffeence between the two IgG1
forms.

We used the same data set to generate radar charts, a newly developed
data visualization method for protein biophysical daRadar charts for the
native and fully deglycosylated IgG1 mAb forms are shown gufés 3C ad
3D, respectivelyThe reference radar chart guide to the right of the figure shows
the position of the five analytical techniques that are being evaluated.
Consequently, five radii are projecting out from the center of the chart greatin
one larger paiagonal imageAccording to the clustering analysis (K=3), for both
IgG forms, the radar charts are divided into three regions, regions I, II, and .
These three regions are similar to the three regions describe above with EPD
analysis (i.e., nativék e state, structurally altered state, and more extensively
altered form with aggregation). Region | is of small quadrilateral shape and
corresponds to minimal change in the signals, thus representing the more stable

native likestate Region | covers 60% (gure 3C) vs. 42% (Figure 3D) of the
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total area of the radar charts for the untreated and fully deglycosylatéd IgG

mADbs, respectively.

3.3.4Conformational Stability of Three Different IgG1 mAb Glycoforms
Analyzed with Optimized Analytical and Data Visualization Methods

As a final set of experiments, three forms of the IgG1 mAb of varying
glyscoylation were analyzed: the untreated control, the fully deglycoyslated
PNGase F treated protein, and a partially deglycosylated form generated by
treatmat with Endo F2 (see Table 1n addition, as noted above, since various
biophysical techniques (Figures3] differed in their ability to detect the
destabilizing effect of deglycosylation, we selected the most sensitive methods
described above (extrinsic fllescence spectroscopy with ANS and static light
scattering) for the additiohaxperiments described beloim. addition, we also
employed differential scanning calorimetry (DSC) and differential scanning
fluorimetry (DSF) which have previously been showihéccapable of detecting
conformational stability differences in deglycosylated IgG1 m#&kd; 27 28 333
Finally, the pH range of analysis was also narrowed to pt64.80 better focus
on the structural transition regions and due to complex rodegible behavior of
DSC and DSF results when heated at pyladd below (data not showihe

ANS, DSC and DSF data are discussed below and the SLS data for the three mAb

samples are provided in Supplementary Figure S3.
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The thermal melting curves fordmative (black), partially (green), and
fully deglycosylated (red) mAbs in the presence of ANS are shown in Figure 4.
At 10°C, at all pH values tested, the fully deglycosylated IgG1 has the highest
ANS intensity value, followed by thgartially deglycoglated IgG1.The ANS
intensity differences between the three IgG1 glycoforms &€Idecreases as the
pH increases. As the temperature is increased, two transitions are evident for the
three 1gG glycoforms at lower pH with only a single transibbserve at higher
pH valuesThe loss of the first transition occurs at pH 5.0, 5.5, and 6.0 for the
native, partially deglycosylated and the fully deglydassd 1IgG1 mADs,
respectivelyThe second thermal transition temperature seems to be less affected
by theglycosylation state of the mAbs, since the three samples display similar
transition temperatures (~88 at pH 4.56.0 and ~65C at pH 4.0).

Figure 5 shows DSC thermograwfsthe three IgG1s at pH@. The
second and third endothermic peaks observed®@ Bre very similar in terms of
melting temperatures (7€ and 82.8C, respectively)The first endothermic
peak onset temperature, however, shows both a solution pH aodyhtion
pattern dependenckn the pH range of 4 to 5, the transition onsetgderature
initiates earlier in the case of the deglycosylated 1gG, followed by the partially
deglycosyated and then the native IgGlhe latter two samples show similarity
in their onset temperature, except at pH 4.5 where the partially deglycosylated

IgG1 seems to be lessable than the native moleculst pH 5, the first peak

138



starts merging with the second peak for both the native and partially
deglycosylated IgGsltimately forming a shouldeihe first peak for the fully
deglycosylated mAb, howevaemains completely separated from the second.

At higher pH values of 5.5 and 6, the first transition for both the native and the
partially deglycosylated IgG1 forms are completely merged into the second peak,
while the first transition in the fully deglgsylated IgG form remains separated
from the other thermal transition peaks at pH 5.5.

Using SYPRO orange as an extrinsic dye which shows increased
fluorescence upon exposure to more apolar environments such as those associated
with structural alterationm proteins, the thermal stability of the different IgG1
samples as a function of pH and temperature was followed (Figure 6). Among the
three IgG1 mAb samples and pH values examined, a major transitioAGwEG
consistently observed except for thetjadlly deglycosylated IgG1 at pH 4, in
which the observed transition is very broad and is seen at a lower temperature (62
°C). Multiple additional transitions (prior to the main transition) are evident for
the three IgG1 samples at pH 4.0. A destabiliragiffect due to carbohydrate
removal is evident since both the partially and fully deglycosylated 1gG1 forms
start unfolding at ~28C compared to the native IgG at ~4B& At pH 4.5 and 5.0,
an initial transition is noted at a lower temperature for tmegbig deglycosylated
compared to the native IgG1 although they peak at about the same temperature.

The presence of the multiple transitions for the fully deglycosylated IgG1 at pH
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4.5 and 5.0, indicates more structurally disrupted states than ther#tber
samples at lower temperaturés.pH 5.5 and 6.0, two of the IgG1 forms show a
single major structural transition, with the fully deglycosylated form also
manifesting a préransition at pH 5.5.

Using the results obtained from the four techniquesrded above,
EPDs and radar charts were generated for the three IgG1 samples (Figure 7).
Comparing the EPDs of the native (Figure 7A), the partially deglycosylated
(Figure 7B), and the fully deglycosylated proteins (Figure 7C), the three EPDs
share a&common blue and green regiohhe blue region (based on separate
evaluation of the data) signifies the region where the protein is in its stable,
nativelike state. The green color defines the region where the proteiais in
structurally altered staté third region appears in all the three EPDs, but with
different colors and different intensities, corresponds to aggreg@agaipitation
of the proteinComparing the blue (native structure) region across the three IgG1
glycoforms at pH 5.5 and 6.0, the natiand the partially deglycosylated IgG1
samples have the same transition temperatures né&r Be fully
deglycosylated Ig& however, starts its transition at lower a temperatur8G59
At pH 5.0, the native and the partially deglycosylatedllflims show a
transition at 63C and 61°C, respectively. For the fully deglycosylated lg&
pH 5.0, additional color elements are observed indicating the existence of a

partially unfolded, conformationally disrupted state at this pH (see the ANS and
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DSFdata in Figures 4 and 6, respectively). At pH 4.0 and 4.5, the native IgG1 is
less stable, with structural transitions at 50 an8G5FespectivelyThe partially
deglycosylated IgG1 at pH 4 and 4.5 develops an additional light blue region,
consistent wth the existence of a partially unfolded staBed the ANS data in
Figure 4).The fully deglycosylated IgGat pH 4.5 shows a more structurally
disrupted state compared to the otherddg@ms, while an additional green

region is observed for the fullyedlycosylated IgG1 form at pH 4.0, indicating

the existence of the extensively structurally altered state even at lower
temperatures.

Radar charts were generated from the same data as shown on theeight s
of Figure 7.Spanning the same pH and tempamatrange examined with colored
EPDs, similar regions were identified for the different IgG1 glycoforms indicating
the existence of different conformational states (in the radar plots, structural
transitions were identified by clustering analysis with ks3lescribed in the
methods section). The natHike, stable region for the untreated, control mAb
(Figure 7A), the partially deglycosylated mab (Figure 7B), and the fully
deglycosylated protein (Figure 7C) are depicted adikimentities (minimal
structural transitions) and occupy 67, 52 and 40% of the radar dhar tot al ar ea,
respectivelyBased on this simple analysis of the areas in the radar plots

representative of nativike, stable form of the mAD, the effect of glycosylation
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on IgG1 conformabnal stability is readily evident, with the decreased area

qualitatively proportional to the enzymatic truncation of sugar moieties.

