ELUCIDATION OF THE IMPACT OF N-GLYCAN STRUCTURE ON PHYSICAL
STABILITY AND LOCAL FLEXIBILITY OF WELL-DEFINED IgG1-Fc
GLYCOFORMS FROM A PHARMACEUTICAL DEVELOPMENT PERSPECTIVE
By
© 2017
Apurva More
M.S., Pharmaceutical Chemistry, 2014, The University of Kansas, Lawrence, KS
B.Pharm., Pharmacy, 2011, Institute of Chemical Technology, Mumbai, India

Submitted to the graduate degree program in Pharmaceutical Chemistry and the Graduate
Faculty of the University of Kansas in partial fulfillment of the requirements for the degree
of Doctor of Philosophy.

Chair: David B. Volkin, Ph.D.

Thomas J. Tolbert, Ph.D.

David D. Weis, Ph.D.

C. Russell Middaugh, Ph.D.

Eric J. Deeds, Ph.D.

Date Defended: 29 June 2017



The dissertation committee for Apurva More certifies that this is the approved version of the
following dissertation:

ELUCIDATION OF THE IMPACT OF N-GLYCAN STRUCTURE ON PHYSICAL
STABILITY AND LOCAL FLEXIBILITY OF WELL-DEFINED IgG1-Fc GLYCOFORMS
FROM A PHARMACEUTICAL DEVELOPMENT PERSPECTIVE

Chair: David B. Volkin, Ph.D.

Date Approved: 29 June 2017



ABSTRACT

Therapeutic efficacies of IgG monoclonal antibodies (mAbs) depend on their physicochemical
structural integrity, stability, flexibility and biological functionality. IgG-Fc glycosylation at
Asn-297 is important for the structural integrity and effector function activities of IgG mAb
therapeutics and is a key contributor of their heterogeneity. Molecular heterogeneities (like
glycosylation) must be closely monitored and assessed during development of mAbs from drug
candidate to marketed product and during biosimilar development. A variety of techniques are
being developed to monitor chemical structure and glycosylation profiles of mAbs, however,
novel analytical techniques are needed to better understand the effects of glycosylation on their
complex higher order structures and dynamics for their effective development. In comparability
and biosimilarity exercises, analytical characterization tools serve as the foundation for
establishing similarity between pre change versus post change products and biosimilar versus
innovator product. Hence, better tools are needed for drawing comparisons between the results.
In this study, four highly purified, well-defined recombinant IgG1-Fc glycoform variants (High-
mannose-Fc (HM-Fc), Man5-Fc (truncated glycoform), GlcNAc-Fc (truncated glycoform), and
non-glycosylated-Fc (N297Q-Fc) were produced which served as model glycoproteins to study
the effect of IgG1-Fc N-linked glycosylation on various pharmaceutical properties. This work
explores the utility of yeast expression along with in vitro enzymatic digestion for obtaining
homogenous glycoform profiles of IgG Fc glycans; which is extremely challenging to achieve
considering the observed inherent glycan heterogeneity in expression hosts. We developed and
utilized various orthogonal analytical techniques to explore the relationship between
glycosylation and physical stability of these IgG1-Fc glycoforms and compared their physical

stability in two different formulations to mimic follow on therapeutics or biosimilars that might



be formulated differently. Hence, this study contributed towards the ongoing development of
data visualization and mathematical modeling tools for comparability and biosimilarity
assessments. To simulate a more practical biosimilar comparability scenario, various mixtures of
the four glycoforms were made to mimic heterogeneity found in biosimilars. The physical
stability of these mixtures was evaluated by combination of high-throughput biophysical
techniques. The ability of various biophysical techniques to demonstrate the estimated
differences between the physical stability of the mixtures was examined. Even though the
biophysical techniques utilized in this study are the most commonly used tools in the industry,
these are low in resolution and only show the average conformational outcome. Hence, to obtain
high-resolution peptide-level information on changes in local dynamics because of changes in
IgG1-Fc glycans, hydrogen exchange (HX-MS) in combination with pepsin proteolytic digestion
and liquid chromatography-mass spectrometry (LC-MS) was utilized. Previous HX-MS studies
on IgG mAbs in our laboratory showed an increased flexibility of a particular peptide segment in
the Fc region in the presence of excipients and salts. This result was attributed to the disruption
in packing of the heterogeneous glycan structures with the Fc region. Another goal of this
dissertation was to explore the mechanisms of interactions between glycans and IgG1-Fc. The
correlations between glycosylation and physicochemical structure, stability and flexibility of
well-defined IgG1-Fc glycoforms in this dissertation, will serve as important tools to enable
rational design and optimization of stable IgG formulation conditions to avoid conformational
destabilization and aggregation issues during their manufacture, long-term storage and
administration. The extensive analytical characterization approach utilized in this dissertation

will contribute towards the ongoing development of statistical tools as required by the US Food



and Drug Administration (FDA), for similarity analysis between biosimilar and innovator

therapeutics.
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Chapter 1 Introduction



1.1 Role of Sugars in Nature

Monosaccharide sugar molecules (or more generally as carbohydrates), when linked
together via glycosidic bonds to form multimers referred to as glycans or oligosaccharides (2-20
monosaccharides) or polysaccharides (or more generally as carbohydrate)', are one of the major
macromolecular building blocks of life along with nucleic acids, proteins and lipids. The
biological roles of glycans are vast and complex and could be broadly classified into three
categories, first being structural and modulatory roles, second being extrinsic/intrinsic
interspecies recognition and third being molecular mimicry of host glycans by
microorganisms.>” The roles of glycans specifically in modulating functions of proteins to which
they are attached are very important topics biologically, as well as for pharmaceutical
development of glycoproteins as therapeutic drugs or vaccine antigens. Structural and regulatory
roles of glycans with respect to glycoproteins include contribution to aqueous solubility,
glycoprotein folding, protection against proteases, and modulation of membrane receptor binding
and signaling along with tuning a wide range of biological functions of proteins. Extrinsic and
intrinsic recognition roles of glycans include binding of proteins like viral agglutins (e.g.,
influenza virus), bacterial and plant toxins to enter cells and evade immune responses, mediating
recognition, uptake and processing of antigenic proteins containing terminal mannose (Man) or
N-acetyl glucosamine (GIcNAc) glycans through C-type lectin interactions and acting as
antigenic epitopes to trigger immune reactions. Lastly, molecular mimicry functions include
evolution of glycan patterns of microorganisms to mimic glycans that are present in the host

2,4
system.™

Majority of protein molecules in clinical development as therapeutic drug candidates are

glycosylated. To extract the potential of glycoproteins as therapeutic molecules, it is important to



better understand the underlying mechanisms that affect these functions by developing
systematic approaches and techniques to analyze them.” In recent years, there has been a huge
increase in development and regulatory approvals of monoclonal antibody (mAb) therapeutics
firstly, due to their specific action and secondly their use as vehicles for targeted delivery of
other therapeutic entities (e.g., small molecules in case of antibody drug conjugates (ADCs) and
proteins in case of Fc-fusion therapeutics) that lead to fewer side effects.” Biologically, five
classes/isotypes of antibodies (which are IgG, IgM, IgA, IgD and IgE) mediate the adaptive
immune response in humans for long-term protection against potential environmental pathogens.
The combined effects of all the antibody isotypes result in removal and destruction of pathogens
during an attack towards the immune system. However, the IgG class of antibodies is the popular
choice for antibody molecules for therapeutic development due to their high abundance (~75%)
in human serum as compared to the other types. Hence, the primary focus of our work will be on

the IgG type of antibodies, especially the fragment crystallizable (Fc) which is glycosylated.
1.2 Structure and Function of IgG1 Antibodies

IgGl, IgG2, IgG3 and IgG4 are four subclasses of IgG antibodies having unique profiles of
biological activities.’ The IgG1 subclass is not only the abundant subclass present in the human
serum, but also is the most well studied and the most popular choice for development as
therapeutic antibody drug candidates. In addition, when developing a recombinant monoclonal
antibody (rmAb) therapy, the selection of IgG subclass depends on the required biological effect
these proteins can produce. The IgG1l glycoprotein (similar to other IgG subclasses) is a
homodimer containing two heavy chains and two light chains connected by intra and
intermolecular disulfide linkages which are folded to form two fragment antigen-binding (Fab)

domains and one fragment crystallizable (Fc) domain. Each Fab domain is a heterodimer of light



chain linked to the heavy chain by a disulfide bond while the Fc domain is made of two heavy
chains that exist as a dimer held together by two disulfide bonds in a hinge region as seen in
Figure 1.1. Each Fab domain consists of two variable domains and two constant Cyl domains,
while the Fc has each of two constant Cy3 and Cy2 domains. The Cy2 domains have two N-
linked-glycans attached to Asn-297 residue at each side and are packed together with N-glycans
that fill the horseshoe shaped pocket between two Cy2 domains. The two Cy3 domains form
multiple noncovalent interactions with one another.” The Fab domains of IgGl antibodies
neutralize antigens by specific binding and the glycosylated Fc domain is responsible for
removal and destruction of antigens by governing biological functions like antibody-dependent
cellular cytotoxicity (ADCC), complement dependent cytotoxicity (CDC), and clearance.® The
N-glycans modulate binding of the Fc to different Fc y receptors (FcyR/FcR) to govern ADCC
and CDC activities. It was commonly believed that FcRn binding is unaffected by glycosylation,
however, in a recent study it was shown that glycans might affect FcRn binding which could

ultimately affect antibody clearance.’
1.3  Glycosylation in IgG1 Antibodies

Protein glycosylation is the ubiquitous post-translational modification (PTM) and governs
an immense array of biological functions due to their remarkable complexity and diversity
between various organisms.”*'*'? Almost 50 % of human genes encode a conserved site for
glycan attachment comprising of an amino acid sequence —N-X-S/T- (X can be any AA other
than proline) which is called an N-liked glycosylation site. This attachment takes place as co
and/or post-translational events in the endoplasmic reticulum (ER) and the Golgi apparatus.
Another site of glycan attachment lies in the oxygen of hydroxyl groups of side chains of amino

acids (AA) serine, threonine and tyrosine which is called as O-linked glycosylation site, and this



attachment takes place in the Golgi."> Antibodies are glycoproteins and contain predominantly
N-linked glycans at different Asn residues in the conserved sequence of both Fab and Fc
domains.® Further, in IgG1 class of antibodies, the conserved N-liked glycosylation site lies on
the Asn-297 residue in the Fc domain and is extremely crucial for the non-antigen binding
biological functions of antibodies via the Fc. However, N-glycosylation in the Fab domains is
variable (~15-25%),'* and may or may not be present, depending on the presence of the

conserved glycosylation AA sequence.
1.4 Structure and Type of N-linked Glycans in Human Serum IgG1

There are three broad classes of N-linked oligosaccharides associated with antibodies,
which are the complex, the high-mannose and the hybrid type (as seen in Figure 1.1). Neither the
high-mannose type nor the hybrid type glycans occur naturally on human IgG1 antibodies. The
high-mannose type has been detected in antibodies expressed in yeast cell lines along with some
minor amounts produced in rodent mammalian cell lines such as Chinese hamster ovary (CHO)
and mouse myeloma (NS0)."” As seen in Figure 1.1, glycans present on the human serum IgG1
Fc of polyclonal IgG, attached at Asn297, consists of complex biantennary types that have a core
heptasaccharide that is conserved throughout all the glycoforms. Macro-heterogeneity exists due
to the site of glycan attachment and can be symmetric or asymmetric depending on whether same
or different glycans are attached to both the glycosylation sites on each of the Fc Cy2 domains.
Micro-heterogeneity exists due to the type of glycan attachments to the core. For example, the
attachment of glycans like fucose (Fuc), galactose (Gal), bisecting N-acetylglucosamine
(GlcNAc) and N-acetylneuraminic acid (NANA or sialic acid) to the heptasaccharide core can
cause heterogeneity. All the different combinations of these glycans attached to the core produce

a heterogeneous pool of IgGl glycoforms in the human serum'®. Compared to Fc N-



glycosylation, the Fab glycans (if present) consists of high amounts of bisecting GlcNAc,
galactose, and sialic acid and low core fucose. In human serum, around 4% of the polyclonal IgG

Fabs have high-mannose glycans, however, they are rarely present in the Fc regions.'*
1.5 Altered glycosylation in disease states

In humans, protein glycosylation plays an important role in growth and development and it
has been observed that the glycoform profile of IgG varies with age, gender, over the term of
pregnancy and disease conditions.'” Changed glycosylation pattern is especially observed in
many chronic and inflammatory autoimmune diseases'® like rheumatoid arthritis, Crohn’s
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disease and vasculitis, different types of cancers and hypercholesterolemia.
studies have shown that decreased galactosylation of total serum IgG was observed in
rheumatoid arthritis, Crohn’s disease and cancer as compared with healthy individual.'®*° The
amounts and types of Fab glycans too can vary during certain physiological and pathological

conditions, suggesting that N-glycosylation on polyclonal IgG might contribute to immune

suppression or pathophysiology and potentially serve as biomarkers.'*

1.6 Structure and Type of N-linked Glycans in Recombinantly Produced IgG

Therapeutics

For mAb therapeutics to be fully biologically active, it is essential that they have fully
occupied N-glycosylation sites in the Cy2 domain of the Fc (aglycosylated mAbs can still bind

. . . . . . 16,21,22
antigen and in some cases are very active since Fc effector function not required). ™"

Figure
1.2 shows the common types of N-glycans found in therapeutic mAbs. Mammalian cells (CHO)

and murine cells (NSO or SP2/0) are the most commonly used expression hosts for production of

rmAbs. The glycoforms of I[gG mAbs produced in CHO cells are very similar to those present in



human serum IgGs, except for the bisecting GIcNAc and terminal sialic acid (NANA) which are
present in relatively low amounts in human serum IgGs.” NSO or SP2/0 cells produce rmAbs
with have low levels of galactose-al, 3-galactose and N-glycolylneuraminic acid (NGNA)
instead of NANA which could be immunogenic in humans. All the production vessels above
may add a a2, 3-linked N-glycylneuraminic acid which is not present in humans (a2, 6-linked N-
glycylneuraminic acid in humans).'® E. coli is also used for production of non-glycosylated

mAbs or Fab fragments in the cases where Fc effector functions are not needed.
1.7 Influence of Glycosylation on Physicochemical Properties and Stability of IgG

Therapeutic antibodies are proteins, which are structurally complex high molecular weight
molecules that are sensitive to their environment. Certain change during their production,
purification, manufacturing, storage and delivery might lead to changes to their primary structure
(also post-translational modification) or higher order structure (HOS). Primary structural changes
occur to amino acid residues which are known as chemical instabilities in mAbs are deamidation
(Asn to Asp, Gln to Glu), oxidation (Cys, His, Met, Tyr, Trp), isomerization (Asp to iSOAsp),
racemization (L and D), formation of acidic species (e.g. glycation with reducing sugars,
deamidation by aspartic acid formation, addition of sialic acid glycans), formation of basic
species (e.g., pyroGlu formation and succinimide formation during deamidation), proteolytic
degradation, C-terminal clipping, fragmentation and disulfide bond heterogeneity (shuffling,
thioether and trisulfide formation). Another aspect of primary structure changes are changes in
glycosylation profiles which can occur during the production and commercial manufacturing of
mAbs. Glycosylation is highly dependent upon the type of expression host, cell culture
conditions and parameters, which could change during process development, large-scale

manufacturing and biosimilar development.



Changes in higher order structures of proteins (secondary, tertiary and quaternary
structures) known as physical instabilities are aggregation, denaturation, precipitation and
surface adsorption. All these structural instabilities pose the biggest challenges for mAb
pharmaceutical development and can negatively influence their therapeutic efficacies by
decreasing dose, causing immunogenicity and lowering target binding.”** In case of traditional
small molecule drugs, the physicochemical instabilities are easier to predict and control due their
much simpler structures than proteins. Even though protein drugs show well-defined chemical
instabilities, the additional layers of their secondary, tertiary and quaternary structures lead to
complicated higher order structures. Thus, overall, the rate and extent of chemical and physical
degradations of proteins become interdependent. Additionally, glycosylation is a natural
chemical modification to the Asn297 residue in both the Cy2 domains of the IgG antibodies, and
is known to affect the chemical and physical structure of antibodies as discussed below.

1.7.1 Oxidation

His, Met, Cys, Trp, and Tyr amino acids are prone to oxidation. Many studies have
identified oxidation prone residues in antibodies and their effect on thermal stability, aggregation
and antigen and/or receptor binding capacities. For example, Trp-277 was identified as an
oxidation site during acid-induced unfolding and aggregation of IgG1 and IgG2 containing G2F
complex glycoform.”> Another study showed that the oxidation of Met-252 and Met-428 affected
the thermal stability of the Cy2 domain and FcRn binding of an IgG1.*° Additionally, oxidation
of residues within the complementarity-determining regions (CDRs) affected the antigen binding

properties of antibodies.””**

In another study, the impact of Met oxidation was highly dependent
on its location and the type of glycosylation state of the protein, where Met oxidation in the

variable regions and Cyx3 domains had no detectable impact on mAb conformation, but oxidation



of Met-252 and Met-428 in the Cy2 domain caused a large decrease in thermal stability and an
increase in aggregation rate that was more prominent in aglycosylated mAb than the complex
glycoform.” However, correlation with decrease or increase in size of N-linked glycans on
oxidation of antibodies is yet to be made and it is not known which Met site in the Cy2 domain is
affected predominantly by glycosylation. Also, whether the stabilizing effect of glycans towards
oxidation is due to their attachment to the protein or due to their radical scavenging capabilities
is not yet addressed.**
1.7.2 Deamidation and Isomerization

Asn deamidation is an important chemical destabilization pathway of proteins that could
affect their overall stability and therapeutic efficacy during development and storage. There are
deamidation prone NG motifs at Asn-315 and Asn-384 and DG motifs at Asp-280 and Asp-401
located in the Fc constant region and in the CDR regions of antibodies.” Isomerization in the
CDRs of a mAbs impaired the binding affinity of an antibody for its target antigen resulting in
reduced drug potency.”® However, the ability of N-linked glycosylation to affect these
deamidation prone sites along with other chemical instabilities of IgG antibodies remains to be

tested.

1.7.3 Proteolytic Degradation

Glycosylation is known to affect the proteolytic degradation of antibodies. It was found
that high-mannose, hybrid and sialyl glycoforms of IgGl and IgG2 antibodies were more
susceptible to enzymatic degradation by trypsin as compared to complex glycoforms (GOF) of
IgGl and IgG2 antibodies.’’~* Not only the type of glycan (hybrid, high-mannose, complex,
sialyl), but also isoforms of hybrid and sialyl glycoforms showed different susceptibility to

trypsin degradation. It was also shown that upon deglycosylation, IgG1 antibodies showed



increased susceptibility towards papain.” Another study showed that terminal mannose provided
stability against papain due to local stearic exclusion effects in high mannose glycoform of IgG1.
Pepsin digestion showed afucosylated form to be more stable than high mannose and
deglycosylated IgG1 glycoforms while HNE digestion showed no differences in digestion rates
of these glycoforms, except the deglycosylated form.** Mechanistically, it was proposed that
proteolytic stability of glycoproteins arises due to the fact that the glycan’s presence provides a
steric hindrance around the peptide backbone of the amino acids adjacent to the glycosylation
site by preventing contact between the glycoprotein’s surfaces.* However, different higher order
structures and localized conformational changes in the Cy2 domains of IgG antibodies,
depending on their type and size of glycoform was shown to be the cause of different
susceptibilities of these antibodies towards enzymatic degradation.”'
1.7.4 Secondary, Tertiary and Quaternary Structure

To investigate influence of N-glycans on IgG-Fc, crystal structures of four truncated
glycoforms were generated and the results showed sequential collapse of Cy2 domains as the
glycan size was decreased.” Secondary and tertiary structural changes were not observed upon
deglycosylation of IgG1l antibodies, however, increased hydrodynamic radius and increased
Sypro Orange binding (due to increased hydrophobic exposure) upon deglycosylation was
observed by size exclusion chromatography (SEC) and extrinsic Sypro Orange fluorescence
respectively.”® At neutral pH and physiological salt concentration, E. coli derived Fc
(aglycosylated) showed smaller hydrodynamic radius as measured by dynamic light scattering
(DLS)* than a CHO-derived Fc(glycosylated) in spite of having two glycans, indicating of a
more compact structure of the glycosylated Fc. Another study on GOF, afucosylated (GO0), high

mannose and deglycosylated IgG1 mAbs showed no measurable secondary or tertiary structure
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changes after in vivo or in vitro glycan modification as observed by various spectroscopic
techniques.’® These studies also indicated that spectroscopic techniques might not be sensitive
enough to detect structural changes upon glycan variation.
1.7.5 Solubility/Precipitation

Adequate protein solubility is an important property not only for chemistry,
manufacturing and control (CMC) activities during process and formulation development of a
mAb therapeutic drug candidate, but also for patient administration of protein based drugs.
Antibody therapeutics requires high solubility that is generally greater than 100 mg/ml which
allows for their reduced dosing intervals and self-administration. Further, subcutaneous delivery
requires mAbs to be formulated at small volume (<1.5 mL) with high concentration (> 10 mg/ kg
dose).’® It is generally observed that glycosylation increases the solubility of proteins, by
possibly increasing interactions between the glycoprotein surface and the surrounding solvent™,
but exceptions to this general observation have been reported. Solubility studies on hybridoma
antibodies showed that neither the N-glycosylation at Fab nor extreme isoelectric points
contributed to the high solubility of these proteins.’® It was observed that introducing an N-
linked glycan within a complementarity determining region (CDR) in Fab led to improved
solubility of an anti-IL-13 monoclonal antibody CNTO607 by shielding an aggregation hotspot
on the surface of the antibody by the glycans.’” However, another study on an IgG monoclonal
cryoimmunoglobulin showed dramatic decrease in solubility due to glycosylation in the variable
region.’® As there were previous attempts to understand the impact of Fab glycosylation on
solubility of antibodies, there is need for a detailed study to know the contribution of Fc N-
glycosylation on their solubility.

1.7.6 Conformational Stability
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1.7.6.1 Thermal induced structural alterations

Protein higher order structures are sensitive to environmental temperature fluctuations,
which might cause challenges during development and their storage. Initial studies conducted by
differential scanning calorimetry to assess the thermal stability of IgG-Fc proteins revealed
decreased thermal stability of the Cy2 domain on deglycosylation suggesting contribution of
glycosylation for stabilization of secondary and tertiary structures of the Cyi2 domain.” Another
study on serially truncated native (G2F), GOF, truncated (Man3GlcNAc2, ManGIcNAc2) and
deglycosylated glycoforms of IgGl showed the highest thermal stability by native and
degalctosylated with no difference between them, M3N2 and MN2 showed similar and
decreased stabilities while the deglycosylated was the least thermally stable by DSC.* Thermal
stability of the Cy2 domain by DSC and intrinsic fluorescence was the highest and similar for GO
and GOF glycoforms (complex), slightly lower for high mannose forms and the least for non-
glycosylated.**The stabilities of the Cy3 domains and Fab regions of IgG1 were not affected as
dramatically as Cy2 domains.”>~****" Along with destabilization at higher temperatures, protein
higher order structure is sensitive to cold temperatures and may undergo denaturation at ambient
pressures which could create challenges during production and development involving repeated
freeze-thaw cycles.”* Effect of glycosylation on cold denaturation of IgG antibodies has not been
studied in detail. Various studies showing effect of glycosylation on thermal stability of proteins

showed no correlation with the type of linkage (N or O link) but with the glycan content.

1.7.6.2 pH induced structural alterations
Exposure to various pH conditions during production, purification, storage and
administration can result in protein destabilization by disruption of various intramolecular and

intermolecular charge-charge interactions. pH denaturation studies on various proteins revealed a
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general trend of increased stability against pH changes as a consequence of glycosylation,
probably due to increased internal electrostatic interactions of the proteins, as well as decreased
intermolecular and solvent interactions. Similarly, stabilities of native (G2F), high mannose and
non-glycosylated IgG antibodies over a wide pH rage of 4.0-7.5 were tested by DSC and showed
that the domain stability was related to the solution pH. High mannose and non-glycosylated
forms had lower stability of the Cy2 domain over all the pH conditions studied (more prominent
at low pH conditions), while the Cy3 and Fab regions did not show substantial changes.>*
1.7.6.3 Chemical induced structural alterations

In addition to electrostatic forces, various noncovalent interactions like hydrophobic
interaction and hydrogen bonding are responsible for the stabilization of native higher order
structure of proteins. Glycosylation was observed to increase the stability of various proteins
towards chemical unfolding by guanidine hydrochloride (GdnHCI), urea or sodium dodecyl
sulfate (SDS).** Similarly, IgG antibody unfolding induced by GdnHCI studied by second
derivative ultraviolet (UV) spectroscopy showed less resistance of deglycosylated mAbs towards
unfolding which were consistent with the DSC thermal stability results.”
1.7.7 Aggregation

Proteins molecules can agglomerate irreversibly as a consequence of covalent and non-
covalent interactions that are triggered by pH, temperature excursions, high concentration,
excipients, mechanical forces and interaction with surfaces during their production, purification,
manufacturing, storage, transport and administration. Proteins can aggregate due to their intrinsic
colloidal properties in an environment or presence of certain sticky/hydrophobic patches, which
usually lie buried in the protein, might be exposed during these stresses and become available to

41,42

interact with other hydrophobic patches on another protein molecule. The aggregation prone
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regions also called motifs or hot spot regions can be predicted with some success® and other
studies have showed compelling evidence of the involvement of Cy2 domain and CDRs in Fab
domains (especially in residues Phe, Tyr or Trp**) in determining the aggregation rate and extent

in IgG antibodies.”"!

It is believed that glycans can cause an increase in steric repulsions
between aggregation prone regions and reduce or prevent aggregation between proteins.** In IgG
antibodies, aggregation in glycosylated and de-glycosylated antibodies was studied and it was
shown that aglycosylated antibodies were more prone to aggregation especially at lower pH

.. . 33,35,42,45,46
conditions and higher temperatures.”””>"">

It was shown than several aggregation prone
regions near the glycosylation site (Val-282, Pro-291, Tyr-296, Val-308, Leu-309)*** underwent
localized changes in conformation and/or a hydrophobic segment 249-259 became more solvent
accessible upon deglycosylation which might be due to decreased protein-glycan
interactions.******* One study showed that IgG Fc aggregation strongly correlated with degree
of Cy2 domain glycosylation which increased with decrease in size of glycan in the following
order glycosylated< partially glycosylated < non-glycosylated, however, the effect of various
sizes and types of N-liked glycans on protein aggregation was not probed in detail in this work.”
1.7.8 Long term storage stability

Understanding the forced or accelerated physicochemical stability results in the light of
long-term storage stability of antibodies is a critical aspect during their therapeutic formulation
development. N-glycosylation affects the chemical, physical and dynamic properties of
antibodies and particularly deglycosylation leads to dramatic decreases in stability of these
molecules. No substantial monomer loss was observed in complex (G2F, GOF), high mannose

and deglycosylated glycoforms of IgGl mAbs at 5°C (storage temperature), 30°C and 40°C

(stressed temperatures) in low ionic strength buffer at pH 5.5 indicating that glycosylation had no
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substantial effect on storage stability of IgG1 mAbs.**Another study showed similar results in
which no substantial difference in aggregates were observed between antibody products
containing low and high high-mannose glycans over accelerated and real time stability
conditions.” This indicated that decreased stability of non-glycosylated IgGs observed during
forced degradation stability might not reflect their true long-term stability.
1.7.9 Influence of Glycosylation on Flexibility of IgG

In order to better understand the structure-function relationship of antibodies, it is
essential to consider an additional aspect of protein structure that is dynamics and flexibility.”® It
is seen that an IgG antibody shows intrinsic molecular motions and can exist in multiple
conformations, which are essential for its function, for example, allowing antibodies to span a
wider range to search for antigens and to be able to bind various FcyRs during binding events.””
>2 In addition, understanding the effect of glycosylation on flexibility of antibody is not very well
understood with respect to physicochemical stability and biological functions. Various methods,
both experimental and simulations, are required to understand the range of motions shown by
antibodies.”’ X-ray crystallography is one of the most sensitive techniques to study antibody
structure and flexibility at atomic resolution™ however, it gives snapshot of a particular
conformation present during the crystallization which also could get distorted by crystal packing
forces and may not be a true representation of the solution state of the protein. In addition, only a
limited number of crystal structures of different glycoforms of antibody are available which
might not represent all the conformations sampled by the IgG in solution. As glycosylation is
heterogeneous, it is challenging to get good resolution of a particular glycan in an X-ray crystal
structure making it important to have a homogenous glycan distribution, which might be

practically difficult to achieve. Another technique known as nuclear magnetic resonance (NMR)
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used to probe dynamics of various proteins has been challenging for studying large proteins like
antibodies, but has shown great success in studying antibody fragments. Solution NMR allows
studying the flexibility of both the oligosaccharide chain and the protein chain around the glycan
site. NMR analysis of G2F glycosylated mAbs revealed that the terminal glycans of both al,3
and al,6 arms are exposed and highly dynamic along with the additional tumbling motion of the
Fc molecule.” Studies on multiple IgG and Fc fragments showed that the overall trend of
increase in their thermal stability upon glycosylation was attributed to decrease in overall
dynamics of the structure studied by hydrogen deuterium exchange mass spectrometry (HX-MS)
and NMR."*** It was also observed that reduction in structural mobility due to glycosylation
occurred in regions that were far from the glycosylation site suggesting transfer of these local
effects throughout the entire protein.**

Previous studies in our laboratory examined the effect of different additives on an IgGl
mAb backbone flexibility using HX-MS. The results showed increased local flexibility of a
certain hydrophobic segment in the Cy2 domain of the mAb was seen in presence of Hofmeister
salts such as thiocyanate (as anion) and pharmaceutical excipients such as arginine (as an amino
acid excipient) that was correlated with decreased thermal stability of the Cy2 domain and

increase in aggregation propensity.*” %

This was attributed to disruption in packing of the
heterogeneous glycan structures within this hot spot region and the glycans.”’ As a continuation
of this research, the nature of interactions between glycan chains and regions of the Cy2 domain
should be explored to gain more mechanistic insights into changes in physical stability of mAbs.

As flexibility is an important aspect of the protein structure, the impact of IgG glycosylation on

flexibility with regard to physicochemical stability, storage stability and biologic property has
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not be addressed in detail and is often limited by the complexity and heterogeneous distribution
of glycoforms of antibody.

