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Abstract

The patents ofseveral besselling biologic therapeuticproducts are expiring soon.
Consequentlythe interest of developing biosimilar products is growing. A biosimilar prodsict
developedif there areno clincally meaningful differencas terms ofsafety,efficacy,and purity
after evaluating sideby-side with the originator. Biosimilar products aranticipated to be
accessiblgo healthcare providers and patients at a lower cost compared todhginators.
Unlike smatmoleculegeneric drug productsvhich are structurallyeplicableand well-defined
that guarantee the safety and efficacy, biologic products are structurally complex, largjeein
and often contain mixtures of various posttranslational maofitations. Consequently,
demonstrating the similarity of a biosimilar molecule with the reference product requires
extensive characterizatioto ensuresafety and efficay

One of the challenges in developing a biosimilar product is the lack of knowledge a
the reference produd® manufacturing process, which is not accessible to the public because it
is a proprietary knowledge. Therefore, the biosimilar sponsor needs to develop a pimcess
extensive characterization of a biosimilar candidate figlside with a reference product hisis
an iterative process aimed at developing a biosimilar molecule similar to the reference product.
The first step in biosimilarity assessment is to establish structural similarity by extensive
characterization using sexa analytical techniques. Therefore, analytical tools play a vital role in
demonstrating structurasimilarity aswell as procesdevelopment of ebiosimilar candidateln
addition, the level of similarity estaished by the analytical tooguides thetype ofnon-clinical
and clinical data packages required for regulatory approval. If a high degree of similarity is

demonstrated using analytical techniques, then phase Il clinical trials are not required for



registration of a biosimilar candidate. Consenqtlg, this will lower the cost of developing a
biosimilar product. Hence, developing sensitive and robust analytical techniques is vital in a
biosimilar development process.

In this dissertationfour homogeneougylycoforms of IgG1 Fc (HRt, GICNAEC, Man5-
Fc, and N297c) were producedsingrecombinant proteinexpression combined witim-vitro
enzymatic reactios to be utilized as amodel for biosimilar comparability analysisThese
glycoformswere characterizedby mass spectrometry§EC, SDSAGEand clEFThe main focus
of the project wago produce homogeneous glycoforms of IgG1 Fc and to utilize them to develop
new biolayer interferometryBLIt2 assay methodsI'wo biolayerinterferometry methods with
different immobilization techniquswere devebped to measure the binding affinity of IgG1 Fc
glycoformsto FgRIllaand FgRIlb In addition, these four glycoforms were mixed in-defined
composition to examine theharacteristics of mixtures of glycoforms and to study important
biological and physicochemical features of protein drugs in a biosimilar an&tystee mixture
samples, differences in bindingere observedwhen the two immobilization formats were
employed Furthermore, hese glycoformsvere incubatedat low and elevated temperatures for
an elongatedtime, and a trend of decreasing binding affimitas observedvith the increasing

incubation period.
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Chapter 1

Introduction



1.1 Impact of Glycosylation on Antibodystructure and Activity

Immunoglobulin G (IgG) contains two heavy chains and lkglains that form the
fragment crystallizable (Fc) and fragment antigen bindiad) regiors. The Fc is a homodimer
containing a conserved glycosylation sit@ithin the G2 at Aspaiagine297 figure ). This
glycosylatiorsiteisknown to play a critical role in the structunategrity, functional activityand
stability of therapeutic monoclonal antibées (mAbs)t For example, aignificant number of
publications reported that notiucosylated mAbs bintb FgRllla about 50to 100fold more
tightly than their fucosylated counterparts. This increase in binding affinity coreelavith a
higher antibodydependent cytotoxicity (ADCC) respori$eSimilarly, the presence of sialic acid
in the Fc glycange.g., G2F+ NANA in Figurewlgs proposed to be necessary for the anti
inflammatory agivity of Intravenous Immunoglobulin (IVIG). Interestingiyrasbeen showrthat
the removal of sialic acid abrogates the ainflammatory effect and turathe activityto pro-
inflammatory1%1? Additionally, glycansinfluence the pharmacokinetics of therapeutic mAbs.
One such example is the systemic clearancardibodies containing 100% dfigh-mannose
whichis found to be faster than antibodies that contain compigycansThis faster clearance is
presumaby due to mannose binding recep®in the liver'** As shown in Figure 1 Man8 and
G2F+NANA are examples of highnnose and complex glycansespectively. In addition,
differentially sialylated glycoprotein thepgutics may also display decreased pharmacokinetic
and pharmacodynami¢PK/PD)properties due to carbohydrate binding to asialoglycoprotein
receptor expressed in the liveiThis desialylated glycoprotein is selectively taken and rapidly
degraded in the lier.1>'% Immunogenicity is another important clinical factor that can be affected

by glycans. For instance, it hbsen reportedthat murine cells can potentially produce nen



human immunogenic glycoformsuch as daerminal N-glycosysialic acidNeuSGcandgatl,3
gal linkagée'’ As aresult,close monitoring of the glycan profile requiredduringthe production

and developmenbf therapeutics mAbs

1.2 Glycosyation Heterogeneityand its Effect on Product Development

Glycosylation is heterogeneous by nature that includes the differential addition of fucose,
alternative mannose branching linkagyepresence or absence of galactpssnd terminal
sialylationas show in Figure 1Furthermore, there could be sHeccupancy heterogeneity in

which one of the heavy chains is rglycosylatedresulting in asymmetric glycosylatibhThis

heterogeneity in glycosylation pattern could be due to several factors such as culture media

compostion, growth condition, cultivation procedureandtype of cell line used®?? One typical
example is a significant difference in sialylataserved when the same mAtasproduced in
myeloma cell line (NS®$.Chiresehamster ovary (CHG} In another study tihas been reported
that a significant variabilityvas observedn galactosylation among therapeutic mAbs produced
by different manufacturersTherapeutic mAb&xpressed in CHO cells showeligherlevel of
GO glycans when compared withAbsexpressed irmouse myelomaell lines?* The variability

in glycosylation profile indicates that the production of therapeutic antibodwth a
homogeneous glycosylation profile for a particular functional agtivémains a significant
challenge.! In contrast to the primaramino acid sequence of proteins which is a tempiditiven
process, glycosylation of rembinant proteins is not a guided synthesis. As a result, glycosylation
is subject to a high degree of heterogeneity® X-ray crystallographic studies have shown that
the pair of carbohydrate chains are buriegide the hydrophobic core of thao Gi2 domains?’

¢ KS al6yarmMmakes contact with an inner surface of theR2 Y Ay S GgKSNBSI a

0 K



1,3 arm protrudes into the space between thenZ domains (Figure 2) This structural
environment creates steric hindrance that restricts accesbealycan procesng enzymesuch
as glycosyltransferases and glycosyl hydrolases in the endoplasmic reti@dmGolgi

complex?628

1.3 Recombinant Protein Expression ¥east

Mammalian cell cultures have been commonly usedtl@ production of monoclonal
antibodies. However, compared to mammalian cells, glycoengindergastoriprovides many
advantages, such as easy genetic manipaatreduced cultivation timehigh-yield, lowcost
fermentation, and no risk of human pathenic viral contaminatio?2° The Pichia expression
system has more considerable flexibility in producing glycoengineered IgGs compared to
mammalian expression systethAs a result, a particular focugas giverto the production of
mammalian complexype structures inP.pastorisoy engineering the Njlycosylation pathway.
Recently, an advance has beerade in improving glysylation site occupancy at AZ®7/ to
greater than 99%, which is comparable to giee occupancyexpected from mammalian cell line
expressiori? It has been reported that Pichia produces stalglés with comparable aggregation,
charge variant, and oxidation profile compared to the same IgGs produced from mammalian cell

line 3 Thus, glgoengineered Pichia offers a promising psath for the production of IgGs.

1.4 DemonstratingBiosimilarity of Protein Therapeutics

Several topselling commercialized biologics are coming off patent; as a result, biosimilars
are expected to be accessible patients and healthcare providers at a lower costhe near
future.. A2aAYAEf I NBE NBE o0A2f23A0Ff LINPRdzOGaAa GKIF G |

an alreadyapprovedbiological product, known as the reference product (originatégod and



Drug Administration (FDAJefines biosimilarity tor S|y a ¢ Kl 0 GKS o6A2f 23A0!
similar to the reference product notwithstanding minor differences in clinically inactive
O2YLRyYySyildaed YR (KIFIG aidKSNB | NBveey the bidfodiclA O f £ ¢
product and the reference product in terms of the safety, purity, and potency of the prédéct
Biosimilars should demonstrate no clinically meaningful differences in terms of safety and
effediveness when they are compared with the reference produdtewise biosimilarsshould
have the same mechanism of action and use for the same indicasofor the reference
product3*

The processes of develogira biosimilar heavily depend on the depth of knowledge
collected from the reference product, which will aid in getting faster regulatory app(Bigures
3 and 4p* The first step in biosimilarity assessmentais extensive characterization of the
reference product to identify critical quality attributg§igure 3) After studying the reference
product, in the early phase of the development processes, analytical techniquemateyed to
establish structural antlinctional similarity3#®> Technically, a biosimilar candidate is compared
headto-head with the reference product at each stage of the development processes to ensure
safety and efficacy’

The type of additional test required for regulatory approigatieterminedon a caseby-
case basis and by the level of similarity demonstrated duringttedyticalassessment. In other
words, the degree of similaritgemonstratedby the analytical methods ultimately guides the
type of next steps required for appro.C2 NJ Ay a il yOS> AF aGaKAIKE& &A
analytical data then, a reduced clinical test mayrbquired which utimately resulting irntime

and cost saving¥: 3637 In addition the discovery phase as wdtisefindingstudies (phase Il) are



not requiredin the development process because biosimilar development uses the dasing
as the referenceproduct and this may contribute to the reductionfdime and cost of
development (Figure 4) Filgrastimsndz a biosimilar to Neupogen, was the first biosimilar
product approved by the Food and Drug Administration (FDA) in.#d6e additional example
was Inflectra (infliximabdyyb), abiosimilarto Remicade whiclwvas approvedn 20163°