3.4 Discussion

In this study, a direct comparison of the structure and conformational
stability of an IgG1 mAb ands truncated glycoforms was performed with a
variety of biophysical techniques, over a wrdage of solution conditionBata
was also analyzed witiwo vector based technologi@he different glycoforms
were pr@ared by enzymatic treatmenkéass spectmetric analysis of the
reduced IgG1l mAbs (Table 1) directly demonstrated that the partial and full
deglycosylation was successful since the measured molecular weights of the
heavy chain of the mAb glycoforms were in closexpruoty to the expected
values.The native mADb contained the expected mixture of glycan structures for
SP20 cells, in which the G2F/G1F, G1F/G1F and G2F/GOF glycosylation patterns
are the dominant glycosylated forms as described elseiEne. partially
deglycosylated mAb, produced bypzymatic treatment with Endo F2, contained a
FucoseGlcNac as a major glycan species structures consistentheitheoretical
(average) mas3.he presence of the fully deglycosylated protein, achieved by
digesting with PNGase F, was evident from MSlgsia (Table 1), where
complete removal of the glycan and subsequent deamidation of the backbone Asn

to Asp, was achieved as a result of the enzymatic reaction.
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The destabilizing effects of removing theliNked glycan in the 2
domain of the Fc regioof IgGs has previously been demonstrated by selected
techngues under certain conditions.this regard, the ability of EPDs and radar
charts to detect changes in conformational stability due to differences in post
translational modifications ofaprotei was exami ned i n this work
systemo u s ientglycaofdmmsefean Igd1l mAEthough this work
covered a wider range of solution conditions, experimental techniques and data
visualization approaches, some of the conditions examinedheriap with
previous studiesThe results with the IgG1 mAb of this work are consistent with
previous reports with other IgG1 antibodies. For example, as a result of complete
or partial removal of the 2 domain N linked glycan, destabilization of g2
domain of an IgG1 has been shown by DEC?® 3% 31 3in addition, an increase
in fluorescence intensity spectra using intrinsic (Trp) and extrinsic (SYPRO
orange dye) fluorescence spectroscopy was seen with full deglycosyfation.
Differential scanning fluorimetry (DSF) has been used to evaluate conformational
stability differences of an IgG1 in different formulation buffét3he effect upon
complete or partial removal of thelisiked glycan on the conformational stability
of purified Fc protis has also recently been evaluated using IS¢ as well
as CD and extrinsic (ANS) fluorescence spectrosébpyesults from DSC
indicated a destabilization effect on thg2@lomain of the Fc protein upon

complete or partial deglycosylation, waitesults from CD and extrinsic
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fluorescence indicated a significant destabilization effect under acidic conditions
and less of an effect at neutral to basic pH.
The results of this work demonstrate a tstep methodology to evaluate
differences in the adormational stability between several mAb glycoforms.
First, Astandardo EPD data analysis was us
stability using a variety of methods that probe different aspects of structure over a
wide range of an environmental stres@.g., temperature and ptHecond,
based on these initial results, an additional evaluation was conducted using the
most sensitive experimental methods, with a focus on a narrower range of
environmental conditions (near values associated with struchaages in the
protein), using a combination of EPDs and rattaarts for data visualizatiofor
example, when comparing the untreated to the fully deglycosylated IgG1, a
noticeable destabilization effect was first evaluated over a wide range of pH and
temperature conditions by a variety of biophysical techniques (Figures 1 and 2).
This initial evaluation showed the destabilization effects under mildly acidic
conditions with some variability between the different analytical techniques in
terms of their alhity to detect structural changes as a result of deglycosylation.
Based on these results, -dmd ac owediet icohd ect e
focusing on an optimal pH range (6® in 0.5 increments), where notable
structural changes are detected, combimith 1.25°C temperature steps to

improve resolution (over the initially used 2@ increments)We also
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implemented the most sensitive analytical methods including ANS fluorescence
spectroscopy, DSAMSF and light scattering (LS)h addition, we added
partially deglycosylated mAb glycoform to better assess the sensitivity of this
met hodol ogy .-i ndhePBg ommeé dr adar charts from
glycoforms (Figure 7) clearly reflect differences in the major structural variations
between the tlee samples. Radar charts have the advantage of reflecting the
individual technique(s) which reflect the structural change at an identifiable site in
the diagram. For the three mAb glycoforms studied, radar charts clearly point to
an ANSDSF influence in dtected structural changes associated with region II,
with LS becoming a major tool for monitoring aggregation (Region lll) at higher
temperatures.

Although this work demonstrates the ability to compare conformational
stability trends across mAb sampldknown glycosylation content, the
generation of EPDs and Radar charts for more formal evaluations such as
regulatory comparability studies currently has practical limitations. For example,
although visualization and rank ordering of structural transiti@teeen samples
is clearly useful for sergualitative comparisons of conformational stability, it
still requires expert analysis by individual scientists of the individual biophysical
data sets to confirm (and if necessary adjust) readouts f@mitial clustering
analysis.This is due to a combination of potential effects including noise in raw

data, propagation of error when combining data sets across different instruments
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and experiments, and limitations of clustering anaR/<Bngoing work in our
laboratory is evaluating and addressing these topics including more advanced
mathematical treatments to potentially allow for statistical comparisons and
independence from a separatpert review For example, comparative signature
diagrams are an altative approach recently describ&to statistically compare
differences in spectral readouts from different instruments when evaluating two
protein samples across different temperatures and pH values.

In summary, this work combines data sets from mieltgoophysical
techniques that monitor d-orflefstructaralt aspect s
stability as function of environmental stress (e.g., secondary structure by CD,
tertiary structure by fluorescence spectroscopy, quaternary structure and
aggre@tion by light scattering). Data visualization by EPDs and Radar charts
allows for convenient and rapid analysis of these largehyisical stability data
sets.We also incorporated conformational stability data from DSC and DSF in
EPD and Radar charts agruction, for the first time, due to the sensitivity of
these two methods in detecting more subtle structural stability differences
between the different mAb glycoforms across different solution conditions. By
assessing conformational stability as a fiorcbf environmental stress (pH,
temperature), subtle differences in structural integrity may potentially be detected
when these differences are not readily apparent when monitored using lower

resolution methods under nasiressed conditions (analysis @avltemperature at
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neutral pH).Thus, evaluation of conformational stability differences may not only
be an effective surrogate to monitor subtle differences in higher order structure
between protein samples as part of formulation development, but alstub us
complement to traditional accelerated stability data often used in analytical

comparability studies.
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Table 1: Mass spectrometry results of the heavy chain region of redacaples

of the IgG1 mAbFirst column shows the masses of the PNGase F add E2

treated IgG1 mAb obtained from MS analysis along with the masses measured for
the two most abundant glycoforms (GOF and G1F) of the untreated mAb. The
second, third and fourth columns show observed change in mass, predicted
change in mass, and maddtion expected due to enzymatic treatment of the

lgG1 mADb, respectively.

Heavy P mas P mas
Modification of
IgG1 Chain observed predicted
Asn 297
Glycoform (Da) (Da) (Da)
PNGase F treated 49168.3* - - Deglycosylation,
N Y D
Endo F2 treated 49516.8 +348.5 +348.3 +GIcNAcGFucose
Untreated**
GOF glycosylated  50612.5 +1445 +1444.6 +GOF
G1F glycosylated 50774.7 +1607 +1606.5 +G1F
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*The theoretical mass of the rgigcosylated mAb heavy chain is 49167.3 Da.
*GOF, G1F are twanain peaks used to follow deglycosylation (Supplemental
figure 4)

Abbreviations: N: Asparagine, D: Aspartic adiglcNAc: N-acetylglucosamine,
F: Fucose, GGalactoseGOF: GIcNAgMansGIcNAcFuc, G1F:

GalGlcNAgMansGIcNACcoFuc.
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Figure 1:
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Figure 2:
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Figure 3:
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Figure 4:
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Figure 5:
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Figure 6:
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Figure 7:
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Supplemental Figure S1:
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and peak position changes with temperatures, and (G) Static light scattering
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Curves shown here are averages of three runs.

157



SupplementalFigure S2:
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and peak position changes with temperatures, and (G) Static light scattering

intensity change with temperature. Temperature ramp was inClLigérements.

Curves shown here are averages of three runs.
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Supplementary Figure S3:
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Static light scattering intensity changes as a function of temperature for the
untreated (control) IgG1 (black line), the partially deglycosylated IgG1 (green
line), and the fully deglycosylated IgG1 (red line) from pH 4 to 6. Normalized
results were generated bitihg the data to be equal to 1 at the maxima and to O
at the minima for incorporation into the EPDs and radar charts. Curves shown

here are averages of three runs.
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Chapter 4
Global physical stability assessments of IgGEc
proteins: effects of glycosylation site occupancy

and site 297 charge variations
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4.1 Introduction

Monoclonal antibodies (mAbsre well established as the leading class of
proteinbased drugs due to their high target specificity and long half'lf@e
majoiity of mAbs developed to date ag 1proteins consising of four
polypeptide chains (two heavy and two light chathg} arrange into 12 Ig
domains that form into a-ghaped molecule with two antigen binding (Fab)
regions and one crystallizable (Fc) region. The homodimeric, horseshoe shaped,
Fc region contains two interactings&domains in the @erminus end and two
Cn2 domains in thé-terminus end of the molecul€he two G2 domains
interact with each other through two buriedifked glycosylation sites located at
Asn 297 of each 2 domain.

Glycosylation of the Asn 297 residue is one of the most common post
trarslational modifications found within mAbs. In the past few yeaeshave
seenrapid growth in our understanding of the role of glycosylationith regard
to bothbiological activityandpharmaceutical propertieSonformational changes
of the G42 domain as a result of fully or partially removing the glycan residues
have beerfiound responsible for altering the functionafifstability*” (chemical
and physical) and pharmacokinetic profilef various mAbs. Additionally,
protease resistance (usingopan) has been shown to be significantly lowered in
deglycosylated mAb%'® Theseobservationsiave been attributed to

conformational differencedue to the losef bothglycanglycan and glycan
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protein backbone necovalent interactions upon deglycosidat this resultsn
the deglycosylated mADb to adopt a more open conformational state.