1.8 Influence of Glycosylation on Pharmacodynamics (PD) and Pharmacokinetics (PK)

Evidence of glycosylation is essential for Fc effector function biological activities like
ADCC and CDC was observed when deglycosylation of various antibodies led to loss of binding
to Fc y receptors and failed to activate complement (C1q).®' This result suggested the importance
of N-glycans for governing the biological activities related to Fc receptors and the complement.
The type (fucose, galactose, sialic acid, bisecting GIcNAc) and branching (complex verses high
mannose) of N-glycosylation is shown to affect the Fc effector functions and is extensively
studied. Presence of core fucosylation showed ~ 50-fold increase in FcyRIIla receptor binding of
IgG mAbs, which enhanced their ADCC both in vitro and in vivo, however binding to FcyRI,
Clq and FcRn, were unaffected.®”® Bisecting GIcNAc was shown to enhance the binding
affinity to FcyRlIIla resulting in higher ADCC activities; however, core fucose was shown to be
more critical for ADCC activity of mAbs.®® Terminal Gal (G2) increased the affinity to C1q two
fold and increased the CDC activity of IgG mAbs,*”*® however terminal galactosylation did not
affect ADCC activity.””® High mannose glycans (Man5/8/9) on IgG mAbs showed higher
binding affinity to FcyRIIla and hence higher ADCC than non-fucosylated forms probably due

15,70-72

to lack of fucose. However, high-mannose glycans on IgG mAb also reduced their binding

to C1q, leading to lower CDC activities."*

Terminal sialylation of IgG interfered the binding of
mAbs to FcyRIIla, which lead to decreased ADCC.” It has also been shown that antibody
glycosylation in the variable region of Fabs can affect the neutralizing function of mAbs.

Significant reduction or enhancement of antigen-binding activities of antibodies was observed

upon deglycosylation of N-glycan in Fabs.'
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The PK properties of IgG mAbs are primarily governed by binding to neonatal Fc receptor
(FcRn) which recycles the mAbs intracellularly and thus avoids destruction in the lysozymes;

this process gives the antibody its long serum half-life.*""*

Different composition, branching or
removal of glycans does not cause a meaningful impact on the PK properties of IgG in vivo,
suggesting that glycosylation is not required for IgG antibody’s long half-life.”” An
aglycosylated IgG1 antibody (mAb ALDS518) demonstrated normal human serum half-life of
around 20-32 days in Phase I clinical trial.”® However, a recent HX-MS study revealed that
deglycosylation increased the flexibility of the FcyR binding site of an antibody.” IgG mAbs
having high mannose glycans (M5-M9) showed faster clearance than mAbs with complex
glycans (GOF, G1F and G2F).”””® However, it was seen that binding affinity towards human
FcRn of high mannose IgGs was similar to complex and hybrid IgGs.">”* Another study showed
that Man5 and Man8/9 IgG glycoforms had similar clearance.” Thus, high mannose glycoforms
can have the ability to affect clearance, which makes them critical quality attributes that need to
be monitored during production of mAbs. The increased ADCC activities of IgG having HM N-
glycans (Man5, Man8 and Man9), their substantial influence on clinical efficacy and
pharmacokinetics, methods for their modulation and understanding underlying mechanisms are
important for their future development.*® Additionally, Fab domains can also impact the
clearance of IgG mAbs depending upon their location of glycosylation.’ The above findings
demonstrate the ability of glycosylation to affect the PK/PD that could ultimately affect the
biological outcome of mAb therapeutics. Hence, during novel bio-therapeutic or biosimilar
development, challenges are associated with PK and PD evaluations, which could affect the

clinical efficacy or clinical similarity, respectively.

1.9 Influence of Glycosylation on Immunogenicity
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Different mAb production vehicles show different glycosylation in terms of branching and
types of glycans. Any production cell line that attaches glycans to mAbs, which are not native to
those, found in human glycoforms of antibodies, might lead to immunogenicity when these
mAbs are administered to humans. The most recognized immunogenic glycan linkages and
glycans are galactose-al, 3-galactose (a-Gal epitope), N-glycolylneuraminic acid (Neu5Gce
epitope), 1, 2-xylose (core-xylose epitope), and al, 3-fucose (core-al, 3-fucose epitope).***
Cetuximab showed that presence of a-Gal and/or Neu5Ge in Fabs developed severe
hypersensitivity reactions in patients within minutes after first exposure due to development of

IgE anti-a-Gal antibodies.®

However, a-Gal epitopes in the Fc linked glycans of Infliximab
were not recognized by IgE anti-a-Gal antibodies, possibly due to the relative low abundance
of a-Gal epitopes.**** Additionally, mannose and N-acetyglucosamine glycan can be attached
to mannose receptor on macrophages, dendritic cells and endothelial cells while fully

galactosylated IgG glycoforms can undergo uptake by dendritic cells which might have the

potential to be immunogenic.'®

Humanization of therapeutic antibodies has reduced their risk for eliciting an anti-drug
immune response compared to chimeric antibodies, but this effect is not absent entirely even in
fully human mAbs (100% human sequences).* The potential of protein aggregates of humanized
(95% human with 5% mouse in the CDRs) and fully human mAbs to cause immunogenicity is
recognized even though the underlying mechanisms for their correlation are complex and not
well understood.”” It is an active area of research for mAbs to understand the impact of
aggregation and immunogenicity. However, deglycosylation increased the propensity of mAbs
for aggregation,™® and this eventually might increase their propensity for immunogenicity

reactions against the mAb in patients.
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1.10 Glycoengineering of N-glycosylation of Therapeutic mAbs

Efficacy and stability of mAbs has been improved by various antibody engineering
strategies.®® As discussed above, since N-glycosylation significantly influences the PK, PD,
antigen binding (Fab glycosylation), tissue targeting and stability of mAb therapeutics,
glycoengineering can show promising improvement in their efficacy.”’” The main goal of
glycoengineering is to control the heterogeneity of mAb glycosylation and obtain a glycoform
distribution as homogenous as possible which will have enhanced biological activities.*
Achieving the above goal is challenging, and can be done by the following ways: 1) genetic
manipulation of expression host glycosylation pathway 2) addition of chemical inhibitors 3)
optimizing cell culture conditions 4) in vitro glycan synthesis and remodeling, and 5) Expression
of aglycosylated mAbs. CHO cells have been genetically engineered in a variety of ways and are
widely used as production host for producing therapeutic antibodies that have no core fucose.*
Although, CHO cells naturally produce non-fucosylated antibodies, their distribution is
heterogeneous. Various preclinical and clinical studies showed that controlling glycosylation
improved the efficacy of various mAbs like mogamulizumab (defucosylation), obinutuzumab
(defucosylation with bisecting N-acetyglucosamine) and benralizumab.” Apart from glycan
engineering, various attempts to increase therapeutic efficacy have been made by protein

engineering of mAbs.”’

1.10.1 Glycoengineering with Yeast Expressed mAbs

Yeast offers several advantages for production of recombinant mAbs such as ease of
production, ease of genetic manipulation, stable expression, rapid cell growth, high protein yield,
scalable fermentation processes, low-cost and no risk of human pathogenic virus

contamination.*” However, glycoproteins expressed in wild type yeast generally cannot be used
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for therapeutic applications due to fungal type high-mannose glycans, which can result in
immunogenicity and poor PK in vivo.* Glycoengineered P. pastoris platform can yield
recombinant antibodies with human N-glycosylation that demonstrated increased FcyRIIla
binding and ADCC activities along with similar pharmacokinetic profiles in both mice and
cynomolgus monkeys as compared to CHO expressed trastuzumab.®” This was attributed to the
loss of fucose in expression from this glycoengineered yeast strain.*® Additionally, expression of
mAbs in glycosylation deficient yeast along with in vitro enzymatic synthesis of N-glycans
allows production of homogenous charge variants of IgG1-Fc as observed from a previous study
in our labs.”® This approach can be further utilized to obtain IgG mAbs with sequentially
truncated well-defined homogenous glycans for studying their effect on different properties of
IgG. Expression of aglycosylated mAbs have been carried out by site directed mutagenesis to get
rid of the Asn-297 residue, expression in E.coli and treatment of fully glycosylated mAbs with
PNGase-F (Peptide:N-Glycosidase F) enzyme. Engineered aglycosylated mAbs are beneficial
when effector functions are unnecessary (e.g. in case of neutralizing antibodies and antibodies
used to treat inflammatory diseases). Aglycosylated antibodies offer an advantage in
circumventing the need for N-glycan control along with expression in bacteria of full-length

mAbs is possible which could have higher yields and will be cost effective.?'**%

1.11 Biologic (mAb) Drug Product Development, Comparability and Biosimilarity

Assessments

Development of recombinant biological products (like mAbs) and their biosimilar
counterparts to treat various diseases has many hurdles due to their inherent sensitive and
complex structure especially, in their characterization, manufacturing, stabilization, formulation

and delivery. N-glycan heterogeneity further adds to the complexity and technical challenges for
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their pharmaceutical development. To meet the high demand of biologics, it is necessary to scale
up their manufacturing or transfer their processes to another manufacturing site as summarized in
Figure 1.3. The scale up and technology transfer might induce changes to the delicate structure
of proteins along with changes in post-translational modifications like glycosylation, making it
essential to analyze the pre- and post-manufacturing product for any differences in quality.”*
To ensure that changes do not affect the quality, it is the responsibility of the biologic’s
manufacturer to conduct extensive characterization of the pre and post changed products to
convince regulatory agencies of the validity of their chosen approach.”” As seen in Figure 1.3,
depending on the level of risk of the change, comparability exercises need to be carried out that
involves different steps. Extensive physicochemical characterization of the product structure is
the foundation of comparability exercises and rarely includes the expensive clinical trials unless

the change poses a high level of risk.”*""'%

The pharmaceutical market comprises of almost 30% biologics out of which mAbs are

101,102

the fastest and largest growing segment. Patents on the highest selling mAb therapeutics are

expiring soon hence, currently; there are many biosimilars in development’®'0h10%104
Biosimilars are copies of biotherapeutics just like generic version of small molecules drugs,
which offer a comparatively affordable alternative therapy for patients. Manufacturing of protein
therapeutics is challenging due to their inherently complex structure and production in living
cells, which could affect the product quality, one of them being post-translational modifications
like glycosylation as compared to simpler, robust structure and a well-designed manufacturing
recipe of small molecule drugs. However, for biosimilar developers, where the manufacturing

recipe for an innovator drug is unknown; the biosimilar developer has to figure out their own

manufacturing procedure such that the biosimilar and the original protein drug are highly similar
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in physicochemical structure, activity, safety and efficacy. Again, it is the responsibility of the
biosimilar manufacturer to conduct comparative studies with the originator biologic and gather
all the required data to prove biosimilarity.”® Similarity is established at three levels as seen in
Figure 1.4, where extensive analytical characterization and biological activity testing are the
foundation of biosimilar development. If similarity is shown with high confidence at the first
level then extent of clinical studies needed might be reduced which will ultimately lead to lower
drug costs. Ongoing research areas in biologic development, comparability and biosimilarity
include: 1) Structural integrity analysis 2) Assessment of physicochemical degradation pathways
and their effect on biological activity and potency 3) Optimization of drug stability and delivery
by formulation development 4) Analytical method development and novel analytical approach

93,105,106 pach of the above areas offer

design, and 5) PK/PD and immunogenicity analysis.
systematic development of mAb therapeutics during comparability and biosimilarity assessments

however, there are challenges involved in every steps, which are further complicated by the

inherent glycan heterogeneity of mAbs.

1.11.1 Analysis of N-glycosylation in mAbs: Glycan Profiling (Primary Structure) and

Conformation for Comparability and Biosimilarity Assessments

It is difficult to predict and control mAb glycosylation patterns as they are highly
dependent on process manufacturing variables.'”” As N-glycosylation of mAbs affects their
stability, biological activity and efficacy, it is necessary to monitor glycosylation and
characterize glycan structures in detail throughout the product lifecycle, and know which glycans
might cause adverse events in humans.'” Various orthogonal analytical tools are used for
characterization of mAb glycosylation, which are high-performance liquid chromatography

(HPLC), capillary electrophoresis (CE), mass spectrometry (MS), isoelectric focusing (IEF), and
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lectin-based microarray (chromatography and mass spectrometry (MS) being the most

109,110

popular). It is also important that analytical characterization tools are able to characterize

108

glycans for providing critical quality attributes.  Together, these analytical tools should provide

a complete glycan fingerprint and identify possible glycosylation sites (macro-heterogeneity,
ICH guidance Q6B), glycan content (micro-heterogeneity) and glycan structure that involve
information regarding linkages between the constituting monosaccharides of glycans.''® Another

aspect of glycan analysis involves rapid glycan comparisons between batches is glycan profiling.

In addition to primary structure analysis of glycosylation, the effect of the glycan on
conformation of the protein should also be tested especially during biosimilar comparisons.''".
Higher order structure is essential for the binding of mAbs to its antigen as well as different Fc
receptors for their biological activity. It has been recently shown that N-glycans on the Cy2

domain of mAbs are flexible, and show different motions depending on their size and

54,112

structure. NMR is a popular tool for structural characterization to study motions of different

54,59,112-116

N-glycans of IgG Fc as well as the flexibility of the protein. However, requirement of

large amount of protein, slow data processing times and protein size limit have not made its use

117

popular for comparability analysis. © HX-MS can provide useful information on the subtle

higher-order changes with different glycosylation of IgG and has started being popular for
comparability and biosimilar comparability analyses as a result of improved automation, faster

data analysis, less interference from excipients, and requirement of small amounts of

1 31,47,48,56,57,111,118

materia The analysis of conformational effects is further complicated by the

119,120

heterogeneous distribution of glycans. It is difficult to attribute the conformational changes

to a particular glycan type present in a heterogeneous pool. Additionally, low levels of
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glycoforms need sensitive analytical techniques that are able to detect them and hence, no unique

. . .. 117,121,122
method is available for characterization.''”!?!

1.11.2 Assessment of Physicochemical Degradation Pathways of mAbs and their Effect on

Biological Activity for Comparability and Biosimilarity Assessments

The main goal of forced degradation studies is to elucidate the physicochemical
degradation pathway(s) of protein drug substances and products, by subjecting them to stresses
that might be experienced by them during their production, purification, manufacturing, storage,
transit and administration.” Any small amount of impurity or instability (specially the PTMs)
could potentially lead to serious consequences on the overall stability and efficacy. In case of
glycoforms, which affect the stability and efficacy of mAbs and are inherently heterogeneous,
identifying a particular glycoform causing degradation will be extremely challenging. Long term
and accelerated stability studies measure the rate of given degradation process over time while
forced degradation studies generate degradants in a much shorter time so that degradants can be
identified earlier and quicker.'> However, it has been observed that even though accelerated and
forced degradation studies of different IgG glycoforms showed differences with their N-
glycosylation, the type of glycosylation did not affect their long-term stabilities.**** Another
advantage offered by forced degradation studies is to allow the development of stability
indicating methods which can be used in later stages for the analysis of accelerated and long term

stability studies.'*

This might be essential to develop analytical tools to detect subtle changes
that occur due to N-glycosylation of mAbs. As seen in Figures 1.3 and 1.4, stress study also can
provide timely recommendations for making improvements in the manufacturing process and

might be useful to control the glycosylation of mAbs.'” Comparing degradation profiles in

biosimilar and referenced product is also a critical aspect of biosimilar development.
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1.11.3 Formulation and Stability of mAbs for Comparability and Biosimilarity

Assessments

A major objective of formulating antibodies as therapeutic agents is to control the rate of
their degradation during their storage and shipping which will ensure their stability over their
shelf life. Additionally, a robust formulation is required to support preclinical and clinical studies
that need demonstration of safety, manufacturability and drug stability. Choice of proper
formulation excipients and other conditions specific for a particular mAb will help achieve the
above goals. As mAbs are growing in demand and many candidates are in discovery, it becomes
critical to accelerate process and formulation development and move them rapidly into clinical
manufacturing. Evaluating the effect of storage period, excipients and environmental stress on
the accelerated (and long term) stability of protein drug products is an essential part of
formulation development and comparability evaluations upon formulation change.”'* The
dosage form could be changed from liquid to lyophilized or the drug delivery could be changed
from IV to pre-filled syringes which again might require changes in formulation and extensive
comparisons of stability of proteins.”” In biosimilar development, the biosimilar developers have
to implement a formulation, which might or might not be identical to the originator formulation,
but does not show different degradation products as compared to the originator. Comparing
stability profiles of proteins in their actual final dosage form formulations is a critical aspect of

comparability and biosimilar development.

1.11.4 Development of Novel Data Visualization Tools for Comparability and Biosimilarity
Assessments
In both comparability and biosimilarity exercises, changes occur to manufacturing

processes and pre-change versus post change product (and originator versus biosimilar product)
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must be characterized to demonstrate their similarity in terms of physicochemical structure,
biological function, impurity profiles, safety and efficacy. As discussed above, mAbs are
glycoproteins that show heterogeneous glycosylation, which is extremely sensitive to
manufacturing conditions making it a critical quality attribute. Not only is glycosylation
heterogeneous in nature, but also affect various pharmaceutical properties as we saw before,
which could result in affecting the efficacy and safety of the products in comparability and
biosimilarity scenarios. Ideally, having identical or homogenous glycosylation profile is desired
but it is not practically possible as every batch of production might be different and difficult to
control. Although significant advances have been made for glycosylation comparability analysis
by various glyco-analysis techniques, the need for more sensitive approaches for the evaluation
of higher order structures (HOS) of proteins remains an important challenge. Especially, for a
biosimilar comparability exercise, where the foundation lies in extensive comparative
physicochemical and biological characterization of the biosimilar and the originator, there is
need for developing novel analytical approaches for comparability. Effect of N-linked
glycosylation site occupancy and different charge states in various non-glycosylated forms
within the Cy2 domain was examined which provided a sensitive analysis of subtle differences in

the higher order structure (HOS) of these glycoproteins.”>'**

Various attempts have been made
previously to develop novel data visualization approaches for accessing HOS of glycoproteins
including mAbs and charge variants of IgG1-Fcs in the context of comparability.”>*>'**!*> These
approaches include the utilization of empirical phase diagrams (EPD) and radar charts, which
gives the information on the overall higher order structural stability profile of a protein in a

holistic manner. This approach can be further investigated to study the effect of N-linked well-

defined oligosaccharide structures on HOS of Fc region of antibodies.
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In this work, we have utilized a set of well-defined IgG1 Fc glycoforms as a model for
biosimilar comparability analysis by performing a series of comparative physical evaluations.
These well-defined glycoforms differed only in glycosylation state or a single conservative
amino acid mutation and they will be expected to exhibit a wide range of biophysical properties
due to the effect of N-glycosylation on IgG1-Fc. Four IgG1-Fc glycoforms were produced using
a combination of expression in genetically modified yeast and in vitro enzymatic truncation.
They were extensively characterized for their purity, N-glycosylation structure, high molecular
weight species and charge variants to ensure that these glycoforms differed only in glycosylation
state or a single amino acid mutation. Subsequently, these different I[gG1-Fc glycoforms were
extensively characterized for solubility and physical stability properties using multiple low-
resolution biophysical techniques to monitor different aspects of their higher-order structure
across a wide range of pH and temperature conditions.

Another goal was to develop stability indicating assays that were sensitive to observe
subtle differences between the HOS and physical stability of these glycoforms. To develop tools
for comparability, these glycoforms were formulated in two different formulations (NaCl vs
sucrose) to mimic mAb biosimilars that might be formulated in two different formulations.
Further, large biophysical data sets obtained above were then used to construct data visualization
tools based on EPDs and radar charts for structural comparison between different glycosylation
states. Using this approach, differences in structural integrity and conformational stability were
detected at stress conditions that could not be detected by using the same techniques under
ambient conditions (i.e., no stress). Thus, an evaluation of conformational stability differences
may serve as an effective surrogate to monitor differences in higher-order structure between

protein samples. To mimic heterogeneity in biosimilars, mixtures of these four homogenous
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glycoforms were prepared by combining them in defined ratios to produce well-defined batches
of IgGl-Fc glycoforms with different physicochemical and biological attributes. Stability
indicating assays developed before to characterize the solubility and physical stability of the four
glycoforms were utilized to characterize the mixtures.

As a final aspect to this work, to gain a better mechanistic understanding of the physical
stability changes as a function of N-glycosylation and to correlate these results with local
flexibility, HX-MS was utilized. HX-MS offers higher resolution as compared to biophysical
techniques for HOS characterization and monitoring flexibility of the IgG1-Fc glycoforms. This
study contributes towards utilization of these homogenous glycoforms as a model for
understanding impact of glycosylation on physical stability and flexibility, and their application
in developing analytical tools for comparability and biosimilarity assessments.

1.12 Chapter Reviews

1.12.1 Correlating the Impact of Well-Defined Oligosaccharide Structures on Physical

Stability Profiles of IgG1-Fc Glycoforms. (Chapter 2)

The focus of this work was to describe four well-defined IgG1-Fc glycoforms as a model
system for biosimilarity analysis (High mannose-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc
aglycosylated) and to draw comparisons of their physical properties. A trend of decreasing
apparent solubility (thermodynamic activity) by PEG precipitation (pH 4.5, 6.0) and lower
conformational stability by differential scanning calorimetry (DSC) (pH 4.5) was observed with
reducing size of the N297-linked oligosaccharide structures. Using multiple high-throughput
biophysical techniques, the physical stability of the Fc glycoproteins was then measured in two
formulations (NaCl and sucrose) across a wide range of temperatures (10-90°C) and pH (4.0-7.5)

conditions. The datasets were used to construct three-index empirical phase diagrams and radar
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charts to visualize the regions of protein structural stability. Each glycoform showed improved
stability in the sucrose (vs. salt) formulation. The HM-Fc and Man5-Fc displayed the highest
relative stability, followed by GlcNAc-Fe, with N297Q-Fc being the least stable. Thus, the
overall physical stability profiles of the four IgG1-Fc glycoforms also show a correlation with
oligosaccharide structure. These datasets are used to develop a mathematical model for

biosimilarity analysis.

1.12.2 Comparative Evaluation of Solubility and Physical Stability Profiles of Well-
Defined Mixtures of IgG1-Fc¢ Glycoforms as a Model for Biosimilar Comparability
Analysis. (Chapter 3)

Four well-defined IgG1 Fc glycoforms (HM-Fc, Man5-Fc, GlcNAc-Fc, and N297Q-Fc)
prepared previously were blended in specific ratios to produce well-defined mixtures to mimic
biosimilar products. These mixtures had evident and subtle differences in physical and functional
properties as expected from first studying homogenous glycoforms of IgG1-Fc. The mixtures
were prepared by mixing HM-Fc with the three glycoforms in pre-defined proportion to make
two sets of mixtures which were: 90%HM:10%X(subtle differences) and
50%HM:50%X(evident differences), in which X was N297Q-Fc, Man5-Fc, and GlcNAc-Fc. In
addition, a more complex system was prepared by blending the four glycoforms (25 % each) to
model heterogeneous systems typically encountered in monoclonal antibodies. Seven mixtures of
IgG1-Fc glycoforms were prepared and utilized a model system for biosimilar comparability
assesment. In addition, the four well-defined glycoforms were used as controls in each
characterization techniques. The focus of this study was to evaluate the physical characteristics
of these mixtures as a model system for biosimilar comparability analysis. Solubility and

physical stability measurements were performed using high-throughput PEG precipitation assay
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and biophysical techniques, including differential scanning calorimetry (DSC), intrinsic
fluorescence, differential scanning fluorimetry (DSF), light scattering and turbidity, which were
developed in the previous study. A trend in solubility and stability was observed, which
depended on the type and composition of the mixtures. Mixtures containing Man5-Fc and HM-
Fc showed higher stability, followed by mixtures of GIcNAc-Fc and HM-Fc and combinations of
N297Q-Fc and HM-Fc showed the least stability. These datasets are being used to develop a

mathematical model for biosimilarity analysis.

1.12.3 Correlating the Impact of Glycosylation on the Backbone Flexibility of Well-Defined
IgG1-Fc Glycoforms Using Hydrogen Exchange-Mass Spectrometry (HX-MS).
(Chapter 4)

We have utilized hydrogen/deuterium exchange mass spectrometry (HX-MS) for

characterization of localized backbone flexibility of four well-defined homogenous N-linked

Asn-297 glycoforms of an IgG1-Fc expressed and purified from Pichia pastoris cells, two of

which were prepared using subsequent in vitro enzymatic treatments. A correlation was

demonstrated between increased flexibility, especially of specific regions within Cy2 domains of
the Fc and decreased N-linked oligosaccharide size from high mannose (Man8-Manl12), Man5,

GlcNAc and then non-glycosylated N297Q. These results were compared with previously

published physicochemical stability, aggregation propensity, and Fcy receptor binding data with

the same molecules allowing for more insightful correlations between N-glycosylation status and
pharmaceutical properties of the IgG1-Fc glycoforms. We identified two potential aggregation

hot spots where flexibility significantly increased upon glycan truncation. We also observed a

correlation between increased backbone flexibility for Asn-315 containing peptides, increased

deamidation rates, and decreased glycan size of the IgG1-Fc, while the opposite correlation was
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noted for oxidation of Trp-277 residue. Finally, a trend of increasing C’E glycopeptide loop
flexibility with decreasing glycan size was observed that correlated with FcyRIlla binding data.
These well-defined IgG1-Fc glycoforms serve as a model system not only to enable rational
design and optimization of stable IgG formulation conditions, but also to identify
physicochemical data sets potentially discriminating between various glycoforms for future

biosimilarity assessments.

1.12.4 Conclusions and Future Work. (Chapter 5)

This final chapter summarizes what we learned about the structural integrity,
conformational stability and flexibility of the various N-linked glycoforms of IgGl-Fc as a
model system for comparability and biosimilarity assessments. The work from chapters 2-4
(assay development and characterization of physical properties and stability, characterization of
mixtures, and correlating effect of glycosylation on physical stability and local flexibility) and
potential utility of using HX-MS and the new data visualization methods for displaying HOS
stability data (as discussed in the previous chapters) for comparability and biosimilarity are

evaluated holistically. In addition, suggestions for future work are also discussed.
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Figure 1.1: Structure of IgG1 antibody, Types of N-glycan and Binding Partners
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2.1 Introduction

Post-translational modifications such as glycosylation and their effect on the structure,
function and pharmaceutical properties of antibody molecules have been a topic of interest for
many years."” With the popularity of monoclonal antibody (mAb) therapeutics (primarily IgG),
and the development of more affordable biosimilars, the interest in evaluating antibody
glycosylation has greatly increased.”*>° Glycosylation of IgGs plays an important biological role
in maintaining pharmacokinetic attributes (circulation half lives in blood, clearance and
bioavailability) and controlling biological activity (by affecting the IgG affinity to bind various

. . 7,8,9,10,11,12,13,14,15
Fc receptors in vivo).

For example, mAbs with high mannose N-linked glycans
show increased clearance (decreased serum half-life) leading to reduced exposure and lower
efficacy,'® while IgGs containing bisecting GIcNAc glycans show enhanced antibody dependent
cell mediated cytotoxicity (ADCC) and stronger binding to FcyRIIla receptors, '>'¢!71819:20

The IgGl glycoprotein is a homodimer containing two antigen binding Fab regions
connected to a Fc region by flexible linkers.”' The IgG1-Fc is a disulfide-bonded homodimer that
comprises of two non-covalently paired Ci2-Cy3 domains.** The N-linked glycosylation site lies

at the asparagine 297 (Asn®’’

) residue of the consensus sequence Asn-X-Ser/Thr of the Cy2
domain. The two Cx2 domains do not pair directly but are bridged together by the complex di-
antennary glycans, which occupy the inside of a horseshoe-shaped pocket between these
domains.”® The glycans form various non-covalent interactions with the Fc domains contributing
to the formation of a stable conformation.” Structural analysis by X-ray crystallography in
combination with molecular dynamic simulations have shown that full or partial removal of the

glycan residues cause conformational changes in the Cy2 domain resulting in loss of both

lycan-glycan and glycan-protein backbone non-covalent interactions.”* The aglycosylated Fc
glycan-gly glycan-p
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displays a larger radius of gyration (Rg) than glycosylated Fc in solution suggesting a more open
conformation (as measured by small-angle X-ray scattering).” Numerous studies on natural,
truncated and aglycosylated glycoforms of mAbs have shown that changes in glycosylation
affect protease susceptibility, flexibility, physicochemical stability and aggregation, often in a
complex manner.'*'7>>3

Protein glycosylation is a heterogeneous post-translational modification which includes
glycosylation site occupancy variation (macro-heterogeneity) and variations in type, length, and
branching of glycans (micro-heterogeneity).” During recombinant expression of mAb
therapeutics, variation in glycosylation occurs as the result of the type of expression hosts, scales
of manufacturing, and culture conditions.”'**%>" Because of these effects, ensuring tight limits of
glycan heterogeneity during manufacturing is a challenge, and is a critical aspect of mAb
development, both for innovator and biosimilar protein-drugs.’® Although glycosylation
engineering holds tremendous potential in improving the efficacy of antibody therapeutics,”**>
more systematic studies are needed to better understand their effects on pharmaceutical
properties to develop a stable and efficacious glycoprotein formulation.

Developing new analytical approaches and techniques to better determine and compare

the complexity of post-translational modifications (such as glycosylation) of protein drugs, and

to elucidate their higher-order structural integrity, is currently an urgent need for both

41,42 43,44

comparability and biosimilarity assessments. Extensive analytical characterization can

serve as a key tool to minimize the extent to which expensive, time consuming clinical trials are
required to ensure that the safety and efficacy of protein drugs is maintained after process

41-44

changes (comparability) or when made by different manufacturers (biosimilarity). Previous

work in our labs has utilized a variety of biophysical techniques combined with data
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visualization tools such as empirical phase diagrams and radar charts to show that enzymatic
removal of glycans from the Fc region of an IgGl mAb decreased physical stability.* In
addition, site occupancy and amino acid changes at the Asn297 site within IgG1-Fc molecules
was shown to affect their physical stability profile by the same experimental approach.**
Similarly, Yageta et al'’ has recently used empirical phase diagrams to compare the
conformational and colloidal stability of isolated constant domains of human IgGs (including
aglycosylated Cy2 domains) under acidic conditions. One key goal of these types of studies is to
assess the utility of physical stability profiles in protein comparability assessments.*'

In this work, we report the use of four well-defined IgG1-Fc glycoforms (HM-Fc, Man5-
Fc, GIcNAc-Fc and N297Q-Fc) as a comparative model system for developing a mathematical
approach for biosimilarity analysis. The purpose of this study is to compare the apparent
solubility (thermodynamic activity) and physical stability profiles of these model Fc glycoforms
under a variety of solution conditions. This was a collaborative project which involved other
laboratories at KU which carried out (1) thorough biological characterization of these IgG1-Fc
glycoforms,” (2) chemical stability evaluations of the four IgGl-Fc glycoforms,” and (3)
mathematical modeling of physical stability data presented in this work for the purpose of
biosimilarity assessments.”

We have determined the effect of oligosaccharide structure on the relative apparent
solubility (thermodynamic activity) of the Fc glycoforms using a PEG precipitation assay. We
then evaluated the structural integrity and conformational stability using a variety of biophysical
techniques including intrinsic and extrinsic fluorescence spectroscopy, turbidity measurements
and differential scanning calorimetry across a variety of pH, temperature and formulation

conditions. Comparative information on the structure and stability of these Fc glycoforms with
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regard to differences in glycosylation is generated by the use of data visualization tools including
three-index empirical phase diagrams and radar charts. These results are not only useful as part
of preformulation characterization studies during formulation development (as described in this
chapter), but also provide large datasets for mathematical modeling for biosimilarity assessments

using data mining and machine learning tools.™
2.2 Materials and Methods

2.2.1 Materials

IgG1-Fc glycoforms (HM-Fc, Man5-Fc, GlcNAc-Fc) were produced using a combination
of expression in a glycosylation deficient strain of Pichia pastoris (yeast), protein purification
and in-vitro enzymatic synthesis as described elsewhere (see Okbazghi et al, 2016 and Alsenaidy
et al, 2014).*~! The non-glycosylated variant of the IgG1-Fc (N297Q-Fc) was made by mutating
the N-linked glycosylation site at Asn-297 (EU numbering) to Gln 297 and was produced as
described elsewhere (see Okbazghi et al, 2016 and Alsenaidy et al, 2014).***" After expression
and purification, the four well-defined IgG1-Fc glycoproteins were concentrated and dialyzed
into a storage buffer (10% sucrose, 20 mM histidine, pH 6.0) and frozen at —80°C at a
concentration of 0.2 mg/mL.”" A pictorial summary of the four well-defined IgG1-Fc glycoforms
used in this work is provided in Figure 2.1.