1.4.1BiologicalEvaluationin Biosimilarity Study

Protein molecules are complex structure and possess a dynamic thweenensional
structure. The folded conformation of a protein da@ alteredby processnd storage conditions,
such as pHemperature, and pressurd-unctional activity is dependent on the conformation of
the protein,which is a higheorder structure. herefore, testing the primary structure without
the tertiary structure does not necessarily guarantee the biological act%ityn a biosimilar
assessment, extensive functional characterization of both the proposed product and the
originator is required t@stablishsimilarity. Therapeutic mAbs mediate their effectumction by
the Fc region (Figure 1). Thus, biological characterizations for examination of the Fc effector
functionare usedn similarity exercise. Sutbstsare necessay even if the mechanisrof action
is not related to the Fc because a change in glycosylation profile carahaagative impact on
the safety of therapeutic mAbs. As a result, the Fc regiomp®rtant for the safety, structure,
and function of the mAb& Moreover, nonitoring glycosylation of mAbs during a biosimilar
development process is essential because differential glycosylation can alter the functional
activity (ADCC an@DC}Y? # immunogenicity? 37 425 pharmacokineticd>16. 4648 and the

stability of therapeutic mAb&



Biological tests (e.g., potency assay) are routinely used in quality control setting to
monitor the potency of a product during manufacturing. These assay methods should be
sensitive enough to detect structural changes with a potential impact orsttiety as well as
efficacy of the product. Although such techniques can provide relevant information, the
correlation between potency assay and the mechanism of action of the treatment cdnot
establishedwith a high degree of certainty. Neverthelessplbgical assays can be used to
establishfunctional equivalence in a biosimilar comparability assessmleraddition functional
assays can be employed together with biophysical assays to confirm {ugher structural
similarity*° overall,a biological assay provides critical information about the characteristics of a
biosimilar candidate related to its function and thereby demonstrates the sinyilavith the
originator. Furthermore, a biological assay complements the physicochemical analysis by
demonstratingpotential effects of structural difference between a reference product and the
biosimilar candidatg* >°

1.4.1.1Fc Receptor Bindingssays

Monoclonal antibodies are composed of two Fab regions and one Fc region réheses
regulatethe functional activity and may need b testedfor their capacity to interact with their
specific target8! For instance, the Fc regimpecifictargetsinclude but are not lirted to
FaRllla, FgRIIb, FgRIlla, and FRI.Several mAbs exert their activity by binding their Fc region
with Fc receptors. Therefore, Fc receptor binding is part of the functional characterization in the
comparative assessment during a biosimilar praddevelopment. This binding interaction is
substantially affected by the -Nhked glycans in the Fc region of the mAbAs a result,

characterization of glycosylation is one of the main characteristics of mAbs that réceive



significant attentiorby the regularity agencie®: Determining the binding activity of monoclonal
antibody drugs is performed using a series indvitro binding assays, such as bioLayer
Interferometry (BLI), surface plasmon resonance (SPR), and e#imk®@ immunosorbent
assays (ELIS%)

For instancethe binding interactions of Remicade (originator) and Remsima (a biosimilar
product) with FgRIlla were compared using a biolayer interferometry technique. The result
showed that Remicade binds with a tv@ld higher affinity when compared with Remsimaist
higher binding affinity was attributed to the substantial proportion of Hagosylation level in
Remicade when compared to Remsinddis difference in fucosylation level was due to the
differencesm cell line(subtle genetic variants)sed for prodution.3® In general, mding asays
can provide information to predict how a biosimilar may behawveivo, although not as much
regarding safety. Thus, such tests together with other analytical data may provide evidence of
clinical testing®* @ If a higher level of similarity was established using physicochemicahand
vitro bioassay studies, there would be fewer chances that a new safety issue rigmdta later

stage3®



1.5 Binding Interaction Models and Equations
1.5.11:1 Binding Model

The ideal model pbinteraction, in which one ligand molecule binds with one analyte
molecule assumesall interaction sites on the ligand are equivalent and independent of one
another.Additionally, the 1:1 binding model assumes the interaction between ligand and analyte
follows the pseuddirst-order kinetics. The association and dissociation phases display a time
resolved signal that is described by a single exponential fundtiothermore analyte molecules
bind and dissociate at the same rate to every ligand bindieg Bhe association curve follovas
hyperbolicbinding profile, with the exponential increase in signal followed by a leveling off to
plateau aghe binding reaches equilibriuf#>* The dissociation curve follows single exponential
decay with signal eventually returning to baseline

Kinetic analysis df:1 binding modek basedn the concept that the interaction between
a monovalent analyte, A, and immobilized component, B, on the sensor susfdescribedy

the reaction schemas follows?

The interaction between the twoomponentsis assumed to be reversible compféx

The rate of formation of the product AB at a time t cde written as follows:

Q6 6
Qo

WM o6 QO OBOEEEEEEEEEE p

WhereQ andQ are the respective association and dissociation rate consf&rthe
termQ  measures the stability of the complex, or the fraction of complexes that decay per
second, and is expressed in units of éecThe association rate constar® , represents the

number of AB complexes formed per secondairl molar soltion of A and B. The®Q is



expressed in Msed!. Ko is the affinity constantpr equilibrium dissociation constant, which
measures how tightly the ligand binds to its analyte. It represents the ratio of thaterto the
off-rate and can be caltated usingQ andQ .Kopis expressed in molar units (M)
After some time, t, the concentration of unbound immobilized ligadxpresseas:
0 00 00
[ABhaxis the maximum complex formed when all ligand bindingssitre occupied which is

theoretical binding capacity. Substitutimgto equation1 gives®

’966 k7 o o o T n oy A X X X X X X X X
or Q 0 00 00 Q OOEEEEEEEEEE ¢

This equation describes thiateraction between the analyte isolution, and the free
binding siteson the surface, minus the simultaneously occurring dissociation ofctmplex
formed.>® The signal observeR isproportionalto the formation of AB complex at the surface of
the biosensor, and the maximum signaidds proportionako the maximum complex formation
[ABhax Rmaxis the maximum response that woulde obtainedif all ligand binding sites were
saturated®® Therefore, equatiortwo canbe written as shown below®

Q'Y

— 106y Y 0 'Y8888888&0
Qo

Where dR/dt is the rate of formation of the complexes on the surface of the biosensor, (i.e.,
the derivative of the observed response curve), C is the concentration of the analyte igoluti
Rnaxis the maximum capacity of the immobilized ligand surface expressed in resonance units,
and R.ax-R represents the number of unoccupied surface binding sites at the tifiiEne above

equationwas rearrange@nd integrated to give thdral equation as shown below.

Q oY

Y —
Qo 10

p Q 88888881
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The above equation describes 1:1 binding where a single analyte molecule interacts with
one ligand molecule. Thessumption in the above equation is that all binding sites are equivalent
and independent of one anothelm addition it is assumedhat all binding eventsire governed
by the same free energy of bindinghisis a reasonableassumptionif all immobilizedantigens
are equallyaccessibleand only monovalent complexes are involved. Hsisumptionmany not
be valid when bivalent binding occurs, since bridging complexes of diffgemmhetrieswill be
obtained, leading to a range ajn ratesand offrates®® One additional assumption is théte
analyteconcentration maintains its initial value, C due to the preseotthe excess analyte in
the cuvette. Hencethe interaction is pseudo first ordé?

The dssociation phase is described by the equagaifollows:

Y YQ Y 888888888888v

Where'Y istheinitial response before the dissociation stals is the response at
end of the dissociation phas&o account for the fact that even after complete dissociation of
the complex, AB, from the surface of the sensor chip the instrument response is not zero
The final equatiorthat combines the association and dissociation phaseggvenbelow

Q&Y

Wp Q Y Q Y 888888888¢

Y isthe equilibrium respmse for a given concentration.
The final equation cahe further modifiedto as shown below.

Y Y p Q YQ 'Y 88888888 ¥
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1.5.2Heterogeneoud.igand Binding Mdel

The 2:1heterogeneoudigand model assumes one analyte binding at two independent
ligand sites. Each ligand site binds the analyte independently and with a different rate constant.
Mathematically, the equation used to fit a 2:1 binding interaction is a combinatfawo 1:1
curve fits Two sets of rate constantge given one for each interaction: where A represents the
analyte and Bepresents thammobilized ligand.

The binding interaction is the suaf two independent reactions.

! n p Z ! "pF] ! " c Z ! l|c

Let 0 6 'Y isthe complex formed between the analyte and ligand one @and is the
maximum available sites for binding site Br maximum binding capacity of ligand one and
06 'Y isthe conplex formed between the analyte and ligand one aadd is the
maximum available sites for binding site Baximum bindingcapaciy of ligand two, A= is the

analyte concentration expressed as C.

After integration,the response for the association phase is expressed by the equation

Q 8Y 9 Q oY
Q6 o P Q5 o P

Y Q 888888 uw

The dissociation phass given as a biphasic model as shown belowYet is the initial response
before dissociation phase 1 aid s the initial response before dissociatiohgse 2.

WhereQ andQ are the rate constants describing one interaction with a maximal
response ofY ,and’Q andQ  are the rate constants describing the second interaction

with a maximum response of >4
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The final equation fothe heterogeneousinding models shownbelow.
Q 8Y Q 8y

. p Q . p Q Y Q Y Q Y

"985 o 06 Q

Equation (10)
The above equation can be rewritten in more simplified form as follows:
Y Y p Q Y p Q Y Q Y Q 'Y 8888pp
1.5.3 Heterogeneous Analyte Competing for a Single Ligand Binding Site Model

Two analytes in solution are competing for a sing ligand imnsall onto the biosensor
surface®’ The concentration and molecular weight of the two components shagcknown
before analysisA: and A are two analytes competpfor a singléindingsite Band the equation

canbe describedas follows:

A;+Bz AB AB=Y A+Bz AB AB=Y Let A=C
0 00 06 Y Y 0 00 06 Y Y
R. and R correspond to the concentration of the molecular complexes forntecandd are

the concentrations of the analytes And 4. %8

— Q 8y Y YO QY — Q6Y - Y-¥Y QY
'Y  corresponds to the total concentration of the immobilized partner. For competing reactions,
p is a normalizing factor. This pameter is introduced since specific responses are different for

analytesof different molecular weigh€ After integration, the above differential equationss

describedas follows:

S{o

Q 6 0 QoqY Q 888 e
@6 a P @6 a P pe

Thedissociation phases given as a biphasic model as shown belowYet is the initial response

before dissociation phase 1 aid s the initial response before dissociation phase 2.

13



®» Y Q Y Q Y
Moreover,the final that includes the association and dissociation phases is as described below.