Mass spectrometric analysef glycopeptides from mAbs have revealed
significantheterogeneity in terms of glycosylation patternbath currently
marketednAbsandthoseunder development, depending on a variety of factors
including the antibody type, expression systems and cell culture conditidns
Among these glycoforms are the high mannose (HM) glycans consisting of 3 to
12 mannosenits connected to two cof@lcNAc units (N-acetyl glucosamine). In
one study, an analysis of the glycan heterogeneity in Rituximab (a currently
marketed drug for the treatmentofAldndg ki n6s | ymphoma) reveal ec
5.4% of the gycans present weeeHM nature® Mabs contaiing HM glycans
are known to have faster clearamioee comparedo glycans havinggither
GlcNAc, galactose or sialic acithitsat thetermini of the polysaccharid: *®
The effect of having enriched or depleted levels of HM IgG1 within a
heterogeneousiture of IgG1 glycoforms was shown to not affédw physical
stability of themAb preparatiort® Asymmetric mAb glycosylation (single arm
glycosylation) has been reported for an IgG1 contaiaismgle glycosylation in
the Fab regioR® This resultsn the IgG1llosingits divalent binding capacity to its
antigen. Asymmetrically glycosylated 1gG1 in thg23lomain was characterized

by S Ha et. al. (2011} with functional and stability differences between the

173



asymmetrically and the fully glycosylated I§@ported as a result of
conformational changes in thggZdomain.

In this work, IgG1Fc glycoforms containing well defined, homogeneous
glycosylation patterns, produced fronPighia pastorisyeast expression system
followed bypurification andspecifc enzymatic treatments, were utilized to more
directly address the effect of glycosylation site occupancy and amino acid
substitution (at Asn 297, the-lhmked glycosylation site in 2 domain) on the
structural integrity and conformational stability of lg1-Fc. The physical
stability of this series of Fc glycoproteins was examined by high throughput
biophysical analysis using multiple analytical techniques combined with data
visualization tools (empirical phase diagrams or EPDs and radar ctiyts).
usng large physical stability data sets acquired from multiple high throughput
low-resolution biophysical techniques as a function of environmental stresses (pH
and temperature), differences in the structural integrity and conformational
stability in this gries d Fc glycoforms were detectetihese stability trends, as a
function of site occupancy and amino acid substitution in the Fc glycoforms, were
not necessarily observed using the same biophysical techniques under non
stressed conditions. As a reselaluating the conformational stability
differences between the different Ig&t glycoproteins may serve as a surrogate

to monitor differences in high@rder structure between Ig& samples, an
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approach that could potentially be useful for analytioahgarability studies.

4.2 Materials and Methods
4.2.1 Materials

Both the human IgGEc sequence (comprising 446 amino acids with a
theoreticaimolecular weight of 50132.92 Da) and a point mutant of the 4g&1
protein (with446amino acids and theorgical molecular weight of 50160.96 Da)
were prepared and expressed using a yeast expression &y§tem.
nonglycosylated variant of the Ig&i was made by mutating theliNked
glycosylation site at Asn 297 (EU numbering) to GIn 297, thus eliminating the
Asn-X-Thr glycosylaton site within the G2 domain.This was achieved through
PCR sitedirected mutagenesis, followed by transfecting the yeast with the
mutated plasmid after sequencing it for verification as described elseffhere.
After expression, puii¢ation and concentration of the different Ig6ad
glycoproteins (as described below), samples were dialyzed into the storage buffer
(10 % sucrose, 20 mM histidine, pH 6.0) and froze@fC in aliquots of 0.5
mL. For the initial characterization of thgG1-Fc proteins (SD$AGE, mass
spectroscopy and SHPLC), samples were analyzed without further dialysis. For
biophysical characterization (f&V circular dichroism, intrinsic/extrinsic
fluorescence spectroscopy and turbiditgasurmenjs samples werdialyzed

against 20 mM citrate phosphate buffer (pB-@.0, 0.5 increments) and adjusted
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to an ionc strength of 0.15 with NaCOther chemicals and reagents not
described below were obtained fr@mgma Aldrich (St. Louis, MO) Fisher
Scientific (Pittsbug, PA), Invitrogen Carlsbad, Californipor Becton Dickinson

and CompanyFranklin Lakes, N)J

4.2.2 Methods
4.2.2.1 Expression and purification of the IgG4Fc proteins

IgG1-Fc proteins were cloned and then expressed using a methylotrophic
Pichia pagoris yeast expression system as described previtislgast were
first grown at 25°C for 72 hr in 2 mLof growth media composed ti§sue culture
media containind.% yeast extract, 2% peptone, 5% glycerol and 100 pg/mL
Zeocin(YPD/Zeocin culture media)his step wasdllowed by inoculating the 2
mL culture into50 mL of YPD/Zeocin alture media for another 72 at 25°C.
The 50 mL culture was then inoculated into a 1 L spinner flask containing YDP
media, 0.00004% biotin and 0.004% histidine. The mediskept at 25C and
aerated at a rate of 1 L/min through a sterilized glass sparger connected to 0.2 um
sterilefilter. Twenty-five mLs of methanol were addedardrop wise fashion
every 12 hr for a total period of 72.hr

This 1 L of yeast containingulture media supernatant was harvested by
centrifugation at 7000 rpm for 15 min af@ followed by pH adjustment to 7.0

with 0.1 M NaOH or 0.1 MHCI , which was kept for ~7 tat 4°C. The
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supernatant was then filtered and loaded onto a protein G cqikequilibrated
with 20 mM sodium phosphate that was adjusted to pH 7.0. Protein G column was
packed irhouse to make a 10 mL bed volume as described elsefiigre.
lgG1-Fc protein was then eluted using a 100 mM glycine solution adjusted to pH
2.7, andsubsequently dialyzed against 20 mM sodium phosphate buffer adjusted
to pH 7.0 at £C overnight.

To separate the differentially glycosylated forms of the K8 1two
different purification methods were usefirst, a cation exchange
chromatography (CEXmethod using ProPac WCX0 semipreparative (9 x 250
mm) column, (Dionex, Sunnyvale, CA) was developed. The column was
equilibrated with Buffer A (20 mM sodium acetate pH 4.8) for 5 column volumes
(CV). The protein G purified IgGEc solution was then &aled onto the cation
exchange column. Chromatographic separation waspidormedn a linear
gradient from 0 to 1M NacCl (10 CV) using Buffer B (20 mM sodium acetate pH
4.8, 1 M NaCl). Two mL fractions were collected throughout the gradveaks
were doserved and collected corresponding to the diglycosylated and
monoglycosylated IgGEc proteins (which are primarily usedthis study and
represented ~80%, and%5of the material, respectively) in addition to an
aglycosylated IgGFc form (~5% of the ntarial). After analyzing column

fractions with SDSPAGE to confirm glycoprotein identity, the two collected 1gG
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Fc glycoforms were concentrated, dialyzed against 10% sucrose, 20 mM histidine
pH 6.0 and frozen aB0 °C until further use.

A second, scaledp purification process involved a hydrophobic
interaction chromatography (HIC) method using a HiScreen fast flow phenyl
sepharose column (4.7 mL bed volume and 7.7 X 100 mm bed dimensions, GE
Healthcare) was adopted. The HIC column was equilibrated wifieBA (20
mM sodium phosphate, 1M ammonium sulfate pH 7.0) for at least 5CV. The
protein G purified IgG4Fc solution was then loaded onto the HIC column.
Chromatographic separation was tlvenductedn a linear gradient from 1.0 to O
M ammonium sulfat¢10 CV) using Buffer B (20 mM sodium phosphate, pH
7.0). Ten mL fractions were collected throughout the gradient. Two peaks were
observed and collected corresponding to the diglycosylated and monoglycosylated
glycoforms of the IgG¥c proteins. After anaiyng column fractions with SDS
PAGE, the collected glycoforms were concentrated, dialyzed against storage
buffer (10% sucrose, 20 mM histidine pH 6.0) and froze8@&IC until further
use.

The ronglycosylated (QQ) IgGEc mutant protein was expressesing a
methylotrophicPichia pastorisyeast expression system in a similar fasti@mn
thatdescribed above. Yeast containing culture media supernatant was harvested
by centrifugation at 7000 rpm for 15 min al@followed bya pH adjustmento

7.0 with 01 M NaOH or 0.IM HCI. This producivas kept for ~7 hat 4°C. The
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supernatant was then loaded onto a protein G column and the nonglycosylated
(QQ) 1gGXEFc protein was eluted using the same conditions as described above.
Nonglycosylated (QQ) IgGEc protén was also passed throughenyl sepharose
column using the sae conditionsasdescribed abovéfter analyzing column
fractions with SDSPAGE to confirm glycoprotein identity, the nonglycosylated
(QQ) IgGEFc glycoform was concentrated, dialyzed agal@®8b sucrose, 20
mM histidine pH 6.0 and frozen &0 °C until further use.
4.2.2.2 Deglycosylatation of Diglycosylated and Monoglycosylated Ig&-t
proteins

The purified diglycosylated and monoglycosylated forms of the 561
were deglycosylated usindN&Gase F enzyme (madelouse as described
elsewhere§! Samples in storage buffer were thawed, treated with PNGase F in a

protein to enzyme ratio of 5aD(w/w) and incubated for 6 lat 25°C. .