For PEG precipitation studies and differential scanning calorimetry (DSC), the four
IgG1-Fc glycoforms were concentrated to 3 mg/mL using a Millipore Amicon Ultra (EMD
Millipore, Billerica, MA) with 0.5 mL centrifugal filter device and a 10 kDa MW cut off. All the
glycoforms were then dialyzed at 4°C overnight in a 20 mM citrate phosphate buffer with ionic
strength adjusted to 0.15 by NaCl at pH 4.5 and 6.0 to obtain final protein stock solutions of 1

mg/mL. For the biophysical characterization studies, samples were thawed and dialyzed into one
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of two different formulations: (1) 20 mM citrate phosphate buffer adjusted to an ionic strength of
0.15 with NaCl (pH 4.0-7.5, at 0.5 pH unit increments), and (2) 20 mM citrate phosphate buffer
containing 10% sucrose (w/v) (pH 4.0-7.5, 0.5 pH unit increments). Dialysis was performed at
4°C using Slide-A-Lyzer dialysis cassettes (Life technologies, Grand Island, NY) with a 10 kDa
molecular weight cut off, with three buffer exchanges; two exchanges at 4h intervals and one
overnight. Components of all buffers including L-Histidine, sodium phosphate and sodium
chloride as well as PEG-10,000 were purchased from Sigma-Aldrich (St Louis, MO) while
citric acid anhydrous and citric acid monohydrate were purchased from Fisher Scientific at

the highest purity grade. Sucrose was obtained from Pfansteihl, Inc. (Waukegan, IL).
2.2.2 Methods

2.2.2.1 PEG Precipitation Assay

The experimental protocol was adapted from Gibson et al’> and Toprani et al.” Stock
solutions of PEG-10,000 ranging from 0 to 40% w/v PEG were prepared in 20 mM citrate
phosphate buffer with ionic strength adjusted to 0.15 by NaCl at pH 4.5 and pH 6.0. A volume of
40 pL of each of the PEG-10,000 solutions (from 0 to 40% w/v PEG) were added to wells of a
96-well polystyrene filter plate (Corning#3504, Corning Life Sciences, Corning, NY). Ten pL of
the protein stock solutions (1 mg/mL) was then added to each well to achieve a final protein
concentration of 0.2 mg/mL. The plates were incubated at room temperature overnight and then
were centrifuged at 548 (x g) for 15 min. The filtrate was collected in a clear 96 well collection
plate (Greiner Bio-One#655001, Greiner Bio-One North America Inc., Monroe, NC). The
protein concentration was determined on a NanoDrop 2000 spectrophotometer (NanoDrop
Products, Wilmington, DE) using 2 pL of filtrate by measuring absorbance at 280 nm. The

concentrations of all four IgG1-Fc proteins vs % PEG-10,000 data were fit to a standard four-
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parameter, modified Hill-slope sigmoidal curve equation (Eq.1), using Python (x,y) v.2.7.6.0, an
open source scientific software based on python language. The % PEGumigp: values and apparent
solubility value parameters were then calculated from the resulting curve fit”> where t= top
plateau, b= bottom plateau, mid= x-axis midpoint, and s=slope. The % PEGuiqy values were

determined by noting the x-axis midpoints.

Y =b+ (s (1)
The apparent solubility values were determined™ by first plotting the same data sets on a
logarithmic scale from the transition region and then fitting them using equation (2) to
extrapolate the data to zero % PEG concentrations.

logSp = loga, — A15[PEG] (2)
Under certain assumptions, including non-interaction of PEG with protein, the y intercept of the
linear fit is the apparent thermodynamic activity (or apparent solubility) of the protein. The p
values for all four IgG1-Fc samples were determined using the student t-test in Microsoft Excel
2010 software. All the truncated glycoforms (Man5-Fc, GlcNAc-Fc, and N297Q-Fc) were

compared to the HM-Fc as a control. A p value of < 0.05 was accepted as significant.

2.2.2.2 Differential Scanning Calorimetry (DSC)

DSC experiments were performed using a MicroCal VP-AutoDSC instrument with an
autosampler (MicroCal, LLC, Northampton, MA). Thermograms of protein samples (at 0.4
mg/mL concentration formulated in 20 mM citrate phosphate buffer adjusted to an ionic strength
of 0.15 by NaCl at pH 4.5 and 6.0) were obtained from 10°C to 100°C with a scanning rate of
60°C/h. Data analysis was performed using the MicroCal LLC DSC plug-in for the Origin 7.0
software package. The raw thermograms of the protein samples were buffer subtracted using the

corresponding buffer system thermograms, baseline fitted and normalized by concentration to
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obtain the final thermograms. The final thermograms were fit to a non-two-state unfolding model
with four transitions to calculate the heat capacity peak maximum (T, values) of the four
transitions. The onset temperature (Tonser) Of the transitions was determined by identifying the

point where the heat capacity (Cp) value for the thermal transition reached 500 cal mol '°C ">
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2.2.2.3 Intrinsic (Trp) fluorescence spectroscopy

The fluorescence spectrum of each of the IgG1 Fc glycoforms was measured in triplicate
using a Photon Technology International (PTI) Quantum master fluorometer (New Brunswick,
New Jersey) with 200 pL of 0.2 mg/mL protein solution in 0.2 cm path length quartz cuvettes.
Samples were excited at 295 nm (>95% Trp emission) and the emission spectra at 10°C were
recorded from 305 to 405 nm. For thermal stability measurements, the temperature was raised in
increments of 1.25°C from 10 to 90°C with a heating rate of 15°C/h. Data were collected and
spectra were buffer subtracted and analyzed using an in-house software (MiddaughSuite). The
maximum peak position (Amax) values were calculated using a “spectral center of mass” method
(MSM) that results a red shift in the peak position by 10—-14 nm compared with the actual value,

but produces a more reproducible measure of spectral shift and a higher signal to noise ratio.”'

2.2.2.4 Extrinsic fluorescence spectroscopy

The extrinsic fluorescence measurements were performed using a MX3005P QPCR
system (Agilent Technologies). Samples contained 0.2 mg/mL protein in a total sample volume
of 100 pL. The Sypro™ orange dye was purchased from Invitrogen, Inc. (Carlsbad, CA) and
was supplied in a concentrated form (5000x) and dissolved in dimethyl sulfoxide (DMSO). The
stock was diluted to 40x in water and then added to the protein samples to achieve 1x dye

concentration for measurements. Using custom filter sets, the mixture was excited at 492 nm,

56



and the emission intensity change with temperature at 610 nm was followed. The temperature
was raised from 25 to 90°C using 60°C/h heating rate and 1°C as a step size. Data were
transferred to Excel software (Microsoft, Redmond, Washington) for data analysis. Protein
samples were run in triplicate and corresponding buffer blanks were run and subtracted from
each sample spectrum. The fluorescence intensity was plotted against temperature as described
previously.”!
2.2.2.5 OD 350 nm measurements

Turbidity measurements were performed wusing a Cary 100 UV-Visible
spectrophotometer (Varian medical Systems, Inc., Palo Alto, California) equipped with a 12 cell
holder with a peltier type temperature controller. Samples contained 0.2 mg/mL protein with a
total volume of 250 puL in 1 cm path length quartz cells. Optical density at 350 nm was
monitored as the temperature was raised in increments of 1.25°C from 10 to 90°C with a heating
rate of 60°C/h. Protein samples were run in triplicate and corresponding buffer blanks were run
and subtracted from each sample. The OD at 350nm was plotted against temperature as

described previously. '

2.2.2.6 Construction of EPDs and Radar Charts

Three-index Empirical Phase Diagrams (EPDs) and Radar Charts were employed to
visualize the biophysical stability of the four IgGl-Fc glycoforms using in-house software
(MiddaughSuite). Detailed descriptions of the construction of both three-index EPDs and radar
charts are published elsewhere.’®”’ Briefly, the 3-index EPDs display structural changes in
proteins as color changes, based on data sets obtained from three biophysical techniques as a
function of solution pH and temperature. The three biophysical data sets in this work are

extrinsic fluorescence intensity using a Sypro Orange dye, intrinsic Trp fluorescence peak
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position, and optical density at 350 nm. For the 3-index EPDs, each dataset was mapped to three
color components — red, green, and blue, respectively. For each of the four IgG1-Fc glycoforms,
and their corresponding extrinsic Sypro Orange fluorescence and turbidity measurements, the
minimum value in a dataset was mapped to the loss of the color component (e.g., black), and the
maximum value to the full color intensity. For Trp fluorescence peak position, however, the
maximum value was mapped to the loss of color component and minimum value to the full color
component for better visualization. The combination of these RGB values produced a single
color at each point in pH and temperature space indicating overall structural changes due to the
applied environmental stress. The individual RGB components were displayed in a separate
panel alongside the three-index EPDs (see Supplemental Figures 2.4 and 2.5) since the explicit
display of its RGB components can be helpful in better understanding the interpretation of color
changes. The color green from intrinsic Trp fluorescence indicates protein structure closest to the
native state (least amount of structural change). The color red appears as the Sypro Orange
binding increases indicating structural alterations in the protein. The blue color appears when
higher turbidity is measured by optical density values at 350 nm indicating protein aggregation.

To better define regions of structural similarities and differences, a k-means clustering
algorithm was applied to the three datasets for identifying boundaries of similar color regions.
The k-means clustering algorithm calculates k& central points (or centroids) in which all samples
belong to each cluster whose mean is the calculated centroid. The number of clusters (k) was
selected in advance by visual assessment of the 3-index EPDs and raw biophysical data stability
profiles.”!

Radar charts were generated to display average readouts of three biophysical datasets

within a cluster. Each biophysical dataset was represented as a separate radial axis where the
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minimum value in an averaged dataset for a cluster was mapped to the center of the radar chart
and the maximum value to the outer circumference. Connecting values in each axis yields a final
polygon to represent a specific structural state.”'>*>’ Polygons in a radar chart have smaller areas
if the protein stays closer to its native state; thus less change is observed from a baseline of the

analytical readouts from each technique.
2.3 Results

2.3.1 [Initial Comparisons of Relative Solubility and Conformational Stability
An assessment of the apparent solubility (thermodynamic activity) of the four IgG1-Fc

52-54 (see

glycoform variants was performed using PEG precipitation as described previously
Methods section). As shown in Figure 2.2, protein vs. % PEG concentration plots were generated
at pH 4.5 (Figure 2.2A, 2.2B and 2.2C) and pH 6.0 (Figure 2.2D, 2.2E and 2.2F) for various
glycoforms in a NaCl containing formulation. For ease of comparison, each of the Fc glycoform
variants (Man5-Fc, GIcNAc-Fc, and N297Q-Fc) were plotted versus the high mannose HM-
IgG1-Fc glycoform. The plots show a sigmoidal curve, demonstrating that as the crowding agent
PEG concentration increases; there is a point at which a decrease in the amount of the protein in
solution occurs in a quantifiable manner. The N297Q-Fc at pH 4.5 begins to precipitate rapidly
as the PEG concentration is increased, and deviates from the typical sigmoidal curve, possibly
indicating structural alterations in the protein and/or direct interaction between the PEG and
protein.

As shown in Figure 2.3A and 2.3B, the % PEGp;qp value is the weight % PEG required
to reduce the protein concentration by 50% of its initial value. For each of the glycoforms, a

trend of decreasing % PEGniqp values with increasing solution pH was observed. More subtle

differences were observed at pH 6.0 while at pH 4.5 the differences were more prominent (see
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Figures 2.2D, E, F and 2.2A, B, C). In terms of general trends, the HM-Fc showed the highest %
PEGnigp values followed by Man5-Fc, GlcNAc-Fc and then the non-glycosylated N297Q 1gG1-
Fc. Differences in % in PEGpdpe values between the HM-Fc vs. Man5-Fc and GlcNAc-Fc were
statistically significant at pH 4.5, but at pH 6.0, the differences between HM-Fc vs. Man5-Fc
were not significant. Significant differences in % PEGmiqp values between the HM-Fc vs. either
GlcNAc-Fc or N297Q-Fc were observed at both pH values.

As shown in Figure 2.3C and 2.3D, the apparent solubility (thermodynamic activity)

values can be calculated by extrapolation to zero PEG concentration™>*

(see Methods section).
These values showed trends similar to those found with % PEGpig: in terms of Fc
oligosaccharide structure and solution pH. At both pH values, the apparent activity values
between HM-Fc vs. Man-5 glycoforms showed no statistically significant differences. The
apparent activity values of HM-Fc vs. either GIcNAc-Fc or N297Q-Fc showed statistical
significant differences at both pH 4.5 and 6.0.

The overall conformational stability of all the four IgG1-Fc glycoforms at pH 4.5 and pH
6.0 in a NaCl containing buffer was probed by DSC. Representative thermograms of HM-Fc,
Man5-Fc, GlcNAc-Fc and N297Q-Fc are shown in Figure 2.4 A-D, respectively. Each of the
four IgG1-Fc glycoforms showed two major endothermic peaks which could be mathematically
fit to two Tonset Values (Tonsetl, Tonset2) and four Ty, values (Tml , Tn2, Tm3 and Tp4) as
summarized in Table 2.1. Based on previous studies with human IgG Fc glycoforms from the
Jefferis lab,”® the Toneetl, Tml and T2 values correspond to the unfolding of the Cy2 domain of
the IgG1-Fc, while the Topset2, Tm3 and T4 values correspond to the unfolding of the IgG1-Fc

Cu3 domain. In general, these values were lower at pH 4.5 than 6.0 for each of the four IgG1-Fc

glycoforms. A trend of decreasing conformational stability with the truncation of carbohydrate
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units was observed for the Tonsetl, Tml and T2 values, which correspond to the Cy2 domain
containing the N-linked glycosylation site at pH 4.5 condition: highest values were observed for
HM-Fc¢ and Man5-Fc, intermediate for GIcNAc-Fc and the lowest for N297Q-Fc (See Table 2.1).
At the higher pH 6.0 conditions, differences in conformational stability (the Tonset 1, Tml and T2
values) versus type of glycosylation were observed when comparing the aglycosylated versus the
glycosylated forms.

2.3.2 Physical Stability of IgG1-Fc Proteins as a Function of pH and Temperature using

High Throughput Biophysical Analyses

To evaluate the structural integrity and physical stability of the four different IgG1-Fc
glycoforms over a wider range of conditions, high throughput biophysical analyses were utilized
using relatively small amounts of material (compared to PEG and DSC analysis). First, the
structural integrity of the overall tertiary structure of the four IgG1-Fc glycoforms was evaluated
by measurement of intrinsic Trp fluorescence at 10°C, at pH values from 4.0-7.5 (increments of
0.5) in formulations containing either NaCl (formulation 1) or Sucrose (formulation 2). For each
Fc glycoform, the wavelength of maximum intensity (A max) at each pH was calculated and found
to be in the range of 328 to 334 nm with standard deviations calculated from triplicate
measurements of up to ~2 nm (see Supplemental Figure 2.1). These results indicated that the
four glycoforms were overall similar (with some minor differences noted).

The stability of the overall tertiary structure of the four glycoforms was evaluated by
collecting the intrinsic Trp fluorescence spectra, and plotting the changes in Amax, as a function of
increasing temperature at each pH condition in the two formulations as shown in Figure 2.5A
(NaCl) and Figure 2.6A (Sucrose). Note that the Amax values in Figures 2.5A and 2.6A are red

shifted due to the use of a spectral center of mass (MSM) method (see also Supplemental Figures
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2.2A and 2.3A with the same physical stability data shown with corresponding standard
deviation (SD) error bars from triplicate measurements). In formulation 1 (NaCl) with increases
in temperature, all of the Fc glycoforms showed a subtle increase in peak positions followed by a
more sudden increase (transition) before plateauing (Figure 2.5A). Similar trends were observed
in formulation 2 (sucrose) in Figure 2.6A.

The T, values of thermal transitions were calculated for each of the four IgGl-Fc
glycoforms at each of the eight pH values in both formulations (see plot of values in the thermal
stability panel in Figures 2.5A and 2.6A). In general, the T,, values of the intrinsic fluorescence
thermal transitions for the four glycoforms followed trends dependent upon the type of
glycoform, the solution pH, and the formulation (NaCl and sucrose). First, the Ty, values of
thermal transitions were the highest for HM-Fc and Man5-Fc followed by intermediate values
for GIcNAc-Fc and the lowest values for N297Q-Fc under all pH conditions examined and in
both formulations. Second, for each of the four glycoforms and in both of formulations, the Ty,
values increased with increases in solution pH. These results suggest that the HM-Fc and Man5-
Fc glycoforms display similar, yet distinct, physical stability of the tertiary structure, followed by
the GIcNAc-Fc with intermediate stability, with the N297Q-Fc aglycosylated form the least
thermally stable. Each of the IgG1-Fc glycoforms showed lower tertiary structure stability at
acidic pH values, with increasing thermal stability as the solution pH increased. Finally, the Ty,
values for each of the IgG-Fc glycoforms at each solution pH were relatively higher in
formulation 2 (sucrose) than in formulation 1 (NaCl). To better display this latter effect, the
differences in T, values (AT,) between formulations (sucrose versus NaCl) at each pH
condition, and for each of the four Fc proteins, are also shown in Figure 2.7A. These differences

in the Ty, values due to formulation excipients were more prominent at lower pH values (e.g., pH
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4.0, 4.5 and 5.0). Each of the four glycoforms is more stable with respect to the overall tertiary
structure in formulation 2 (sucrose) than in formulation 1 (NaCl).

A similar set of experiments were performed with extrinsic fluorescence analysis (see
Figures 2.5B and 2.6B), where Sypro Orange was used as a probe for detecting protein structural
alterations seen as increased fluorescence intensity upon exposure of the dye to increased apolar
environments (presumably as a result of structural changes and/or aggregate formation by the
protein). Alterations in apolar nature of the four IgGl-Fc glycoforms vs. temperature were
monitored by following changes in Sypro Orange fluorescence intensity in the two formulations.
(See Supplementary Figures 2.2B and 2.3B for the same physical stability data with
corresponding SD error bars from triplicate measurements). The Sypro Orange fluorescence peak
intensity at the starting temperature (10°C) in the N297Q-Fc in both formulations trended
relatively higher, and showed more variability across the pH range, compared to other three
forms. The GlcNAc-Fc also displayed similar elevated signals at low pH, but to somewhat lesser
extent than the aglycosylated Fc protein.

The T, values of the transitions in the Sypro Orange fluorescence intensity versus
temperature curves were calculated and plotted for the four Fc glycoforms at all 8 pH conditions
in both formulations; see thermal stability panels in Figures 2.5B and 2.6B. As certain proteins at
some pH conditions exhibited multiple thermal transitions, T, values of the major thermal
transition were calculated for simplicity for these initial comparisons. The Ty, values of extrinsic
Sypro Orange fluorescence thermal transitions for the four [gG1-Fc glycoforms again followed
specific trends dependent upon the type of glycoform, the solution pH, and the formulation
composition (NaCl and sucrose). First, the Ty, values of major transitions in peak intensity versus

temperature curves were the highest for HM-Fc and Man5-Fc¢ glycoforms followed by
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intermediate values for GIcNAc-Fc and lowest values for N297Q-Fc in both formulations.
Second, for each of the four IgG1-Fc glycoforms, the Ty, values increased with increases in the
solution pH in both the formulations. Additionally, in both formulations for all four proteins, two
thermal transitions were observed at lower pH values (e.g., pH 4.0, 4.5, 5.0) (see Figures 2.5B
and 2.6B). Finally, the T, values for each of the glycoforms were relatively higher in
formulation 2 (sucrose) than in formulation 1 (NaCl). The differences in Tm values (ATy)
between the sucrose and NaCl formulations for the four IgG1-Fc proteins are plotted in Figure
2.7B. Note that the differences are more prominent at lower pH values (e.g., pH 4.0, 4.5 and 5.0).
These results indicate that with respect to their tertiary structure stability as measured by
extrinsic Sypro orange fluorescence measurements, the N297Q aglycosylated form is least
thermally stable, followed by the GlcNAc-Fc glycoform with intermediate stability, and the
highest thermal stability seen with the HM-Fc and Man5-Fc glycoforms. These trends in the
physical stability profiles are similar to the intrinsic fluorescence spectroscopy results. For the
less stable glycoforms, the lower pH values (4.0 and 4.5), trended toward an apparent higher
surface hydrophobicity even at lower temperatures, suggesting some level of structural alteration
under these conditions. Each of the glycoforms is more thermally stable in sucrose than in NaCl
under most pH conditions tested, particularly at the lower pH values (e.g., 4.0, 4.5 and 5.0).

As final set of experiments, the temperature-induced aggregation was evaluated by
monitoring optical density (OD) changes at 350 nm (average of 3 replicates) as a function of
increasing temperature from pH 4.0-7.5 (at intervals of 0.5) and in the two formulations (see
Figures 2.5C and 2.6C). (See Supplementary Figures 2.2C and 2.3C with the same physical
stability data with corresponding SD error bars from triplicate measurements.) Differences in

aggregation pattern were observed with the type of glycoform, the solution pH, and the two
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formulation conditions. The HM-Fc and Man5-Fc glycoforms did not show any notable
increases in OD350 values as the temperature increased across all of the pH conditions tested in
both formulations. The GlcNAc-Fc and N297Q-Fc samples displayed single thermal transitions
between pH 5.0 to 7.0 in both formulations. The GlcNAc-Fc glycoform showed two transitions
at pH 6.0 in formulation 2 (sucrose), and a single thermal transition at pH 7.5 in formulation 1
(NaCl). At pH 4.0 and 4.5, no detectable changes in OD350 values versus temperature were
observed for all of the four glycoforms in both the formulations.

The onset temperature values (Tonset), Where a rapid increase in OD350 was observed,
were calculated for each of the four glycoforms at all eight pH conditions and in both
formulations (Figure 2.5C and 2.6C). The Tinet values were determined by noting the
temperature at which the transition starts. The Tonset Values for triplicate runs were in the range of
77-85°C with standard deviations (SD) from 0 to 2.6°C for the four Fc glycoforms. However, the
GlcNAc-Fc at pH 6.0 in formulation 2 (sucrose) showed the first Tonse at 54.1°C and a second at
75.3°C. The results indicate that GIcNAc-Fc is the most aggregation prone glycoform followed
by the N297Q-Fc. The HM-Fc and Man5-Fc Fc proteins are not prone to aggregation at any of
the solution conditions tested here.

2.3.3 Physical Stability Evaluations and Comparisons between IgG1-Fc glycoform
variants using Data Visualization Techniques

Using the physical stability data sets acquired from intrinsic fluorescence spectroscopy,
extrinsic Sypro orange fluorescence, and turbidity measurements, 3-index empirical phase
diagrams (EPDs) (left panels) and radar charts (right panels) were constructed for each of the
individual IgG1-Fc glycoforms formulated in either NaCl (Figure 2.8) or sucrose (Figure 2.9).

The corresponding individual RGB components generated as part of the three-index EPDs are
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shown in Supplementary Figures 2.4 and 2.5. Analysis of the raw biophysical data, the 3-index
EPDs, and their corresponding individual RGB color indices were then used as a basis to visually
identify regions with similar structural characteristics. These numerical values were then used for
clustering analysis to identify the primary structural regions for each protein (as a function of pH
and temperature) as displayed in the radar chart diagrams on the right panels of Figure 2.8 and
Figure 2.9.

In each of the four Fc proteins in 2 formulations, the 3-index EPDs show a green region
that represents a state in which the IgGl-Fc glycoforms exist in their most native-like
conformation. In this green region, minimal structural changes were observed in Trp
fluorescence position, whereas other color components were suppressed on account of low
signals from their corresponding techniques. In the radar charts, region A corresponds to this
native-like green region in the EPD displayed as a polygon with the smallest area. Further, the
percent areas of this native-like region A were calculated. The percent areas for region A in
formulation 1 (NaCl) for both HM-Fc¢ and Man5-Fc were 51%, GlcNAc-Fc 40% and N297Q-Fc
26%, while the percent areas for region A in formulation 2 (sucrose) were 56%, 55%, 51% and
48% for HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc, respectively.

Similarly, regions B and C in the radar charts correspond to the bright red/orange and
dark red colors in the 3-index EPDs. These regions represent structurally altered forms of the Fc
glycoforms as indicated by increases in the Sypro orange fluorescence (region B) and
fluorescence peak position (region C). Region D in the radar charts, observed in the GIcNAc-Fc
and N297Q-Fc forms only, represents an aggregated state of the Fc glycoforms with increased
optical density at 350nm. This region D in the radar chart corresponds to a blue color in the 3-

index EPDs. The four IgG1-Fc glycoforms can be compared head to head by comparing the 3-
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index EPDs and radar charts in both formulations across all pH conditions that were tested

(Figures 2.8 and 2.9) as described in the discussion.

2.4 Discussion

The objective of this work was to examine the effect of the oligosaccharide structure
occupying both of the N-linked 297 glycosylation sites in a series of four well-defined IgG1-Fc
proteins on physical stability and solubility of these proteins under different solution conditions
(pH, temperature and formulation additives). The HM-Fc, Man5-Fc, and GlcNAc-Fc glycoforms
along with the N297Q-Fc aglycosylated protein were first evaluated by DSC and in a PEG
precipitation assay, a previously described method to assess the relative apparent solubility of
protein molecules by measuring the amount of PEG required to precipitate the protein from
solution.”'”*" Because these 2 methods require relatively large amounts of protein (several
milligrams), the 4 proteins were evaluated in only 1 formulation (citrate-phosphate buffer with
NaCl) at 2 pH values (4.5 and 6.0). In the next set of experiments, 3 different high-throughput
biophysical analyses were utilized since relatively small amounts of protein are required (~0.1-
0.2 mg per condition). This allowed us to assess the physical stability of the four IgG1-Fc
proteins under a range of solution conditions, including a wider range of temperature (10 °C -
90°C), solution pH (4.0-7.5) and different formulation additives (NaCl vs sucrose). The latter not
only permitted more extensive evaluations to compare the effect of oligosaccharide structure on
IgG1-Fc physical stability, but provided much larger datasets required for the modeling of
biosimilarity described by Kim JH et al.”’

Solubility of mAbs is a crucial aspect of formulation development and can affect
stability, activity, and potentially immunogenicity. Glycosylation is known to affect protein

solubility in general, but more systematic studies are essential to draw further correlations with
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glycosylation type with mAbs. For example, 1 previous report demonstrated an additional
glycosylation within the Fab region of a mAb greatly increased solubility’’, while another
showed dramatic decreased solubility due to additional glycosylation of the variable region of an
isolated human IgG cryoimmunoglobulin.?’ In this work, we examined the effect of
oligosaccharide structure occupying both of the N297 sites in the Cy2 domain in an IgG1-Fc.
Relative apparent solubility (thermodynamic activity) profiles of IgGl-Fc glycoforms were
determined using PEG precipitation assay measured by a combination of the curve shape (PEG
versus protein concentrations), PEG midpoint numbers, and apparent solubility (thermodynamic
activity) values. A trend of oligosaccharide structure vs. IgG-Fc apparent solubility
(thermodynamic activity) was established with the HM-Fc and Man5-Fc glycoforms displaying
the highest (yet distinct) relative values, GIcNAc-Fc glycoform showing intermediate, and the
N297Q-Fc aglycosylated form having the lowest relative values at both pH 4.5 and pH 6.0.
Similarly, when conformational stability of the four Fc glycoforms was initially assessed
by DSC at pH 4.5 in the NaCl-containing formulation, the thermal onset (Tonser;) and thermal
melting temperatures (T, and Ty), corresponding to the Cy2 domain of IgG-Fc proteins,
displayed higher temperatures with increasing the glycan size. HM-Fc and Man5-Fc glycoforms
had the highest relative thermal stability, intermediate stability was shown by the GlcNAc-Fc
glycoform, and the N297Q-Fc aglycosylated form displayed the lowest stability. At pH 6.0,
notable differences in Tonset1, Tm1 and T values were noted only between the glycosylated vs.
the aglycosylated Fc proteins. Differences in DSC thermal melting values between glycosylated
(G2 form) and aglycosylated (peptide-N-glycosidase [PNGase] treated) human IgG1-Fc at pH

7.4 (PBS buffer) have been reported previously.”®
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These initial experiments established a key role of Fc glycosylation oligosaccharide
structure in the apparent solubility and conformational stability of the IgG-Fc glycoproteins
under the limited experimental conditions. The physical stability profiles of the four IgG1-Fc
proteins under a wider range of solution conditions, including temperatures (10 “C-90°C),
solution pH (4.0-7.5) and different formulation additives (NaCl vs sucrose), were then examined.
As shown in Figures 2.5 and 2.6, large physical stability data sets, consisting of thousands of
data points, were generated and then analyzed by data visualization techniques developed

: . 56,5
previously in our labs ™’

including three-index empirical phase diagrams and radar charts
(Figures 2.8 and 2.9). These data visualization tools permit a direct comparison of the physical
stability profiles of each of the 4 IgG1-Fc proteins across a wide range of environmental
conditions.

As a starting point in these comparisons, the different structural alterations in the proteins
that occur due to exposure to different temperature and pH were identified by analysis the data
from the three biophysical methods as summarized in the radar chart displays in Figures 2.8 and
2.9. For example, the 4 glycoforms of IgG1-Fc show different physical stability profiles by
comparing the areas of region A (native-like) in the radar charts. In formulation 1 (NaCl) and 2
(sucrose), the temperatures at which the transitions from the native region (A) to the structurally
altered regions (B and C) occur at the highest values (across the pH range) in the HM-Fc¢ and
Man5-Fc glycoforms, intermediate in the GlcNAc-Fc glycoform and the lowest in the N297Q-Fc
aglycosylated form. Furthermore, the percent area of native like region A (green colored region)
is the highest in the HM-Fc and Man5-Fc glycoforms, intermediate in the GlcNAc-Fc glycoform

and least in the N297Q-Fc glycoform as described above. These results reveal that the HM-Fc

and Man5-Fc glycoforms are the most thermally stable, followed by the GlcNAc-Fc glycoform,
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with the aglycosylated N297Q-Fc form being the least thermally stable. There is also an increase
in the intensity and area of region B (orange and red color) from HM-Fc, Man5, GlcNAc to
N297Q-Fc glycoforms, which indicates that the HM-Fc and Man5-Fc manifest overall lower
exposure of hydrophobic surfaces than the GIcNAc-Fc and N297Q-Fc forms, with the N297Q-Fc
having the highest overall exposed apolar areas. The presence of region D in the radar charts in
the GIcNAc-Fc and N297Q-Fc samples shows the increased aggregation propensity of these 2
samples compared to the HM-Fc and Man5-Fc glycoforms.