Q6 Q8L
s a P ° Q6
Y 8888po
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1.6 Challengs inDeveloping a Biosnilar Product

Small molecules are defined by their chemical structure, while protein molecules are not
completely defined by their amino acid sequences and are mixtures of different variants due to
posttranslational modifications. The challenge of develggdiosimilar products is that they are
not generic products, and for biologics, the operative paradigm is that the bioprocesses define
the product® Moreove, even minor changes in the manufacturing protocol can lead to a
significant change in pogtanslational modifications (PTMs) and product variati®hs? Since
the manufacturingprocess of tle originator is udisclosed, abiosimilar product has to be
produced with a different process. It is well known that minor changes imthaufacturing
process can have a significant effect on the products qu#ti®) For instane, glycosylation is
relevant for the biological activity; however, a change in glycosylation profile carahaagative
impact on thesafety and efficacy of a mAb therapeutic Thus, the biosimilar sponsor is required
to demonstrate specific quality attributes of the originator and biosimilar using appropriate
techniques?® Similarly, chemical modifications, such as deamidation, isomerization, and oxidized
forms, can affect the structurd.ikewise, nomative structures, such as aggregatgenerated
RAZNAY 3 LINBRdAzOUA2Y S Oly KIF@S || RSHeddlhisy Ghése f ST
challenges, development timelirfer a biosimilar product is longer and expensive compared to

smaltmolecule generic druds.

1.7 DemonstratingComparabilityof Protein Therapeutics

The implementation of changes in process or changes related to the product (e.g.,
formulation), during development as well as afmmercializationneeds an assessment of

their effect on the safety and efficacy of the product. Ténerciseo demonstrate the similarity
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between the postchange and prehangesknown as a comparability study.Manufacturers of
biological products (e.g., mAbs) often make changes to the manufacturing processdatts
during development phase as well as after commercialization. Any change madeahat
potentially affect the product quality, such as manufacturing protocol, formulation condition,
and celline clone,requires a comparability study. The main reasons behind such changes include
the following: improving the bioprocess protocol, scale upproving product stability, and
complying with new regulatory requirements. When changee madeto the bioprocess
protocol, the manufacturer examines the critical quality attributes of the product to show that
modifications did not occur that would getively affect the safety and efficacy of the biological
product8? For examplegpligosaccharidenoietiesin monoclonalantibodies(mAbs)were known
to be affected by thebioprocessparameters,duration of expression, andeltine type. In
addition, the protein can undergo physicbhemical changes during production, which may lead
to more structuralheterogeneity.Certainly, the effect of th@osttranslationaimodificationson
the safety and efficacy @ post-changeproductneeds tobe examined?

Physicochemical characterizations using a vast array of analytical technajaes
examined in all comparability studies. In a similar fashion, the extensive biological
characterization in combination with pharmacokinetic and pharmacodynamic data can be used

to demonstrate functional equivalence. If the results of these charactiérize®2 y & & dz33Sa i

¢
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change and posthange product is found to be either inconclusive or showed differences, then

clinical studies are required for regulatompproval?® 62
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1.8 DifferencesBetweenComparability and BiosimilaritAssessments

A omparability studyis aimedat demonstrating thatthe post-changehasno negative
effect on the safety, efficacy, and quality of the biological product. The primary goal of
biosimilarity assessments to demonstratethe similarity of a biosimilar candidate with the
referenceproductin terms ofphysicochemicahnd biologicalquality attributes as well as safety
and efficacy. Thefore, a biosimilar assessment more deferent than a comparability
assessment, which requires extensive characterization of a biologic product. Moreover,
development of a biosimilar product by demonstrating similarity with the originator is a more
challenging task than comparability assessment of the-gnange and posthange of an
originator producté®64

A omparability assessment involves extensive characterization of several lots of the
originatorQ @re- and post-process changes. This characterization data can provide enough
evidence to confirm that the safety and efficacy of the pdsange remained within the pre
change range. This comparability claim das supportedby the prechange clinical data,
manufacturing history, analytical methods, and a pagtproval history. It is worth noting that
these historical data are not accessible to a biosimilar sponsor. Therefore, the manufacturing
processes of a biosimilar candidate have to be developed by revegseeeming. Manufacturing
process development is one of the challenging tasks in biosimilar product development as
described belowf>%4

1.8.1Manufacturing Processes

Manufacturingbiologic producs is a complexprocess lecause of their large size and

structural complexity, coupled with variabilitn expression system and ditles>%6 Biosimilar
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sponsors have to develop a new cell line, cell culture condition, analytical methods, purification
and formulation of the biosimilar candidate with a liedt knowledge of a reference product.
Developing a new cell line for a biosimilar candidate can potentially lead to differences in
glycosylation, aggregation, oxidation, aneD3structures.Thisis in contrast to comparability
assessment, which is a mindrange in manufacturing processes and the pdstnge is with the
available historical data of the pighange. However, eveamminor change in processeshange
can have a detrimental effect on the product safety and efficacy. For instance, the
immunogeniciy of epoteinshasbeen attributedto an aggregation that arises after processes
change®68 Manufacturing processes are continuoushangedduring product development as
well as after commercialization. Some bétreasons for manufacturing changes are to improve
operation, yield,and safety profile, as well ago change raw materials. The manufadhg
processes could be minor major, which depension the type of change introduced. An example
of major manufactuing change would be an alteration of the cell line, culture media
compositionandpurification processes. All of these changes can potentially affect the safety and
efficacy of the biologic produég?®

In a comparability assessment, expression parameters, such as pH, temperanae,
shear forces, can have significanteffect on the product safety and efficacy. As a result,
heterogeneity between the different batches needslie assessedn a routine basis. Msi of
the heterogeneity of the biologic product is attributed to glycosylateomd to some extent,
additionalposttranslational modifications, such as oxidation, deamidation, fragmentation, and
aggregation. For instance, monoclonal antibodies are glyatesyland controlling glycosylation

within a defined range t@onfirm safety and efficacy igquired5%7° Moreover, during product
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development,the condition ofexpression can affect thelygosylation profile of a biological
product. For instance, a biologic product with-gal glycans can potentlgl induce
immunogenicity?>64

As describe@bove, the process development, controls, and methods not accessible to a
OAZAAYALT I NI AaLR2YazN» ¢Kdzazx 0AGAANE I INY R I ¥ KA dzfOl
a new cell linemanufacturingorotocol,andpurification processes aimed at producing a product
highly similar to the originatof! Furthermore, to address the knowledge gap, the biosimilar
sponsor uses an approach akverseengineering of the manufacturing processes with the
main focus being on the critical quality attributef the biosimilar productIn other words,
process development of a biosimilar candidate is an iterative process, in which the manufacturing
processesre adjusteduntil the critical quality attributes of the biosimilar are highly similar to
the originator. Tlerefore, the objective is to reversengineer the biosimilar candidate aimed at
producing highlysimilar to the reference product. Again, all the development procéss
performedwith limited knowledge of the reference product manufacturing proce$3és.

1.8.2Regulatory ApprovaRequirments

In a comparability assessment, a minor change in manufacturing processedecan
approvedwithout clinical trials. However, highsk manufacturing changes require clinical trials
to demonstrate the prechange is similar to the poshange. Unlike comparaltiti biosimilar
development ismore than highrisk manufacturing changes because of the knowledge gap as
well as the lack of accessible historical data of the reference prodhetefore, as outlined in

L/ | vidde data and information will be needed to establish biosimilarity than would be
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neededi 2 Saidl of AaK GKI -nhanbfactdring adeingeQriodirs dam@arakldai
the premanufacturing change producf364

Biosimilar spons@must establish analytical and podinical biosimilarity assessmex#s
well as clinical data for regulatory approvahisis in contrast to comparability that requires a
limited data package faegulatory approval. Howeveif,substantial process changes hdeen
implemented during comparability assessment, then clinical and -obmical tests maybe
required For instance, the production scal@ of Lumizym® within the same manufacturing
facility showed significant differences in glycosylation and PK profiles between thehange
and postchange. Thus, additional clinical dateere required for regulatory approval of
Lumizym®. Similarly, after scalingp the fermentation analytical and R data failed to
demonstrate comparability oflglucosidaseAlfa. Therefore, the level of data required for
approval in comparability exercise depends on the type of change introduced and its impact on
the critical quality attributes. Nevertheless, the appal processes for a biosimilar is different
from the processes needed for approval of a comparability process. Moreover, there are clear
differences between the data package and approval processes required for a biosimilar product
and assessment of comgability (manufacturing change8y%*

In the biosimilarity assessment, the totality of the data is considered for regulatory
approval, such as structural and functional characterization, immunogenicity, pharnrennoay
and comparative clinical studyhe first biosimilar to be approved by this regulatory pathway
was Zarxi®™, which was a recombinant granulocytes coletiynulator factor For regulatory
approval after the process changge., in comparability asssmen), the historical data

generated prechangecan be used to compare with the pesthange to predict no adverse effect
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on the safety and efficacy of the produst anticipated However, if the analytical test cannot
demonstrate comparability, then a neclinical test of the posthange product should be
conducted to ensure safety and efficadhhisis in contrast to the biosimilarity assessmerd
comprehensive sidby-side testing showing similarity to the reference product is performed.
Demonstrating ahigh degree of similarity is the basis for reduced clinical trials. Unlike
comparability, sidéby-side nonclinical and clinical safetgata as well as immunogenicity
assessmenare required to support a claim of biosimilarity. addition pharmacokinegts and
pharmacodynamicgrofiles as well as efficacy trialre also necessary to gain regulatory

approval®3

1.9 Stability of Protein Therapeutics
1.9.1Physical Stability of Proteins

The number of mBs approved for treatment of various diseases has increased
significantly over the last decade, and this trend continues tddahere are many advantage
of antibodies compared to other proteins, such as specificity, fewer side effects, and less
immunogenicityAlsq antibodies caibe conjugatedvith other smalimolecule drugs for efficient
delivery to ther target sie. Immunoglolulin G structure comprigs the b and the FcTheFab
region containdieavyand light chainsThe Fc and the Fab are connected at the hinge regian (
disulfidebonds)and form the ¥shaped structuré>7#The Fc portion of IgG contaitvgo identical
heavychains,and each comprises4€ and @3 domain.The G2 domains are connected ky
disulfide bondwhereasa detailed study indicates thathe two Gy3 domains are stabilized by

non-covalentinteraction (Figures 1 and 2y
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Antibodies are heterogeneous in their structure because of the variation in glycosylation
pattern and phgicochemical changes duripgoduction. Thechemical modificationcludesthe
following: Gterminal variability oxidation, deamidtion, and fragmentatiorf® For instance, in
one study that used capillary isoelectiiecusing (clEF), five charge isofaermere isolated
indicating the level of heterogeneity generatédSimilarly, physical degradation of antibodies
was observedin liquid, frozen, and lyophilized states. In most cases, various degradation
pathways can occur simultaneoysidepending on the type of stress applied and the solution
condition.”® This createsn immense challerggin developing therapeutic protein products.