4.2.2.3 Electrospray lonizatioaMass Spectrometry

IgG1-Fc proteins were analyzed by electrospray ionization mass
spectrometry (ESMS). ESI spectraf reduced protein samples (15 mM
dithiothreitol, pH 7.0room temperature) were acquired on a SYNAPT G2 hybrid
guadrupole / ion mobility / Tof mass spectroméWaters Corp., Milford, MA).
The instrument was operated in a sensitivity mode with all lenses optimized on

the MH+ ion obtained from Enkephalin. The sample cone voltage was 30eV.
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Argon was admitted to the trap cell that was operated at 4eV for maximum

transmission. Spectra were acquired at 9091 Hz pusher frequency covering the

mass range from 100 to 3000 u and accumulating data for 1.5 seconds per cycle.

Time to mass calibration was made with Nal cluster ions acquired under the same

conditions. Samples we desalted on a reverse phase C4 column, 1 cm, 1 mm

I.D. (Vydac, Mdland, Canada, 300 A pore size. Thgm particlesverepacked

by Micro-Tech Scientific) using a NanoAcquity chromatographic system (Waters

Corp., Milford, MA). The solvents used were (9% HO, 0.1% formic acid)
and B (99.9% acetonitrile, 0.1% formic acid). A short gradient was daselo
from 1 to 70% B in 4 minvith a flow rate of 20 pl/minMasslynx 4.1 software
was used to collect the dafédhe MaxEnt 1routine was used for processtiaga to
convert peaks of multiply charged protein ions into uncharged deconvoluted
protein spectra.
4.2.2.4 Sodium Dodecyl Sulfat®olyacrylamide Gel Electrophoresis (SDS
PAGE)

Samples were made by mixing 20 pg of the protath WOul of Sodium
dodecylsulfate. Five ul of dithiotheritol (50 mM) was added for sample

reduction. Samples were then incubated &i@Bfbr 2 minand loaded cwo a

NUuPAGE 412 % Bistris gel (nvitrogen, Carlsbad, California) using 20x MES as

a running bufferThe running time \as 65 mirat 160V. After the run, gels were

rinsed with water, stained with Coomassie blue for an hour and then destained
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using 10 % methanol, 10 % glacial acetic acid solution. Protein molecular weight
standards (BIERAD, Hercules, CA) were loaded for necular weight
estimation Bands densitometry measurements were performed tngingageJ
program (NIH). Briefly, individual gel lanes were highlighted for analysis in
which high band intensity corresponds to high peak area from whegurity of
each smple was calculateds described in detailsewheré> 2°
4.2.2.5 Western Blot analysis

After protein separationy SDSPAGE, gels under reducing and Ron
reducing conditions were transferred onto a polyvinylidene fluoride (PVDF)
membrane (BieRAD, Hercules, CA) using 25 mM Tris, 192 mM glycine, 20 %
(v/v) methanol buffer (pH 8.3). Nespecific binding was blocked using 5 %
nonfat milk dissolved in Triduffered saline (pH 7.5) for 3 fat 4°C followed by
the addition of amntiIgG-Fc speific secona@ry antibody that waalkaline
phosphatase labeled (Thermo scientific, Waltham, MAg mixture was
incubated overnight at% followed by washing the PVDF membranes with Tris
buffered saline containing 0.05 PAveen 20. Protein bands were visualized by
NBT/BCIP substrates (Thermo scientific, Waltham, MA) which yield an intense

black/purple precipitate when reacted with alkaline phosphatase.
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4.2.2.6 SizeExclusion High-Performance liquid Chromatography (SE
HPLC)

Experiments werperformedusing a Shimazl highperformance liquid
chromatography system equipped with a photodiode array detector and a
temperature controlled autosampler. A Tosoh 3&H Bioassist G3SW column
(7.8 mm ID x 30.0 cm L) and a corresponding guard column (TOSOH
Biosciences, KingfoPrussia, Pennsylvania) were usedRorprotein
characterization. Initially, the SEC column was equilibrated for at least 10 CV
with the running buffer (200 mM sodium phosphate, pH 6.8) and under the
running conditions (38C column temperature and 0.7fmin flow rate).Gel
filtration molecular weight standards (BRad, Hercules, CA) were used for
column calibrationProtein samples at a concentration of 0.5 mg/ml were injected
in a volume of 35 pL, and a 30 min run time was used. Peaks quantificasn w

carried out using instrument software.

4.2.2.7 FarUV Circular Dichroism Spectroscopy

FarUV CD spectra ranging from 260 to 200 nm were collectaith a
resolution and bandwidth of 1 nm, usia@hirascarspecrtopolarimetgiApplied
Photophysics, Suey, United Kingdom) equipped with four cell holder and peltie
type temperature controlldfor all measurements, 200 pl of a protein

concentration of 0.2 mg/ml was placed into a 0.1 cm path length quartz cuvette.
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Proteins were run in triplicate and aesponding buffer blanks were run and
subtracted from each sample.
4.2.2.8 Intrinsic (Trp) Fluorescence Spectroscopy

Intrinsic (Trp) fluorescence was measured using a Photon Technology
International (PTI) Quantum master fluorometer (New Brunswick, Neseygr
equipped with a four position cuvette holder and a turretétgeptemperature
controller.A protein sample (200 pl) of 0.2 mg/ml in 0.2 cm path length quartz
cuvette was used. Samples were excited at 295 nm with emission spectra
collected from 310a 400 nm at a resolution of 1 nm, collection rate of 1 nm/sec,
and an integration time of 1 sec. Temperature was raised in incessh@r25°C
from 10 to 98C. The slit widths used for both excitation and emission were 6 nm.
Fluorescence peak positionatiges were determined bgenter of spectral mass
i MSMO omde tuhs i ng Or i g ThisEetifod shiftssthe actuat peake .
positionapproximately 10 nm, but produces more reproducibleesabf the
wavelength maximunProteins samples were run in triplicate and corresponding
buffer blanks were run and subtracteaim each samplspectrum
4.2.2.9 Differential Scanning Fluorimetry (DSF)

DSF measurements were performed using MX3005P QPCR system
(Agilent Technologies). A protein concentration of 0.2 mg/ml in a total sample
volume of 100 Ol wadyepushastdfroB MRrBgerE or ange

Inc. (Carlsbad, CA) supplied in a concentrated form (5000x) dissolved in DMSO
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was diluted to 40x and then added to the protein samples to achieve 1x dye
concentration for measuremeritlsing FAM filter sets, the mixture was@ted
at 492 nm and the emission intensity change at 516 nm was followed. The
temperature was raised from 25 to°@0using 60C/hr as a heating rate and@
as a step size. Data were transferred to Excel software (Microsoft, Redmond,
WA) for data analyis. Proteinsamples were run in triplicagsd corresponding
buffer blanks were run and subtracted from each sample.
4.2.2.10 Turbidity measurments

Temperature induced protein aggregation was followed using a Cary 100
UV-Visible spectrophotomete¥érian Inc, Palo Alto, Californid equipped with
a 12 cell holder with peltier type temperature controller. A protein concentration
of 0.2 mg/ml in a totavolume of 200 ul was used thcm path length quartz
cells.Forall measurements, a wavelength of 350was used to monitor light
scattering @ptical density andthe temperature was raisedmeremens of 1.25
°C from 10 to 90C. Proteins samples were run in triplicate and corresponding
buffer blanks were run and subtracted from each sample.
4.2.2.11 Consuction of Empirical Phase Diagrams (EPDs) and Radar
Charts

The threeindex Empirical Phase Diagram aRddarChartdata
visualizationmethodsvereusedto describe biophysicatability characteristics

of the varioud=c proteins.Detailed descriptionsf the construction of both three
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index EPDs and radar plots are published elsewiémethis work, three
biophysical data sets were used for data visualizafigpro Orange fluorescence,
Trp peak position fluorescence, and optical density at 350rhasethree
techniquesvere chosefor EPD construction because they displhglear
thermaltransitions in contrastgircular dichroisnthermal stability data did not
show clear transition&@atanot shown)For the three index EPDs, tBgpro
Orange fluoescencestability dataweremapped to the color red, Trp fluorescence
peak positiorstability data to the color green, and optical densiapility datao
the color blue. The combination of these RGB values pratasengle color at
each point in pH ahtemperature coordinates. For each techramaeproteinthe
minimum valuewasmapped to the loss of the color component, and the
maximum valuevas mappedb the full colorintensity The resulting color map
was generated he color black indicates minum values of all three techniques,
which can be interpreted as thteuctureclosest to the native staleast amount

of structural change)he green or red color appearnshin thethree indexePD
astheTrp fluorescence pegositions changeslisplaysred shif) or Sypro