In both formulations, each of the IgG1-Fc glycoforms show decreased thermal stability at
lower pH values. The physical stability profile increases with increases in pH, as indicated by the
temperatures at which the structural transitions from the native-like region (A) to the structurally
altered regions (B ,C, D) occur in the radar charts. We observed similar trends previously with
the di-glycosylated HM-Fc and aglycosylated N297Q-Fc molecules in a NaCl buffer when used
as controls to evaluate the effect site occupancy and Asn/Asp residues at site N297.°' In
addition, the effect of the formulation conditions on the physical stability of each IgGl-Fc
glycoform is also evident. The areas of the native like region A (green region) in the radar charts
are higher in the formulation 2 (with sucrose) compared to region A in formulation 1 (with salt).
In the presence of sucrose, the temperatures at which the transitions from the native region (A) to
the structurally altered regions (B and C) occur are higher in all four glycoforms than in
formulation 1 (with salt). These results indicate that sucrose offers improved thermal physical
stability profiles for each of the four glycoforms of IgG1-Fc compared to NaCl, particularly at
the lower pH conditions.

It is of interest to compare our results with recent studies from other labs examining other

IgG mAbs and Fc molecules by similar and different analytical methods. A recent study by
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Zheng et al'® compared glycosylation variants of a Chinese Hamster Ovary (CHO) produced
IgGl full-length mAb which included a GO form, an afucosylated variant of GO (that exhibits
enhanced ADCC), a high mannose form, and a deglycosylated form (from PNGase treatment).
Through a comparison of higher order structure, thermal unfolding, protease digestion and
stability between these glycosylation variants, it was concluded that deglycosylated and high
mannose IgG1 forms were relatively less stable (e.g., as shown by DSC in a pH range of 4.0-
7.5), while the GO and afucosylated GO forms showed higher thermal stability. The high
mannose and deglycosylated forms also showed more rapid pepsin digestion.'® In another study
by Zheng et al (2011)°"', a comparison between fully glycosylated forms and PNGase-cleaved
deglycosylated forms of IgG1 mAbs showed decreased thermal stability of the Cy2 domains of
the deglycosylated forms by DSC at pH 5.5. In our studies, we have seen similar trends with
decreased conformational stability (DSC) and physical stability profiles of non-glycosylated
N297Q IgG1-Fc compared to the HM-Fc and Man5-Fc forms. However, the HM-Fc and Man-5-
Fc were shown to be overall similar by DSC and their physical stability profiles, with some
minor differences noted between the 2 forms depending on the analytical method, solution pH
and formulation. This could reflect differences between IgG1-Fc versus a full-length IgG1 mAb
as well as differences in HM content in the two studies (Man9 vs. this study with HM
glycoforms having distributions of Man8-Man12, with the majority in Man8 forms).

Zheng et al.®’ showed by SEC that deglycosylated IgG1 mAbs had higher aggregation
rates than their glycosylated counterparts as a result of an accelerated stability study at pH 5.5.
These results correlate with our studies that show the GlcNAc-Fc and the non-glycosylated
N297Q-Fc (glycoforms with 1 GlcNAc sugar and no sugar, respectively) have the highest

aggregation tendencies by turbidity measurements from pH 5.0 to pH 7.0 (compared to the HM-
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Fc and Man5-Fc which showed no aggregation). Similar findings regarding the non-aggregating
tendencies of high-mannose IgG1 mAbs were shown as a result of real time and accelerated
stability studies.”’ Finally, the effect of pH, temperature and salt on the stability, acid induced
unfolding and aggregation of CHO (glycosylated) and Escherichia coli (aglycosylated) derived
IgG1 Fc molecules has also been examined.'”®* An interesting observation was made regarding
a critical role of the Cy2 domain in determining the rate and extent of Fc aggregation, which
correlated with the presence or absence glycosylation at the Asn-297.%% It has been proposed that
the presence of glycosylation in the Cy2 domain masks hydrophobic aggregation motifs and is
crucial in preventing aggregation of IgG mAbs.”’ It was also demonstrated that CHO derived
(glycosylated) IgG1-Fc protein is not only more compact and more thermally stable than the E.
coli derived (aglycosylated) protein at neutral pH, but the thermal stability was pH and salt
dependent where lower pH and higher salt conditions were more unfavorable. Similar effects of
solution conditions were observed in our studies where IgG1-Fc glycoform stability increased
with increasing solution pH and in presence of sucrose (instead of NaCl).

This work not only demonstrates the effect of oligosaccharide structure of IgG1-Fc on
pharmaceutical properties (e.g., apparent solubility and physical stability) under different
solution conditions, but also contributes towards the development of new analytical approaches
and data visualization tools to assess structural integrity and conformational stability and makes
comparisons between different versions of the same biopharmaceutical molecule (using well-
defined IgG1-Fc glycoforms as a model system). This systematic approach of using EPDs and
radar charts to compare physical stability profiles successfully recognizes subtle similarities and
differences among different versions of the same protein (as would be done in comparability or

biosimilarity studies). As a result of changes in post-translational modifications (glycosylation
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pattern) or formulation composition (NaCl vs. sucrose), physical stability differences between
the 8 different samples (4 different Fc glycoforms in 2 different formulations) was established.
Thus, this model system shows proof of concept of an efficient protocol to evaluate the effect of
process and product changes on the structural integrity and physical stability as part of

comparability assessments.*'*>%*

Future applications could also address potential stability
differences between different batches of the same process due to lot-to-lot variability of process
and product impurities. Similar challenges now exist for establishing similarity between
biopharmaceuticals produced by innovator versus biosimilar manufacturers. Comparative data
sets of molecules containing information on post-translational modifications, higher-order
structures and accelerated stability are an important part of formulation development and
biosimilarity assessments. As described by (Kim JH et al)’’, these large physical stability data

sets are used as a model system to establish a new method of mathematical modeling for

biosimilarity assessments using machine-learning approaches.
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Table 2.1: Summary of Thermal Onset Temperatures (Tonseti, Tonsetz) and Thermal Melting
Temperatures (Tmi, Tm2, Tm3, Tma) for the four I[gG1-Fc glycoforms (HM-Fc, Man5-Fc, GlcNAc-
Fc and N297Q-Fc) at two different pH conditions (pH 4.5 and pH 6.0) measured by DSC.
Samples were prepared at 0.4 mg/mL in 20 mM citrate—phosphate buffer and adjusted to an ionic
strength of 0.15 by addition of NaCl. Results are reported in °C as average and standard

deviation of triplicate measurements

Tonsetl Tonsetz Tml TmZ Tm3 Tm4

pH 6.0
HM-Fc¢ 55.0+0.8 72.4+0.3 61.7+0.3 66.0+0.2 80.7£2.6 82.1+2.4
Man5-Fc 56.7+0.6 71.9+0.3 62.7+0.3 66.0£0.0 78.4+0.1 83.4+0.1
GlcNAc-Fe | 58.5+0.4 72.1+0.3 62.94+0.8 65.5+0.5 77.7+0.3 83.240.1
N297Q-Fe¢ = 52.5+0.2 71.2+0.7 57.2+1.1 61.0+0.4 79.0+0.0 83.4+0.0
pH 4.5
HM-Fc¢ 42.8+1.7 64.0£3.4 49.84+0.4 53.940.2 73.8+1.1 78.9+0.2
Man5-Fc 42.0+2.1 60.5+0.7 50.1+£0.2 53.5+0.1 71.7+0.2 77.8+£0.2
GlcNAc-Fe | 39.9+0.3 65.4+0.4 45.9+0.6 50.0+£0.3 73.0+0.1 78.6+£0.0
N297Q-Fe¢ = 34.6+1.0 66.1£0.5 40.8+0.6 44.1+1.2 74.2+0.1 78.5+0.1
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Figure 2.1: Schematic representation of the four well-defined IgG1-Fc glycoforms characterized

in this work in terms of physical stability profiles. The high mannose IgG1-Fc (HM-Fc) was

expressed in yeast and purified, and upon treatment with enzymes o-mannosidase 1A and

endoglycosidase-H, produced two fully homogeneous glycoforms IgGl-Fc MansGlcNAc,

(Man5-Fc) and IgG1l-Fc GIlcNAc (GIleNAc-Fce), respectively. Site-directed mutagenesis was

used to produce the non-glycosylated mutant of I[gG1-Fc (N297Q-Fc).
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Figure 2.2: Concentration of each IgGl-Fc glycoform (HM-Fc, Man5-Fc, GlcNAc-Fc and
N297Q-Fc) versus amount of PEG added to solution. Each panel shows results of HM-Fc for
ease of comparison. Samples were formulated in citrate-phosphate buffer with ionic strength
adjusted to 0.15 by NaCl at pH 4.5 (A,B,C) and pH 6.0 (Panel D,E,F), respectively. The error

bars denote standard deviation for n = 3 replicates at each % PEG concentration.
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Figure 2.3: Comparison of apparent solubility (thermodynamic activity) parameters of the each
of IgG1-Fc glycoforms (Man5-Fc, GlcNAc-Fc and N297Q-Fc) to HM-Fc glycoform by PEG
precipitation assay at pH 4.5 and pH 6.0. A and B show the comparison of PEGniqp: values (w/v)
at pH 4.5 and pH 6.0, respectively. C and D show the comparison of the apparent solubility
(activity) values at pH 4.5 and pH 6.0, respectively. Error bars indicate the standard deviation of
3 replicates. * Statistical significance compared to the HM-Fc with a p value <0.05 is indicated.
**No calculated parameters for N297Q-Fc at pH 4.5 were possible due to the non-ideal nature of

the %PEG curve (see Figure 2.2).
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Figure 2.4: Comparison of representative curve-fitted DSC thermograms of 4 IgGl-Fc
glycoforms; HM-Fc (Panel A), Man5-Fc (Panel B), GIcNAc-Fc (Panel C) and N297Q-Fc (Panel
D) at two different pH conditions (pH 4.5 and pH 6.0). Samples were a 0.4 mg/mL in 20 mM

citrate—phosphate buffer, adjusted to an ionic strength of 0.15 by addition of NaCl.
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Figure 2.5: Biophysical characterization of four well-defined glycoforms of IgG1-Fc (HM-Fc,
Man5-Fc, GlcNAc-Fc and N297Q-Fc) vs. temperature across the pH range of 4.0-7.5 in a
solution containing NaCl (formulation 1). Biophysical measurements include (A) intrinsic Trp
fluorescence, (B) extrinsic Sypro Orange fluorescence spectroscopy, and (C) optical density at
350 nm. Thermal stability panel displays T, values obtained from intrinsic Trp fluorescence and
extrinsic Sypro orange fluorescence thermal melting curves, and Tonset Values obtained from
turbidity (O.D. at 350 nm versus temperature) measurements. Samples were prepared at 0.2

mg/mL in 20 mM citrate phosphate buffer with NaCl added to [=0.15 at the indicated pH values.
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Figure 2.6: Biophysical characterization of four glycoforms of IgGl-Fc (HM-Fc, Man5-Fc,
GlcNAc-Fc and N297Q-Fc) vs. temperature across the pH range of 4.0-7.5 in a solution
containing sucrose (formulation 2). Biophysical measurements include (A) intrinsic Trp
fluorescence, (B) extrinsic Sypro Orange fluorescence spectroscopy, and (C) optical density at
350 nm. Thermal stability panel displays T, values obtained from intrinsic Trp fluorescence and
extrinsic Sypro orange fluorescence thermal melting curves, and Tonsee values obtained from
turbidity (O.D. at 350 nm versus temperature) measurements. Samples were prepared at 0.2

mg/mL in 20 mM citrate-phosphate buffer, 10% sucrose (w/v) at the indicated pH values.
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Figure 2.7: Summary of thermal stability trends vs. solution pH for the 4 well-defined IgG1-Fc
glycoforms in sucrose vs. NaCl containing formulations. Bar chart displays of AT, values of
each protein in sucrose versus NaCl, AT, = (Ty sucrose-T, NaCl), as obtained from (A)
intrinsic fluorescence and (B) extrinsic Sypro orange fluorescence thermal melting curves. The
IgG1-Fc glycoforms (HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc) were formulated in 20 mM
citrate phosphate buffer at the indicated pH values with either NaCl added to I=0.15 (formulation

1) or 10% sucrose (w/v; formulation 2).
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Figure 2.8: Data visualization of the physical stabilty data sets (see Figure 2.5) of the 4 well-
defined IgGl-Fc glycoforms in formulation 1 (NaCl). 3-index empirical phase diagrams (left
panels) and radar charts (right panels) for each IgG1-Fc protein (HM-Fc, Man5-Fc, GlcNAc-Fc
and N297Q-Fc) across the pH range of 4.0-7.5 and temperature range of 25°C-90°C are shown.
Biophysical measurements include intrinsic Trp and extrinsic Sypro Orange fluorescence
spectroscopy, as well as optical density at 350 nm. Samples contained 0.2 mg/mL in 20 mM

citrate phosphate buffer at indicated pH with NaCl added to 1=0.15 (formulation 1).
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Figure 2.9: Data visualization of the physical stabilty data sets (see Figure 2.6) of the four well-
defined IgG1-Fc glycoforms in formulation 2 (sucrose). Three-index empirical phase diagrams
(left panels) and radar charts (right panels) for each of the IgG1-Fc proteins (HM-Fc, Man5-Fc,
GlcNAc-Fc and N297Q-Fc) across the pH range of 4.0-7.5 and temperature range of 25-90°C
are shown. Biophysical measurements include intrinsic Trp and extrinsic Sypro Orange
fluorescence spectroscopy as well as optical density at 350 nm. See Figure 2.5 legend for

description of region A (Green), B (Orange), C (Brown) and D (Blue). Samples contained 0.2
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mg/mL in 20 mM citrate-phosphate buffer at indicated pH with 10% sucrose (w/v; formulation
2).

In figures 2.8 and 2.9, Regions A (Green) represent regions where the IgG-Fc Fc proteins exist in
the native-like conformation. Regions B (Orange) and C (Brown) represent regions where the
same proteins exist at an altered structural state as seen from an increase in Sypro Orange and
Trp fluorescence signals, respectively. Region D (Blue) represents a region where the Fc

glycoproteins are in an aggregated state as seen by an increased optical density signal.
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Supplementary Figure 2.1: Intrinsic (Trp) fluorescence spectra at 10°C of four well-defined
glycoforms of IgG1-Fc (HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc) across the pH range of
4.0-7.5 in 2 solutions containing either NaCl (formulation 1-NaCl) or sucrose (formulation 2-
sucrose). The Amax values are also shown for each protein at each pH condition. Each of the
samples was run in triplicate with standard deviation (SD) of Amax values ranging from 0 to 1.5

nm.
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Supplementary Figure 2.2: Biophysical characterization of four well-defined glycoforms of
IgG1-Fc (HM-Fc, Man5-Fc, GleNAc-Fc and N297Q-Fc) versus temperature across the pH range
of 4.0-7.5 in a solution containing NaCl (formulation 1). Biophysical measurements include (A)
intrinsic Trp fluorescence, (B) extrinsic Sypro Orange fluorescence spectroscopy, and (C) optical
density at 350 nm. Thermal Stability panel displays T, values obtained from intrinsic Trp
fluorescence and extrinsic Sypro orange fluorescence thermal melting curves, and Topser Values
obtained from turbidity (O.D. at 350 nm vs. temperature) measurements. Samples were prepared
at 0.2 mg/mL in 20 mM citrate phosphate buffer with NaCl added to [=0.15 at the indicated pH

values. Each sample was run in triplicate, and the standard deviation (SD) of peak positions
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ranged from 0-2 nm, the SD of Sypro orange fluorescence intensity ranged from 5-970
fluorescence intensity units, and the SD of optical density ranged from 0.001-0.07 OD. The SD
of T, values obtained from intrinsic Trp fluorescence ranged from 0.1-1.6°C, SD of Ty, values
obtained from extrinsic Sypro orange fluorescence thermal melting curves ranged from 0-4.0°C,
and the SD of the Tonset values obtained from turbidity (O.D. at 350 nm vs. temperature)

measurements ranged from 0-1.6°C.
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Supplementary Figure 2.3: Biophysical characterization of four glycoforms of IgG1-Fc (HM-
Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc) vs. temperature across the pH range of 4.0-7.5 in a
solution containing sucrose (formulation 2). Biophysical measurements include (A) intrinsic Trp
fluorescence, (B) extrinsic Sypro Orange fluorescence, and (C) optical density at 350 nm.
Thermal Stability panel displays Ty, values obtained from intrinsic Trp fluorescence and extrinsic
SYPRO orange fluorescence thermal melting curves, and Tonset Values obtained from turbidity
(O.D. at 350 nm vs. temperature) measurements. Samples were prepared at 0.2 mg/mL in 20
mM citrate-phosphate buffer, 10% sucrose (w/v) at the indicated pH values. Each sample was
run in triplicate and the standard deviation (SD) of peak positions ranged from 0-2 nm, the SD of

Sypro orange fluorescence intensity ranged from 20-840 fluorescence intensity units, and the SD
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of optical density ranged from 0.001-0.07 OD. The SD of Ty, values obtained from intrinsic Trp
fluorescence ranged from 0.05-1.6°C, the SD of Ty, values obtained from extrinsic Sypro orange
fluorescence thermal melting curves ranged from 0.1°C -1.7°C, and the SD of Tonst values
obtained from turbidity (O.D. at 350 nm versus temperature) measurements ranged from 0°C-

1.8°C.
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Supplementary Figure 2.4: Data visualization of the physical stabilty data sets (see Figure 2.5)
of the four well-defined IgG1-Fc glycoforms in formulation 1 (NaCl). 3-index empirical phase
diagrams (left panels) alongside readouts from individual RGB components (right panels) for
each IgG1-Fc protein (HM-Fc, Man5-Fc, GIcNAc-Fc and N297Q-Fc) across the pH range of
4.0-7.5 and temperature range of 25°C 90°C are shown. Biophysical measurements include

intrinsic Trp fluorescence (G), extrinsic Sypro Orange fluorescence (R), and optical density at

90




350 nm (B). The combination of these RGB values produces a single color at each pH and
temperature point. In the three-index EPDs, green represent regions where the IgG-Fc Fc protein
exists in the native-like conformation. Regions orange and brown represent regions where the
same proteins exist at an altered structural state as seen from an increase in Sypro Orange and
Trp fluorescence signals, respectively. Blue region represents a region where the Fc
glycoproteins are in an aggregated state as seen by an increased optical density signal. See
Methods section for description of preparation of 3-index EPDs. Samples contained 0.2 mg/mL

in 20 mM citrate phosphate buffer at indicated pH with NaCl added to [=0.15 (formulation 1).

91



Sypro Orange
Fluorescence
o
<
2
HM-Fc¢ £ Intrinsic Trp
E’_ Fluorescence
g
=
Optical Density
25 _|
40 45 50 55 60 65 7.0 7.5 at 350 nm
Sypro Orange
Fluorescence
&)
NS
E
g Intrinsic Trp
Man5-Fe¢ = Fluorescence
£
£
a5 Optical Density
4.0 45 5.0 55 60 65 7.0 75 at 350 nm
Sypro Orange
—_ Fluorescence
1®]
<
2
GlcNAc-Fe E o
s Intrinsic Trp
@
E. Fluorescence
&
Optical Density
o at 350 nm
4.0 45 50 55 60 65 7.0 75
Sypro Orange
9\ Fluorescence
N297Q-Fc E
= Intrinsic Trp
ol
= Fluorescence
z
Optical Density
4.0 45 5.0 55 60 65 7.0 15 at 350 nm
S _ [ ]
Sypro Orange Intrinsic Trp Optical Density
Fluorescence Fluorescence at 350 nm

Supplementary Figure 2.5: Data visualization of the physical stabilty data sets (see Figure 2.6)
of the four well-defined IgG1-Fc glycoforms in formulation 2 (sucrose). Three-Index Empirical
Phase Diagrams (left panels) alongside readouts from individual RGB components (right panels)
for each IgG1-Fc protein (HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc) across the pH range of
4.0-7.5 and temperature range of 25°C-90°C are shown. Biophysical measurements include
intrinsic Trp fluorescence(G), extrinsic Sypro Orange fluorescence spectroscopy(R), and optical

density at 350 nm(B). The combination of these RGB values produces a single color at each pH
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and temperature point. In the three-index EPDs, green represent regions where the IgG-Fc Fc
protein exists in the native-like conformation. Regions orange and brown represent regions
where the same proteins exist at an altered structural state as seen from an increase in Sypro
Orange and Trp fluorescence signals, respectively. Blue region represents a region where the Fc
glycoproteins are in an aggregated state as seen by an increased optical density signal. See
Methods section for description of preparation of three-index EPDs. Samples contained 0.2
mg/mL in 20 mM citrate phosphate buffer at indicated pH with 10% sucrose (w/v; formulation

2)
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Chapter 3 Comparative Evaluation of Well-defined Mixtures of IgG1-Fc

Glycoforms as a Model for Biosimilar Comparability Analysis
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3.1 Introduction

Monoclonal antibody therapeutics (mAbs) are one of the largest selling and fastest
growing biological therapeutics used for treatment of diseases including various cancers and
autoimmune disorders such as rheumatoid arthritis."” Their development process is complicated
due to their complex and delicate structures and their production in living cells. Even though
innovator mAb biologics show highest sales and clinical utility for providing life-altering
therapies, they come with a high price tag especially for chronic conditions that require
continuous long-time treatment.'” Additionally, the top selling blockbuster mAb biologics like
Rituxan and Humira have had their patents expire recently (in 2016 in the USA) while others
(Xolair, Erbitux, Remicade, Avastin, Herceptin, Prolia) are on the verge of expiry in a couple of
years. This has driven the pharmaceutical manufacturers to develop biosimilars as lower cost
alternatives."” Biosimilars are approved copies or generic versions of a biologic therapeutic often
known as innovator product that can be manufactured after the innovator’s patent expires. It is
estimated that cost of biosimilars will be 50-70% of the original manufacturer's price.” The
approval of biosimilars is based on demonstrating that the biosimilar is “highly similar” to the

licensed innovator product in terms of quality, safety and efficacy.

The primary and higher order structures (HOS) of biologics are very delicate in nature and
further complicated by heterogeneity due to the addition of post-translational modifications like
glycosylation. N-glycosylation is a conserved PTM on Asn-297 of the Fc region of antibodies
and therapeutic mAbs, which results in significant structural heterogeneity of mAbs. Depending
on the type of recombinant expression system, cell culture conditions and additives, the
glycosylation pattern on the mAb can vary. Different types of N-glycan structures attached to the

Fc of mAbs result in different effector functions. For example, high galactosylation increased the
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binding of Fc region to C1q complement protein in serum and increased the CDC (complement
dependent cytotoxicity) while having moderate effect on ADCC (antibody dependent cell
mediated cytotoxicity).*® The binding of non-fucosylated IgG Fc glycoforms to FcyRIlla
receptors increased significantly with increase in ADCC activity as compared to fucosylated
complex glycoforms of IgG.” Apart from affecting effector functions of mAbs, glycosylation
affects the pharmacokinetic properties and immunogenicity of mAbs as well. For example, mAbs
having high mannose type of glycans (Man5/Man8/Man9) showed increased clearance and al,

3-bound galactose, N-glycylneraminic acid (NGNA) showed adverse immune reactions.*”

N-glycosylation is also known to affect the HOS structure, flexibility and stability of
mAbs, and recently it was shown that the glycans are dynamic as well and affect various

S. %16 Hence, when the mode of action of a

properties of mAbs by influencing the HO
therapeutic mAbs involves Fc effector function, glycosylation causes the main source of
heterogeneity and can impact the purity, safety, efficacy of the product making it a critical
quality attribute (CQA).* CQA is a property that should be maintained within appropriate limits
to ensure desired product quality, safety and efficacy, which can be achieved by control of
manufacturing procedures.*'” Similarly, in biosimilar development, the biosimilar developer has
to develop novel manufacturing methods (owing to proprietary nature of innovator’s
manufacturing protocols) to attempt to duplicate the glycan heterogeneity that is found in the
innovator product.'® Practically, glycan heterogeneity between the biosimilar can be controlled
by tight manufacturing procedures, but it is extremely challenging and near to impossible to
reproduce glycans content exactly, thus the goal is to produce a glycan content that is “highly

similar” to the innovator. Hence, an extensive analytical characterization of glycosylation is

required, especially during biosimilar development making it critical to have improved, state of
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the art analytical techniques. Similarly, when a manufacturing protocol is changed, for example,
cell line change or expression parameter change, extensive analytical characterization is required
to ascertain that the pre-change and the post-change products are highly similar and do not show

meaningful clinical differences.

The Food and Drug Administration (FDA) guidance documents recommend a couple of
approaches to demonstrate biosimilarity, in which analytical characterization is the most
fundamental aspect. In the step-wise approach for demonstrating biosimilarity between a
proposed biosimilar and innovator product, establishing analytical biosimilarity is the first step.'’
It is the responsibility of the biosimilar manufacturer to conduct extensive tests to demonstrate
similarity. These characterizations involve physicochemical characterizations like molecular
weight determination, analyzing complexity of the protein (higher order structure and
posttranslational modifications), degree of heterogeneity, impurity profiles, and degradation
profiles denoting stability."”” Additionally, biological characterization is also required for
example, if part of the mechanism of action of a particular mAb is ADCC or CDC, then FcyRIlIla
receptor binding or Clq binding needs to be performed, respectively. When the biosimilar
product attributes in terms of physicochemical structure and biological activity are not
comparable to that of the innovator product, various process steps are modified to bring the
attributes within the variability of the innovator product. This process is repeated until the
attributes of biosimilar product match or are highly similar to those of innovator product.'
Depending on the extent of similarity of these attributes between the biosimilar and the innovator
product, the type and extent of preclinical and clinical trials can be modified. Thus, analytical
characterization with respect to chemical, physical structure and biological activity is required to

establish high similarity. Highly robust analytical characterizations will help make the expensive
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pre-clinical and clinical trials more streamlined, which will cut down costs of biosimilars making
them more affordable for patients. FDA guidance documents recommend that the CQAs
obtained from analytical studies should be identified and classified according to the risk of their
potential impact on product quality and the clinical outcomes using appropriate statistical models
or methods.”” Once identified, the CQA needs to be compared between various batches of
innovator drug and biosimilar and the extent of uncertainty must be decided. However, the
assessment of uncertainty can be relatively subjective and often lacks appropriate statistical

reasoning or an approach of combining differences in each individual data set."’

An alternative approach to comparing each CQA, is a more holistic approach for
comparison which can combine differences from individual data sets.”’ Recent FDA guidance
refers to using a more holistic approach of fingerprint analysis which says “it may be useful to
compare the quality attributes of the proposed biosimilar product with those of the reference
product using a meaningful fingerprint-like analysis algorithm that covers a large number of
product attributes and their combination with high sensitivity using orthogonal methods.*
Previous work in our laboratory, as described in the introduction (Chapter 1), has shown that
data visualization tools such as empirical phase diagrams (EPDs) and radar charts can be used to
locate patterns of differences in HOS among different proteins and IgG1-Fc glycoforms. These
tools can summarize multiple CQAs from multiple techniques between different samples and
provide a qualitative evaluation of HOS and physical stability between different groups. Also,
physical stability of different glycoforms in different formulations was tested to simulate follow-
on biologics or biosimilars that might have different formulations than the originator.”> These
biophysical stability data sets can be utilized to establish a mathematical model based on

. . . . . . 21
machine learning approaches to further assess similarity in a more quantitative manner.
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The production of model proteins, extensive physicochemical characterization and stability
profile of individual model IgG1-Fc glycoproteins was carried out as described in Chapter 2. To
better understand the CQAs, development of holistic data visualization tools and development of
initial mathematical model were performed on the four individual IgG Fc glycoforms as
described in Chapter 2. The overall goal of this study was to simulate a more real world problem
of biologics and innovator products by making mixtures of the four well-defined glycoforms of
IgG1-Fc (HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc), performing analytical characterization
and using the data sets to develop mathematical models based on machine learning approaches to
compare samples. To make the mixtures that would represent the heterogeneity in biosimilar and
innovator products, the four well-defined homogenous glycoforms (HM-Fc¢ had distribution of
well-defined high mannose forms ranging from Man8-Man12; Man8 being the most abundant)
were mixed in different ratios to achieve seven well-defined mixtures that showed a wide range
of properties from subtle to evident. Mixtures that were anticipated to show evident differences
were 50% mixtures of HM-Fc with 50% of Man5-Fc, GIcNAc-Fc or N297Q-Fc while those that
would show subtle differences were mixtures of 90% HM-Fc¢ with 10% Man5-Fc, GlcNAc-Fc or
N297Q-Fc. Lastly, a more complex mixture was made which had 25% of each glycoform. The
initial characterization of these mixtures showed no differences with respect to protein content,
purity, charge heterogeneities, high molecular weight species and tertiary structure as assessed
by ultraviolet (UV) spectroscopy, SDS-PAGE, capillary isoelectric focusing (cIEF), size
exclusion chromatography (SEC) and intrinsic tryptophan fluorescence. As extensive physical
characterization is the fundamental step in biosimilarity assessments, all the seven mixtures were
characterized extensively for their physical stability and solubility by utilizing high-throughput

spectroscopic tools and a relative solubility assay. Relative solubility, overall conformational
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stability, tertiary structure stability, hydrophobic exposure and aggregation propensity of these
seven mixtures were probed by assays developed in the Chapter 2: PEG precipitation assay,
DSC, intrinsic tryptophan fluorescence spectroscopy, extrinsic Sypro Orange fluorescence
spectroscopy and OD350 turbidity. The four well-defined IgG Fc glycoforms studied in Chapter
2 also served as controls in this study. A stressed pH condition of pH 4.5 was also used along
with pH 6.0 to study the physical properties of these mixtures by the above techniques. The
biophysical techniques showed similar stability profile trends of the mixtures as were anticipated
based on the properties of the individual types. Mixtures containing Man5-Fc and HM-Fc
showed higher physical stability, intermediate stability was seen in mixtures of GlcNAc-Fc and
HM-Fc, and mixtures of HM-Fc and N297Q-Fc showed the least stable physical profile. Also,
the 90% mixtures showed subtle differences compared to the 50% mixtures, as expected. DSC
and PEG solubility methods, especially at stressed conditions (pH 4.5), were very successful at
demonstrating subtle differences in the physical stability and relative solubility profiles of these
mixtures. In addition, this study established correlations between the physical stability, chemical
stability and biological activity of these well-defined mixtures (which were studied in Schoneich
and Tolbert laboratories at KU, respectively). The large stability and solubility analytical data
sets generated from these mixture studies are currently being utilized to refine and validate the
machine learning based mathematical model to assess overall biosimilarity in the Deeds

laboratory at KU.