Antibodies can denature upon exposui@ high temperature, shear, anextreme pH,
which ultimately lead to lossof potency. For instance, a recombinant scFv antibody fragment
functional activitywas decreasedfter a shearlikely due to denaturatiori? 7%8° Several reports
indicate that thermal treatment produces oncovalent linked aggregated, dimers, and
monomers’? 8lAntibody aggregation is usually observed aftdysicalinstability and to some
extent,chemical instabilityProteinaggregation is known to increase as concentratimrease
and creates significant challenges in high concentration formulation develop¥hétawever,
one advantage of higprotein concentration formulation is its stability during freethaw.
Proten at a high concentration is more resistant to freehaw-induced aggregations, as the
interfaceinduced protein denatures can quickly reach a saturation pGiBesides heating, low
temperature storage can induce aggregation. For instance, it dees reportedthat Igm
cryoglobulinprecipitated atstoragetemperature below 10°C.

Other studies indicate that thaggregatiorof IgG1 at a low temperature drsurprisindy

the processes are reversible upon increasing the storage temperét@ae plausible theory as
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to how low temperature causesygregatiorand precipitationsisthat a decrease in temperature
reduces the hydrphobic interaction, and consequently, leads to exposure of hydrophobic
surfaces. This exposureads to an increase in proteifprotein interaction and results in
aggregatiorn'?

Glycosylation can affect the physical stability and solubility of antibodies, as shown in
many studie$* For example, the physical stability of IgG1 Fc glycoforms with a different site
occupngy (expressedn P.pastorig was studied irdetail. Thediglycosylatedshowed the highest
physical stability. The neglycosylate IgG1 Fc (N297Ex) showed théoweststability indicating
the effect of glycosylation on the stabilitfhe moneglycosylated IgG1 Fc (glycosylated in one
site) showed the least physical stabilitidsurthermore, non-native structure fromcircular
dichrasm €D and intrinsic fluorescenceasobserved, which was reversiblgpon theremoval
of the glycan (i.e., treatment with PNGase F). Functional activity stadesed thatthe mono
glycosylated=c binds twefold less than thediglycosylatedn agreementwith other reports#®
These studies indicated the role gfycosylationon the higherorder structure oflgG,which
impacts the stability and functional activity.

In a similar study, the solubility and physical stabilities of fiyecajorms (HMFc, Man5
Fc. GIcNA€Ec, and N297@c)were studiedn detail. The results indicated that theiglycosylated
HM-Fc (MagGIcNAg) and Man5Fc MansGIcNAg) have higher solubility and physical stabilities.
Comparatively, the GIcNA€c has lowermphysical stability and solubility. The solubility and
physical stability of N297®c significantly decreased compared to the other glycoforms,
indicating the effect of the glycanOther studies suggested that removal of glycan exposes the

hydrophobic pockt, which ultimately leads to structural alteration and aggregafion.
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1.9.2Chemical Degradation of Proteins

Chemical degradation of proteins is one of the common degradation pathways that
occurs at all stages of product development. The most common types of chemicatidiegn
include the following oxidation, fragmentation, glycation, and deamidati¥mThe chemical
degradation that alters the highesrder structure of an IgG can lead tggregation and
immunogenicity. Furthermore, alteration in highefrorder structure may lead to physical
degradation which consequently, can alter the biological activitytledérapeutic antibodies.
Therefore, chemical stability is one of the critical quality attributes that needsetmonitored
during protein therapeutic developmefif. Forinstance, oxidation of Trp in antibodies was
shown to cause loss of functional activity as wellchangein color of a high concentration
formulation®’ Also, the rate of Trp oxidation was fé¢pendent processes and dtasic
conditions, can result in the fmation ofaggregaes.’ In one study, mAbs ME&D3 has reported
a loss of binding and biological activity due to Trp oxidatfdn.another study, antibodies were
exposed to 254nm, and resulted in increased percentage of aggregation over the time of
exposure?® Other studies showed that photoionization of Trp could reduce disulfide bonds by
electron transfer, which led to both chemical and physical degradation of the préftgin.

Oxidation of therapetic mAbs can occur at any stage of production, purification, storage,
and transportation?*®” Oxidation hot spots in the Fc region of IgG are ®¥fatnd Met'?8, which
are known to affect the conformational staityl of the G2 domain. The impact of oxidation on
the G2 domain stability of antibodies ha®en observedn several studieg® %% Unlike other
chemical modifications, Met oxidation increased for samples stoméa low temperature

(refrigerator) compared to samples stored at high temperature (room).ifbisase in oxidation
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at low temperature was because of thencentrationof oxygen alow-temperatureincreases
(solubility of oxygen increases atlowtemperature). There are many potential sources of free
radicals, such as excipient and contaifferot

Besides Met and Trp, there are othgites prone to oxidationsuch as Hiys,and Tyr
amino acids.Oxidationof these reactive sites can occur by reaction vathumber ofreactive
oxygen species (ROS%1% The residughat is solventexposed and accessible to RO®ibitsa
high oxidation rate’-%8 106107 Oxidation of protein carbe categorizedas metalcatalyzed
oxidation (sitespecific) and photapxidation reaction (nossite-specific). For instance, light can
lead to oxidation of Met and Trp sitespnotein.8¢ Another possible oxidation is metehtalyzed
oxidation (MCO), which occurs whesdoxactivemetals such as iron and coppdsind with the
antibody. Metals are known to bind to histidine and cysteine, and these sites are sensitive to
oxidation due tathe proximity of the ROS generatet§®

Deamidation is another chemical modification that requires monitoring during
therapeutic product developments. Asparagine sites followed by serine, agipa; and aspartic
acid residues appear to exhibit highéeamidationrate 26 Therefore,sequence plays a critical
role in the rate ofdeamidation®®1%° |n addition tosequence high order structure can play
significant role in theaate of deamidation®® 12112 Additionally,deamidationof mAbs can be
affected by tempeature, buffer, and pH conditia?f For insaince, in one study after an extended
storage of antibody, chemical degradations, sucll@smidation(Asn and GIn), fragment, and
oxidation, were observed: 113114

The correlation between deamadion rate andglycosylatn was not studied extensively.

A recentreport examined the effect of glycan nature on the chemical stability of-defined
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IgG1 Fc glycoforms. After incubation at 40°C for three months, the results indicated that the
deamidation of Asn315 ahtransformation of Trp into glycinkydroperoxide were glycan
dependent. The nowglycosylated N297®c showed higheteamidationfollowed by GIcNAE&c.

The Man5Fc and HMFc showed similar deamation profiles. Furthermore, the data showed
different glycdorms lead to different impurity profiles. Therefore, these results are significant in
biosimilar development, in which impurity profile difference can have a significant effect on the
chemical degradation. The chemical degradation studies of the veeit-defined IgG1l Fc
glycoformsshowed a significant difference in their degradation profile, influenced by the type of
glycan at Asn29¥.> Glycation is another modification that can occur when antibodies
incubatedin a solution containing a reducing sug&6ome results indicate glycation affects the
function,11® while other results suggest no effect ¢ime binding affinity:'” Glycation can affect

the stability andconsequently, may lead to loss of potency. Glycation can occur in the presence
of reducing sugars commonly used as excipients, such as glucose, lactdge,ctose?® The
common sites of glycation atgsine and arginine, which ultimatelgsults in loss of charge and
increase in hydrophobicit§t8 Similarly, formulation ofdiketopiperazine(DKP)was observed
during extended storagé® Although forced degradatiois essentialfor formulation screening,

the degradation profile may not be the same when compared with ltregterm storage?
Hence, care musbe exercisedwith analysis degradation profiles gelated from forced
degradations.

1.9.2.1Chemical Modification of Proteins During Storage

Chemical degmation is one of the most commategradationf proteins, which include

crosslinking, deamidation isomerization, oxidation, disulfide bond exchange, and
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fragmentation® Disulfide bond exchange tgpical chemical degradation and may lead to
protein aggregatiort!’® The disulfide bond exchangs initiated by thiolate ions generated at
higherpH; hence increasing pH leads to more degradatiBfln astudyof lyophilizedigG1 Fc,
Storage (1 year at 30Q), it has been demonstrated thahe disulfide exchange caused the
formation of dimers and trimersSimilarly, othestudies indicate nomeduced dmers of IgG1 Fc
after storage at elevated temperature and basic pH for saiveeeks’* 12122 Storage at high
temperature> 4£Ccaneasilygenerate a range of dimer products as indicated in several regbrts.
123

Beside disulfidebond, isanerization is a common degradation pathway in therapeutic
mADbs. For example, a recombinant monoclonal antibody HER2 (Herceptin) showed isomerization
and decrease in potendy? Similarly, antigE antibody (E25) isomerization reduced the binding
activity to 15%42° Oxidation is another degradation route for antibodies storedaalow
temperature. For example, oxidatiamas showrin IgG2a during solution stored at 53milarly,
oxidationwasobservedin rhu mAbanti CD20 after incubation at 4°C for about two mont#fs.
Light exposure can increase oxidation as indidémeHER?2 at 30°C and 40Other degradation
pathways during storage are the formation lmdsicand acidic species. Deamatibn is the most
common pathwaythat leads toacid species, and such degradatwas observedfter incubation
at 25°C for twelve weeks! On the other hand, basic species in antibodiese observedafter
removal of sialic acids well as aftepyroglutamate and succinimide formation. Sugtbasic
speciesvas observeafter incubation of daumanmonoclonal antibody at 3T for two weekg?

Fragmentation is another major degradation pathway of antibodies that can occur after acidic or
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basic treatmat,??thermal stress, freez¢haw,’® and storaget?! There areragmentation prone
sequences in IgG1 Fc, such as-@pand Asjpro.}?®

1.9.3Accelerated and Londerm Stability Study of fteins

Stability testing is required to establish shigié of therapeutic productst is well known
that environmental factors, such as pH, temperaturenic strength, and the presence of
stabilizers, can impact the conformational stability of theguct. Therefore, the stability of the
biosimilar in the formulation should be studié8iAccelerated stability studies are performed
based on the underlyingssumption that the degradation profile follows Arrhenius behavibis
is true in small molecules where studiesnduced at ahigher temperature can predict stability
during longer and lower temperatusé?® A nonArrhenius behavior was introduced to account
for protein aggregation, in which the rate depends on equilibrium (for the formation of
aggregatiorprone state) and the rate of irreversible aggregatiéhHowever, using Arrhenius
equation tofit protein stability data can beery difficult'3*because there are potentially multiple
degradation pathways involved.