Orange binding increasa®spectivelyThe blue appears when high turbidity is
measured by optical densigluesat 350 nmTo determine common regions
within the three index EPk-Means clustering algorithm is first applied tclkea
EPDto identify boundrie®f similaly color regionsTheresulting clustersan

scatter as small blockd colors,especially over the structurally altered regions.
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Then,using visual assessments and comparisons to the raw physical stability
profiles for each instrumengnly certain commonly observedusterswere
selectedRadar chartsvere generatetb displaysimilar characteristicgchanges

in readouts from each of the three biophysical instrumentgefdiof these
commonly observedlustes. Thesame threanalyticaltechniqus and mirmax
rangewereused forpreparing-adar charts. The minimum valuasmapped to

the center of the radar chart, while the maximum velag mappeadnto the outer
circumferenceAll values within the clustewereaveagedfrom multiple runsand
values were connected to yield a final polygon to represent a specific structural

State

4.3Results
4.3.1 Initial characterization of the different IgG1-Fc glycoforms

A pictorial presentatiorof the five different types dfjG-Fc proteins
(diglycosylated, monoglycosylated and three differentglynosylated forms)
examined in this studig presented in Figure High mannose (HM) IgGEc
glycoforms were expressed in yeast and purified using a combination of Protein G
and ether cation exchange or hydrophobic interaction chromatography. First, an
IgG1-Fc bearing HM glycans at bothy& domains (~80 % of the amount
purified) designatedliglycosylated IgGaFcwas identified Second, an IgGEc

containing HM glycan at a single4€ domain (~15 % of the amount purified)
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labeledmonoglycosylated IgGEcwas found In addition, IgG1Fc proteins with
variations in amino acid residuassite 297 of the G2 domain were prepared.
lgG1-Fc with Asp/Asp and Asp/Asn residues were made latitrg the
diglycosylated and monoglycosylated IgG&& proteins witlthe enzymd®NGase
F. PNGase F cleaves the glycan residue(s) and converts Asn to Asp, adding one or
two negative charges to the IgGEc moleculesFinally, a N297Q IgG4Fc
mutant, with AsnAsn substituted with GIn/GIn through site directed mutagenesis,
was also expressed and purified (Figure 1).

To confirm the correct masses for each of the purified 1§61
glycoproteins, mass spectrometric analysis of reduced samples was performed
(Tablel and supplementary Figure S1). The nonglycosylated (QQ) Fc mutant had
a mass of 25,077 Da, in close agreement (+ 3 Da) with the pnadicted from
the sequencdVS analysis of diglycosylated Ig&ac protein revealed a mass of
26,766 Da reflecting a prethinant Marg glycosylation form, in close agreement
to the predicted mag26,769.5 Da)Additional, peaks with additional one, two,
three and four mannoses were also present indicating glycoforms with 9, 10, 11
and 12 mannoses, respectively, but in loalmundancésee supplemental Figure
S1). The mnoglycosylated IgGEc protein had two distinct peaks with masses
of 25,062 and 26,766 Da in agreement with nonglycosylated ang Man
glycosylated arms of the glycoprotein. A heavier peak reflecting thenuesé

Man ¢ IgG1-Fc glycoform was detected as well (see supplemental Figure S1).
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Upon PNGase F enzymatic treatment of the diglycosylated and monoglycosylated
lgG1-Fc samples, a mass of 25,063 Da was observed for each protein indicating
fully deglycosylatd Fc proteins.

SDSPAGE gelanalysisfor the IgG1Fc samples under reducing
conditionsis shown in Figure 2A. The diglycosylated Fc protsifowed a single
band at aroun@8 kDa. Slightly lower MWof around ~26 kDa were observed, as
expected, for botthe nonglycosylated DD (PNGase treated) and nonglycosylated
mutant (QQ) Fc protein@n lanes 2, 3 and 5, respectivelylonoglycosylated Fc
protein (lane 3) had two bands at ~28 and ~26 kDa confirming the presence of
glycosylated and nonglycosylated IgG& arms. Upon PNGase F treatment of
the monoglycosylated Fc, the glycosylated arm (previously seen at ~28 kDa)
disappears and a major band is seen instead ~26 kDa. Both monoglycosylated
(with and without PNGase treatmehgvea second bandt~39 kDa.The purity
of the IgG1Fc protein sample@nder denaturing conditiongjas determined by
denstometricanalysis of reduced SDISAGE gels (Table 2). Diglycosylated,
nonglycosylated DD anthe nonglycosylated mutant (QQ) were determined to
have ~97 % purity. Tdimonoglycosylated Fc protein (and the corresponding
nonglycosylated DN form derived from PNGase treatmertief t
monoglycosylated Fc) showsdmewhat lower purity valgef ~84%(see
discussion sectionpize exclusion high performance liquid chromatobsef(SE

HPLC) wasthenused to evaluate purity (under ndanaturing conditions) to
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determine if aggregates were present in kg4 samples after purification

(Figure 2B shows repsentative SEC chromatogramBje purity of the IgGIFc
samples was deternmed, as shown in Table 2, and results indicate the Fc protein
samples are primarily monomef(f@l.1-96.6%)with some aggregatgsesent
acrosghe IgGtFc samples (1-8.2%). The remaining areean beaccounted for

by the presence of small amosiof fragments at 0.2.0% (data not shown). The
monoglycosylated Fc proteins contained ~8.@% aggregates and showed either
similar or somewhat lower aggregate levels compared to the diglycosylated and

nonglycosylated Fc samples (see Table 2).

4.3.2 Structurd integrity at ambient temperature conditions
The overall secondary structure of the five Ig&dproteins was evaluated
at 10°C by farUV circular dichroism (CD) analysis from 260 to 205 onderat
variouspH conditions (Figure 3). The CD spectrum lod diglycosylated and
nonglycosylated mutant (QQ) Ig&ic proteins show a clear minimum at 217 nm
that is apparenindera | | pH condi ti onsheettrighstiucugde i ndi cat i
as expected fronrmmunoglobulin foldedlomains T h e s a rskeetclv er al | b
secondary structure is seen for the nonglycosylated DD at p#3.hereas, at
pH 5.0, 5.5 and 6.0 a constant decrease in CD signal is observed indicating some
alteration in the protein secondary structumeler these pH conditionsor the

monoglycosylated IgGdFc protein, a different CD spectrum is observed
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compared to the other Fc protein samples with a positive fpuegentat 212 nm
that increases in intensig the solution pH increasdsis could potentially be
attributed to an increasingif | uence ftune.Whenthep e | b
monoglycosylated IgGEc protein was deglycosylated using PNGase F
(nonglycosylated DN), more natili&e structural features in the CD spectra were
detected, in the form of a minimum at 217 nm, asatl pH conditions examined.
These results indicate the monoglycosylated Fc pra@ma structurally
perturbed state, and that upon deglycosylation, the e$fatteast partially
reversible with the regaining of natii&e secondary structure seen by CD
(monoglycaylated vs. DN nonglycosylated forms of the Fc protein in Figure 3).
The CD spectra intensity signals as a function of irsinggtemperature were
monitored. Due to data noisy data, howeasryell as the lack of intensity
change as a function of temptena for many of the Fc proteins.de
monoglycosylated as wetk deglycosylated form), the CD thermal melting
curves were not furthemployedn this study (data not shown).

The gructural integrity of the overall tertiary structure of the fiv&1igFc
proteins was then evaluated using intrinsic (Trp) fluogase spectroscopy
(Figure 4).Diglycosylated and nonglycosylated mutant (QQ) Igf&lproteins
manifestfluorescence spectra at pH 4.0, with relatively high peak intensities, and
dmaxVvalues of 3338 and 332.1 nm, respective.s t he pH kas T ai

starts shifting t guValoesefB29.vand 380.6cnmgt h s

190

sed, t

(with

F



accompanied byelatively lower peak intensity), indicating the average Trp
residue in a moreapola environment, ad presumably more folded stakar the
nonglycosylated DD IgGE ¢ p r o tg@doas,not shiit & loarer wavelength
asthe solutiorpH is raisedremaiingat ~333 nmsuggesting thadeglycosylated
protein remains in the same structyseesumably an effect due to deglycosylation
and amino acid substitution (Asn to Asp at 8@&).Monoglycosylated IgGEc
protein, however, showssmallr e d s haka$ @ function obincreasing
solution pH, indicating potentially less stabilityp 6.0 (vs. pH 4.0), whereas
the nonglycosylated DN behaves more like the diglycosylated and QQ
nonglycosylated mutantsdoesshova n ot i c e ab | gastthepHes s hi f t
raised from pHt.0 to 6.0 (~334 to ~330 nmlhese intrinsic fluorescence
spectroscopy results, similar toghCD results above, indicate that
monoglycosylated Fc protein is in a structurally perturbed state, and that upon
deglycosylation, the effect is at least partially reversibée the data for
monoglycosylated vs. DN nonglgsylated forms of the Fc protein in Figure 4 at
pH 4.0 vs. pH 6.0).
4.3.3 Physical stability of IgG1Fc proteins as a function of pH and
temperature

The conformational stability dhetertiary structure of the five IgGEc
proteins was evaluated usiaggcombination of intrinsic (Trp) fluorescence and

extrinsic fluorescence (i.e., differential scanning fluorimetry, DSF) spectroscopy
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(see Figure B and B). Figure 5 shows the average results from three replicates

while the same physical stability dat& ahown in Supplemental Figure 8&nd

B with corresponding standard deviation error feom triplicate measurements.