3.2 Materials and Methods

3.2.1 Materials
For relative solubility and biophysical characterization and stability studies, all the

samples were dialyzed at 4°C overnight in a 20 mM citrate phosphate buffer with ionic strength
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adjusted to 0.15 by NaCl at pH 4.5 and 6.0. Dialysis was performed at 4°C using Slide-A-Lyzer
dialysis cassettes (Life technologies, Grand Island, NY) with a 10 kDa molecular weight cutoff,
with three buffer exchanges; two exchanges at 4 hour intervals and one overnight. All the
samples were filtered by Millex-GV-0.22 uM syringe filter units (EMD Millipore, Billerica,
MA) before measurements. For PEG solubility studies, samples were concentrated by Millipore
Amicon Ultra-0.5 mL centrifugal device (EMD Millipore, Billerica, MA) with a MW cut off of
10 kDa to obtain a final protein stock concentration of 1 mg/mL. Components of all buffers
including, sodium phosphate and sodium chloride as well as PEG-10,000 were purchased from
Sigma-Aldrich (St Louis, MO) while citric acid monohydrate and citric acid anhydrous were

purchased from Fisher Scientific at the highest purity grade.
3.2.2 Methods

3.2.2.1 Preparation of Mixtures IgG1 Fc

After producing and purifying the four IgG1-Fc glycoforms (the starting materials: HM-
Fc, Man5-Fc, GIcNAc-Fc and N297Q-Fc) as mentioned previously,** these were dialyzed at 4°C
overnight in a 20 mM citrate phosphate buffer with ionic strength adjusted to 0.15 by NaCl at pH
6.0. Dialysis was performed at 4°C using Slide-A-Lyzer dialysis cassettes (Life technologies,
Grand Island, NY) with a 10 kDa molecular weight cutoff, with three buffer exchanges; two
exchanges at 4h intervals and one overnight. After dialysis, the final concentration of the four
IgG1-Fc proteins, also known as controls, were adjusted to 0.5mg/mL and were mixed in
different ratios as seen in Figure 3.1 to obtain seven different mixtures. The final concentration
of protein in the mixtures was 0.5 mg/mL and the seven mixtures and 4 controls were stored in

aliquots of 5 mL at -80°C for further analysis.
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3.2.2.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

For the reduced samples, each of the IgGl Fc proteins (7 pg) were mixed with 2X
TrisHC1 SDS loading dye containing 100 mM DTT and incubated at 70 °C for 2 min. The
reduced IgGl Fc samples were then separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis using NuPAGE 4-12% Bis-Tris gradient gel (Life Technologies, Grand Island,
NY) gels and a MES running buffer (Life Technologies).** A similar method was followed for
non-reduced samples of IgG1 Fc proteins except DTT was omitted during the incubation step.
The running time for all the gels was 60 min at 150 V. Protein bands were visualized by staining
with Coomassie blue R250 (Teknova, Hollister, CA) and destained with a mixture of 30%
methanol, 10% acetic acid, and 60% ultrapure water. Gel images were recorded using an

Alphaimager (Protein Simple, Santa Clara, CA) gel imaging system.

3.2.2.3 Size exclusion chromatography (SEC)

Experiments were performed using a Shimadzu high-performance liquid chromatography
system equipped with a photodiode array detector capable of recording UV absorbance spectra
from 200 to 400 nm and a temperature controlled auto sampler. A Tosoh TSK-Gel Bioassist
G3SWxL column (7.8 mm ID x 30.0 cm L) and a corresponding guard column (TOSOH
Biosciences, King of Prussia, Pennsylvania) were used for Fc protein characterization. First, the
SEC column was equilibrated for at least 10 column volumes (CV) with a mobile phase
containing 200 mM sodium phosphate, pH 6.8, and a flow rate of 0.7 mL/min at 30 °C column
temperature as mentioned previously.”* Next, the column was calibrated using gel filtration MW
standards (Bio-Rad, Hercules, CA) before and after the runs of IgG1-Fc glycoforms to ensure
column and HPLC system integrity. All Fc samples were centrifuged at 14,000 g for 5 min

before injection to remove insoluble protein aggregates. Protein samples at a concentration of 0.5

108



mg/mL were injected in a volume of 50 puL, and a 30 min run time was used for elution. Peak
quantification was carried out using LC solutions software (Shimadzu, Kyoto, Japan). The errors

for monomer percent for all the samples represent SD of triplicate measurements.

3.2.2.4 Capillary isoelectric focusing (cIEF)

The determination of isoelectric points (pls) of all the IgG1-Fc glycoforms using
capillary isoelectric focusing (cIEF) were performed with an iCE280 analyzer from Convergent
Biosciences (now Protein Simple, Toronto, Canada) equipped with a microinjector. A FC
Cartridge (Protein Simple, Toronto, Canada) with 50 mm, 100 um L.D. fluorocarbon-coated
capillary and built-in electrolyte tanks were used for focusing. The cartridge was calibrated by
hemoglobin standard (Protein Simple, Toronto, Canada) before and after focusing of IgG1-Fc
samples to ensure its integrity. For focusing, a sample mixture was prepared where each of the
IgG1 Fc glycoforms were mixed with urea (Fischer Scientific), methyl cellulose (Protein Simple,
Toronto, Canada), sucrose (Pfanstiehl Inc., Waukegan, IL), N,N,N',N'-Tetramethylethane-1,2-
diamine (Sigma-Aldrich, St Louis, MO) and Pharmalyte 3-10 (GE Healthcare Biosciences,
Pittsburgh, PA). The final protein concentration in the sample mixture was 0.2 mg/mL. All the
IgG1 Fc glycoforms were resolved using a pre-focusing time of 1 minute at 1500 V and a
focusing time of 7 minutes at 3000 V. Observed peaks were calibrated using two pl markers with
values of 5.84 and 8.18. The separation was monitored at 280 nm by a CCD detector.
Quantitation of the peaks was done using Chromperfect® software. The error bars for pl values

of all the samples represent standard deviation (SD) of triplicate measurements.

3.2.2.5 UV Spectroscopy
Absorbance spectra were obtained over the wavelength range of 200400 nm employing

an Agilent 8453 UV-visible spectrophotometer equipped with a diode array detector. All samples
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were analyzed in a quartz cuvette with a 1-cm path length and the absorbance value at 280 nm
was used to calculate the concentration of proteins. Second-derivative spectra were calculated
using Origin software to determine peak positions. Results are reported showing triplicate runs of

all the samples.

3.2.2.6 PEG Precipitation Assay

The experimental protocol was adapted from Toprani et al.> Stock solutions of PEG-
10,000 ranging from 0 to 40% w/v PEG were prepared in 20 mM citrate phosphate buffer with
ionic strength adjusted to 0.15 by NaCl at pH 4.5 and pH 6.0. A volume of 40 pL of each of the
PEG-10,000 solutions (from 0 to 40% w/v PEG) were added to wells of a 96-well polystyrene
filter plate (Corning#3504, Corning Life Sciences, Corning, NY). Ten pL of the protein stock
solutions (1 mg/mL) was then added to each well to achieve a final protein concentration of 0.2
mg/mL. The plates were incubated at room temperature overnight and then were centrifuged at
1233 (x g) for 15 min. The filtrate was collected in a clear 96 well collection plate (Greiner Bio-
One#655001, Greiner Bio-One North America Inc., Monroe, NC). The protein concentration was
determined on a NanoDrop 2000 spectrophotometer (NanoDrop Products, Wilmington, DE)
using 2 pL of filtrate by measuring absorbance at 280 nm. Each samples were run in triplicates
and the data was analyzed using Python (x,y) v.2.7.6.0, an open source scientific software based
on python language and the % PEGniq, values and apparent solubility value parameters were

then calculated as described before. >

3.2.2.7 Differential Scanning Calorimetry (DSC)
DSC experiments were performed using a MicroCal VP-AutoDSC instrument with an
autosampler (MicroCal, LLC, Northampton, Massachusetts). Triplicate measurements of all

samples (at 0.4 mg/mL concentration) were obtained from 10°C to 100°C with a scanning rate of
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60°C/h. Data analysis was performed using the MicroCal LLC DSC plug-in for the Origin 7.0
software package to obtain the final DSC thermograms and the onset temperature (Tonset) of the

first transition for all the samples as described before.*

3.2.2.8 Intrinsic (Trp) fluorescence spectroscopy

The fluorescence spectra were measured in triplicate using a Photon Technology
International (PTI) Quantum master fluorometer (New Brunswick, New Jersey) with 200 puL of
0.2 mg/mL protein solution in 0.2 cm path length quartz cuvettes. Samples were excited at 295
nm (>95% Trp emission) and the emission spectra from 10°C to 90°C in increments of 1.25°C
were recorded from 305 to 405 nm. The spectra were analyzed and the maximum peak position
(Amax) values were calculated using a “spectral center of mass” method (MSM) as described
before'. From the peak position (Ama) Versus temperature plots transition midpoint temperatures

(Tw) were calculated for all the samples.

3.2.2.9 Extrinsic fluorescence spectroscopy

The extrinsic fluorescence measurements were performed in triplicates using a MX3005P
QPCR system (Agilent Technologies). Samples contained 0.2 mg/mL protein in a total sample
volume of 100 pL. The Sypro™ orange dye was purchased from Invitrogen, Inc. (Carlsbad, CA)
and was diluted in water and then added to the protein samples to achieve 1x dye concentration
as reported before®. Using custom filter sets, the samples was excited at 492 nm, and the
emission intensity change with temperature at 610 nm was followed. The temperature was raised
from 25°C to 90°C using 60°C/h heating rate and 1°C as a step size. Data analysis was carried
out to obtain fluorescence intensity against temperature plots and the transition midpoint

temperatures (Ty) were calculated for all the samples as described previously.”
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3.2.2.10 Optical density (OD) 350 nm measurements

Turbidity measurements were performed using a Cary 100 UV-Visible spectrophotometer
(Varian medical Systems, Inc., Palo Alto, California) equipped with a 12 cell holder with a
peltier type temperature controller. Samples contained 0.2 mg/mL protein with a total volume of
250 pL in 1 cm path length quartz cells. OD at 350 nm was monitored as the temperature was
raised in increments of 1.25°C from 10 to 90°C with a heating rate of 60°C/h. Protein samples
were run in triplicate and corresponding buffer blanks were run and subtracted from each

sample. The OD at 350 nm was plotted against temperature as described previously.”

3.3 Results

3.3.1 [Initial comparisons of purity, high molecular weight species, charge heterogeneities
and structural integrity of well-defined mixtures of IgG1-Fc glycoforms
Approximately 99% purity was achieved for each of the seven IgG1-Fc mixtures and four

controls IgG1-Fc (individual glycoforms) as determined by both reduced and non-reduced SDS-

PAGE gels (Figure 3.2). Size exclusion high performance liquid chromatography (SEC) was

then used to evaluate purity (under non-denaturing conditions) to determine if aggregates were

present in controls and mixtures before starting their biophysical and binding analysis. (Figure

3.3 shows representative SEC chromatograms of each of the controls and mixtures). The

monomeric purity of mixtures and controls was determined by SEC, as shown in the Table 3.1,

and the results indicate that all the I[gG1-Fc mixtures and controls are monomeric (97-99 %) with

small levels of aggregates present across the IgG1-Fc samples (1-3 %). Characterization of the
isoelectric point (pl) range of the seven mixtures and controls of IgGl-Fc glycoforms by
capillary isoelectric focusing (cIEF) showed pl of 7.2 in the base buffer. Figure 3.4 shows

representative cIEF chromatograms and the pl values of the major species in the mixtures and
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controls. Figure 3.5 A shows second derivative UV-visible absorption spectra of the four IgG1-
Fc controls and seven mixtures. No changes in the ultraviolet absorption peak positions of the
three aromatic amino acids (Phe, Tyr, Trp see Figure 3.5 B for the peak locations) were observed
indicating no major differences in tertiary structure in the base buffer, across all the samples. The
structural integrity of the overall tertiary structure of the four IgG1-Fc glycoform controls and
the seven mixtures was evaluated by measurement of intrinsic Trp fluorescence at 10°C at pH
values 4.5 and 6.0 (see Figure 3.6). For each sample, the wavelength of maximum intensity (A
max) at 10°C at each pH was calculated and was found to be overall similar and in the range of
328 to 330 nm with standard deviations calculated from triplicate measurements of up to ~0.6
nm. These results indicated that the spectra for the controls and mixtures were overall similar at
10°C at both pH 4.5 and pH 6.0. The fluorescence intensity obtained for each protein represents

the average values of all the tryptophan residues present in the protein.

3.3.2 Relative Apparent Solubility

An assessment of the apparent solubility (thermodynamic activity) of four IgGl-Fc
glycoform controls (HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc) and their seven mixtures was
performed using PEG precipitation as described previously (see Methods section). Protein
versus % PEG concentration plots were generated for all the samples at pH 4.5 and pH 6
respectively, in the formulation buffer as shown in Figure 3.7 (for mixtures) and Figure 3.8 A
and D (for controls). The solubility curves of the mixtures (see Figure 3.7) show a sigmoidal
curve, demonstrating that as the crowding agent (PEG) concentration increases; there is a point
at which a decrease in the amount of the protein in solution occurs in a quantifiable manner. For
ease of comparison, the protein versus % PEG concentration plots for the four controls were

plotted together at both pH 4.5 (Figure 3.8 A) and pH 6 (Figure 3.8 D). These curves solubility
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curves show differences between the controls with regard to glycosylation and pH as seen
previously in Chapter 2. As seen in Figure 3.8 A, at pH 4.5 the N297Q-Fc begins to precipitate
rapidly as the PEG concentration is increased, and deviates from the typical sigmoidal curve,
possibly indicating structural alterations in the protein and/or direct interaction between the PEG

and protein, which is consisent with the previous results.*

Figure 3.8 B and E show % PEGuigp: values (which is the weight % PEG required to
reduce the protein concentration by 50% of its initial value) at pH 4.5 and pH 6 respectively, for
all samples. For each sample, a trend of decreasing % PEGuiqp: values with increasing solution
pH from 4.5 to 6 was observed indicating decreasing solubility as the solution pH increased. In
terms of general trends of the four controls, the HM-Fc showed the highest % PEGmigp value
followed by Man5-Fc, GlcNAc-Fc and lastly, the non-glycosylated N297Q-Fc at pH 4.5 (Figure
3.8 B) as seen previously'. At pH 6 (Figure 3.8 E), the HM-Fc and Man5-Fc did not show
significant differences in the % PEGmiqy that was similar to previous results' while GlcNAc-Fc

showed intermediate % PEGmiqp values followed by the N297Q-Fc showing the least.

Similarly with the mixture samples, subtle differences were observed in % PEGidp at pH
6 (Figure 3.8 E) than at pH 4.5 (Figure 3.8 B) where more prominent differences were observed.
At both pH 4.5 and 6, 50% mixtures of HM-Fc (Mixtures 1, 2 and 3 which are 50% mixtures of
HM-Fc with 50% Man5-Fc, 50% GlcNAc-Fc and 50% N297Q-Fc respectively) showed a similar
trend with % PEGnmigy as observed in their respective controls from which they are made. For
example, Mixture 1 showed the highest % PEGu;qp: value, Mixture 2 intermediate and Mixture 3
the least which correlated with the trend observed in their respective controls which was in
decreasing order of % PEGuig: Man5-Fc control >GlcNAc-Fc control>N297Q-Fc control. All

the 50% mixtures of HM-Fc showed lower % PEGiqy values that the HM-Fc controls at both
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the pH conditions. Also, Mixture 3 which had 50% N297Q-Fc with 50% HM-Fc did not
precipitate as rapidly as the 100% N297Q-Fc control. At pH 4.5 (Figure 3.8 B) and 6 (Figure 3.8
E), % PEGnmigy: values of the 90% mixtures of HM-Fc (Mixtures 4, 5 and 6 which are 90%
mixtures of HM-Fc with 10% Man5-Fc, 10% GIcNAc-Fc and 10% N297Q-Fc respectively),
showed subtle differences between their % PEGpuiqp in the order of decreasing % PEGmiqp:
Mixture 4> Mixture 5> Mixture 6. This trend was subtle but similar to the trend observed in the
50% mixtures (Mixture 1, 2 and 3), which is dependent on the trend observed in the controls
from which they were prepared. All the 90% mixtures of HM-Fc showed slightly lower %
PEGnigpe values than the HM-Fc control but were higher than their respective 50% mixtures at
pH 4.5 while the trends were similar and differences were subtle at pH 6. Mixture 7 (which was
25% mixture of each of HM-Fc, Man5-Fc, GIcNAc-Fc and N297Q-Fc) showed similar %
PEGnigpt values to Mixture 1 (HM: Man5::50:50) and 5 (HM:GlcNAc::90:10), but slightly higher
values than Mixture 6 (90%HM-Fc:10%N297Q-Fc) at pH 4.5 and the differences were subtle at
pH 6. To summarize, we can rank order the solubility profiles of IgG1-Fc glycoform mixtures
from high to low by following the % PEGnmisy values that decreased in the following order:
Mixture 4> Mixture 1> Mixture 5> Mixture 7> Mixture 6> Mixture 2> Mixture 3 at pH 4.5.
However, at pH 6 even though the trend was similar it was difficult to rank order the solubility
profiles of mixtures due to subtle differences between the % PEGmidp. Mixture 3, which had a
higher percent (50%) of the N297Q-Fc control, showed the lowest % PEGmiqp, while Mixture 4
which had high percent (90%) of the HM-Fc and 10% Man5-Fc showed the highest % PEGmiqp:
value at pH 4.5. The 50% (Mixture 1) and 90% (Mixture 4) mixtures of HM-Fc with Man5-Fc
showed % PEGmnidp: values lower than the HM-Fc control and higher than the Man5-Fc control.

Similarly, the 50% (Mixture 2) and 90% (Mixture 5) mixtures of HM-Fc with GlcNAc-Fc
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showed % PEGnigp values lower than the HM-Fc control and higher than the GlcNAc-Fc
control. In addition, similar results were seen for 50% (Mixture 3) and 90% (Mix 6) of HM-Fc

with N297Q-Fec.

As shown in Figure 3.8 C and 3.8 F, the apparent solubility (thermodynamic activity)
values were calculated by extrapolation to zero PEG concentration (see Methods section) in pH
4.5 and pH 6, respectively. These values showed trends similar to those found with % PEGmiqp
in terms of Fc glycan structure of the controls and solution pH. At both pH values, the apparent
activity values between HM-Fc vs. Man5-Fc glycoforms showed no significant differences. The
apparent activity values of GIcNAc-Fc were lower than the HM-Fc and Man5-Fc at pH 4.5 and
6. The N297Q-Fc showed the lowest apparent activity value at pH 6. At both pH 4.5 (Figure 3.8
C) and 6 (Figure 3.8 F), the apparent solubility values all mixtures followed similar trends as %
PEGnmigpe values. Apparent solubility values for Mixture 3 (50%HM-Fc::50%N297Q-Fc) were
lowest at both pH 4.5 and 6 but were higher than the N297Q-Fc control due to the presence of
50% of HM-Fc control. However, as the errors were higher in apparent solubility calculations, it

was difficult to rank order the solubility profiles of the mixtures.

3.3.3 Overall Conformational Stability and Tertiary Structure Stability

Differential scanning calorimetry was used to assess the overall conformational stability
of the four IgG1-Fc glycoform controls and their mixtures as the samples were heated from 10°C
to 100 °C. Figure 3.9, shows representative DSC thermograms of all the samples obtained at
both pH 4.5 and 6 which showed two major endothermic peaks, as seen previously.” For direct
comparison between the samples, the Tonser values of the first transition were calculated and
plotted as a bar chart representation at pH 4.5 (Figure 3.12 A) and pH 6 (Figure 3.12 B). Based

on previous studies with human IgG-Fc glycoforms, the first and second transition corresponds
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to the unfolding of the Cy2 and Cy3 domains of the IgG-Fc respectively®®. The Tonser values
calculated in this study represent the temperatures of onset of transition in the Cy2 domain of the
IgG1-Fc of all samples. The thermal melting temperatures for Cy3 domain of controls did not
show significant differences under pH 4.5 and pH 6 as observed before,” thus they were not

shown here assuming subtle differences in the mixtures will not be observed.

Intrinsic Trp fluorescence spectroscopy and Sypro Orange fluorescence spectroscopy
were utilized as two complementary techniques to evaluate the stability of the overall tertiary
structure of the glycofrom controls and 7 mixtures. The intrinsic Trp fluorescence spectra were
collected at pH 4.5 and 6 and the changes in Amax (MSM peak position) as a function of
increasing temperature (every 1.25°C starting from 10°C to 90°C) were plotted for all samples as
shown in Figure 3.10. The Amax 1S senitive to the environment around the tryptophan residues
and as a result can be used as probe to study changes in the higher-order structure of proteins
often accompanied by shift of Amn.x to longer wavelengths (red shift). As seen in the
representative peak position plots for all the samples at pH 4.5 and pH 6 (Figure 3.10), there is
no change in Amax values up to certain temperatures. However, more dramatic increase
(transition) in Amax 1S Observed as the temperature increases before plateauing off. The melting
temperatures (T, which is the midpoint temperature of a thermal transition) of thermal
transitions were calculated as mentioned before™ and plotted as bar chart at both pH 4.5 and 6
(see Figure 3.12 C and 3.12 D respectively). Sypro Orange was used as a probe for detecting
protein structural alterations seen as increased fluorescence intensity upon exposure of the dye to
increased apolar environments (presumably as a result of structural changes and/or aggregate
formation by the protein). Sypro Orange fluorescence peak intensity was collected as a function

of increasing temperature for all the samples at at pH 4.5 and 6 (see Figure 3.11). The melting
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temperatures (T, which is the midpoint temperature of a thermal transition) of thermal
transitions were calculated as mentioned before™ and plotted as bar chart at both pH 4.5 and 6
(see Figure 3.12 E and 3.12 F, respectively).

In general, the Tonsee and Ty, values of the DSC and intrinsic/extrinsic fluorescence
thermal transitions for all the controls and mixtures followed trends that depend upon the type of
glycoform and the solution pH as noted previously.' The DSC results showed that Topse values of
all the samples were lower at pH 4.5 (Figure 3.12 A) than 6 (Figure 3.12 B). Similarly, Ty,
values obtained at pH 4.5 and pH 6 from intrinsic tryptophan fluorescence (Figure 3.12 C and
3.12 D) and extrinsic Sypro Orange fluorescence (Figure 3.12 E and 3.12 F) were lower in pH
4.5 than pH 6 demonstrating the lower conformational and tertiary structure stability of all the
controls and mixtures at lower pH conditions. Also, the Sypro Orange fluorescence peak
intensity at the starting temperature (25°C) for all samples was relatively higher at pH 4.5 than at
pH 6 (Figure 3.11). For all the samples, higher fluorescence peak intensity at lower pH condition
suggests relatively increased surface hydrophobicity and presumably some level of structural
alteration even at lower temperatures.

For the IgG1-Fc glycoform controls, a trend of decreasing conformational stability with
the truncation of carbohydrate units was observed for the Tonset values at pH 4.5 where the
highest values were observed for HM-Fc and Man5-Fc controls (Man5 trended slightly higher
than HM-Fc but within error), followed by GIcNAc-Fc and the lowest for N297Q-Fc control
(Figure 3.12 A). Similarly, T,, values of thermal transitions obtained from intrinsic Trp
fluorescence (Figure 3.12 C) and Sypro Orange fluorescence (Figure 3.12 E) were the highest for
HM-Fc and Man5-Fc (Man5 trended slightly higher than HM-Fc in Sypro Orange) followed by

intermediate values for GIcNAc-Fc and the lowest values for N297Q-Fc. At pH 6, Tonset from
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DSC (Figure 3.12 B) showed similar trends as observed at pH 4.5, where N297Q-Fc was the
least stable; however the differences between the other three controls were subtle. Also T,
values from Intrinsic Trp fluorescence (Figure 3.12 D) and Sypro Orange fluorescence (Figure
3.12 E) showed similar trends as pH 4.5. The Sypro Orange fluorescence peak intensity (Figure
3.11) at the starting temperature (25°C) for N297Q-Fc control in both pH conditions trended
relatively higher as compared to the other three controls suggesting increased surface
hydrophobicity of N297Q-Fc even at lower temperatures. These results suggest that the HM-Fc
and Man5-Fc glycoforms display highest stability of the tertiary structure, followed by the
GlcNAc-Fc with intermediate stability, and the N297Q-Fc aglycosylated form having the least
thermal tertiary structure stability as seen before.” Interestingly, Man5-Fc trended a bit higher in
stability than HM-Fc as observed by DSC and Sypro Orange which was not seen in a previous
study that utilized different batches of controls and showed HM-Fc to have highest stability” by
these techniques.

The 50% mixtures of HM-Fc (Mix 1, 2 and 3 which were which were 50% mixtures of
HM-Fc with 50% Man5-Fc, 50% GIcNAc-Fc and 50% N297Q-Fc respectively) showed large
differences in conformational stability following the trend from highest to lowest Tonset Values at
pH 4.5 (Figure 3.12 A) as shown; Mixture 1 (HM:Man5::50:50)> Mixture 2
(HM:GIcNACc::50:50)> Mixture 3 (HM:N297Q-FC::50:50). This trend was similar to the
stability trend observed in their respective controls which was with decreasing order of stability
Man5-Fc>GleNAc-Fc>N297Q-Fc. Similarly at pH 4.5, Mixtures 1, 2 and 3 showed relatively
large differences in T, values obtained from intrinsic Trp fluorescence (Figure 3.12 C) and
Sypro Orange fluorescence (see Figure 3.12 E), and followed the trend similar to their individual

component controls. At pH 6 differences in conformational stability (see Tonset in Figure 3.12 B)
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versus type of glycosylation in the mixtures were subtle than pH 4.5 and showed similar trends
as observed at pH 4.5. Similarly, differences in tertiary structure stability (see T, in Figure 3.12
D and 3.12 F) versus type of glycosylation in the mixtures were subtle at pH 6 than at pH 4.5.
The 90% mixtures of HM-Fc (Mixtures 4, 5 and 6 which were 90% mixtures of HM-Fc with
10% Man5-Fc, 10% GlcNAc-Fc and 10% N297Q-Fc respectively) and Mixture 7 (which was
25% mixtures of each of HM-Fc, Man5-Fc, GIcNAc-Fc and N297Q-Fc) showed subtle
differences in conformational stability by DSC and their Tonset Values were almost similar to
those of 100% HM-Fc controls at both pH conditions (see Figure 3.12 A and 3.12 B). This 10%
mixture of Man5-Fc, GlcNAc-Fc and N297Q-Fc (Mixtures 4, 5 and 6 respectively) with 90%
HM-Fc showed equivalent stability to the HM-Fc control as it is the most abundantly present in
these mixtures. Similar results were observed by intrinsic Trp fluorescence (see Figure 3.12 C
and 3.12 D) and Sypro Orange fluorescence (see Figure 3.12 E and 3.12 F) at both pH
conditions; however, the Ty, values obtained for Mixture 7 were slightly lower than 100% HM-
Fc control.

Differences between the N297Q-Fc control and its mixtures with HM-Fc were observed
easily at both pH 4.5 and pH 6 where 100% N297Q-Fc control that had the least conformational
stability, showed increased stability as the % of HM-Fc increased from 50% (Mixture 3) to 90%
(Mixture 6). Overall, Mixture 7 (which was 25% mixtures of all controls) showed intermediate
stability between Mixture 3 and Mixture 6. The GlcNAc-Fc control also showed similar increase
in conformational stability upon mixing with increasing amounts of HM-Fc, but the ability to
distinguish between 50% and 90% mixtures was subtle at both pH 4.5 and 6. 50 % and 90%

mixtures of HM-Fc with Man5-Fc, show similar conformational stabilities with HM-Fc¢ and
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Man5-Fc controls except Mixture 1, which can be distinguished at pH 4.5 where it showed

highest stability as it had high amounts of the most stable Man5-Fc (50%).

3.3.4 Aggregation propensity by Turbidity

Temperature induced aggregation profile of the IgG1-Fc glycoform controls and seven
mixture samples was evaluated by monitoring optical density (OD) changes of the samples at
350 nm as a function of increasing temperature at pH 4.5 and 6.0 (See Figure 3.13). Differences
in aggregation pattern were observed with the type of glycoform and the solution pH. The HM-
Fc and Man5-Fc IgG1-Fc controls did not show any notable increases in OD350 values as the
temperature increased across both pH conditions tested as seen before.”” These glycoforms did
not show the tendency to aggregate by turbidity assay in the conditions tested. The GlcNAc-Fc
control displayed a single thermal transition at pH 6.0 while the N297Q-Fc control displayed a
single thermal transition at both pH 4.5 and pH 6.0 as observed before.” Mixtures 3 and 7 (that
contained 50% HM-Fc::50% N27QFc and 25% of each HM-Fc, Man5-Fc, GlcNAc-Fc and
N297Q-Fc, respectively) showed increase in OD 350 values with a single transition as the
temperature increased at pH 6.0, but did not show any increase in OD350 values at pH 4.5.
Mixture samples 1, 2, 4, 5 and 6 (that contained 50% HM-Fc::50 % Man5-Fc, 50% HM-Fc::50
% GIlcNAc-Fc , 90% HM-Fc::10% Man5-Fc, 90% HM-Fc::10% GlcNAc-Fc, 90% HM-Fc::10%
N297Q-Fc, respectively) however, did not show any increase in the OD 350 values with a rise in
temperature at both the pH conditions. The onset temperatures (Tonset), Where rapid increase in
OD350 was observed, were calculated for all the samples (Figure 3.13). The Tonset values were
determined by noting the temperature at which the transition starts. The Tonset values for
triplicate runs were in the range of 82.0-90.0°C with standard deviations (SD) from 0.1°C -1.2°C

for all samples that showed transition in OD 350nm. Both controls GIcNAc-Fc and N297Q-Fc
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show Topser at 82.7°C (SD ranging from 0.5°C -1.0°C) at pH 6.0, while N297Q-Fc shows Topset at
82.0°C £ 0.1°C in pH 4.5. Mixtures 3 and 7 show Topset values at 90.0°C£0.8°C, 85.5°C +0.4°C

and 87.3°C + 1.2°C, respectively.

The results indicate that N297Q-Fc is the most aggregation prone of the IgGl-Fc
glycoform, which shows transitions in both the pH conditions, followed by GIcNAc-Fc which
showed transition at pH 6.0, while the Tonset 0f aggregation appears to be the same for both the
controls. The HM-Fc and Man5-Fc are not prone to aggregation at either of the pH conditions
tested here. Mixtures 3 and 7 (which have the high percent (50%) of the aggregation prone
GlcNAc-Fc and N297Q-Fc proteins) show transitions at pH 6.0, while at pH 4.5; the N297Q-Fc

containing mixtures do not show aggregation unlike the N297Q-Fc control.