Forced degradation study include a set of analytical tests applied to examine
physicehemical mechanisms of degradation. On the other hand, accelerated stability study
measures the rate of a given degradation process over time at a different temperature in specific
formulation conditions. Examining the effect of storage time, excipientheraccelerated and
longterm stabilities of biologic drug products is an important part of formulation development
as well as comparability evaluation. Biological drug products may encounter many environmental
stresses during expression, purificationppessing, storage, and shipment. Therefore, forced

degradation and accelerated stability studies are requiredttalythe degradation profile of a
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biologic drug by applying various stress conditions, such as elevated temperature;tfiaeze
agitation, «idation environment, light, and the presence of different interfaesswell agppH
changes. The design and outcome of successfully forced degradation and accelerated stability
studies depends on the analytical techniques employed to identify and chalzeténe
degradants generated.

Temperatureinducedunfolding is widely used to predict lofgrm protein stability at
low temperature ( storage). For instance, a good correlation between the measwnemlueand
aggregation propensity during storage aP@haseen obtainedor mAbs!32This study suggests
that the closer the # value is to the thermal stresshe higher the probability the protein starts
to unfold. Consequently, there is a loss of its native structures to form aggregates. However, this
mechanism of thermal induced aggregation at an elevated temperature may not help to predict
longterm stabilty at a lower temperature. Moreover, most proteins are conformationally stable
at low storage temperature (2 and°€). The mechanism of aggregation at low temperature is
driven by native seldssociation (colloidal stability) rather than on nRoative prdein-protein
interaction (conformational stability). Although some progressh®en achievedthe prediction

of a longterm stability (stored at low temperature) still lacks robust and reliable technidgfes.
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1.10 ChapterOverview

1.10.1Production, Characterization, and Biological Evaluation of \Al2dlfined IgG1 Fc
Glycoforms as a Model Systemrf&iosimilarity Analysis (Chapter 2)

Four different well-defined IgG1 Fc glycofornae proposedas amodel system to
examineimportant biological and physicochemical features footein drugbiosimilar analyis.
The IgG1 Fc glycoformgere producedby yeast expression combined wiih-vitro enzymatic
synthesisas a series of sequentially truncatedhigh-mannoselgGl Fc glycoformsith an
anticipatedrange of biological activity and structural stability. Initial characterization with mass
spectrometry, SBPAGESECand clEF confirmethe glycoproteins are overalighly similar
with the only major difference being glycosylation staBnding to the activating Fc receptor
FaRllla was used to evaluate the potential biological actwitthe IgG1 Fc glgproteins. Two
complementary methods utilizing biolayer interferometry (BLI), one with protein G immobilized
IgG1 Fc and the other with streptavidin immobilizedfda, were developed to assesgftia
affinity in kinetic binding studiestThe HM-Fc andMan5-Fc were highly similar to one another
with high affinity for FgRllla, while GIcNAEc hada weak affinity, and the norglycosylated

N297QFc had no measurable affinity fordRtlla.
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1.10.2Comparative Evaluation of WeDefined Mixtures of IgG1 Fc Glyawins as a
Model for Biosimilar Comparability Analysis (Chapter 3)

Fourwell-definedlgG1 Fc glycoforms (HNt, Man5Fc, GIcNA€c, and N297c) were
prepared and blended to produce welefined mixtures with evident and subtle differences in
physical andunctional properties. The mixturesere preparedoy mixing HMFc with the three
glycoforms in predefined proportion to make two sets of mixtures (90%HM:10%X,
50%HM:50%2X, in which X was N2F& Man5Fc, and GIcNAEc).In addition a more complex
systemwas preparedby blending the four glycoforms (25% each) to moketerogeneous
systems typically encountered in monoclonal antibodies. Sewedtures of glycoformswere
prepared and utilizech model system for biosimilar comparability assessmétgq the four
glycoformswere usedas a control in each characterization technique. The focus of this study is
to evaluate the functional and physical characteristics of the mixtures as a model system for
biosimilar comparability analysis. Two complimentary ByeL#nterferometry (BLI) methodBgc
immobilized(receptor in solution), andeceptorimmobilized(Fc insolution),were employed to
examine the functional activity of thenixture of glycoforms Although both immobilization
techniques showed similako (equilibrium dissociation constant) values for the control
glycoforms as expected, differencesknvalueswere observedor the mixture of glycoforms
These differences ik values depended on the type of immobilization technique used, the
percentage of cmposition of the mixtures, and thépe of mixtures. Therefore, the result
demonstrated that the binding interactions were influenced not only bytsipe of mixtures,but
also by the immobilization technique employed. Response measurements were perfasimed
the Feimmobilization technique; a trend was observed, which depended on the type and
composition of the mixtures. Mixtures containing MaRb and HM~c showed higher responses,
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followed by amixture of GIcNA&-Fc and HMFc. Meanwhilegcombinations oN297QFc and HM
Fc showed the lowest responses.

1.10.3 Characterization of IgG1 Fc Glycoforms After Prolonged Storage at Low and
Elevated Temperatures: A Model System for Biosimilar Comparability Analysis
(Chapter 4)

Stabilities of therapeutic monoclonal antibiesare routinely testedunder accelerated
conditions, such as exposure to chemicals and incubation at a high temperature. IgG1 Fc
glycoformswere characterizedifter incubation aty ne4é £> | YR npomtsatth@ NJ G A Y S
four, YR (6St @S 6SS1ad® ¢KS RIFIGF AYyRAOFGSR GKI G
lower binding affinities to BRIlla, while the samples stored4st / Y yiBR/ & Khader&dR |
change in binding affinities when tested using tkReimmobilized format Additionally, a
reductionin binding responsevas observedvhen the Fcimmobilized techniquevas usedIn
additonz G KS &l YL S&a ad2NBR |G nne/ ng KesansaBy aA 3y A
oxidation, whereas anodestchange in chemical modificatiomas observedor samples stored
G 26 GSYLISNInedzNB & Gord/f HyWB GAYS LEBcAMagsa SEI Y
Fc, and GlcNA€Ec showed significantly lower bindindiaities when the measurements were
performed using thereceptorimmobilizedformat compared to the measurement conducted
using theFcimmobilized These data illustrated differences between the two immobilization

techniques in detectin@ reductionin binding affinities for the samples incubated at low and

elevated temperatures.
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1.10.4Summary, Conclusions, and Futureovi (Chapter 5)

This chapter summarizes the concepts developed from chaptes to four with the
focus being the utility of homogenous weléfined IgG1 Fc glycoforms as a model for biosimilar
comparability analysis. The application of the concepts and methods developed in biosimilar and
comparability assessments as well as in ygaduct developmentvas discussedrinally, areas

of future workwere addressed
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1.11Figures

Figure 1.Schematic representation of IgG1 containing two Fab regions and a homot

Fc region. The domairsse maked with variable (V) or constant (C) with a subscripti

for light (L) and heavy chain (H). The heavy clsamumberedl, 2, and 3, starting fronr

the Nterminus. The glycosylation site for IgiSlocatedat Asn297 (EU numbering)he

two heavy chainare connectedby the disulfide bondm the hinge region (marked red

\ ) l
% i
@ @ | <Fuc W GlcNAc @ Man Gal & sial Y N
= ||=| * | |
(j. "r L L ]

Fc SIS .l || | L
[ | | | | W | | N | | B | |
NN YRy | | | |
.-H.,__.,,..-. .__H‘_L.,_ﬁ,. .x./. .E.f. .H‘_H./. .q___‘“.f. .x.’_’_.

T ||z | | | | | [ |

J || J = T [ ] [ ] L] = =
. . T SR R S
L Mans Mans G2 G2-GlcNAc GOF G2F _ G2F+2NANA

34




Figure 2 Crystalstructure of IgGTFc which contains glycosylation at Asn2BDB ID: 1H3Y

The Fc glycarare locatedbetween the two G2 domains:34

N297

Man a-1,3 arm

Man a-1,6 arm
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Figure 3. The amount of data required for a biosimilar product compared to a new product. Exte

physicochemical and functional characterizations (analytics) are required imsembar development

program, while more clinical phase studies are required in a new biologic product development.

New biologic development

- Efficacy
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Figure 4 .Steps required for developing a biosimilar, samadilecule generic, and new biolog
products. In a biosimilar product, the dsvery phase and phase Il (i.e., dose findiagg not

part of the development program.

Steps required for development
. Time cost
(years) (mn)
N
\\
New biologic product Discovery ‘ Preclinical Phase | Phase i Phase Il Product license > Upto 12 >1,000
/
Small molecule generic
product Phase | Product license Uptos <5
Biosimilar product Preclinical Phase | Eras Product license 6-9 100-200
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2.1 Introduction

Protein therapeutics are inherentlstructurally complexbiologicaldrugs whose active
components are not a single, weléfined molecule, but a mixture of similar molecules which
can differ by type and extent of pestanslational modification> chemical modification&}*and
three-dimensionakonformations!#13In addition batch to batch variatioonf active components
and production impurities can further complicatefining of the analytical characteristics of a
protein drug'# Because of thighe assessment gfrotein therapeutics in comparability studies
or inthe regulatol approval of biosimilars is not just a simple exercise in confirming the chemical
structure of a single active chemical entitythe presence oéxcipients. Instead, thgrimary and
higher order structures, physiochemicalproperties, and biological asgities of the protein
therapeutics must be analyzed. Often, even after extensive study, the relationship between
safety andefficacy of a protein therapeutic and these analytical tests is not entirely clear because
of the complexity of the mixtures in prein therapeutics and biological systems involviedan
effort to better understand hown-vitro analytical tests can be utilized to determine similarity in
biosimilarstudies andcanalysisassessmentsye have developed a serieswetll-definedIgG1 Fc
glycoforms as a model system. The use staesof welldefinedglycqroteins in these studies
should enable identification amportant structural and biologicdkatures for comparabilitgnd
biosimilarityexercise

A series ofgG1 Fglycoforms werechosen as the protein model system for biosimilarity
analysis because as a fragment of-fefigth IgGL1 it is a simpler system to study but contains the

G+2and G3 constant domains which are present in all human IgG1 based mAb therapeutics. The
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Fc regiong critical to antibody function in that it mediates effector functions suclhragody
dependentcellular cytotoxicity (ADCEF* and complement dependent cytotoxicity (CBEJ.
The Fc regionf an IgG1s also important in antibody clearance because binding of the Fc region
to the neonatal Fc receptor (FcRn) increaisegivo half-life?®3, Alsq N-linked glycosylation at
aspaagine 297 (N297) in the Fc region is known to modulate the biological a€ti%fy and
physical properties of IgG1l Fc3? 4%% and this can be used to establishmgarities and
differences between the members of ifhmodel system. A series of sequentially truncated
glycoforms of 1gG1 Fc (Figure 1), which differ only in the size of-timkéd glycan at N297 or a
single conservative amino acid mutation (N297Q),evehosen as model system. Previous
studies have indicated that these glycoforms would display a range of biological activities and
physical propertie’s 32 4that would be advantageous faur biosimilaritystudies.