The onformational stability of the five Fc proteins svéirst evaluated by

f ol l owi ng ms&abafungtiensof increasieg temperat(fFegure 5A). It

should be notethattheamaxvalues in Figure 5Aareshifted by about 145 nm

compared to the actual values (see Figure 4), due to the aspeadtracentralof
massmethod as desibed in the methods sectiddiglycosylated and

nongl ycosyl ated mut ant 4&p€Rpositomstdtie had r el at
starting temperature across the pH conditions tested {383@musing the

MSM method) with higer thermal stability being observed for thglgtosylated

IgG1-Fc protein.The nonglycosylated DD IgGECc pr ot @adpeak wi t h &
positions of ~340 nm, showed a subtle, steady increase in peak position as
temperature was raised followed by a more dtammacrease in peak position.

The monoglycosylatedna nonglycosylated DN forms hagla.xpeak positions of
~340341 nm with little to no detectable shift in peak positieritee temperature
increasesexcept for the monoglycosylated Fc protein at pH 6.0revhdransition

curve is detected (Figure 5A). In DSF analysis, SYPRO orange dye was used as a
probe for detecting structurally disrupted proteins, seen in the form of increased
fluorescence intensity upon exposure to apolar environments due to structural

alternations and/or aggraig formation (See Figure 5B)iglycosylated IgGiFc
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was the most thermally stable protemanifestingtwo thermal transitions
(presumablysequentialinfolding events of the g2 and G;3 domain$. This was
seenacrosanost of thepH conditions tested (except at pH 4.0) with an observed
increase in thermal stability as a function of increasing pH. Additionally,
fluorescence peak intensity at the starting temperature in the range of-61 5.0
is decreasedompared to the values aetlower pH conditiongzor the
monoglycosylated Fc protein at pH conditions between 4.0 and 5.5, and
nonglycosylated DN protein at pH between 4.0 and 5.0, single thermal transition,
consistent with a more structurally disrupteg2@omain.Two thermal

transitions were seen for the nonglycosylated mutant (QQ) and the
nonglycosylated DD Fc proteinmdermost of theopH conditions testeexcept at
pH of 4.0 and 4.5, again consistent with the presence of a more structurally
altered G2 domainunderlower pH conditions compared tioigherpH.

Temperature induced aggregation was evaluated by monitoring optical
density changes at 350 nm as a function of increasing temperature and pH (Figure
5C). Differences between the Ig&t proteins were observed in termslod t
onset temperature of aggregation as well as the profileadghcal density
transitions Diglycosylated IgGiFc protein did not show detectable thermal
transitions in optical density across all pH conditions teSted.
monoglycosylated Fc proteinndhe other handisplayeda single transition in

optical density at pH 4.0, 4.5 and 6.0 starting at 21, 33, afl@, #@spectively,
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whereas, at pH 5.0 and 5.5, two transitions were detected with the first transitions
stating at 45 and9°C and the secwl at 52 and’5°C, respectivelyFor the
nonglycosylated mutant (QQ), a single thermal event of increasing optical density
was detected at ~P€ at pH 5.06.0, with no thermal transitions noted at lower
pH values of pH 4.0 and 4.Similarly, the nonglyosylated DD Fc protein
showed no detectable thermal transition at pH 4.0, a single thermal transition in
optical density starting at 7€ at pH 4.5, and at € for pH 5.0, 5.5 and 6.0. In
contrast, the nonglycosylated DN Fc proteianifestedwo opticd density
thermal transitionsinder allpH conditions examined with increasing thermal
stability being observed as a function of increasing pH. At pHiAe0,
nonglycosylated DN protein showed an increase in optical density starting from
10°C followed bya second major increase at®€2 At pH 4.5, 5.0 and 5.5, an
initial increase in optical density was detected at 40, 46 afi@,5allowed by a
second increase at 75, 78 and’@4respectively. Two adjacent transitions in
optical density were seen at (&0, withthefirst transitioninitiating at 57°C
followed by a second transition at %@.
4.3.4 Conformational stability evaluations using various data visualization
techniques

Using the physical stability data acquired from differential scanning
fluorimetry, intrinsic fluorescence spectroscopy (peak position), and turbidity

measurmenighree index EPDs (see Supplemental FigureS&4and radar
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charts (see Supplemental FigureS8land Supplementary Figure S9) were
constructed for each dfi¢ individual IgGFc proteinsThese supplemental
figures show the contributions from each of the individual biophysical
instruments to the observed changes in conformational integrityuastsoh of
pH and temperatur&or ease of comparison, a summary figueswonstructed
showing the overall results from each of the five individual-Fg3proteins
merged into one dispya(Figure 6).The five color plots in Figure 6 highlight five
regions with similar structural characteristissignatedegions AE, as obseed
in the threeindex EPDs for the five different IgGEEc proteins with various
glycosylation occupancy (diglycosylated, monoglycosylatsdyell aghe
nonglycosylated forms of the Fc protein containing amino acid variations (QQ,
DD and DN) in the G2 domain.In addition,as shown irthe legend box in Figure
6, radar plos were prepared to better defihe five different conformational
regions (regions A through E) that can be observed in each of the five Fc proteins
underthevarious pH and temperatucenditions.

Region A represents a statewhichthe proteirexists inits most native
like conformationAs shown in the radar chart legend in Figure 6, there are
minimal changes in signals for each of the three biophysical techniques (intrinsic
Trp and extrinsic SYPRO orange fluorescence spectroscopy as well as turbidity at
OD 350nm), which results in a black color for region A as shown in the EPDs for

thefive Fc proteins in Figure 6For region B, there are small changes in the
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signals from the biehysical instruments, which represents protein with a slightly

altered conformation (minor increases in SYPRO orange fluorescence intensity

and Trp fluorescence peak position) which manifest as a dark greemadble

EPDs shown in Figure &®egions C ath D representmorealtered

conformational states with either a substantial increase in SYPRO orange

fluorescence intensity (Region Cadark red color) or notable changes in Trp

fluorescence peak position (Region Daageen color). Finally, Region E

representsraaggregated state of the Fc protein with increased signal in optical

density at 350 nnsge also theadar chart) as shown as a blue color in Figure 6.
A comparison of the IgGEc proteins with variations in glycosylation

occupancy (sethevertical directionn thethree color plots on left side of Figure

6) shows different degrees$ structural integrityand conformational stabilityAt

low temperatureghediglycosylated Fc protein at pbl5 and 6.0 is present &n

nativelike structuralstate (black color, region)AA structural transition to a

structurallyaltered state (dark red, region C) starts as Fc diglycosylated Fc protein

reaches temperatures around@dn this pH rangeAt lower temperatures in the

pH range of 4.5 and 5.0, tkiglycosylated Fc protein is presentarslightly

altered conformation (dark green, region B), where it transitions to a more

extensive altered structiwat temperatures of 38 and 43, respectivelyAt pH

4.0 at all temperatures, the diglycosylateot@in is present in this more

structually altered structural statBiglycosylated protein did not show any
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detectable aggregation by optical density measurementsidinagionE was
observedn the EPD forthefully glycosylated Fc protein

The nongycosylated Fc mutant (QQ) at lower temperatures and at pH 5.5
and 6.0 also shows a native like region (black color, regioii#grmal transition
temperatures to the stturrally altered region C (dark redlor), howeverjnitiate
at lower temperatures §3and 44°C, respectively) compared the diglycosylated
protein (Figure 6)Additionally, the nonglycosylated mutant (QQ) at pH 4.5 and
5.0 exists at a more extensive structurally altered conformational region, unlike
the diglycosylated protein which shie a more natiwiike conformation in this
pH range(B region, dark green). In additiorRegion E (blue color), representing
the Fc protein at an aggregated state is detected for the nonglycosylated mutant
(QQ) at elevated temperatures in the pH range0{®6.0.