3.4 Discussion

It is well established that comprehensive analytical characterization is the first step of
biosimilarity assessments during manufacturing of biotherapeutics. Extensive analytical testing
with respect to the primary and higher order structures of protein therapeutic candidates is
essential in establishing the foundation of comparative biosimilarity.”” Also, the first
experimental key step in biosimilar approval process is assessing comparative structural and
functional properties between the biosimilar and the reference product and emphasis of the use of
“orthogonal methods” and “fingerprint-like methods” by the FDA.”® The extensive biophysical
techniques used in this study are shown to be useful in establishing differences in physical
stability profile of mixtures of IgG1-Fc glycoforms. Initial characterization of the controls and
mixtures did not show any significant differences in pl values and overall tertiary structure at pH
6.0 (without temperature stress) as assessed by cIEF (shown in Figure 3.4) and second-derivative

UV spectroscopy (shown in Figure 3.5A). Also, the tertiary structure analyzed at pH 6.0 and pH
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4.5 by intrinsic tryptophan fluorescence did not show any differences between the mixtures, and
the controls at 10°C (see Figure 3.6). SEC was able to distinguish the N297Q-Fc control as it had
a slightly higher content of high molecular weight species than the other controls and mixtures
(Table 3.1). SDS-PAGE analysis showed differences between each of the four IgG1-Fc controls
except, between HM-Fc and Man5-Fc as observed before.”** As seen in Figure 3.2, the large
sized glycoforms (HM-Fc and Man5-Fc) migrated nearest, GIcNAc-Fc which had intermediate
size migrated to an intermediate distance, and the lowest sized N297Q-Fc migrated farthest on
both reduced and non-reduced gels as observed previously.** Similarly, the components of 50%
mixtures and 90% mixtures were identified by SDS-PAGE based on the intensities of each band
and migration of the components within the mixture as compared to controls. However, the 50%
and 90% mixtures of HM and Man-Fc were not resolved in SDS-PAGE and were analyzed by
mass spectrometry in the Tolbert lab. Intact mass analysis of the controls and mixtures was
performed to identify N-glycans in the controls and composition of glycoforms in the mixtures.
The percentage of glycoform composition in the mixtures was examined using the mass
spectrometry peak intensity as evaluated previously for identification of glycosylation profiles in
the controls.”* The results demonstrated that the estimated percentages of the mixture
components (as shown in Figure 3.1) were accurately determined by mass spectrometry as
described somewhere else. Other studies also showed that mass spectrometry has proved to be a

29,30
~7 Even

very rapid and reliable tool in glycan content analysis in biosimilar comparability.
though the information on the chemical structure of glycans can be elucidated by mass

spectrometry, yet the differences in HOS need a broad array of different analytical techniques.

It was evident from the results of PEG relative solubility and biophysical characterization

techniques that the PEGniqp: and apparent solubility values, as well as Tonset and Ty, values of the
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pure IgG1-Fc controls are dependent on the type of glycoform and solution pH conditions. These
techniques were able to distinguish structural and physical stability differences in homogenous
glycoforms of differentially glycosylated IgG1-Fc (controls) and proved to be successful in
distinguishing the various levels of differences between their mixtures as well. The % PEGnidpt,
especially at pH 4.5 was most sensitive to monitor the differences between IgG1-Fc glycoform
mixtures and also was able to successfully rank order their solubility profiles. As the results
indicate, techniques like DSC, intrinsic and extrinsic fluorescence were successful in
distinguishing between mixtures up to certain extent (controls and 50% mixtures) however, the
ability to distinguish between the 90% mixtures (that were expected to show subtle changes) was
lower. As seen in Figure 3.13, turbidity by OD 350 nm did not show any differences in all the
mixtures and controls at pH 4.5, except N297Q-Fc, which showed significant increase in OD 350
signal. However, at pH 6.0 OD 350 was able to detect changes between GlcNAc-Fc and N297Q-
Fc controls and their 50% mixtures (2 and 3) with HM-Fc, however it was not able to distinguish
between any of the 90% mixtures. The 25 % mixture of all the glycoforms (Mixture 7) showed

intermediate rise in OD 350 as compared to GlcNAc-Fc and N297Q-Fc controls at pH 6.0.

Although the above biophysical techniques are considered as low resolution techniques,
they are high throughput, well established, commonly available and widely used in the industry.
The use of higher resolution analytical techniques such as NMR, X-ray crystallography, cryo EM
and H/D exchange mass spectrometry to gain higher order structural information is limited as
part of analytical comparability studies as a result of certain drawbacks.’' Hence, the biophysical
techniques used in this work along with two pH conditions and temperature stresses prove useful
in distinguishing between IgGl-Fc glycoform mixtures with regard to their solubility and

physical stability. This again shows the importance of stress conditions to detect differences that
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are not readily apparent when monitored under non-stressed conditions (i.e., at low temperatures

under neutral pH conditions).’’

In mutation prone diseases like infectious diseases or certain types of cancers it has been
seen that the monospecific nature of mAbs makes them less effective in treatment. In such
scenarios, recombinant polyclonal antibodies or antibody cocktails which can have a wide array

1.2 In such

of binding to complex target antigens and could show therapeutic potentia
therapeutics, it is essential to characterize the individual components of these antibody mixtures
to gain clinical approval. These products will also show glycosylation variation as seen in mAbs
and will further complicate their control and characterization. Several analytical tools have been
used to characterize such mixtures of antibodies including cation exchange chromatography,
ELISA and mass spectrometry.”> However, not many studies have been conducted to understand
their physical structure and stability. The biophysical characterization approach utilized in this

study to characterize mixtures of IgG1-Fc glycoforms could be utilized for characterization of

these antibody mixtures as well.

In summary, the four control IgG Fc glycoforms and seven mixtures were evaluated for
their physical stability and relative solubility profiles using an array of biophysical
characterization tools. Future work should involve comparing the chemical stability and
biological functions (performed in other labs at KU) of these mixtures along with these results
to get a complete idea of their properties so that the mathematical model can determine the
extent of similarity (biosimilarity) between these mixtures. These analytical tools were
successful in detecting subtle and major differences in physical properties of these mixtures.
Some of these assays were redundant and yielded little information (like cIEF, SEC, second

derivative UV and turbidity), and identifying these less informative assays can simplify the
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overall analytical characterization approach by eliminating them or weighing the assays in the
mathematical model. These studies have generated a large amount of stability and relative
solubility data set, which will be utilized to develop a mathematical model for determining the
level of biosimilarity between samples. It would be interesting to see if the developed

mathematic model is capable of predicting the components of the individual mixtures.
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Table 3.1: Percent monomer content by SEC analysis showed the following results: HM-Fc
control, Man5-Fc Control, GlcNAc-Fc¢ Control, Mixture 1, Mixture 2, Mixture 3, Mixture 4,
Mixture 5, Mixture 6, Mixture 7 showed ~ 99.0 % monomer purity and N297Q-Fc Control
showed 97.9 % monomer purity. The monomer percent values are average calculated from

triplicate runs, and the standard deviation ranged from 0.0 to 0.1.

Mixture Average Monomer Percent
HM-Fc control 99.740.0
Man5-Fc Control 99.740.1
GlcNAc-Fc Control 99.8+0.1
N297Q-Fc Control 97.840.0
Mixture 1 99.740.0
Mixture 2 99.610.1
Mixture 3 98.940.1
Mixture 4 99.610.1
Mixture 5 99.610.0
Mixture 6 99.4+0.1
Mixture 7 99.31+0.0
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Glycoform Structure Mixture Name Mixture Components

n HM-Fc Control 100% HM-Fc

M Man5-Fc Control 100% Man5-Fc
Q

GlcNAc-Fc Control | 100% GIcNAc-Fc

N297Q-Fc Control 100% N297Q-Fc

N88qGSS NBSe | pixture 50% HM-Fc+50% Man5-Fc

50% HM-Fc+50% GIcNAc-F
M" N-® Mixture 2 0 ¢ o BICRACTC

woneGss Mixture 3 50% HM-Fc+50% N297Q-Fc

@""Qﬁ" N-88egs | Mixture 4 90% HM-Fc+10% Mans5-Fc

Mixture 5 90% HM-Fc+10% GIcNAc-Fc

@-nat:an Mixture 6 90% HM-Fc+10% N297Q-Fc
WSS  N-@Sege 25%HM-Fc+25%-+Man5-Fc+
e

4:;

Mixture 7 25% GIcNAC-Fc+25% N297Q-Fc
INDEX:
DAlAGH ami Mannose (Man) .N—acetvl lucosamine (GIcNAc
Aspm agine 297 @ Glutamine 297 n: number of mannoses (n=0-4) Y g ( )

Figure 3.1: Schematic representation of percent of purified IgGl-Fc glycoforms for the
preparation of various well-defined IgG1-Fc mixtures and the N-linked Asn-297 glycoform

structure in each sample.
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Non-reducing condition Reducing Condition

kDa
198
98
62
49
38
28

Figure 3.2: SDS-PAGE characterization of mixtures IgG1-Fc glycoforms under non-reduced
and reduced conditions. Sample included (See Figure 3.1 for composition of mixtures):
1.HM-Fc Control,

2.Man5-Fc Control;

3.GlcNAc-Fc¢ Control;

4.N297Q-Fc Control;

5.Mixture 1(HM-Fc:Man5-Fc::50:50);

6.Mixture 2(HM-Fc:GlcNAc-Fc::50:50);

7. Mixture 3(HM-Fc:N297Q-Fc::50:50);

8 Mixture 4(HM-Fc:Man5-Fc::90:10);

9.Mixture S(HM-Fc:GlcNAc-Fc::90:10);

10.Mixture 6(HM-Fc:N297Q-Fc::90:10);

11.Mixture 7(HM-Fc:Man5-Fc:GlcNAc-Fc:N297Q-Fc::25:25:25:25)).
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Figure 3.3: Representative size exclusion chromatography (SEC) characterization of mixtures
IgG1-Fc glycoforms at 280nm and inset are the zoomed in plots. SEC analysis showed the
following results: HM-Fc control, Man5-Fc Control, GlcNAc-Fc Control, Mixture 1, Mixture 2,
Mixture 3, Mixture 4, Mixture 5, Mixture 6, Mixture 7 showed ~ 99.0 % monomer purity and
N297Q-Fc Control showed 97.9 % monomer purity. The monomer percent values are average

calculated from triplicate runs, and the standard deviation ranged from 0.0 to 0.1. See Table 3.1
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Figure 3.4: Representative characterization of the isoelectric pH (pI) of mixtures IgGl-Fc
glycoforms as measured by capillary isoelectric focusing (cIEF). cIEF analysis showed the
following results for the major species: All the controls and mixtures show pl of 7.2 in 20 mM
citrate phosphate, 150 mM NaCl buffer, at pH 6.0. The pl values are average values calculated
from triplicate runs, and the standard deviations are 0.0. See Figure 3.1 for composition of

mixtures.
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Figure 3.5: Absorbance spectra and Second derivative UV-visible absorption spectra.

A) Absorbance spectra and Second derivative UV-visible absorption spectra of triplicate runs of
the four IgG1-Fc glycoform controls and seven mixtures from 240-400nm B) A representative
2" derivative spectra showing ultraviolet absorption peak positions of the following three

aromatic amino acids: Phe, Tyr, Trp. See Figure 3.1 for composition of mixtures.
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Figure 3.6: Intrinsic (Trp) fluorescence spectra at 10°C of four IgGl-Fc controls (HM-Fc,

Man5-Fc, GlcNAc-Fc and N297Q-Fc) and seven mixtures at pH 4.5(red) and pH 6.0 (black).

The Amax values are also shown for each protein mixture at 10°C (pH 4.5 and pH 6.0). Each of the

samples were run in triplicate with the standard deviation (SD) of Amax values ranging from 0.2 to

0.6 nm. See Figure 3.1 for composition of mixtures.

133



Mixture 1 Mixture 2 Mixture 3 Mixture 4
30‘25 (HM:ManS:;SQ:SO) o (HM:GI‘cNA‘c::SO‘:50) s (HM:N,ZW,Q::SQ:SO)‘ o0 (‘HM:Man‘S::Q(‘)ﬂO)‘
£ £
%, 020 S o =3 5,
£ 015 E s E Ews
c c c =
] Ke] S o
;éo.lo B oo g g 0.10
< 005 € = T 005
5 °:d 005 g §
Soop . ol G ool . *§ Soool . . ¥y e Sooop L
O 05 10 15 20 5 0¥ 0 35 1w 5 2 5 ° 0 5 10 15 2 » 0 0 5 10 15 20 25 30
% PEG-10,000 % PEG-10,000 % PEG-10,000 % PEG-10,000
Mixture 5 Mixture 6 Mixture 7
025 (HM: GIcNAC::90:10) 025 (HM: N297Q::90:10) . 025(HM: Man5:GIcNAc:N297Q::25:25:25:25)
€
g 020 5020 B 020 4
£ k3 5 £
= 0.15 5 0. § 0.15 ® pH45
% 0.10 ‘é 0.10 © (.10
= = e ® pH6.0
g 0.05 g 0.05 8 005
c c c
8 0.00 ) ) ) ) 8 0.00 , ) ] ) - 8 0.00 ) ) ) ) :
0 5 10 15 20 25 30 05 0 B 0 B X 0 5 10 15 2 25 30
% PEG-10,000 % PEG-10,000 % PEG-10,000

Figure 3.7: Concentration of IgGl-Fc glycoform mixtures versus amount of PEG added to
solution at pH 4.5(red) and pH 6.0(black). The error bars denote standard deviation for n = 3

replicates at each % PEG concentration. See Figure 3.1 for composition of mixtures.
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Figure 3.8: Comparison of % PEG midpoint and apparent solubility (thermodynamic activity)
parameters of IgG1-Fc glycoform controls and mixtures by PEG precipitation assay at pH 4.5
(A, B, C) and pH 6.0 (D, E, F). A and D show concentration of IgG1-Fc glycoform controls
(HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc) versus amount of PEG added to solution at pH
4.5 and pH 6.0, respectively. B and E show the comparison of PEG midpoint (PEGmiqp) values
(w/v) at pH 4.5 and pH 6.0, respectively. C and F show the comparison of apparent activity
values at pH 4.5 and pH 6.0, respectively. Error bars indicate the standard deviation of three
replicates.* No calculated parameters for N297Q-Fc at pH 4.5 were possible due to the non-ideal

nature of the %PEG curve. See Figure 3.1 for composition of mixtures.

135



HMFc Control Man5Fc Control GlcNAcFc Control N297QFcFc Control
10000 10000 10000 10000
8000 8000 8000 8000
) o
3 6000 = 6000 £ so00 £ s000
[ ° 3 %
£ £ £ g
s 3 3 £
4000 O 4000 G 4000 S 4000
2000 2000 2000 2000
[} ] 0 0
20 30 40 50 60 70 8 90 20 30 40 S0 60 70 80 90 20 30 40 S50 60 70 8 90 30 40 S0 60 70 80 90
Temperature (°C) Temperature (°C) Temperature (°C) Temperature ("C)
10000 Mixture 1 10000 Mixture 2 10000 Mixture 3 10000! HMM|\;|Xture ; 10
(HM:Man5::50:50) (HM:GIcNAc::50:50) (HM:N297Q::50:50) (HM:Man5::90:10)
8000 8000 8000 8000
84 o
S 6000 < o000 £ e000 P s
E E (] S
s 3 £ £
O 4000 O 4000 8 4000 3 4000
2000 2000 2000 2000
0 0 0 0
20 30 40 S0 60 70 80 90 20 30 40 S0 60 70 8 90 20 30 40 50 60 70 80 80 20 30 40 S0 60 70 80 90
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)
10000 Mixture 5 10000 Mixture 6 10000 Mixture 7
(HM:GIcNAc::90:10) (HM:N297Q::90:10) (HM:Man5:GIcNAc:N297Q::25:25:25:25)
8000 8000 8000
© 6000 £ eoo0 O s000
= ° °
2 £ E
3 4000 § 4000 8§ 4000 e — pH 4.5
o
2000 2000 2000 S— pH 6.0
01 0 04
20 30 40 50 60 70 80 20 20 30 40 50 60 70 80 20 20 30 40 50 60 70 80 90
Temperature (°C) Temperature ('C) Temperature (°C)

Figure 3.9: Comparison of representative curve-fitted DSC thermograms of IgG1-Fc glycoform

controls and mixtures at pH 4.5 (red) and pH 6.0 (black). All samples were at 0.4 mg/mL. See

Figure 3.1 for composition of mixtures.
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Figure 3.10: Intrinsic fluorescence spectroscopy thermal melting curves of the 4 different
glycoform controls of IgG1-Fc and 7 mixtures across the pH 4.5 (red) and pH 6.0 (black). The
average peak positions of triplicate measurements are shown and the error bars representing the

standard deviations. See Figure 3.1 for composition of mixtures.
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Figure 3.11: Extrinsic Sypro Orange fluorescence thermal melting curves in the presence of
IgG1-Fc glycoform controls and mixture samples at pH 4.5 (red) and 6.0 (black). The average
peak intensities of triplicate measurements are shown and error bars represent the standard

deviations. See Figure 3.1 for composition of mixtures.
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Figure 3.12: Thermal stability by DSC, intrinsic tryptophan fluorescence and extrinsic Sypro

Orange fluorescence. A and B show bar chart representation of Tonset Values of four controls and

seven mixtures of IgG1-Fc glycoforms measured by DSC at pH 4.5 and pH 6.0, respectively. C
and D show bar chart representation of Ty, values of four controls and seven mixtures of IgG1-Fc
glycoforms measured by intrinsic fluorescence thermal melting curves at pH 4.5 and pH 6.0,
respectively. E and F show bar chart representation of T,, values of four controls and seven
mixtures of IgG1-Fc glycoforms measured by extrinsic SYPRO Orange fluorescence thermal
melting curves at pH 4.5 and pH 6.0, respectively. The error bars indicate the standard deviations

of three replicates and the average Tonsee and T, values are shown. See Figure 3.1 for
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Figure 3.13: Optical density (OD) at 350nm as a function of temperature of the 4 IgGl-Fc
glycoform controls (HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc) and seven mixtures of the
controls at pH 4.5 (red) and pH 6.0 (black). The average OD 350 nm values of triplicate

measurements are shown with error bars. See Figure 3.1 for composition of mixtures.
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Chapter 4 Correlating the Impact of Glycosylation on the Backbone
Flexibility of Well-Defined IgG1-Fc Glycoforms Using Hydrogen

Exchange-Mass Spectrometry (HX-MS)
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4.1 Introduction

Glycosylation is a widespread and complex post-translational modification occurring
naturally in human proteins as well as in therapeutic proteins that introduces structural
heterogeneity.'* Development and regulatory approvals of glycosylated monoclonal antibodies
(mAbs) as well as Fc-fusion proteins, antibody—drug conjugates (ADCs) and antibody fragments
have increased dramatically over the past three decades.”® The IgG1 subclass of antibodies,
which are the most abundant form found in human serum as well as the most popular subclass
for approved mAb therapeutics, show N-linked-glycosylation (glycan attached to the amide
group of asparagine) at Asn-297""'" located in a conserved amino acid sequence of Asn-X-
Ser/Thr (X: any AA except Pro) in the constant heavy chain of the Fc region.'' The Fc sequence
is highly conserved in subclasses of IgG (except a few amino acid residues)'’ and the
heterogeneous N-glycan structures are known to modulate different effector functions of IgG
antibodies like antibody-dependent cellular cytotoxicity (ADCC) and complement dependent
cytotoxicity (CDC) as well as antibody clearance by affecting FcyR, Clq and FcRn (observed

recently) binding, respectively.'®'*"

Naturally occurring N-glycans of IgG1 antibody in the
human serum are complex, biantennary (consists two arms: one a-1, 3 arm and one o-1, 6 arm)
type containing a common seven glycan core (4 N-acetyl glucosamine (GlcNAc), and 3 mannose
(Man))."*"> Glycan heterogeneity in antibodies exists depending upon the site occupancy
(symmetric or asymmetric) and type of glycans attached to the common core which governs the

16-18

binding to various receptors affecting the antibody biological functions. For example,

presence of terminal and bisecting GIcNAc and absence of Fuc(fucose) increased ADCC by
increasing receptor affinity, increasing terminal sialylation reduced ADCC, and presence of

19-21

Gal(galactosylation) promoted CDC by increasing interaction with Clq. Hence, it an active
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area of research to better understand mechanisms underlying these glycosylation effects so that

antibodies can be engineered to improve and obtain the desired therapeutic effects.'®'****

Therapeutic efficacy of IgG mAbs depends on their structural integrity and
conformational stability, local flexibility and biological functionality.***’ N-glycosylation at
Asn-297 of Cu2 domain is important for the structural integrity, flexibility, physicochemical

19,28-31 o
’ Hence, it is

stability, aggregation stability and PK/PD properties of therapeutic mAbs.
necessary to closely monitor the molecular heterogeneities like glycosylation and evaluate their
consequences on product quality, stability, and efficacy during development of mAbs products

243236 Recombinant therapeutic mAbs that require

and their corresponding biosimilar candidates.
N-glycosylation are produced in mammalian expression hosts (like CHO, SP20 and NSO cells)
that have the ability to produce human like glycosylation patterns.’’”® Additionally, attempts
have been made to achieve a high degree of control over glycan heterogeneity and achieving
glycan reproducibility by ensuring tight controls of the manufacturing protocols.” However,
heterogeneity still exists in mAbs produced in these expression systems that could affect the
product quality, for example, mAbs having unnatural glycans such as the presence of N-
glycolylneuraminic acid (NGNA) when expressed by mouse cell lines (instead of N-
acetylneuraminic acid, NANA), or presence of small amounts (ranging from 1%-20%) of high-

39-4

mannose (Man5-Man9) type of glycans.** For example, high mannose (HM) glycoforms of

IgG showed reduced serum half-life by binding to mannose receptor, increased ADCC and
reduced CDC activities as compared with complex fucosylated or hybrid glycan antibodies.'*™*
Hence, monitoring glycan content and heterogeneity is a critical product quality attribute during

therapeutic mAb production, when manufacturing changes (comparability) are made or during

biosimilar development,** since monitoring glycosylation effects on stability and biological
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activity of monoclonal antibodies will help to obtain the desired therapeutic outcome.'’**

Ensuring protein stability within a pharmaceutical dosage form, from manufacturing through
patient administration, is a critical aspect of therapeutic protein development, where
physicochemical degradation may lead to loss of potency, aggregation and
immunogenicity.*****" To improve long-term stability of glycoproteins during pharmaceutical
development, various glycoengineering strategies have become popular due to stability
increasing effects of glycans on proteins.** Also, monitoring the impact of glycosylation on
stability is critical during comparability and biosimilar development due to heterogeneous nature

24,50-52 .
’ Hence, it is

of glycosylation and their subtle effects on the physicochemical structure.
important to understand how glycosylation affects protein stability of antibodies, and in addition,

the inter-relationships between stability versus the desired biological activity need to be

established.

To this end, we generated a series of well defined, near homogenous IgG1-Fc glycoforms
with serially truncated glycan residues and analyzed them using the physical, chemical and
receptor binding assays as described previously (resulting in a series of four manuscripts which

28,29,31,53
w7222 For

appeared in the February 2016 issue of Journal of Pharmaceutical Sciences).
example, results showed that different IgG1-Fc glycans not only affect chemical degradation
differently (especially deamidation of Asn-315 and transformation of Trp-277 into glycine
hydroperoxide), but also can lead to different impurity profiles.”” Also, correlations of physical
stability with the size of glycans between HM, Man5, GlcNAc and N297Q IgG1-Fc glycoforms
was observed, where HM and Man5-Fcs had higher physical stabilities, apparent solubility

values and stronger receptor binding than the GlcNAc and non-glycosylated N297Q-Fc as

measured by various biophysical techniques, PEG solubility assay and FcyRIIIA binding assays,
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2831 These results showed a correlation of decreased length of glycan with decreased

respectively.
physical stability and binding. These large biophysical data sets of these samples generated at

various pH and temperature conditions were further utilized to develop an integrated

mathematical model for biosimilarity analysis.”

In this chapter, we measure the local flexibility of four well-defined glycoproteins by
pepsin digestion followed by hydrogen deuterium exchange mass spectrometry (HX-MS). HX-
MS provides information on in higher order structure (HOS) by monitoring the protein’s
backbone amide hydrogen exchange, which is an indicator of solvent exposure and hydrogen
bonding in the protein. Peptic peptides are analyzed by LC-MS to assess the deuteration level of
each peptide, so that localized differences in higher order structure is obtained at peptide level.
HX-MS has been used extensively to investigate subtle higher order structural changes and
dynamics in mAbs as a consequence of aggregation, reversible self-association, oxidation,

- . 25,54-61
excipients and mutation.”

However, only a few extensive HX studies have been carried to
study the effects of glycosylation on flexibility in different IgG1 and IgG2 antibodies, and
correlating the impact of a certain glycan to flexibility differences in the Fc were often limited by
glycan heterogeneities present in the sample, not considering the effects of exchangeable
hydrogens in glycans and the possibility of glycan effects on the intrinsic kinetics of HX >*°*>>%2
In this work, we correlate the local structural flexibility alterations, especially in the Cy2 domain,
with IgG1-Fc glycoform’s overall conformational stability, chemical stability and receptor

. . . . . 28,29,31,53
binding profiles a previously reported in our laboratories. “>""

4.2 Materials and Methods

4.2.1 Materials
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4.2.1.1 Preparation and initial characterization of IgG1-Fc glycoforms

The IgG1-Fc glycoforms (high-mannose-Fc (HM-Fc), Man5-Fc, GlcNAc-Fc and N297Q-
Fc) were prepared by expression of HM-Fc in glycosylation-deficient strain of Pichia pastoris
followed by in-vitro enzymatic digestion of HM-Fc by a-1, 2-mannosidase and endoglycosidase
H (Endo H) to obtain the truncated Man5-Fc and GIcNAc-Fc, respectively as discussed in
previous work.’' For the N297Q non-glycosylated IgG1-Fc, mutagenesis was used to remove the
N-linked glycosylation site as described before.”’ The proteins showed high purity, and no
significant proteolysis products, high molecular weight species (HMWS) and charge
heterogeneities were present after purification and enzyme truncation as described previously.’’
The HM-Fc was heterogeneous, with N-glycans containing 8 to 12 mannose residues (Man§-
Man12) at each N297 site, with the major glycan being the MangsGlcNAc; form as characterized
previously.” The truncated Man5-Fc, GlcNAc-Fc glycoforms and the non-glycosylated N297Q-
Fc were well-defined and highly homogenous.” With decreasing glycan size, the HM, Man5,
and GIcNAc glycoforms IgG1-Fc form a well-defined series of model glycoproteins. The non-

glycosylated N297Q-Fc mutant was used as a negative control in these studies.
4.2.1.2 Sample preparation for hydrogen exchange mass spectrometry (HX-MS)

For hydrogen exchange mass spectrometry studies, all four Fc glycoforms were dialyzed
at 4°C in a 20 mM citrate phosphate buffer with ionic strength adjusted to 0.15 by NaCl at pH
6.0. Dialysis was performed at 4°C and subsequently, the proteins were concentrated as
described elsewhere.”® The final adjusted protein stock concentration of 1 mg/mL was
determined by absorbance at 280 nm as measured by an Agilent 8453 UV-visible

spectrophotometer (Palo Alto, California). Components of all buffers including, sodium
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phosphate and sodium chloride were purchased from Sigma-Aldrich (St Louis, MO) while citric
acid anhydrous and citric acid monohydrate were purchased from Fisher Scientific all at the
highest purity grade. Liquid chromatography grade acetic acid and phosphoric acid, tris (2-
carboxyethyl) phosphine hydrochloride (TCEP), porcine pepsin, guanidine hydrochloride, and
deuterium oxide (99+%D) were purchased from Fluka/Sigma—Aldrich (St. Louis, Missouri).
Liquid chromatography—mass spectrometry (LC—MS)-grade formic acid (+99%) was purchased
from Thermo Scientific (Rockford, Illinois). LC-MS-grade water, acetonitrile, and isopropanol

were purchased from Fisher Scientific (Fair Lawn, New Jersey).
4.2.1.3 Deuterated labelling buffer preparation

Deuterium-based labelling buffer contained 0.15 M sodium chloride, and 20 mM citrate-
phosphate at pH 6.0 in 99.9 atom % D,0O. The pH of the buffer was then measured and adjusted
by adding 0.4 units to the pH meter reading which takes into account the correction for the
deuterium isotope effect when measuring pD with a pH meter.”> The same batch of buffer was
used for HX experiments for all the four IgG1-Fc glycoforms to avoid any variation in the buffer

properties.
4.2.2 Methods
4.2.2.1 Homology model

The The X-ray structure of the Fc from Thr108-Lys330 (PDB ID: 1HZH)* was used as the
template for the Fc homology models. The sequence identity was 100%, except for N297Q-Fc

which had N297 substituted by Q.

4.2.2.2 HX-MS

151



Hydrogen Hydrogen exchange was performed using an H/DX PAL robot (LEAP
Technologies, Carrboro, North Carolina) and MS measurements were conducted using a QTOF
mass spectrometer (Agilent 6530, Santa Clara, California) with Agilent 1260 Infinity LC
System. For HX, deuterium labelling of Fc glycoproteins was performed in triplicates as
published previously. Exchange reactions were quenched after incubation for 5 labeling times:
15, 10°s, 10°s, 10* s and 86400 s and the quenched samples were digested by an immobilized
pepsin column, prepared in-house as published before.”” As previously described elsewhere, a
standard LC-MS procedure for HX-MS®*®7 was used and the carry-over from the pepsin column
between samples was removed using a two-wash cocktail method.”® All HX-MS measurements
were made relative to HM-Fc, so this form was run in parallel in the same day with each of the

three glycoforms (Man5-Fc, GIcNAc-Fc and N297Q-Fc) to control for day-to-day variability.
4.2.2.3 Peptide mapping and glycopeptide identification

Prior to HX-MS analysis, combination of accurate mass measurements and collision
induced dissociation (CID) with tandem MS was used to identify a total of 51 peptides listed in
Supplementary Table 4.1. Identified peptides covered 100% of the primary sequence of the
heavy chain of the I[gG1-Fc glycoforms. Different fragmentation strategies were utilized by using
different collision energies for fragmentation of the glycopeptides to be able to confidently
confirm their identities. A preferred list of glycopeptides which had very low MS/MS scores and
no MS/MS data was made and the glycopeptides in the list were then subjected to fragmentation
by modifying the collision energy. The following collision energy equation by Agilent was used

to optimize the collision energy for fragmentation by changing the offset values.

Slopex™/,
100

Collision Energy = + Offset
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Glycopeptides tend to undergo glycan fragmentation during collision induced dissociation (CID)
and hence the energy of fragmentation needs to be optimized so that ideally, the glycans undergo
minimal fragmentation without hindering the peptide backbone (amide bond) fragmentation. It is
not possible to prevent glycan fragmentation in CID and thus oxoniuim ions that are
characteristic ions of their respective glycopeptides were utilized to confirm the identity of each

glycopeptides for the four IgG1-Fc glycoforms.*"

4.2.2.4 Deuteration controls

Deuterium recovery was estimated separately using highly deuterated peptides. The
deuteration controls of each peptide belonging to each glycoform (HM-Fc, Man5-Fc, GIcNAc-Fc
and N297Q-Fc) were prepared separately by first collecting peptic peptides following pepsin
column digestion. The peptides were subsequently dried on a vacuum concentrator and
reconstituted in H,O buffer, at pH 6.0. Afterwards, the peptides were deuterium labeled for 4 hr
and analyzed like standard samples. Based on the deuteration controls, the deuterium recovery
ranged between 30.74% and 80.84%. The deuterium contents in 3 glycopeptide (17, 18, and 19)

controls of all the 4 IgG1-Fc glycoforms are provided in the Supplementary Table 4.2.