It wasfirst necessary to develofaboratory productionmethods to produce sufficient
j dzZ yGAGASA 0F mn ndefiviedl 19651 RO glycofan®s toicdaduct miBerdnge of
analytical testsiecessaryor biosimilarity analysis. Presented hexee the methods established
to produce the glycoforms shown in Figure 1 through yeast expregsimification, andin-vitro
enzymatic synthesis. Also presentedthis workis the initialbiochemicalcharacterization of
these glycoforms, the developmenf binding assays for IgG1 Fc bindingmoFaeceptor using
biolayer interferometry (BLI), and determination of the affinity of the different IgGl Fc

glycoforms for that Fc receptor as an initial evaluatioiofogicalactivity.
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2.2 Materials and Methals
2.2.1 Materials

Yeast nitrogen base (YNB3s obtainedrom Sunrise Biosciences, and Battdryptone
and Yeast Extraovas purchasedrom Becton Dickinson and Company (Franklin Lakes, NJ).
Antifoam 204 was obtained from Sigmddrich (St. Louis, MO). Ceigfl ACS grade crystalline
sucrosewas purchasedrom Fisher Scientific (Pittsburg, PAoctriglycine was suppliedby
Bachem Americas, Inc. (Torrance, A enzyme®NGase FSortase andB.thetaiotaomicron
a-1,2mannosidase (BT3990,B.t. a-1,2mannosidase) were produced in-house?*®5?
Endoglycosidase H and restriction enzymese obtainedfrom New England Biolabs (Ipswich,
MA). Protein G resin was produced by congliprotein G(recombinantly expressed ia. colj>3
with Sepharos®Cl-4B (Sigmaldrich,St Louis, Mpusing divinyl sulfone as a coupling reagént.
General chemicals were purchased from Sighidrich and Fisher Scientific unless otherwise
noted.

2.2.2Production and InitialCharacterization of IgG1 Fc Glycoforms
2.2.2.1Expression oHighhmannoselgG1 Fc (HMFc)
HM-Fcwas expresseih a glycosylatiomeficient strain oP. pastorigan OCH1 and PNOL1

deleted, IgG1 Fc expressit@MD116&train ofP. pastoriproduced by Xiao et.&Pwas utilized)
using glycerol (growth phase) and methanol (induction phase) as carbon souecBiBiBioFlo
415 fermenter (Eppendorf). The starter cultureni®) was allowed to grow at 25°C for about 72
hrs in YPD media (1% yeast extract, 2% peptone, 5% glucose amdIZ#bpgiml). This starter
culture was then inoculated into 250Lof YPDmediain a baffled shake flask and incubated for
about 72 hrs. Before inoculation with the starter culture, the fermemes filledwith 7 liters of
fermentation basal salts mediufBSM)® The components of BSM per liter are 26l 85%
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phosphoric acid, 18.2 g potassium sulfate, 0.93 g calcium sulfate, 14.9 g magsefjinate
heptahydrate, 4.13 g potassium hydroxide, and 40.0 g glycerol. Finally, waseaddedo the
appropriatevolumeand the fermentation mediavas sterilized After sterilization and cooling,

the temperaturewas adjustedo 30°Cand the pH of the BSM mediumas adjustedo 6 with

28% Ammonium hydroxideNext, PTMP® trace salts solution was prepared by mixing the
following components (per L): 6.0 g copper sulfate pentahydrate, 0.08 g sodium lodide, 3.0 g
manganese sulfa monohydrate, 0.2 g Sodium Molybdate dihydrate, 0.02 g boric acid, 0.5 g
cobalt(ll) chloride, 20.0 g zinc chloride, 65.0 g Iron(ll) sulfate heptahydrate, 0.2 g biotin and 5.0
mLsulfuric acidThis stepwas followedoy adding 4.3InLof filter-sterilized PTM trace salts/liter

of BSM. Next, the dense 2&fL starter culture mediavas addednto the fermentor. The culture
media was allowed to grow until the batch glycen@s consumegdand an additional 306L of
glycerol were then added to increase thelitd f OStf o0A2Yl dad 5Aa3az2f OSK
throughout the fermentation processes. Once the added glycerolomasumedand the desired

cell biomassvas attained a 100% methanol feeding was initiated to induce the AOX1 promoter
for IgG1 Fc expressioTte temperature was reduced to 26 for optimal IgG1 Fc expresspior

to induction. Methanol inductionvas continuedor approximately 72 hours. The resulting yeast
suspension was pelleted by centrifugation at 12,390 x g for 20 min, and the sup@rmata
collected Using this procedure, the amount of HRt obtained after protein G affinity
purification was approximately 50 mg/L. Four 7 liter fermentations were conducted to produce
sufficient HMFc to develop then-vitro enzymatic synthesis used tonake the Man&-c and
GIcNAeFcglycoformsand to generate material for the subsequent experiments described in this

and the accompanying papers.
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2.2.2.2Expression of NoiGlycosylated Mitant N297QIgG1 Fc (N297®c)

Spinner flask expression was utilized for greduction of N297@Fc ina glycosylation
deficient strain ofSMD1168&. pastorigClone produced ipreviousstudy!) as follows. A starter
culture of 2mLwas inoculatedn YPD that contained 100 pglL Zeocin.This culture mediavas
incubatedat 25 °C for 72 hrs. Tt&mLculturewas then used to inoculate 50mLof YPD/Zeocin
culture, whichwas incubatedvith shaking at 25°C for 72 hrs. TherBDculture was then used
to inoculate 1 L of Buffered Glycermmplex Media (BMGY¥)containing 0.00004% biotin and
0.004% histidine. After 48 hours, when timatial glycerol carbon sourcevas metabolized
N297QFc expression wasiduced by methanol feeding to a final concentration of 1% (by
addition of 50mLof 20% methanol every 24 hrs.) for about 72 hrs. The same protocol used for
harvesting HMFcwas appliedor harvestingof the N297QFcsupernatantUsing this procedure,
the amount of N297@Fc obtainedfter protein G affinity purification was about 20 mg/L. A total
of seven 1 L spinner flasks were grown to produce the 130 mg of NE®1Red in the research
described in tis and the accompanying papers.

2.2.2.3Purification of IgG1 Fc

Both HM and N297QgG1 Fc were purified using the same general procedure given
below. Thesupernatantcollected from yeast expressiomas filteredwith 0.5 um filter pads
(BuonVino Manufacturing) to remove particulatgsrior to protein G affinity chroratography.

The protein G column (2L bed volume) was equilibrated with 20 mM potassium phosphate
pH 6.0 in 10 column bed volumes (CV) and loaded with the filtered supernatant at pH 6.0. The
column was subsequently washed with 20 mM potassium phosphéferbpH 6.0, containing

0.5 M NaCl (5 CV) and then 20 mM potassium phosphate buffer, pH 6.0, (5 CV). IgG1 Fc was eluted
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using 100 mM glycine at pH 2.7. Eluted protaias collectedin 20 mL fractions into tubes
containing4 mLof 1 M Tris pH 9.0 200 uLof 1 M Tris pH 9.0 penL of elution volume) to
neutralize the acidic elution buffer. Fractions of eluted protein detected by UV absorbance at 280
nmwere immediately dialyzeoh 20mM sodium phosphate buffer pA0.HIC purification using
phenyl sepharose K-pefdmanceresin (GE Healthcargjith a 125mL columnbed volume
(packedin-house) and an AKTAmicro chromatogragystem(GE Healthcare) were utilized to
further purify the 1IgG1 Fc form$hephenyl sepharoseolumnwas preequilibrated with Bufér

A (20 mM sodium phosphate, pH 7.0, containing 1M ammonium sulfate) for 5 CV. The protein G
purified IgG1 Fasas dialyzedh buffer A and then loaded onto the phenyl sepharose column with
aloadingvolume of 50mL(concentration, 1 mghLl). The chromatogphic separation was then
conducted with three gradient segments from 0 to 50% buffer B (20 mM sodium phosphate, pH
7.0): gradient segment 1 {86% B, 3.5 CV), gradient segment 232% B, 2.6 CV), and gradient
segment 3 (3660% B, 6.7 CV). Collected frans (10mL) were analyzed by SBPAGE and mass
spectrometry to check for purity and identity. Pure fractions were finally pooled and dialyzed in
storage buffer (10% sucrose, 20 mM histidine pH 6.0) and frozeB0al in aliquots. Thénal
collected sarple pool was analyzedby SEC SDSPAGE, mass spectrometry, and clEF
characterization taconfirm overallpurity and quality.Samples containing pure fractions were
concentratedto 0.2 mgimLusing Vivaflow 50, (10,000 MWCO, Sartorius Stedim Biotegsim)g

this procedureapproximately45 mg of the HMFc glycoform and 118 naf the N297QFc non
glycosylated mutantvere producedfor use insynthesisof other glycoforms and biosimilar

analysis studies
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2.2.2.4In-Vitro EnzymaticSynthesis of the Man8gG1 Fc {gcoform (Man5-Fc)

HM-lgG1 Fc was converted to MatdG1 Fc in am-vitro enzymatic reaction using.t.
a-1,2mannosidase (BT3990)%? It was foundthat the B.t.a-1,2-mannosidase used in this study
had very low actiity in the IgG1 Fc sample storage buffer which contained (0% sucrose
and 20 mM histidine buffer at pH 6.Because of thigrior to the reaction HMFc (125 mg) was
dialyzed extensively in 10 mM MES buffer pH 6.6 to remove the sucrose and histielidetd M
Fcwas dialyzedh a reaction buffer containingmM CaCl 150 mM NacCl, antiOmM MES buffer
pH 6.6 for 12 hrsAfter dialysisthe enzymatic reactiorwas started by adding 6.7 mg of the
bacteriala-1,2-Mannosidase (BT3990)he reactiorwas incubatecat room temperature for 48
hrs. The progress of the reaction was monitored by mass spectromainy the percentage of
conversion to the Man%-c glycofornwas estimatedrom the peak intensity (Table)2 Finally,
the reaction mixture was purified using protein G affinity chromatography to rennoveanted
impurities and excess enzyme using the same protocol as describedparifieation of IgG1 Fc
sedion above The amount of Mand-c produced was 7fg (60% yieldgand the percentage of
Man5-Fc in the final product was estimated to be 78% by mass spectrometry.