In comparison to the dand nor glycosylated formsthe
monoglycosylated Fc protein at low temperatures from pH 4.5 to 6.0, exists in a
structurally alteed Region D (green color) as shown in Figurétéus, no native
like state(Region A,black color) can be detecteé.region representing
aggregategbrotein(region E, blue color) is also seen at high temperature dor th
monoglycosylated FA'he monoglycosylated Fc protein was the least stable
compared to the diglycosylated and nonglycosggdéDQ) Fc proteins with no
stable region A being detected and lower temperature thermal transitions noted

depending on the pH and biophysical readout.
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A comparison of théhree differenhonglycosylated IgGEc proteins
with variations intheamino aadl residue in site 29alsosee Figure 6) also shows
different degreesf structural integrityand conformational stabilitythe
nonglycosylated DD and nonglycosylated DN Fc proteins, containing two and
one Asp297, respectively, were creatbg PNGase Frzymatic treatment of the
corresponding diand moneglycosylated Fc molecules (See FigtijeThe
nonglycosylated mutant (QQ) with two GIn residues was prepared and
evaluated as monglycosyléed Fc protein containing a ncimuged amino acid
residueatthe 297 site As shown in Figure 6, the nonglycosylated DD Ig&il
protein atapH between 5.0 and 6.0 existsan alteredstate (region D, green
color). A small region of aggregated protein (region E, blue color) is detetted a
higher temperatureThe ronglycosylated DN Fc protein shows an enhanced
structural integrity at pH 6.0, compartdthe nonglycosylated DD formhere a
more native like conformation (remi B, dark green) is detecte structurally
altered state (region D, green) is obsenggdlie nonglycosylated DN protein at
pH 5.0 and 5.5 (similar tthatseen fothe nonglycosylated DD formA
relatively large regiowof aggregated proteifnegion E, blue colors presenat
high temperature for the nonglycosylated DN protein, indicahatthis form is
most proe to aggregation upon heatirkgnally, the nonglycosylated mutant
(QQ), as already discussed abalefinesa regon where the proteins existsan

nativelike conformation at pH 5.5 and 6.0 that is not seethi®@monglycosyted
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DD or DN species In summary, the presence of a charged amino acid residue at
site 297 in the 2 domain(through the conversion of Asn to Asp as a result of
the PNGase F enzymatic treatment) had a measurable influence onthé&dtgG
conformationaktability. Comparing the nonglycosylated DD to the
nonglycosylated mutant (QQ), a stability advantage was detected for the
nonglycosylated mutant (QQ) with a stable, native like region A being detected
and higher temperature thermal transitions noted dpgon the pH anthe

method of detection employed

4.4 Discussion

Comparability exercises are routinely performed in the biopharmaceutical
industry as a result of manufacturing process changes (e.g., cell culture or
purification steps) oalterationin final product presentation (e.g., formulation
composition or different packaging material) for protein based drugs under
development or currently market&f° In these studies, the critical quality
attributes of the pre and pestange protehtrug ae evaluated in a hedd-head
fashion to better understattie effect (if any) of the process or product changes
on key comparability elements such physiochemical integrity, storage stability,
functionality, immunognicity and pharmacokinetics. With red&o

physiochemical characterization, numerous advances have been made in terms of

characterization of a proteinbés primary
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modifications through multiple chromatographic (size exclusion, reverse phase
and ion exchange HPL@nd electrophoretic (capillary isoelectric focusing and
capillary sodium dodecyl sulfate) methods typically applied with mass
spectrometric detection (intact molecular weight, peptidesreapd
oligosaccharides mapsJhallenges regarding the developmehanalytical
techniques for the structural determination of higher order structures still remain,
however, resulting in the requirement for functional potency assays to ensure
biological activity as a surrogate to demonstrate the protein is properlygfolde
Although multiple highresolution analytical techniques have basadfor the
characterization of the higher order structures of proteins, ranging from nuclear
magnetic resonance (NMR) X-ray crystallography', small angle xay
scattering (SAXSY? and hydrogerdeuterium exchange mass spectrometry
(HDX-MS),**3 multiple practical drawbacks such as the requirement of isotope
labeling, generation of protein crystals, interference of excipients, and/or the
complicated and time consuming nature osthapproaches have limited their
use in biocomparability studies.

Alternatively, comparing the physicsiability profile of proteinsusing
lower resolution techniques may be useful complement to higher sensitivity
analytical methods such as NMR and hypnedeuterium exchange mass
spectrometry to examine subtle differences in protein structure in formulated drug

product dosage form3$he effect of variations introduced into the glycan structure
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of an IgG1mADb, through enzymatic glycan truncatimmteinstructural integrity
wasrecentlyevaluated in our laboratory ltlyis alternative approach using more
readily available biophysical instruments (e.qg., fluorescence spectroscopy, light
scattering and differential scanning calorimeffyBy using a combinatin of
lower resolution biophysical techniquesstadythe physical stability of mAb
glycoforms over a specific pH and temperature raage.$ pH intervalsrom 4-
6 and 1.25°C temperaturincrements from 280°C), combined withrecently
developediata ¥sualization tools, structural and conformational stability
differences between the different IgG1lglycoforms were demonstrateds In
study, a comprehensive evaluation of the overall structural integrity and
conformational stability of five different IgGFc glycoproteins using multiple
biophysical methods across a wide range of pH and temperature conditions is
undertaken and comparisons are made between their corresponding global
physical stability profiles (three index EPDs and radar charts)

First, initial characterization of the five wetlefined glycoforms of IgG1
Fc (Figure 1) was carried out using a combination of mass spectrometry (MS),
sodium dodecyl sulfate polyacrylamide gel (SBSGE), size exclusion high
performance chromatography ($#LC) andspectrakharacterization (CD and
fluorescence spectroscopy) to evaluate masgrée ofjlycosylation) purity and
overallstructural integrity prior to initiating physical stability studies. The five

proteins had measured masses in close agreentbeirtexpected massdue to
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their glycosylation status (Table 1 and supplementary Figure S1). The five
proteins were shown to have relatively high purity ¢99%),in primarily
monomeric forms as seen from SHPLC analysis (Table 2 and Figure 2A) with
some relatively low levels of aggregation and fragmentatiodeunon

denaturing condition$?urity under denaturing conditions was analyze& Dy
PAGE under reduced conditions and showed values ranging frorf899% #or

the diglycosylated Fc derived prote and ~84% for the monglycosylated Fc
derived preeins (Table 2 and Figure 2B)ne of the minor impurity bands was
accounted for by the presence of residual PNGase remaining from the
erzymatically treated Fc samples (see Figure 2B; lane 7). The gedduvther
analyzed by nomeduced SD$AGE and Western Blot analygsee

Supplemental Figure S2All five samples showed the expected migration for the
major bandsi(e. Fc protein) in nofreduced gel. The migration of the second
minor protein band (<8kDa) found in the monoglycosylated derived proteins
was not affected by PNGase enzymatic treatment or by reduction with DTT (and
did not react with the antiuman IgGFc antibody by western blot analysis). This
impurity could not be further removed ddspProtein G affinity purifications
combined with ation exchange or HIC columnEBhese differences in the
purification behavior between di vs. merglycosylated Ig&-c proteins are the
subject of ongmg work in our laboratoriesSimilar levels of ~80% yrity were

recently reported for monoglycosylated IgG1 mA#.In summary, since the
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impurity was a relatively minor band on SIPAGE, was not readily observed by
SEC analysis, the monoglycosylated derived Fc proteins were determined to be
sufficiently pue for subsequent biophysical analysis performed in this work.

The £condary and tertiary structunéthe five proteins using circular
dichroism (CD) and intrinsic Trp fluorescence spectroscopy was then evaluated
(Figures 3 and 4, respectively). The gigsylated and nonglycosylated mutant
(QQ) were both present in a more natitke structure, especially at pH&(as
determined bymaxVvalues and CD minima near 2ti). Monoglycosylated Fc at
all pH conditions tested was structurally disturbed as indicated by the altered CD
spectra shape and the red shifbggivalues Interestingly, upon deglycosylation
of the monoglycosylated Kcreating the nonglycosylated DN form), the Fc
proteinshowedsomerecovery of native liksecondargtructure, moreimilar to
the CD spectra adhediglycosylated Fc form with increasing solution pH. This
observation further supports thgpothesis thabwer purity levé of the
monoglycosylated Fcags notthe interpretability of the measuremerdf
structure.

The physical stability of the five IgGHc proteins were then evaluated as
a function of pH and temperatursing a combination of biophysical techniques
including extrinsic and intrinsic fluorescence spectroscopy (i.e., DSF with Sypro
Orange and Trp fluorescence peak position) and optical dénsitydity)

measurements to evaluate thifuence of varying glycogation levels and amino
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acid residues substitutions (site 29@)51-Fc proteins with varying glycosylation
occupancyevelsshowed differences in their conformational and colloidal
stabilty with the diglycosylated IgGFEc being the most stable protein followed
by the nonglycosylated mutant (Q@erhaps surprisengly the monoglycosylated
lgG1-Fc manfiested the lowest relative physical stabilifffigure 5). In terms of

the effect of amino acidubstitution and negative charge introduction at site 297
in the G42 domain, the nonglycosylated QQ, DN and DD forms of theRgG
were evaluated using the same biophysical techniques. Compared to the
nonglycosylated DD and DN, the nonglycosylated mut@Q) demonstrated
increased conformational stability (Figure 5).

Using the physical stability data sets acquired from DSF, fluorescence
peak position and optical density measurements as a function of pH and
temperature, data visualization methods veanployed to further examine subtle
conformational stability differences between the five different 6 proteins.