4.2.2.5 HX-MS data analysis

Initial peptide LC-MS feature extraction and centroid calculations were carried out using
HDExaminer (Sierra Analytics, Modesto, CA). All MS results were individually inspected to
insure reliability. Retention time window adjustments were manually applied as needed.
Additional numerical and statistical analysis was carried out in Excel (Microsoft, Redmond,

WA). The extent of HX was quantified on a percentage basis after back-exchange correction:
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m—-m
%Dt= — 0

m_—m
0

x100% (1)

0

where m denotes peptide centroid mass and ¢ is the HX time. m, is the mean of the centroid value
from triplicate measurements, my is the theoretical centroid mass of the undeuterated peptide,

and m_ is mean of the centroids obtained from the deuteration control.

Differential exchange, AHX; values at each HX time, representing the difference in HX for each
peptide of IgG1-Fc glycoform (subscript g) relative to the same peptide in the HM-Fc (subscript

HM-Fc) is given by:

AHX, =%D,, %Dy, )

For mapping HX effects onto an Fc homology model, HX data from all time points for each
peptide were averaged into a single value, AHX, representing the average difference in HX

between Man5-Fc, GIcNAc-Fc and N297Q-Fc relative to HM-Fc:

n

Z %Dgyf; - %DHM’tf

AHX = £ 3)
n

where the index i covers the range of discrete HX times #;.. For overlapping peptides covering the
same residues, statistically significant differences, defined subsequently, took precedence over
insignificant results. There were no cases of significant differences of opposite sign, i.e., no cases
where both significantly faster and slower exchange were observed in overlapping peptides.

Standard error was propagated assuming random, uncorrelated error based on conventional error

analysis methods applied to equations (1), (2) and (3). Standard error, denoted here as &£, in

154



individual technical replicates was estimated based on the sample standard deviation of »

repeated measurements:

g=—— 4)

where s denotes the sample standard deviation i.e.,\/Z(x—)?)2 / (n—1). Significant differences

were identified using the criterion that the measured differential exchange was three-fold greater
than the propagated standard error (i.e.,|]AHX| > 3¢). More specifically, the propagated standard

errors in AHX, and AHX of all peptides except glycopeptides are:

2
1 m, , ~in
o = e +e2 4| L2 tMye | x100  (5)
t (n_/l _m) mrg My v —-m m
o 0 o 0
2
1 m —m,,.
€ =7 szﬁ +£,2ﬁ +| —~E———=xe¢_ | x100 (6)
n(mw—mo) ¢ mo\n mm—mo) -

The propagated standard errors in AHX and AHX of glycopeptides are:

) 5 2 2
€, €, i i
€ = [ _me ] +[ — ] + o xe | 4| ——xe_ w100 (7)
| n —m n —m _ M,y _ M, g
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2 5 2 2
1 & 8,71 n_1 n_’l
gAﬁ —— — My +| — M + g 5 Xeﬁ + %X‘g,ﬁ %100 (8)
—_— —_— —_— X 4 — oo HM
N Mg =11 M i =My (m . mo) (mm’HM - mo)

Where m_ is mean of the centroids obtained from the deuteration control for each glycopeptide

of each IgG1-Fc glycoform (subscript g) and the HM-Fc (subscript HM-Fc).

4.3 Results

4.3.1 Proximal effects of N-glycosylation on the Fc backbone flexibility
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The backbone flexibility of IgGl-Fc as a function of N-linked glycosylation was
analyzed by incubating four Fc constructs with well-defined glycosylation: High Mannose (HM),
Man5, GIcNAc and N297Q in D,O buffer containing 20 mM citrate-phosphate buffer and 0.15
M NaCl (pH 6.0) for varying periods of time. The labeled samples were subsequently quenched,
digested, and analyzed by LC-MS. A total of 51 IgG1-Fc peptides were reproducibly generated
by pepsin digestion, resulting in sequence coverage of 100% for the constant heavy chain of
IgG1-Fc of the four glycoforms. For convenience, the peptides are indexed sequentially from the
N-terminus (peptide 1) to C-terminus (peptide 51) as listed in Supplemental Table 4.1. Figure 4.1
shows the progression of HX, a readout of the Fc backbone flexibility, in three peptic peptides
17, 18 and 19 that span heavy chain (HC) residues 278-299, 278-300 and 282-300 respectively,
and include the C’E loop and glycosylation site. As seen in Figure 4.1, the rate of hydrogen
exchange in these three glycopeptides showed an inverse trend of faster HX with decreasing
glycan size: HX was fastest in non-glycosylated N297Q-Fc, intermediate in GlcNAc-Fc, and
slowest in Man5-Fc and Man8-Fc (HM-Fc). The Man5 form exchanged faster than Man§ in
glycopeptides 17 and 18, but similar exchange was observed between these forms in
glycopeptide 19. Although there are interesting trends in the glycopeptide data in Figure 4.1,
several factors make more direct and quantitative comparisons of HX rates between these three
glycopeptides problematic (see Discussion section).

The HX kinetics for three glycopeptide segments of the individual high mannose forms
(Man8-Manl12) are shown in Figure 4.2. The high mannose glycopeptides 17 and 18 cover
residues 278-299 and 278-300 similar to results shown for other glycoforms in Figure 4.1,
however an additional glycopeptide covering residues 278-306 was identified in the high

mannose glycoforms. Peptide 19 (HC residues 282-300) was not observed in the digestion of the
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high mannose Fc suggesting that differences in glycosylation might alter pepsin digestion
specificity. There are subtle, but statistically significant, differences in hydrogen exchange
kinetics observed in glycopeptide 17. In general, the Man8 form exchanges more slowly than the
Man5 (as seen in Figure 4.1) and Man9-Man12 glycoforms (as seen in Figure 4.2). The HX rate
trends in Man5 and HM glycopeptides 18, 19 and 278-306 (as seen in Figures 4.1 and 4.2) are
similar to peptide 17, but more subtle. The above results indicate that the degree of change in HX
depended on the degree of glycan size, suggesting that backbone flexibility near the
glycosylation site is minimized by glycans of intermediate length. This result suggests that
higher mannose forms might promote greater flexibility in the backbone in regions proximal to
the glycosylation site, but such conclusions based on these trends should be viewed as tentative,
given the many limitations in the more direct and quantitative analysis of the HX results on the

glycopeptides (see Discussion section).

4.3.2 Glycosylation has distal effects on Fc Backbone Flexibility

The hydrogen exchange kinetics for eight peptides representing regions distal from the
glycosylation site for each of the four IgG1-Fc glycoforms are shown in Figure 4.3. Peptide 2
(HC residues 225-240) covers the hinge and proximal Cy2 domain, peptide 4 (HC residues 235-
252), peptide 12 (HC residues 262-277), peptide 23 (HC residues 301-306) and peptide 24 (HC
residues 306-318) all cover the Cy2 domain, peptide 27 (HC residues 334-348) covers the Cy2
and Cyx3 domain interface, and peptide 34 (HC residues 359-367) and peptide 48 (HC residues
424-447) cover the Cy3 domain. The rates of HX in these regions give a qualitative readout of
the backbone dynamics. For example, peptide 23 (HC residues 301-306) and peptide 34 (HC
residues 359-367) in the Cy2 and Cyx3 domain respectively, exchange slowly, indicating that

these regions are rigid. In contrast, peptide 2 (HC residues 225-240), in the hinge region,
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exchanges rapidly, indicating that the protein backbone is dynamic in this region. The data in
Figure 4.3 also show that the HX rate is affected by the glycans. For example, the HX rate of
peptide 2 is much faster in the non-glycosylated N297Q-Fc compared to HM-Fc, Man5-Fc and
GlcNAc-Fc. This result indicates higher flexibility of the hinge and proximal Cy2 domain
regions in the deglycosylated Fc. Hydrogen exchange kinetics for HM and Man5-Fcs were
similar in the regions spanned by peptides 4 and 23 from the Cy2 domain. However, in peptide
12, exchange by Man5-Fc was slightly slower than HM-Fc (differences are apparent at 10* s and
86400 s) while in peptide 24 HX was faster (differences at 10 s, 10° s and 10° s) than HM-Fc. In
the Cy2 domain peptides 4,12,23,24, and 27, there is a trend from fastest HX in the
aglycosylated (N297Q) form, to intermediate HX by the GlcNAc-Fc to equal, slow HX by HM-
Fc and Man5-Fc. These results indicate that as the size of the glycan attached to N297 is
truncated from HM or Man5 down to GIcNAc or is completely removed (in N297Q-Fc), the
flexibility in these Cy2 domain regions increases. In contrast, the extent of glycosylation did not
have a substantial effect on Cy3 domain peptides 34 and 48, except that HX was slightly faster in
these regions for N297Q-Fc suggesting that complete removal of the glycan causes increased
flexibility of the Cy3 domain as well, distal from the glycosylation site in the quaternary Fc
structure.

4.3.3 Flexibility Differences in IgG1-Fc glycoforms (focusing on aggregation hot spots,

deamidation hot spots and glycopeptide C’E loop)

HX difference plots in Figure 4.4 show the effects of altered glycosylation in the IgG1-Fc
glycoforms (Man-5 Fc, GlcNAc-Fc and aglycosylated N297Q) relative to high mannose species
for all 51 peptides covering the IgG1-Fc at each individual HX time. The vertical axes are the

HX differences (AHX;, as defined by equation 2) between each Fc glycoform species and the
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HM-Fc glycoform, used as the baseline. For calculating differential HX in glycopeptides 17-19,
Man8 was used as the baseline, as it showed the slowest HX among the different HM form
glycopeptides (see Figure 4.2). The peptides are indexed from the N- to C-terminus and
represented on the horizontal axes. The locations of each peptide are provided in Supplemental
Table 4.1. A positive value indicates faster exchange by the glycoform than by high mannose
while a negative value indicates slower exchange. The dashed lines in Figure 4.4 indicate the
limits for statistical significance as calculated by equation 5. Overall, the HX difference or AHX,
values indicate that backbone flexibility increases in the order of Man5 < GlcNAc < N297Q, as
shown in Figure 4.4. All of the large significant changes were positive, meaning that the
backbone flexibility increased in Man5, GlcNAc and N297Q IgG1-Fc states compared to the
HM-Fc. However, there were also some small, but significant, decreases in HX, meaning that
some regions exchanged slightly more slowly relative to the baseline HM-Fc. These small
decreases in HX were in peptides 12 (HC residues: 262-277), 13 (HC residues: 263-277) and 14
(HC residues: 264-277) of Man5-Fc, in the Cy2 domain, peptides 36 (HC residues: 368-380), 38
(HC residues: 369-379), 41 (HC residues: 377-390) and 46 (HC residues: 405-423) of Man5-Fc,
in the Cy3 domain, and peptides 36 and 46 in the Cy3 domain of GlcNAc-Fc.

Several regions of interest in the Cy2 domain (see Discussion section) are denoted in
Figure 4.4: two aggregation hot spots (as determined by correlation to aggregation propensity

25,60
k >

shown in previous wor ), a deamidation prone NG site at Asn-315 (shown previously™), and

the glycopeptide containing C’E loop (the C’E site is essential for the Fc receptor binding, also

717%) " Changing the glycan from HM to either GIcNAc or aglycosylated

shown in previous work
caused substantial increases in the rate of HX in both aggregation hotspots and in the

deamidation hotspot (see Figure 4.4). In contrast, changing to Man5 did not significantly alter
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HX in these regions. Overall, Figure 4.4 shows that decreasing glycan size results in faster HX.

For each of the peptides spanning the regions of interest denoted in in Figure 4.4, the HX
difference plots, relative to the high mannose control, show that Man5-Fc exchanges more
slowly than either GlcNAc-Fc or N297Q-Fc. HX is generally faster in GIcNAc-Fc and fastest in
N297Q-Fc. Decreasing the glycan size from HM to GlcNAc or removal of the glycan (N297Q-
Fc) caused significant increases in backbone flexibility in the peptides covering the aggregation
hot spot regions. The effects of glycan removal were stronger (i.e., greater increases in HX rate)
than simply decreasing the glycan to GlcNAc (see the annotated regions in Figure 4.4). Less
obvious, but still statistically significant increases in HX occurred in some of these regions when
the glycan was decreased from HM to Man5. For example, peptide 8 spanning the aggregation
hot spot region #1 of Man5-Fc showed a significant increase in flexibility at 10* s.

The Fc contains a deamidation hotspot, NG, at 315-316, which is covered by peptides 24
and 25. Decreasing the glycan from HM to GIcNAc or removal of the glycan caused
significantly faster HX exchange in the region of the deamidation hotspot, most evident at 10* s.
HX by Man5-Fc also was significantly faster in this region than HM-Fc, but the degree of
increase was smaller than GIcNAc and N297QFc.

Several glycopeptides, 17-19, cover the C’E loop region. Here, the high mannose form is
heterogeneous, Man8-Man12. Man8 was selected as the baseline to represent HX by the HM-Fc
in this region. Here, all the Man5, GIcNAc, and N297Q glycoforms exchanged faster than the
Man8 glycoform except for glycopeptide 19 where there was no significant difference between
HX by Man5 and Man8. This effect extends into another region, peptide 16 (HC residues 278-
293), that begins on the N-terminal side of the C’E loop. There are other regions, such as the

Cu2/Cy3 interface and some regions in the Cy3 domain that also become more flexible when the
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glycan is shortened or removed. These trends must be viewed with caution, however, because of
potential artifacts arising in the HX kinetics of glycopeptides.” We will return to this point in the
Discussion.

4.3.4 Homology Mapping of Flexibility Differences in IgG1-Fc glycoforms

Figure 4.5 shows the difference plots of HX effects as a function of glycosylation, using
the average HX difference across all time points compared to the high mannose Fc control and
also displays the results as mapped onto a homology model of the IgG1-Fc. Additionally, regions
of interest are mapped on to a homology model as seen in Figure 4.5, panel A. The vertical axis
in Figure 4.5, panel B shows the average HX difference (AHX, as defined by equation 3) across
all HX time points for all 51 peptides between each IgGl-Fc glycoform versus the HM-Fc
baseline. In this representation, the changes in backbone flexibility (increases or decreases)
presented in Figure 4.4 are averaged over all the five HX time points. The significant differences
in AHX were mapped onto the homology model (Figure 4.5, panel C). For overlapping peptides
with conflicting results, significant changes were given priority (see Materials and Methods for
more details). Regions with strongly increased HX (AHX > 5%) and weakly increased HX (AHX
< 5%) as compared to HM-Fc were mapped in dark blue and cyan colors on the homology
model, respectively. While, regions with decreased HX as compared to HM-Fc are colored pink,
regions with no significant difference in HX with respect to HM-Fc are colored gray and the
glycans are colored green. There were significant differences in the glycopeptides (17-18) and a
trend that correlated with the size of N-glycan attached. However, as already noted, direct and
quantitative comparison of glycopeptides is complicated (see Discussion section). In general,
there was an overall increase in HX rate in the Fc molecules as the glycans were truncated from

high mannose to aglycosylated. As the relative HX effects are averaged over all the five time
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points, the weak Man5-Fc effects are more obvious than in Figure 4.4, especially for the
aggregation and deamidation hot spot regions. In peptide 8, covering aggregation hot spot #1,
there was a significant increase in HX by Man5-Fc, but no significant increases in HX in
peptides 20-23, spanning aggregation hot spot # 2. In the deamidation hotspot, spanned by
peptides 24 and 25, there was a significant increase in flexibility as compared to HM-Fc not
apparent in the individual time points shown in Figure 4.4. The Cy2 and Cy3 domain peptides
that exchanged more slowly than HM-Fc, as noted for 10* s of labeling in Man5-Fc and GlcNAc-
Fc in Figure 4.4, were not significantly different when averaged over all HX times in Figure
4.5B, except for one peptide number 12 in Man5-Fc, which showed significant decrease in
backbone flexibility as compared to HM-Fc (shown in pink region in the homology map in
Figure 4.5C). The degree of increase in AHX values as well as the number of peptides with
significant increases in flexibility increased with truncation of glycans from Man5 to GlcNAc
and N297Q (as compared to the high mannose IgG1-Fc control). As seen in Figure 4.5 panel C, a
few peptides in Cy2 and Cy3 domains showed significant increase in AHX values and flexibility
of Man5-Fc as compared to HM-Fc. The degree of increase was weak (AHX < 5%). One region
also showed decrease in AHX values and flexibility as compared to HM-Fc. In GIcNAc-Fe, all
the peptides in the Cy2 domain and a few peptides in the Cy3 domain showed significant
increase in AHX and flexibility as compared to the HM-Fc. While majority of these peptides
showed a weak degree of increase, a few peptides in the Cz2 domain showed strong degree (AHX
> 5%) of increase in HX which was not observed in the Man5-Fc. The largest increase in AHX
values and flexibility were seen upon de-glycosylation where essentially the entire IgG1-Fc

became more flexible. In general, largest AHX values and strongest increase (AHX > 5%) in
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flexibility were observed in all the peptides of Cy2 domains and few peptides in the Cy3

domains of N297Q-Fc as compared to HM-Fc.
4.4 Discussion

The goal of this work was to examine the effect of glycan size on the local flexibility of
four well-defined IgG1-Fc glycoforms in order to correlate these results with known chemical
stability, conformational stability, aggregation propensity and FcyRIIla receptor binding studies

that were published recently as a series of papers.”*"~"!

The hydrogen exchange results in this
work revealed a trend of increasing backbone flexibility with decreasing N-glycan size (relative
to high mannose) in the I[gG1-Fc molecules. Decreasing the glycan size to Man5 caused smallest
increase in backbone flexibility (mostly in the Cy2 domain and Cy2/Cy3 interface) relative to
HM-Fc. Further decreasing the glycan to a single GlcNAc at both Asn-297 sites caused more
widespread and larger increases in backbone flexibility. Finally, removal of the glycan (N297Q-
Fc) caused the largest increase in backbone flexibility across the entire IgG1-Fc molecule. The
differences in flexibility were more prominent in the Cy2 domain; however, flexibility
differences in some regions of the Cy3 domains were also observed among these four
glycoforms.

The overall physical stability, chemical stability and receptor binding profiles of the four
IgG1-Fc glycoforms were studied previously, and showed a correlation with oligosaccharide
structure: HM-Fc and Man5-Fc displayed the highest relative physical stability, followed by
GIcNAc-Fc, with N297Q-Fc being the least stable.”® Also, apparent solubility values
(thermodynamic activity) measured by PEG precipitation assay, of these IgG1-Fc glycoforms

decreased as the glycans were sequentially truncated from HM to non-glycosylated N297Q.*

Under thermal stress, the aggregation propensity of GlcNAc-Fc and N297Q-Fc was greater than
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the aggregation propensity of the HM-Fc and Man5-Fc, as measured by a turbidity assay.*®
Additionally, HM-Fc and Man5-Fc both had similar high affinities for FcyRIIla, GlcNAc-Fc had
relatively low affinity, and the non-glycosylated N297Q-Fc had no measurable affinity for
FcyRIIIa.?' Similarly, HM-Fc and Man5-Fc showed higher susceptibility for Trp-277 oxidation
and lower susceptibility towards Asn-315 deamidation than GIlcNAc and non-glycosylated
N297Q IgG1-Fc.”’ It is important to see the overall flexibility results of the various IgG1-Fc
glycoforms in the light of conformational stability, aggregation propensity and receptor binding
of mAbs in general, as these comparisons should ultimately provide insight into their
pharmaceutical development as discussed below.

4.4.1 Correlation of previous aggregation propensity results of IgG1-Fc glycoforms with

HX Results

Aggregation is a complex, multi-step process involving both local hot spots (areas of
local structural alterations and/or enhanced flexibility) and global factors including overall
conformational and colloidal stability.”* Hydrophobic, aggregation-prone sites in IgG antibodies
have been identified in both the variable and constant regions of IgG molecules by in silico
analysis.”” HX-MS studies have identified a particular segment near the Phe-243 in HC residues
241-252, FLFPPKPKDTLM (peptides 3-8 in this study) in Cy2 domain of the Fc that became
more flexible in response to a variety of stresses including destabilizing additives (thiocyanate
and arginine), anti-microbial agents, methionine oxidation, deglycosylation and point mutations

in Cy2.7"*¥%60667¢ previously, two separate studies from our lab identified this region as the

aggregation hotspot (referred to as aggregation hotspot # 1 in this study, see Figure 4.4).>>%

Additionally, we observed changes in backbone flexibility in another region across the four

IgG1-Fc glycoforms, which included HC residues Y300-L306 (peptides 20-23) of the Cy2
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domain. This result was consistent to previously seen increases in flexibility of this region of an
IgG1 mAbD in presence of thiocyanate >. This particular region exchanges quite slowly, so that
differences only become apparent after long HX times, as seen in our study and in the previous
study.” Increases in backbone flexibility in residues V273-L306 upon substitution of complex
glycans with high-mannose glycans in an IgG2 antibody have been reported recently by HX-
MS.*? In this region (Y300-L306), the N297Q mutation caused greatest increase in flexibility,
the GIcNAc-Fc form caused intermediate increase, while Man5-Fc did not cause a significant
change compared to HM-Fc. Here, we denote this second region as aggregation hot spot # 2
(peptides 20-23, see Figure 4.4). The extent of change in the backbone flexibility (of these two
aggregation hot spots in the Cy2 domain), conformational instability (studied in Chapter 2), and
increased aggregation propensity (studied in Chapter 2) of IgG1-Fc glycoforms correlate well
with decreased size of N-linked glycan.”® As seen in Chapter 2, we have found that under
thermal stress, both the non-glycosylated N297Q-Fc and GlcNAc-Fc both aggregated at the same
onset temperature at pH 6.0 in 150 mM NaCl formulation, but the extent of N297Q-Fc
aggregation was more extensive as seen the OD 350 values. However, GIcNAc-Fc was more
aggregation prone in another formulation that contained 10% sucrose instead of NaCL.*® In this
same assay, HM-Fc and Man5-Fc showed no aggregation under any of the experimental
conditions tested (see Chapter 2).* Two phenylalanine residues in this region (Phe-241 and Phe-
243) pack against the glycans in the crystal structure,” and these interactions would expected to
be absent in the GIcNAc and non-glycosylated Cy2. Although comparisons between HX kinetics
at the glycan site itself are qualitative in nature (See Figures 4.1 and 4.2, and discussion below),

the trend of increase in HX rate shown in Figure 4.1 upon removal of first GIcNAc glycan (in the
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core) at the Asn-297 underscores the importance of this core residue in stabilization of the IgG
backbone, presumably through side chain-glycan interactions.
4.4.2 Correlation of previous Asn-315 deamidation and Trp-277 oxidation of IgG1-Fc

glycoforms results with HX results

It was previously observed that the deamidation of Asn-315 of HM-Fc, Man5-Fc,
GlcNAc-Fc and N297Q-Fc during a 3-month accelerated stability study at 40°C was dependent
on the size of N-glycans.” It was observed that the rate and extent of deamidation of Asn-315
was faster for GIcNAc-Fc and N297Q-Fc than HM-Fc and Man5-Fc, indicating that trimming or
removal of the N-glycan promotes deamidation of Asn-315.>" A direct correlation between the
rate of Asn-315 deamidation and the local flexibility of peptides (24 and 25) containing the Asn-
315 was observed with the four IgG1-Fc glycoforms. We saw that backbone flexibility of the
Cu2 domain in peptides 24 and 25 (containing Asn-315) significantly increased as the size of
glycan was truncated from HM-Fc, to Man5-Fc, GlcNAc-Fc and non-glycosylated N297Q-Fc
(see Figure 4.3 for uptake plot of peptide 24, and Figures 4.4 and 4.5 for difference plots of
peptides 24 and 25). Previous studies have reported deamidation of Asn-315 in IgG mAbs, both
in vivo and in vitro, and attributed this result to changes in flexibility near Asn-315 region.'®’"™
We are also examining this intriguing correlation by HX-MS in greater detail elsewhere.” The

role of N-glycan size in governing the rate of Asn-315 deamidation by affecting the flexibility in

this region has not been reported before to best of our knowledge with IgG1-Fc molecules.

Additionally, an accelerated stability study of the above four IgG1-Fc glycoforms at 40°C
for 4 weeks showed a different correlation of glycosylation with the rate of degradation of Trp-
277 to glycine hydroperoxide (Gly-277).” The HM-Fc and Man5-Fc showed higher rate of

conversion of Trp-277 into glycine hydroperoxide than GlcNAc-Fc and non-glycosylated
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N297Q-Fc, indicating that the decrease in size of N-glycan decreases the degradation of Trp-
277.% In this HX study, we observed that peptide 12 (HC 262-277) containing Trp-277 in the
Cu2 domain showed highest flexibility in N297Q-Fc (see Figure 4.3), intermediate flexibility in
GlcNAc-Fc, and least flexibility in HM-Fc and Man5-Fc. In fact, Man5-Fc showed slightly
lower flexibility in this peptide than HM-Fc at 10%s and 10°s (see in Figure 4.4 and as seen in the
homology model in Figure 4.5). Other overlapping peptides containing Trp-277 (peptides 13, 14
and 15) showed similar overall trends in flexibility with the size of glycans as seen in peptide 12,
but were subtle and non-significant for Man-Fc (as seen in Figure 4.5). Our results indicate that
as the glycans were sequentially truncated, the flexibility in peptide 12 increased significantly.
Thus, there appears to be an inverse correlation of local flexibility, and a direct correlation to
glycan size, for increasing Trp-277 degradation in this IgG1-Fc.”” In contrast to Asn-315
deamidation results described above, this result indicates that Trp-277 oxidation rates do not
correlate with local backbone flexibility of this residue within the backbone structure of the

IgG1-Fc glycoforms.

4.4.3 Correlation of previous Fc receptor binding with IgG1-Fc glycoforms with HX

Results

A number of studies report the effects of carbohydrate composition on binding affinity of
mAbs with various Fcy receptors.** FeyRIIla receptor is the primary target for most therapeutic

mAbs requiring ADCC action and is the most studied interaction.'”™*

X-ray crystallography and
Fc engineering have identified different regions of IgG1-Fc that are essential for interactions
with FcyRIIla receptors which are the lower hinge (HC residues L235-S239), the BC segment
(HC residues D265-269E), the C'E segment (residues Q295 and Y296), and the FG segment (HC

residues A327-1332).>* The Cy2 domain orientation of the Fc region is also an important
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component of mAb binding affinity to FcyRIIla. An “open” IgG-Fc structure is the most favored
conformation for interaction with FcyRIlIa, as seen in the IgG-Fc—FcyRIlla complex. FcyRIlIa is
sensitive to the type of glycosylation present on the Fc region of antibodies; such as removing
core fucose increased the affinity of Fc for receptor binding but still maintain an open
conformation while truncation of or removal of other core oligosaccharides resulted in a “closed”

71,86

conformation (collapse) that was unfavorable for binding. In addition to the conformation of

the Cy2 domain, previous studies have identified an important role for C’E loop dynamics and

glycan motions in receptor binding,***"

In our previous Fc receptor binding studies with these
four well-defined IgG1-Fc glycoforms, it was observed that HM-Fc and Man5-Fc had highest
affinities for FcyRIIla, GlcNAc-Fc showed lower affinity, while N297Q-Fc did not show any

binding to the receptor by two different binding formats as measured by BLI.*!

In this work, we saw a correlation of HX in peptides 17-19 (which include C’E loop, and
residues Q295 and Y296), peptides 3-4 (containing residues 1[.235-S239), peptides 12-15
(containing residues D265-269E) and peptides 26-27 (containing residues A327-1332) with the
size of glycans. We observed that HM-Fc and Man5-Fc show similar HX trends overall, but
ManS5-Fc showed relatively faster HX as compared to HM-Fc in C’E loop peptides 17 and 18
(see Figure 4.1) and peptides 26-27 which were shown to be significant (see Figures 4.4 and 4.5).
GlcNAc-Fc showed intermediate rise in HX, while the N297Q-Fc showed the fastest HX as
compared to HM-Fc in all the peptides. Additionally, we saw significant increase in HX over all
glycoforms in peptide 16 (residues: Y278-E293) which lies just before the C’E loop which could
be important for FcyRIIla binding, as reported by a HX-MS study on fucose depleted complex
glycoforms in presence of FcyRIlla (residues 279-301).> We observed that as the glycans were

truncated from Man5 to the core GIcNAc and finally removal of all glycans (N297Q-Fc),
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sequential increase in HX was observed in these peptides as compared to HM-Fc (See Figures
4.4 and 4.5). Additionally, residues F241-K246 (aggregation hot spot #1 in our study) were
found important for modulation of glycan motions as studied by NMR,* and impacted the
FcyRIlla binding affinity of Fc fragment. Similarly, we see increased HX in peptides 5-8
(containing residues 241-246) with decreases in the size of N-glycan in the series of four well-

defined glycoforms of IgG1-Fc.

In other studies, Man5-Fc and Man8/9-Fc showed enhanced affinity for FcyRIlla as
compared to the complex GOF glycoforms of an IgG;" however, another study showed higher
rate of HX in the C’E loop glycopeptide (Y278-L306) of Man5 IgG1 than GOF IgG1 and 1gG2.*
These results indicate the importance and involvement of regions other than the C’E loop for
receptor binding.** Additionally, GIcNAc-Fc showed intermediate binding to FcyRIIla in our
previous studies, even though it does not provide enough backbone interactions to maintain the
open structure of the Cy2 domains (that is favorable to receptor binding) and also showed an
overall increase in flexibility across the entire Cy2 domain by HX-MS. This result again is
consistent with the notion that importance of the first core GIcNAc in sampling conformations
that are essential for the binding of Fc to these receptors, which are absent in non-glycosylated
Fcs. Overall, these results point out towards complex correlations between IgG-Fc
conformational integrity, local flexibility and strength of interaction with the FcyRIIla receptors
that are modulated by the oligosaccharide size for N-glycosylation. Future work in better
understanding the mechanism of the receptor binding by N-glycan modulation in the context of
local flexibility measurements of well-defined IgG glycoforms will provide opportunities for

improved IgG therapeutics.

4.4.4 Effects of different glycoforms on local flexibility of mAbs by HDX
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Backbone flexibility observations within HM, Man5, GIcNAc and non-glycosylated
IgG1-Fc glycoforms reported in our work show differences in similar regions of Fc as described
previously in studies on complex and deglycosylated glycoforms of mAbs.*****>%* Although
direct, quantitative comparisons across these HX studies are impeded by slight differences in
peptide coverage, glycan heterogeneities, labelling conditions and data representation methods,
qualitative comparisons of backbone flexibility trends in different glycoforms of mAbs can be
drawn. We note that the deuterium uptake curves in this work show a trend with glycan size,
particularly near the Phe-243 region (peptides 3-8) and at the glycopeptide region Y278-Y300
(peptides 16-19), similar to several other HX-MS studies on IgG mAbs.****>* Additionally, we
see other regions that show differences in HX such as residues 300-306 (peptides 20, 21, 22, 23),
Cu2-Cy3 interface (peptides 24-27) and the Cy3 domain (limited in Man5-Fc, widespread in
GlcNAc and N297Q-Fcs) in our studies with IgG-Fc molecules, locations which was believed to
be unaffected by N-glycosylation and was not seen previously in HX studies of mAbs.***>> The
Phe-243 region is notable because the side chains in this region of the Fc make contact with the
glycan in X-ray crystal structures.** The flexibility trends in terms of increased or decreased
protection are dependent on the presence of N-glycan (deglycosylated vs. glycosylated) and type
and size of N-linked glycan (complex, hybrid and high mannose).