2.2.2.5In-Vitro Enzymatic $nthesis of the GIcCNAtgG1 Fc (gcoform (GIcNAd-c)

HM-lgG1 Fc was converted to the GIcNg§G1 Fc glycoform using endypepsidase H
(Endo H)Endo H displayed full activity in the IgG1 Fc storage buffer (10 % (w/v) sIRDasd/
histidine pH 6.Q)Therefore, it was possible to digest HyG1 Fc directly without a dialysis step.
HM-IgG1 Fc (100 mg) at a concentration & thg/mLwas incubatedvith Endo H (for every 1
mg of HMIgG1 Fc, 1000 U of Endo H enzyme were added, which corresponds to approximately

0.1 mg of Endo H per 100 mg Hd) at room temperature for 24 hrghe progress of the reaction
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was monitored by SDBAGE& and mass spectrometryrhe samplewvas analyzedoy mass
spectrometrywhich showed a nearly quantitative reaction with the percentage of GldRAiQ
GKS FAYIf LINRPRdzOG xdd: d

2.2.2.6LCMS analysis IgG1 Fc glycoforms

Samples of IgG1 Fc glycoforatsa concentratn of 0.2 mgmLwere first reducedvith
10mM dithiothreitol (DTT, Invitrogen) and then BQwere injected into the mobile phase of the
LC.ESI spectra of the reduced samplesre acquiredon a Agilent6520 Quadrupole Timef-
Flight (QTOF) system. Thestmumentwas operatedn positive ionmode,and a spectrum was
acquired covering themass range from 308000 m/z with anacquisition rate of 1
spectrakemnd. The samplewere desaltedbn a reverse phase C4 column, 50 mm, 4.6 mm I.D.
(Vydac 214 MS, 300 pore size, 5um particle size) using Agilent 1200 series Liquid
Chromatography system. The solvents used weré99.9% kD, 0.08% formic acid, 0.02%
trifluoroaceticacid (TFAxnd B (99.9% acetonitrile, 0.08% formic acid, 0.02% TFA). A gradient
was devebpedfrom 5% B to 90% B in 7 min with a flow rate of @3min. Data was collected
using Agilent MassHunter Acquisition software (Version B.02.00). ProteinMsid\talculated
using the Maximum Entropy Deconvolution function and associated peak intertities 1gG1
Fc glycoforms were obtained using Agilent MassHunter Qualitative #isagftware (Version
B.03.01).

2.2.2.7Sodium Dodecyl Sulfatolyacrylamide Gel Electrophoreq[SDSPAGE)

For the reduced samples, each of the IgGXhlifcoforms(20 pg)were mixed with 2X
TrisHCI SDISading dye containing 100 mM DTT and incubated &t@&0r 2 min. The reduced

IgG1 Fc samples were then separated &gdium dodecyl sulfatpolyacrylamide gel

70



electrophoresisusingNuPAGE -42% BisTris gradient gef{Life Technolgies, Grand Island, NY)

gels anda MESrunning buffer (Life Technologies). similarmethod was followedfor non
reduced samples of IgG1 Fc proteins except DTT was omitted during the incubatiomhstep.
running time for all the gels was 60 min at 150Rtein bands were visualized by staining with
Coomassie blue R250 (Teknova, Hollister, CA) and destained with a mixture of 30% methanal,
10% acetic acid, and 60% ultrapure watéel images were recorded using Atphaimager
(Protein Simple, Santa Clara)@el imaging system.

2.2.2.8Size Exclusion HigRerformance Liquid Chromatograph$Eg

Experiments were performed wusing a Shimadzu JpgHormance liquid
chromatography system equipped with a temperature controbeto sampleand a photodiode
array detetor capable of recording UV absorbance speftean H n n b n nATosblY TS&el
BioassistG3SW. column (7.8 mm ID x 30.0 cm L) and a corresponding guard column (TOSOH
Biosciences, King of Prussia, Pennsylvamé}® usedfor IgG1l Fc glycoform characterization.
First, theSE@olumnwas equilibratedor atleast 10 CV with a mobile phase containing 200 mM
sodium phosphate, pH 6.8 and a flow rate of @Zmin at 30 °C column temperature. Next, the
column was calibrated using gel filtration molecular weight standardsRBdy Hercules, CA)
before and aftetthe runs oflgG1 Fc glycoforto ensure column and HPLC system integutly
Fcsamples were centrifuged at 14,0@0for 5 min before injectiomo remove insolublgrotein
aggregats. Protein samples at a concentration of 1 mgivere injectedin a volumeof 25 L,
and a 30 minrun time was usedfor elution. Peaks quantification was carried out usli@

solutions software (Shimadzu, Kyoto, Japahg error bars for monomearontent for all the four
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IgG1 Fc samples asdlubledimer aggregats (observed ilN297Q 1gG1 Fegpresent standard
deviation (SD) dfiplicate measuremens 585°

2.2.2.9Capillary Isoelectric dcusing (clEF)

The determination of isoelectric points (pls) oftak IgG1Fc glycoforms using capillary
isoelectric focusing (clEWgre performed with an iICE280 analyzer from Convergent Biosciences
(now Protein Simple, Toronto, Canadgguipped witha microinjector. A FCCartridge(Protein
Simple, Toronto, Canaflavith 50 mm, 100 um 1.D. fluorocarberoated capillary and butin
electrolyte tankswas usedor focusing The cartridge was calibrated byhamoglobinstandard
(Protein Simple, Toronto, Cangdbaefore and after focusingf IgG1l Fc samples to ensure its
integrity. For focusing, a sample rtiire was prepared where each of the IgG& glycoforms
were mixed with uregFischer Scientificynethyl cellulosgProtein Simple, Toronto, Canggda
sucrose (Pfanstiehl Inc.,Waukegan, [I. N,N,N',NTetramethylethanel,2-diamine Sigma
Aldrich,St Louis, MGandPharmalyte 810 (GE Healthcaf®ioscienceRittsburgh,PA) The final
protein concentrationin the sample mixture was 0.2 mygL All the 1gG1 Fc glycoformegere
resolved using a procusing time ofl minute at 1500 V and a focusing time o2112,7.5 and 7
min. was used for HNFc, N297@-c, GIcNAtgG1lFcand Man5F¢g respectivelyat 3000 V.
Observed peaks were calibrated using twb markers with values of 5.84 and 8.18he
separationwas monitoredat 280 nmby aCCD detectorQuantitation of the peaks was done
using Chromperfect®software. The error bars for pl valuesf all the four IgG1 Fc samples

represent standard deviation (SD)tdplicate measuremens.
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2.2.2.10Experimental Procedures fory8thesis of GGéinker-Biotin (3)
Synthesis of tert-butyl (22-amino-2,5,8trioxo-13,16,19trioxa-3,6,9triazadocosyl)

carbamate (1).Boctriglycine (0.145 g, 0.50 mmol) andhydroxysuccinimide (0.079 g, 0.50
mmol) were dissolved in BiL DMF followed by the addition of solotn of DCC (0.134 g, 0.65
mmol). After being stirred on room temperature withy Nrotection overnight, the mixture was
filtered and the filtrate was slowly added to the solution of 4,7Tfbxal,13tridecanediamine
(0.55mL, 2.5 mmol). The reaction procded at room temperature for 5h. Removal of the solvent
under reduced pressure followed by purification of the resulting residue through a silica flash
column using EtOAc: MeOH 3:1 and then MeOH as the eluting solvents led to the desired
compound {) in a yeld of 90 % (0.221 gd4-NMR (MeOD, 400 MHZ): 391 (s, 2H), 3.85 (s,

2H), 3.76 (s, 2H), 3.68664 (m, 5H), 3.68.58 (m, 7H), 3.31 (8= 7.1 Hz, 2H), 2.81 (= 6.5 Hz,

2H), 1.811.77 (m, 4H), 1.47 (s, 9HFGNMR (MeOD, 100 MHz): ' H27.8(x3}; 28.9, 36.5,
38.7,42.1, 68.3, 68.4, 69.0.6, 69.8,69.9, 70.0, 170.0, 170.1, 170.9, 172.3; HRMS (ESI) Calcd for
GiHsNsOsNa (M + N&): 514.2853; Found: 514.2849.

Synthesis of tert-butyl(2,5,8,24tetraoxo-28-(2-oxohexahydrelHthieno[3,4-
d]imidazoHt4-yl)-13,16,19trioxa3,6,9,23tetraazaoctacosy) carbamate (2)Biotin (0.122 g, 0.50
mmol) and Nhydroxysuccinimide (0.079 g, 0.50 mmol) were dissolvednmiL®MF followed by
the addition of solution of DCC (0.134 g, 0.65 mmol). After being stirred at room temperature
with N2 protection overnight,ite mixture was filtered and the filtrate was slowly added to the
solution of compound. (0.221 g, 0.45 mmol). The reaction proceeded at room temperature for
2hrs. Removal of the solvent under reduced pressure followed by purification of the resulting

residue through a silica flash column using EtOAc: MeOH 4:1 as the eluting solvent led to the
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desired compound2) in a yield of 80 % (0.258 gH-NMR (MeOD, 400 MHZ): 4[50 (dd,J=
7.8, 4.7 Hz, 1H), 4.50 (dbk 7.8, 4.4 Hz, 1H), 3.91 (s, 2H), 3.85 (s, 2H), 3.77 (s, 2H3,6667M,
4H), 3.623.60 (M, 4H), 3.54 (8= 5.7 Hz, 4H), 3.33 (= 7.4 Hz, 2H), 3.2823 (m, 1H), 2.94 (dd,
J=12.8,5.0 Hz, 1H ), 2.1d,J= 12.7 Hz, 1H), 2.30 §= 7.4 Hz, 2H), 2.6B61 (m, 8H), 1.52.47
(overlap, 11H)3¥GNMR (MeOD, 100 MHZ): ' H24.8 @457, 24.9(x3), 25.3, 26.8, 27.3, 27.9,
28.0, 28.3, 28.6, 30.6, 33.2, 33.4, 39.6, 47.0, 48.3, 50.6, 50.9, 55.5, 55, 1BA0, 173.5
(overlap), 174.5; HRMS (ESI) Calcd §04s6N;O10SNa (M + N&) 740.3629; Found: 740.3627.
Synthesis of N-(1-amino-2,5,8trioxo-13,16,19trioxa-3,6,%triazadocosanr22-yl)-5-(2-
oxohexahydralH-thieno[3,4-d]imidazol4-yl)pentanamide (3).Compound 2 (0.255 g, 0.355
mmol) was dissolved in hL95% TFA. After 30 min.,r2Ltoluene was added to the solution.
Removal of the solvent under reduced pressure led to the desired comp&uaido referred to
as GG@inker-Biotin, in a yield of aroundaD % (0.220 g}H-NMR (MeOD, 500 MHz): 4[52
(dd,J= 7.8, 4.7 Hz, 1H), 4.33 (dtk 7.8, 4.4 Hz, 1H), 3.99 (s, 2H), 3.87 (s, 2H), 3.79 (s, 2H), 3.67
3.65 (M, 4H), 3.63.60 (M, 4H), 3.54 (8= 5.7 Hz, 4H), 3.26 (= 7.4 Hz, 2H), 3.23.20 (m, 1B},
2.95 (ddJ=12.8, 5.0 Hz, 1H ), 2.72 {& 12.7 Hz, 1H), 2.27 (= 7.4 Hz, 2H), 2.6B.61 (m, 8H),
1.52-1.46 (overlap, 11H¥3GNMR (MeOD, 125 MH2): 25.5, 26.8, 28.4, 29.0, 35.2, 36.4, 43.5,