To the best of our knowledge, the effect of glycosylation site occupancy on IgG
Fc physical stability has only been reported in one limitedydtydHa et. al.

(2011), whichevaluated the thermal stability ah asymmetrically glycosylated
(single arm glycosylated) IgQising one method (differential scanning
calorimetry) at one pH value (pH 68)The G2 domain of the fully

glycosylated 1IgG1 wathermally more stable than thgZdomain of the
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asymmetrically glycosylated IgG1 by 4T, with no detectable change in
transition temperaturesvolving the other IgG1 domains.

Forthe IgG Fc glycoforms evaluated in this wattkree index EPDs and
radar charts (Figure 6) for the Ig&t with different glycosylation site
occupancyvere prepared (Figure 6) and were able to detect similar structural
state among the three IgG¥c proteins withdifferent conformational stabiigs.
Region A (Black color), where the protei@gst in a more nativdike
conformation as determined by these three biophysical methods, was only
detected for the diglycosylated and nonglycosylated QQ at pH 5.6.@nbh
addition, a higher transition temperature to an altered conformatmna(region
C) was observed for the diglycosylated protein in this pH range. Diglycosylated
protein at lower temperatures and pH conditions (4.5 and 5.0) was present in a
slightly akered conformational state (region B), a conformational state that the
nongl ycosyl at ed QQ acpess oeflestingithednpatanhrolé seem t o
glycosylation may play in stabilization of the;Zdomainin acidic
environments Due to fluorescencanapeak position values shifting to higher
wavelengths relative to the diglycosylated and nonglycosylated QQ, the
monoglycosylated Fc protein at pH 5.5 and 6.0 was determined to be present in an
altered caformational state (region Dyhe monoglycosyla&d Fc protein was
then deglycosylated, and showed recovery of native liketsire under these

conditions.

205



Conformational stability differences between the nonglycosylated-FgS1
proteins with variations in amino acid substitutions at site 297 (QQari2NDD)
were detected as well. Nonglycosylated QQ was the only Fc protein that existed at
a nativelike conformation (region A) at low temperatures atfb and 6.0,
whereas, nonglyaylated DN and DD both existéda slightly and more
extensively alteredorms (regions B and D3uggesting the important role charge
may play in the conformational stability of the;€domain of thesEc proteins
and potentially in mAbs in gener3i*°

In summarypy assessing large datasseoncerning conformational
stability as a function of environmental stress (pH, temperature), subtle
differences in Ig@-Fc glycoform structural integrity were detectétiese
differences wrenot readily apparent under ngtressed conditions.€. lower
temperatures at more neutral pHhus, the use of conformational stability data
combined with advanced data visualization methods may be an effective surrogate
to monitor subtle differences in higher order structure due tetpostlational
modifications sch as glycosylation and amino acid substitution/mutation. During
analytical comparability studies of protein drugs withintipéiarmaceutical
dosage formst is essential to gather higher order structural information without
altering formulation conditins (such as protein concentration, pH, ionic strength,
excipients, etc.). Biophysical analysis of conformational stability using lower

resolution techniques in a high throughput setup, combined with EPD/radar chart
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analysis for data visualization, may &aseful complement to higher sensitivity
analytical methods such as NMR and hydredenterium exchange mass
spectrometry to examine subtle differences in prdigher ordeistructure in

formulated drug product dosage forms.
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Table 1. Mass spectromst analysis of reduceshonomeric forms of the purified Ig&-c proteins. The Molecular weight

column shows the masses of the reducedghgrosylated IgGaFc obtained from MS analysis along with the masses measured

for the most abundant glycoforms (maalcNACc,) of the glycosylated Fc. The values for calculated change in mass, and

predicted change in mass are also shown. Based on these results, the modification expected due to enzymatic treatment and/or
glycan variation of the IgGEc proteins is then presented.

Molecular P Mas @ Ma s | Reduced Fc fragment Modifications’
IgG1-Fc proteins Weight observed predicted
(Da) (Da) (Da)
Arm 1 Arm 2
2 Mutant (QQ) 25,077 +11 +14 N Y Q N Y Q
% i Mono-glycosylated Deglycosylation
(@] 1 - b - 2
1% + PNGase FDN) 25,063 3 +1 N Y D N
z Di-glycosylated
< i-g . .
S + PNGase KDD) 25062 3 41 DegINycos\_)(/Iatlgn DegINycos_\%/Iatlgn
26,766/ + 1,700/ +1,703.5/
e] _ ’ ! ’ _
% o Mono-glycosylated’ 25062 Ca 0 +Mang-GIcNAG N
— LL
S Di-glycosylated® 26,766 +1,700 +1,703.5 | + Mang-GIcNAG | + Mang-GIcNAG
o

3D, aspartic acid; N, asparagine; Q, glutamine; GlcNA@ditylglucosamine; Man, Manno$&he theoretical mass of the reduced,-non

glycosylated IgG4Fc protein is 25,066.39 DaMan g1-GIcNAc, glycoforms wee observed during MS analysis for thegtiicosylated IgG4

Fc. Mangg¢ GIcNAC, glycoforms were observed for the meglycosylated IgGaFc.
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Table 2 Purity values for the different glycosylated and nonglycosylated-lgG1

Fc proteins determined under denatgr{reduced SDAGE) and non

denaturing (SEHPLC) conditions.

Purity
lgG1-Fc proteins SE-HPLC ®
SDSPAGE ?
Monomer © Aggregate®

= Mutant (QQ) 99 % 96.6 % 1.8%
[}
g Monoglycosylated
> O
g W Jyeosy 84 % 93.7 % 4.0 %
g 8 + PNGase HDN)
> D
5 Diglycosylated
2 TYEOY 99 % 91.1 % 8.2 %

+ PNGase HDD)
:?_,) o Mono-glycosylated 84 % 95.3 % 3.4%
S
D o
S8 O
> © Di-glycosylated 97% 91.8 % 7.8 %
)

4SDSPAGE purity was determined from densitometry measurements of the reduced gel in figure

2.

® SEHPLC % measurenmés are an average of three runs. Fragments observed were between 0.2

and 2 %.

¢ Standard deviation observed for the monomer and aggregation peaks was ~ 1.0% and 0.6 %,

respectively.
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|Glycosylated IgGl-Fc| INon-glycosylated IgG1-Fc|
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CH3 CH3
N297Q Mutant
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® Asn ® Asp @ Gn @® Man B GlcNAC

Figure 1. Summary of the five different IgGEc proténs examined in this study.
The left side shows the two glycosylated forms of the Fc protein (diglycosylated
and monoglycosylatedyvhile, the right side shows the three different
nonglycosylated IgGEc protein variants (two from PNGase treatment of
glycoforms and one point mutant). Identity of amino acid residue at site 287 in
Cu2 domain (Asn, Asp, GIn) arttle nature of glycoforms (Man, mannose and

GIcNAc, N-acetylglucosamine) are indicatedtie figure.
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Figure 2. Purity of IgG1Fc proteins under denaing and nordenaturing

conditions. (A) SDSPAGE gels of IgG4Fc samples under reduced conditions,

(B) representative SHPLC chromatograms.
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Figure 3: FarUV CD spectra from 20260 nm at 18C for the two different Fc
glycoforms (dt and mono glyosylated) and three different nonglycosylated
IgG1-Fc samples (QQ, DD, NNjcross pH range of 4.0-6.0. See Figure 1 foa

pictorial summary othe five Fc proteins examined.
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Figure 4: Intrinsic (Trp) fluorescence spectra at°@for the two different
glycosylated (diand mono glycosylated) and three different nonglycosylated
forms (QQ, DD, NN) of the IgGFEc across the pH rge of 4.06.0.T h gmax &
values are also shown for each protein at each pH condition. See Figure 1 for

pictorial summary othe five Fc proteins examined.
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Figure 5: Thermal melting curves for the two different glycosylated #dd
mono glycosylated) and three diffeteronglycosylated forms (QQ, DD, NN) of
the IgGtFc across the pH rge of 4.06.0. Biophysical measurements include
(A) Intrinsic Trp fluorescence, (B) Extrinsic Sypro Orange fluorescence
spectroscopy ah(C) optical density at 350 nr8eeFigure 1 for pictorial

summary othe five Fc proteins examined.
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Figure 6: Three index EPDfor the two different glycosylated ¢(dnd mono

glycosylated) and three different nonglycosylated forms (QQ, DD, NN) forms of the
IgG1-Fc.The legend box contains radar plots defining the five different conformational
stability regions observed in the five different Fc proteins. Region A (Black) and B (Dark
green) represent region where the protein exist in a Aidtrand slightly altered

struaures, respectively. Regions C (Dark red) and D (Green) represent regions where the
Fc proteins exist at an altered structural state as seen from an increase in SYPRO orange
and Trp fluorescence signals, respectively. Region E (Blue) represents a regierthveh

Fc proteins are in an aggregated state as seen by an increased optical density signal.
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