A previous study comparing HX of glycosylated (mostly GOF) and deglycosylated IgG1
antibodies found increased flexibility in residues 1.236-253M containing the Phe-243 upon
deglycosylation®* which is similar to our observations in this work with these corresponding
amino acid residues (in our case residues L235-M252 and peptides 2-8) in N297Q-Fc compared
to HM-Fc (Man8-Man12). Similarly, another HX-MS study of IgG2 molecules containing HM

(mostly Man9) and hybrid glycans (AIGIM4F and A1GIMS5F) found greater backbone
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flexibility in the Cy2 domain, especially near the Phe-243 residue, as compared to the shorter
complex glycans (mostly A2GOF).”* The difference in increased backbone flexibility in the
Man9 glycoform at the Phe-243 residue was attributed to the possibility of removal of contacts
between complex glycans and Fc residues that were absent in HM.>* Finally, an additional HX-
MS study showed that differential galactosylation affected backbone motion in an IgGl in
residues F242-1254 (containing the Phe-243). Hypergalactosylation (G2) caused slower HX
compared to non-galactosylated (GO) or partially-galactosylated (G1). These differences were
attributed to a hydrogen bond between galactose and Lys-246. The presence of fucose (GOF,
GI1F, G2F vs GO, G1, G2) however, did not alter HX in this region.55 For the four IgG1-Fc
glycoforms studied in the present work, there were no significant backbone flexibility
differences between HM-Fc and Man5-Fc. This result indicates that the Man5 structure is
essential for the relatively lower backbone flexibility of these IgG1-Fc glycoforms (Man5 and
HM), and upon truncation of the glycan size in the other two IgG1-Fc (in GIcNAc and N297Q),
the flexibility of this region increases further, likely due to the loss of stabilizing interactions
between the glycan and the polypeptide backbone.

Differences in flexibility were observed at the glycopeptides Y278-L.306 and Y278-F300
in IgG1 and IgG2 mAbs respectively, where HX was faster in high-mannose (Man9, Man5-7)
and hybrid glycopeptides than in complex glycopeptides (mostly A2GOF) suggesting similar
backbone flexibility patterns between these two different subclasses of IgG.>* In our studies,
sequential glycan truncation caused an increase in backbone flexibility at or near the site of
glycosylation, where truncation from HM (mostly Man8) to Man5 appears to cause a slight
increase, GIcNAc-Fc caused an intermediate increase while N297Q-Fc caused the greatest

increase (although HX artifacts in glycopeptides cannot be completely discounted as discussed
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subsequently). However, in a previous study by Houde et al, glycopeptide residues P292-T308
showed significant decrease in backbone flexibility upon deglycosylation.* A couple of
observations for this contrast effect in the glycopeptide region could be due to the different
deglycosylation approaches utilized or different techniques utilized for studying the structure and
flexibility. The previous HX study used PNGase-F treatment for deglycosylation of a fully
glycosylated antibody™*, while, we have utilized a non-glycosylated IgG1-Fc mutant where Asn-
297 was replaced by GIn. The increased protection of the glycopeptide in the PNGase-F treated
mADb is consistent with the observed collapse and increased compactness of Cy2 domains upon

glycan truncation and deglycosylation as seen before.”"”

However, discrepancy exists in the
case where an aglycosylated Fc (expressed in E. coli) showed increased radius of gyration in
solution by SAXS.” Secondly, crystal structure studies have shown that even though Cpy2
domain distances were reduced or increased in aglycosylated Fcs, the C’E loop becomes
flexible”""**! which is inconsistent with the observed decrease in flexibility in the glycopeptide
region in the HX study by Houde et al. Our results support the observed increases in C’E loop
flexibility upon glycan truncation (in Man5-Fc and GIcNAc-Fc) and non-glycosylated N297Q-
Fe.

Another interesting observation in our study is that within the high mannose glycoforms
of the IgGl-Fc, the Man8 glycopeptide appeared to be relatively the most rigid and that
backbone flexibility increased as the mannose content increased sequentially to Manl2 (see
Figure 4.2). It was observed previously that sialylated glycoforms of IgG1l and IgG2 showed
similar enzymatic degradation susceptibility as HM glycoforms and this was related to the

weakening of interactions between glycans and Cy2 domains due to steric effects of bulky

sialylated groups.® Thus, faster HX upon increasing the glycan size from Man8 to Manl2
y group p g gly
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observed in this work with IgG1-Fc might be due to steric effects caused by the sequential
addition of bulky mannose units. The Man9 crystal structure also showed increased inter Cy2
domain distance, attributed to the need to accommodate a large, multiply branched glycan in the
Cu2 pocket.” Interestingly, we observed that when Man8 was truncated to Man5, flexibility in
the glycopeptide C’E loop appeared to be slightly increased (but was still less than Man12) for
these IgG1-Fc molecules. However in another study, differences in the glycopeptide region
(Y278-F300) between Man5-Man7 and Man9 of both full length IgG1l and IgG2 were not
seen.”

In HX, glycoform enrichment is not necessary when comparing HX effects in the
glycopeptides. However, there are a few limitations in direct comparisons of glycopeptides,
which need to be addressed. First, Guttman and co-workers showed that the acetamido groups of
the glycan moiety can retain some deuterium after quenching, digestion, and LC separation.”
Thus, direct comparisons between peptides with different numbers of acetamido groups cannot
be made unless the measured HX kinetics are adjusted to account for this excess deuteration. In
cases where glycopeptides have the same number of acetamido groups, this particular factor is
not a limiting issue. Second, it is unknown whether glycosylation has an effect on chemical
exchange at amide sites near the glycan. Acetamido groups include the two core N-acetyl
glucosamine sugars and the modified asparagine/glutamine side chain hydrogens. In another
study, it was observed that complex, high mannose and hybrid glycans of IgGl and IgG2
retained excess deuterium in the glycopeptides that was proportional to the amount of acetamido
groups. In our study, the HM-Fc (Man8-Man12) and Man5-Fc all have three acetamido groups:
two GIlcNAcs and one modified Asn side chain. GIcNAc-Fc has two acetamido groups: one

GlcNAc and one modified Asn side chain. The non-glycosylated N297Q-Fc has no glycans. In
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principle, the observed HX could be adjusted for HX in the glycan acetamido groups. This trend
is apparent in the roughly 0.4 Da mass increase as seen in Supplemental Table 4.2 as the number
of glycan acetamido groups increases from zero to two to three. However, if there are differences
in back-exchange between peptides with different glycoforms, the comparisons become
problematic. A final complication is that the HM IgG1-Fc is a distribution of 8 to 12 mannose
residues at the glycosylation site on each chain. The majority of heavy chains carry the Man8
glycan, as characterized in a previous study.’' Our ability to interpret hydrogen exchange results
in the case of the high mannose glycoforms is more limited because of the heterogeneity of
glycosylation on the adjacent chain. Effectively, the observed HX kinetics for any high mannose
glycopeptide is averaged across all high mannose forms (Man8-Man12) on the other half of the
Fe.

Finally, in all of the previous studies as well as our work, HX differences in specific
regions of the Cy2 domains were observed as a consequence of different glycosylation, however
in our studies with IgG1-Fc, we also observed additional differences in the Cy2-Cy3 interface
(residues 306-348, peptides 24-27) and in the Cy3 domains that were not previously reported
with mAbs. Again, there was a trend where the backbone flexibility of Man5-Fc was greater than
HM-Fc near the Cy2-Cy3 domain interface. On the other hand, decreasing the glycan to
GlcNAc-Fc and removal of the glycan with N297Q-Fc increased the backbone flexibility in this
region to a much greater degree than the effect observed with Man5-Fc. Increase in flexibility in
the Cy2-Cy3 interface (especially at L317 and N318) was also observed recently in a
deglycosylated Herceptin which supports destabilization and increased flexibility of Fc by
increased Cy2-Cy3 interface breathing motions upon deglycosylation.”” Another region where

we observed the highest increase in backbone flexibility upon deglycosylation of the IgG1-Fc
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were residues 300-306 (peptides 20-23). Changes in this region were not reported in other HX-
MS measurements of other non-glycosylated mAbs,”*** but upon environmental stress, this

region might be one of the aggregation hots spots in mAbs (see above).
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Figure 4.1: Trends in the HX kinetics of 3 different peptides containing the N-linked Asn297
glycosylation site located in the four different well-defined IgG1-Fc glycoforms. The extent of
HX has been corrected for back-exchange using deuteration controls as defined by equation (1).

Error bars represent sample standard deviation from three independent HX measurements.
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Figure 4.2: Trends in the HX kinetics of 3 different peptides containing different high mannose
oligosaccharide structures at the N-linked Asn297 glycosylation site in the high mannose 1gG1-
Fc glycoform. The extent of HX has been corrected for back-exchange using deuteration controls
as defined by equation (1). Error bars represent sample standard deviation from three

independent HX measurements.
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Figure 4.3: Differences in the HX kinetics of 8 representative peptides found in the four well-
defined IgGl-Fc glycoforms in different regions distal from the N-linked Asn297 glycan
attachment site. The extent of HX has been corrected for back-exchange using deuteration
controls as defined by equation (1). Error bars represent sample standard deviation from three

independent HX measurements.
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Figure 4.4: Differential deuterium uptake of 51 peptides at five HX times Differential HX in 51
peptides of three different IgG1-Fc glycoforms compared to the high mannose IgG1-Fc control.
AHX in Man5-IgG1-Fc (blue), GlcNAc-IgG1-Fc (green), and N297Q-IgG1-Fc (red) relative to
HM-IgG1-Fc at pH 6.0 calculated as defined by equation (2) is shown. For the HM-IgG1-Fc
glycopeptides (peptide # 17, 18 and 19) data are shown for the most abundant form, Man8. The
peptides are indexed from N- to C-terminus. The corresponding locations and sequences are
listed in the supporting information in Supplementary Table 4.1. The yellow region denotes the

Cyx2 domain; the grey region denotes the Cy3 domain. One peptide, 27, spanning both the
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domains, is shown in Cy2 domain. Each bar represents an average of three independent HX
measurements. The dashed lines define the limit of statistical significance as described in the
Methods section. The regions of interest to correlate with previously published stability and
receptor binding data are as follows: Glycopeptide (peptides 17-19 at 10 s), Aggregation hot
spot #1 (peptides 3-8, at 10° s), Aggregation hot spot #2 (peptides 20-23, at 10° s) and
Deamidation hot spot (peptides 24,25 at 10* s). The above regions of interest are pointed out at
particular labelling times that showed the largest differences in HX. * denote the peptides from
the important regions that showed significant differences, but are not clearly visible due to the

scale of the plot.
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A) Regions of Interest:

Aggregation hot spot #1 (Peptide number: 3-8)

Aggregation hot spot #2 (Peptide number: 20-23)

Glycopeptides containing C’E loop
(Peptide number: 17,18,19)

Deamidation Hot Spot (Peptide number: 24,25)
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Figure 4.5: Averaged per-peptide trends in altered HX kinetics relative to the high mannose

glycoform. A) Regions of interest as mentioned in Figure 4.4 are mapped on to a homology

model B) HX kinetics of Man5-Fc (blue), GIcNAc-Fc (green) and N297Q-Fc (red) with respect

to HM-Fc. AHX represents an average of the deuterium differences at all HX times, normalized
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for peptide length by using deuteration controls as defined by equation (3). The dashed lines
represent the threshold for statistical significance as detailed in the Methods section as defined
by equation. The arrows represent the regions of interest. C) Statistically significant AHX in dark
blue, cyan and pink colors is mapped onto a homology model indicating areas of strongly
increased local flexibility where AHX > 5%, weakly increased local flexibility where AHX < 5%
and decreased local flexibility, respectively as compared to the high mannose glycoform. The

homology model is based on PDB 1HZH.**
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Supplementary Table 4.1: Identity of peptic peptides of IgG1-Fc based on Eu numbering

sys‘[em.7'9
Peptide | Starting | Ending
Number AA AA AA Sequence Fc
number | number Domain

1 225 234 TCPPCPAPEL Hinge
2 225 240 TCPPCPAPELLGGPSV Hinge-Cy2
3 235 251 LGGPSVFLFPPKPKDTL Cy2
4 235 253 LGGPSVFLFPPKPKDTLM Cy2
5 241 251 FLFPPKPKDTL Cu2
6 241 252 FLFPPKPKDTLM Cy2
7 242 251 LFPPKPKDTL Cy2
8 242 252 LFPPKPKDTLM Cy2
9 253 260 ISRTPEVT Cy2
10 253 261 ISRTPEVTC Cy2
11 253 262 ISRTPEVTCV Cy2
12 262 277 VVVDVSHEDPEVKFNW Cu2
13 263 277 VVDVSHEDPEVKFNW Cu2
14 264 277 VDVSHEDPEVKFNW Cy2
15 266 277 VSHEDPEVKFNW Cu2
16 278 293 YVDGVEVHNAKTKPRE Cy2
17 278 299 YVDGVEVHNAKTKPREEQYN*ST Cy2
18 278 300 YVDGVEVHNAKTKPREEQYN*STY Cy2
19 282 300 VEVHNAKTKPREEQYN*STY Cy2
20 300 305 YRVVSV Cu2
21 300 306 YRVVSVL Cu2
22 301 305 RVVSV Cu2
23 301 306 RVVSVL Cu2
24 306 318 LTVLHQDWLNGKE Cu2
25 307 318 TVLHQDWLNGKE Cy2
26 319 333 YKCKVSNKALPAPIE Cy2
27 334 348 KTISKAKGQPREPQV Cu2/ Cu3
28 349 358 YTLPPSRDEL Cu3
29 349 364 YTLPPSRDELTKNQVS Cu3
30 349 356 YTLPPSRDELTKNQVSL Cu3
31 349 366 YTLPPSRDELTKNQVSLT Cu3
32 357 365 ELTKNQVSL Cu3
33 359 365 TKNQVSL Cu3
34 359 367 TKNQVSLTC Cu3
35 368 376 LVKGFYPSD Cu3
36 368 380 LVKGFYPSDIAVE Cu3
37 369 376 VKGFYPSD Cu3
38 369 379 VKGFYPSDIAV Cu3
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39 369 380 VKGFYPSDIAVE Ci3
40 377 380 IAVE Ci3
41 377 390 IAVEWESNGQPENN Ci3
42 377 398 IAVEWESNGQPENNYKTTPPVL Cii3
43 381 398 WESNGQPENNYKTTPPVL Cii3
44 392 398 KTTPPVL Ci3
45 399 404 DSDGSF Ci3
46 405 423 FLYSKLTVDKSRWQQGNVF Ci3
47 411 425 TVDKSRWQQGNVFSC Cii3
48 424 447 | SCSVMHEALHNHY TQKSLSLSPGK Ci3
49 426 447 SVMHEALHNHY TQKSLSLSPGK Ci3
50 429 447 HEALHNHYTQKSLSLSPGK Cii3
51 441 447 LSLSPGK Cii3

184




Supplementary Table 4.2: Measured deuterium content in fully deuterated controls in three
glycopeptides (# 17, 18, and 19) of IgG1-Fc glycoforms.

Note: The numbers of acetamido groups in each type of N-glycan are shown. The average values
and standard deviations are in units of Da and were obtained from triplicate measurements. See

Supplemental Table S1 for the amino acid composition of each peptide.

Deuterium content (Da)

Type of 1:::;:;1{ d(:)f Peptide Peptide Peptide

Glycan Number 17 Number 18 Number 19
groups

Man8-Fc¢ 3 12.2+0.1 12.0 £0.1 10.8 £0.2
Man5-Fe¢ 3 12.1+0.6 12.0 £0.3 10.7 £0.7
GlcNAc-Fe 2 11.0 £04 11.5 £0.2 104 £0.2

N297Q-Fc¢ 0 10.9 £0.1 11.1 £0.1 9.6 £0.1
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5.1 Overview

The process and formulation development of protein biopharmaceutical such as
monoclonal antibodies (mAbs) is a long, complex and expensive endeavor. The main
characteristics of mAbs which make their development challenging are 1) their large molecular
weight combined with their complex, fragile and heterogeneous (due to PTMs) primary and
higher order structures, 2) complex production using living cells that we have limited control and
knowledge of, 3) multifaceted behaviors and interaction with other molecules in the human
system, and 4) limitation of the analytical tools used to characterize them.' It is required for the
manufacturers of novel biologics and biosimilars to prove to the regulatory authorities that all
necessary studies have been conducted and their product is biologically active and safe and
efficacious for use in an identified patient population.* Hence, it is of utmost importance to make
an effort in improving our understanding about the physicochemical properties and develop
better analytical tools for studying these molecules to achieve minimum risk for their utilization
as therapeutics. Each mAb biologic or biosimilar product has different structural characteristics,
a glycosylation patterns and stability profiles by virtue of different variables during their
development such as raw materials, cell lines, manufacturing procedures, formulations, container

closures, delivery devices, etc.

It is well known that N-glycosylation affects the structure, stability and can severely
impact the safety and therapeutic efficacy of mAb drug candidates, hence monitoring and
controlling them in a drug product is crucial. Multiple attempts have been made to control and
characterize the type and content of glycosylation heterogeneity in biologics. Currently, HPLC-
MS techniques are the most popular for glycosylation profiling and primary structure analysis of

mAbs and research is ongoing in developing new and sensitive analytical instruments for their
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characterization. However, studying the impact of glycosylation on higher order structure of
mAbs has remained a challenge due to complexity of the glycosylation and the need for multiple
and improved biophysical characterization tools to accesses all aspects of their complex HOS
especially in case of comparability and biosimilarity assessments.” Therefore, biophysical
analysis of mAbs in attempt to investigate the impact of glycosylation during their formulation
development and in comparability/biosimilarity exercises is necessary and was the main focus of

this PhD thesis project.
5.2 Chapter summaries and future work
5.2.1 Chapter 2

The well-defined glycoforms of IgG1-Fc produced in this work serve as model proteins
to develop novel analytical tools for comparability and biosimilarity assessments. Additionally,
this study provides improved understanding of the impact of N-glycosylation on higher order
structure and stability profile of IgG1-Fc proteins in different formulations. Four homogenous,
well-defined glycoforms of IgGl-Fc (HM-Fc, Man5-Fc, GlcNAc-Fc and N297Q-Fc) were
achieved using genetically modified yeast cells and in vitro enzymatic synthesis. Routinely used
low resolution, higher throughput biophysical tools for formulation development in the
biopharmaceutical industry, like PEG precipitation along with UV, intrinsic and extrinsic
fluorescence spectroscopy, as well as DSC and turbidity were employed for extensive physical
stability characterization of these glycoforms to evaluate their solubility, tertiary structure,
overall conformation, and aggregation propensity, respectively. The information provided by
these techniques was relatively low in molecular resolution; where in the signals were an average

value of all the conformations of these proteins. Such data sets still served as a strong foundation,
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from which more detailed biophysical analysis was developed to monitor subtle changes in HOS
upon glycosylation which was by exposing the proteins to a wide range of stresses. Thus,
conformational stability is used as a sensitive surrogate for probing for subtle differences in HOS

between the different IgG1-Fc glycoforms.

Forced degradation studies expose the molecules to extreme conditions and allows for
detection of subtle higher order differences in a short amount of time. In our studies, we exposed
the four IgGl-Fc glycoforms to a wide range of pH (4-7.5 with 0.5 unit increments) and
temperature conditions (from 25°C-90°C with 1.25°C increments). These studies showed
differences in physical stability with respect to glycosylation across the different glycoforms. We
observed that the physical stability profile of IgG1-Fc glycoforms showed a trend of decreasing
stability with decreasing the glycan size. Physical stability of the HM-Fc and Man5-Fc was the
highest, followed by GIcNAc-Fc, and the least stability was observed for N297Q-Fc. It was also
observed that the GIcNAc-Fc and N297Q-Fc showed higher aggregation propensities above pH
5. Further, the forced degradation studies allowed us to develop stability indicating assays
(intrinsic and extrinsic fluorescence spectroscopy as well as OD350 turbidity) which required
least amount of material and successfully detected subtle changes in HOS of these proteins.
These high throughput techniques developed in this study can be essential tools in early
candidate selection and assessing developability of mAbs where only small amounts of material
are available. Further, the above stability indicating assays were utilized for monitoring the
physical stability of various mixtures of these glycoforms (in Chapter 3) and also can be
employed for future long-term stability studies of these four glycoforms. Additionally, the forced
degradation studies allowed us to monitor the stability of these four glycoforms in two different

formulations (contain NaCl and sucrose) and helped us to select a better formulation.
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A large amount of data was generated from these forced degradation studies in two
different formulations over large pH and temperature conditions, which was utilized to develop
data visualization tools (like EPD and radar charts) to make relative comparisons of the physical
stability profile of the IgG1-Fc glycoforms. These tools present a complimentary approach to
study and compare the HOS changes in these glycoproteins and offer a more efficient way to
compare a large stability data sets obtained from multiple and various analytical techniques.
Further, we utilized the EPD and radar charts to compare the physical stability of these four
glycoforms of IgG1-Fc in two different formulations. This data visualization approach could be
applied to comparability exercises or biosimilarity where the products are compared pre and post
changes such as process and formulation changes or when the biosimilar formulation might be

different than the originator, respectively.

In terms of future work, although the biophysical stability data sets, along with EPD and
radar charts analysis, showed subtle differences between these proteins, it will be interesting to
correlate these forced degradation studies with real time stability studies of these glycoforms by
the same or different analytical tools for monitoring the physicochemical stability during storage.
In addition, a major analytical challenge for the utility of these novel data visualization tools for
comparability and biosimilarity applications will be their ability to define the precision of EPD’s
phase transitions and radar chart’s clusters for incorporating the degree of variability observed
during data collection and this could be addressed in future work. Finally, this approach of
producing well-defined IgG Fc glycoforms from yeast and in vitro enzyme synthesis can be
utilized in future to prepare more human like complex glycoforms like GO, GOF, G2F, G2 and
sialic acid. The HOS analysis of full length mAbs as a function of Fc N-glycosylation should

also be studied; however, it can be complicated by glycosylation present in Fab regions of certain
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mAbs. It would be interesting in future studies to see if N-glycosylation in Fc can affect the

antigen binding of these glycoforms in their Fab domains.

5.2.2 Chapter 3

After initial qualitative comparisons of HOS and physical stability profiles of the four
IgG1-Fc glycoforms, the next goal was to develop a quantitative comparative mathematical
model to assess biosimilars vs originator molecules. As a step to achieve that, the four well-
defined model glycoforms of IgG1-Fc showing a wide range of biophysical (studied in Chapter
2), chemical and biological (studied in other KU laboratories) properties were mixed in various
proportions to potentially mimic heterogeneity in glycosylation that may be observed in
biosimilar vs. originator drug products. Seven mixtures were prepared and were predicted to
have subtle and evident differences in receptor binding and physicochemical properties. The
study in Chapter 2 allowed us to understand the properties of the individual well-defined
glycoforms beforehand, and hence we were able to optimize the properties of mixtures and
expected them to show subtle (90% mixtures of HM-Fc with Man5-Fc, GlcNAc-Fc and N297Q-
Fc) or evident differences (50% mixtures of HM-Fc with Man5-Fc, GIcNAc-Fc and N297Q-Fc).
Another complex mixture was prepared which had 25% of all the four glycoforms of IgG1-Fc.
The previously studied individual four well-defined IgG1-Fc glycoforms in Chapter 2 were
utilized as controls in this study. Many of the physical characterization stability indicating assays
that were developed in Chapter 2 were utilized in this study to investigate the ability of these
techniques to successfully detect the expected higher order structural differences between these
mixtures. These studies demonstrated high sensitivity of PEG precipitation solubility assay and
DSC for distinguishing between the mixtures at two different pH conditions (4.5 and 6.0). Stress

condition at pH 4.5 allowed monitoring the differences in the mixtures to a greater extent than

200



pH 6.0. All the biophysical data sets generated from these studies are being utilized by the Deed
laboratory at KU, to develop a mathematical model, which will be able to predict biosimilarity
quantitatively. The ability to accurately predict differences between the mixtures showed the
importance of these routinely used high-throughput techniques in evaluating comparability and
biosimilarity and indeed these form the foundation of comparability exercises. As mentioned by
the FDA “the more comprehensive and robust the comparative structural and functional
characterization is, the stronger the scientific justification for a selective and targeted approach to

animal and/or clinical testing.” *

We see that this array of biophysical techniques were able to
detect changes in the mixtures of different glycoforms that were not subtle, but still can be useful

in comparative biosimilarity exercises.

In terms of future work, mAb biosimilars are more complex and have multiple
distributions of glycoforms, along with the entire molecule vs an antibody fragment, and can be
formulated in different excipients. These variables could make it difficult for the global
biophysical tools to distinguish between subtle differences of a biosimilar and an innovator. It
will be interesting to see if the above biophysical characterization tools can identify and
characterize excipients-related impurities in these glycoform mixtures and their ability to
critically assess the differences in detail. It should be noted that changes in N-glycosylation
patterns might lead to measurable changes in biological activity but might not lead to changes is
HOS. Also, subtle HOS changes due to different glycans might not be detected by biophysical
techniques.” Hence, in such cases were biophysical tools are not sensitive to demonstrate any
changes, more advanced and high resolution tools like HX-MS and NMR spectroscopy could

find utility as described in the next chapter of this thesis work.

5.2.3 Chapter 4
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Lastly, a higher resolution technique (HX-MS) was utilized to study the HOS of these
glycoforms. HX-MS provides understanding of dynamics of proteins which can be correlated
with physicochemical stability and biologically activity of mAbs. However, the relation between
N-glycosylation, dynamics and stability of mAbs is complex and is often difficult to elucidate
due to the heterogeneous nature of glycosylation.® Previously, not all changes in mAb
glycosylation were shown to correspond to changes in dynamics, stability and biological activity
making it difficult to correlate these attributes with glycosylation.® However, it is well known
that complete removal of N-linked oligosaccharides severely affect a mAb’s biological
properties and stability although the underlying mechanism is unclear.” This dissertation
contributed towards exploring the mechanisms of changes in physical stability of IgG1-Fc
(studied in Chapter 2) as a function of well-defined N-glycosylation by studying changes in local
backbone dynamics of these glycoforms. The results were also correlated to physical stability
results obtained from Chapter 2 along with chemical stability and biological function data
(FeyRlIIIa receptor binding data) of these glycoforms studied in other KU laboratories.

It was found that sequential truncation of N-glycans resulted in a trend of increased
backbone flexibility of the IgG1-Fc most probably due to loss of multiple contacts with the
protein backbone. We demonstrated that sequentially decreasing the glycan size from high
mannose (Man8-Manl2) to Man5, GIcNAc and non-glycosylated increased the backbone
flexibility of IgG1-Fc molecules. The trends observed included Man5-Fc showing similar and
relatively lowest flexibility of the glycoforms, intermediate increase in flexibility was shown by
GlcNAc-Fc, and the non-glycosylated N297Q-Fc showed highest increase in flexibility of the
IgG1-Fc (as compared to HM-Fc). However, high mannose glycans (Man8-12) showed

sequential increase in flexibility if the C’E loop glycopeptide with increase in mannose content,
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and was probably caused by steric effects of these bulky glycans, which weakened the
interaction between the glycan and Cy2 domain as previously seen in sialic acid glycoforms of
IgG2-Fc.?

Previously, increase in conformational flexibility was observed in a region in the Cy2
domain of mAbs in the presence of excipients’ and salts’, which was recognized as an
aggregation hot spot.” In this study, we found increase in flexibility of this aggregation hot spot
region in the Cp2 domains of GIcNAc and N297Q-Fc that make these glycoforms more
susceptible to aggregation and conformational destabilization. We also identified another region
that showed increase in flexibility with decrease in glycan size (in GlcNAc and N297Q-Fc) that
might contribute to the aggregation (aggregation hot spot 2) of these glycoforms. This region, in
spite of showing increased flexibility in the presence of excipients and salts, it was not
recognized as an aggregation hot spot in previous studies with mAbs.>”’

Interestingly, results from FcyRIlla binding data of these four glycoforms (studied in
Tolbert lab at KU) were compared with these flexibility results and showed a correlation of
decreased binding'® with increase in flexibility in the receptor binding peptide (C’E loop) as the
glycans were truncated. Chemical stability results of these four glycoforms from the Schoneich
laboratory at KU, showed a complicated relationship with flexibility. Decreased rate and extent
of deamidation of Asn-315 was observed with increased glycan size (in HM-Fc and Man5-Fc)"!
while we saw least flexibility of the Asn315 containing peptide in HM-Fc and Man5-Fc.
However, rate of conversion of Trp-277 into glycine hydroperoxide was increased with increase
in glycan size (highest for HM-Fc and Man5-Fc, lowest for GlcNAc and non-glycosylated
N297Q-Fc IgG1-Fc),'" while we saw lower flexibility in the Trp-277 peptide as the glycan size

increased (in HM and Man5-Fc). These results are complicated by the potential of a different
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impurity profile across the purified glycoform preparations due to differences in glycosylation
(e.g., trace metal ion content). This possibility should be considered in future work.

This study improves our understanding of N-glycosylation and its impact on chemical
stability, physical stability, biological activity and flexibility of these well-defined IgG1-Fc
glycoforms. In terms of future work, flexibility trends of the four glycoforms of IgGl-Fc
observed from this study can also be applied to full length mAbs of the same IgG subclass of IgG
as well as other subclasses as they have almost identical amino acid sequences (except a few
amino acid residues) in the N-glycosylation site with the Fc domain. This approach should also
be utilized further for studying complex and well-defined glycoforms of full length mAbs that
showed subtle differences in physical stability but significant differences in Fc y receptor
binding.

It was observed previously that even though forced degradation studies showed
differences between complex glycoforms and aglycosylated IgG mAbs, their long term stability

1213 Hence, changes in physical and chemical stability and

was not affected by glycosylation.
receptor binding of different glycoforms of mAbs can be explored upon long-term storage and/or
stressed conditions in a variety of excipients containing liquid formulations. This future work
may help better explain and understand the inter-relationships between changes in real time
protein stability with respect to glycosylation from the outlook of local dynamics,
physicochemical stability and biological activity.

Although, higher resolution analytical tools like HX-MS have not been routinely utilized
especially in early stages of protein drug formulation development due to their high cost and

requirement of highly specialized expertise, the increased utility of HX-MS in protein

formulation development has been demonstrated in this work and other work from our
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laboratories.'* It is also been shown to be valuable in high priority activities like lot-to-lot
comparisons as well as comparability and biosimilarity assessments."” Even though utilization of
higher resolution-tools to find subtle changes in HOS of mAbs for comparability and
biosimilarity assessments provides state-of-the-art structural information of a protein molecule in
a pharmaceutical dosage form, a lot of time and resources are still needed, not only to make HX-
MS more accessible for routine pharmaceutical development, but also to figure out the clinical
consequences, if any, of these structural differences.’ The holistic approach to study local
flexibility with respect to physicochemical stability and biological activity of well-defined I1gG1-
Fc glycoforms described in this work shows the promise of HX-MS as a tool for protein
formulation development as well as comparability and biosimilarity assessment of glycosylated

full length mAbs.
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