39.7,40.1, 42.2, 47.8, 48.1, 53.9, 55.6, 56.9),580.2, 62.0, 68.3, 69.7.
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2.2.2.11F@Rllla Binding Assays

Productionof a P. pastorisstrain for Expression offFcgreceptor llla with a Gterminal
sortase/histidine tag (FgRIIlaSTHs). The soluble region of the V158 polymorph of human
FoRllla was HF&amplified from pPICZA-F@RIIZ® dza A y 3 LINA Y S NA oOF 2N
ggcgccgaattcaaaagaatgcggactgaagatctc and reverse
5'gccgegegegeggecgcttaatgatgatggtggtggtgtccacctecagtttctggcaatccaccaccttgagtgatggtgatgttcac)
that added a sortase recognition site (ST) and hexahistidine®g® G KS oQ SyR 2F
FaRllla DNAThe FgRIllaSTHs PCR productvas insertedinto the methanolinducible Pichia
expression vector pPl&& (InvitrogenCarlsbad, CA) using the restriction sites Hcaftl Not 1.
The pPICGZA-F@RIIIaSTFHs construct was confirmed by DNA sequetgilinearized using Sac |,
and transformed intdP. pastorisOCH1 deleted celfS.Ten colonies were screened for levels of
secgeted FgRIIIaSTHs expression by growing the colonies innfL culture tubes containing
BMGY’ media 400 pgmLZeocinl100 U at 25°C and 250 rpm. Once they reached density, 0.5%
(v/v) methanol was added once per day for three dd¥slative levels of BRIl1aSFHs in the
media was determined by a dot blot using a mouse -Aprimary antibody (Thermo Scientific,
Rockford, IL) followed by goat Anti-mouse IgGse®mndary antibody conjugated with alkaline
phosphatase (Thermo Scientific, Rockford, Tlhe colony that expressed the highest level of
F@oRIllaSTFHs was selectedor 1 L spinner flask expression

2.2.2.12Expressiorand Rurification of FgRIllaHs and FgRI1aSTFHs

FoRlllaHs and F@RIIlaSTHs were expressedh glycosylatiordeficient P. pastoris and

Ni*>NTA was usedas described previously by Xiao at> After Ni*>NTA purification,
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approximately 30 mg/L of each receptoas obtained The receptors were then further purified
using hydrophobic interaction chromatographyl! AA LINBdidyl FF (high sub) 16/16olumn
with a20mLbed volume was uiited withan AKTAmicr¢GEHealthcare) to accomplish thishe
column was preequilibrated with buffer A (1.5 M Ammonium sulfate,100 mM sodium phosphate
for 10 CVprior to loading. TheNi*~NTApurified receptors were first dialyzed in 100 mM sodium
phosphate pH 7.0 buffer for 12 hrs and then adjusted with ammonium sulfate to a final
concentration of 1.5 MThe receptors, ir10 mgportions, were loadedonto the column with a
loading volume of nL Due to the capacity of the columBcolumns were necessato purify

all 30 mg of receptor obtained froli*>NTA chromatographyrhe chromatographic separation
involves three segments from 0 to 100% B (100 mM sodium phosphate pigradient segment

1 (025% B, 15 CV), gradient segment 233% B, 15 CV), drgradient segment 3 (3B00% B,

12 CV). Collected fractionsr{ii) were characterized using SBAGE to check for puritgamples
containing pure receptor were concentrated 1 mg/mL using Vivaflow 50, (10,000 MWCO,
Sartorius Stedim Biotech) artie amouwnt obtained after purification for each receptor was
approximately 18 mg/L.

2.2.2.13Biotinylation of FgRIIlaSTFHs
Purified FgRIllaSTHs was extensively dialyzed 50 mM Trishydrochloride pH 7.5. Next,

this receptorwas dialyzedn a reaction buffer containgn50 mM Trishydrochloride pH 7.5, 150
mM sodium chloride. The sortaseediated ligation reaction was carried out using a mixture
containingl0 uM F@RIl1aSTHs, 6 MM CaCGl 1 mM GGdinker-Biotin (compound3, Fig. 6) and

5 UM sortase at room temperatur&.he reactiorwas terminatedafter 24 hours by adding excess
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EDTA to capture the Gaequired for activity of the sortase. Finally, the receptor was extensively
dialyzed in PBS buffer to remove the unreacted @iGker-Biotin @).

2.2.2.14Analysis of thenteraction of Immobilized 1gG1 Fcl@oforms with
FaRllla using Blayer Interferometry (BLI)

The interactions of the different IgG1 Fc glycoforms with thgRRtaHs were studied
with biolayer interferometry using a BLITZ instrument (Fortebio, Menlo Park, CA) with protein G
biosensor tipsBinding studes using this receptowere conductedas follows.The protein G
biosensor tip was hydrated for 10 min with PBS buffer (150 mM NacCl, 50 mM sodium phosphate
pH 7.4) and then incubated for 30 min with PBS kinetic buffer (PBS buffer containingnlL mg/
casein a8 a blocking agent)Next, an initial baseline (38eQ was established with PBS kinetics
buffer and then the protein G biosensor tipgere loadedwith the IgG1l Fc glycoforms at a
concentration of 0.88 uM (126eq to a response level of 2 niA.new basahe (30seg was then
establishedand then the association (18829 and dissociation (368eq of FgRIllaHs was
measured by dipping the biosensor into solutions offftlaHs and PBSrespectively To
determine the dissociation constankd) for the Ig51 Fc glycoformsa range of FaRlllaHs
concentrations from 50 nM800 nMwere testedfor HM-Fc and Man8-c.For GIcNA¢-c, the
concentration range df@RlllaHes tested was 200 nM to 1600 nM in twfold serial dilutions. For
N297QFc, no binding was obsexd at 20 uM FgRlIllaHe, the highest concentration of receptor
tested.After each assay cycle, the biosensor tip was regenerated using two cycles of 10 M HCI
for 30 secand each time equilibrated using PBS kinetics buffer foseg&fData generated from
the binding d the receptor to IgG1 Fc glycoforms were collected six times and globally fitted to

a 1:1 binding model and analyzed using BLITZ Pro software.
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2.2.2.15Analysis of theteraction of IgG1 FGlycoforms with mmobilized
FaRllla using Biolayenterferometry (BLI)

The interactions of the different IgG1 Fc glycoforms with trgRRtawere studiedwith
biolayer interferometry using a BLITZ instrument (Fortebio, Menlo Park, CA) with streptavidin
(SA) biosensor tip®rior tothe binding experiment, IgG1 Fc samples were dialyzed in PBS buffer
to remove the storage buffer (10% sucrose, 20 mM histidine, pH 6.0) and to adjust the pH to 7.4.
The concentration of the samples after dialysis was 2.3 uM. Next, a stock solution of each
glycoform in PBS kinetic buffer (PBS buffer containing Inbhgaseinwere preparedoy adding
casein (the stock solution of casein used was 10nmbhghh PBS buffer), and PBS buffer. For-HM
Fc and Man3d-c, stock samples with a concentration of 1.6 uM wanepared and then serially
diluted to prepare samples of 800 nM, 400 nM, 200 nM, 100 nM, and 50 nM concentrations by
adding PBS kinetics buffer. For subsequent serial dilutions, PBS kinetic buffer containingl.1 mg/
of caseinwas used Similarly, for GIcNAFc a stock sample with a concentration of 2.0 uM was
prepared and then used to prepare samples of 1600 nM, 800 nM, 400 nM, and 200 nM, by adding
PBS kinetic buffer. For N29Hg, after dialysis in PBS buffer, samples were first concentrated to
25 puM usiig an Amicon® Ultrd5 CentrifugalFilter Device with a molecular weight cutoff of 10
kDa (EMD Millipore, Billerica, MA). Next, a solution containing 20 pM of NE87QPBS kinetic
buffer was prepared by dilution with PBS buffer and casein (added framck solution of 10
mg/mLcasein in PBS buffer). This final sample concentration of 20 uM NE&W&s then used
for binding experiments without further dilution.

After sample preparation, binding studiesere conductedas follows. First the
streptavidinbiosensor tip was hydrated for 10 minth PBS buffer and incubated with PBS kinetic
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buffer for 30 min.Next, the biotinylatedF@RIllaSTHs (0.1 uM) was immobilizedonto the
streptavidin biosensors to a response level of ihaand this stepwas followedby establishing

an initial baseline (38eqg with PBS kinetic buffefhen the association (1&@&9 and dissociation(
360seq of the IgG1 Fc glycoforms were measupgdlipping the biosensor into solutions of IgG1
Fc glycoforms&nd PBSrespectively After each assay cycle, the biosensor tip was regenerated
using two cycles of 1 mM Na®Hor 30secand each time equilibrated with PBS kinetic buffer
for 60secTo determine the dissociation constaiby, the concentration range tested for HNC

and Man5Fcin solution were 50 nM to 800 nM itwo-fold serial dilutionsThe concentrations

of GIcNA€-c tested in solution ranged from 200 nM to 1600 nMw-fold serial dilutions. For
N297QFc, no binding was observed with 20 puM N29€in solution. Data generated from the
binding of the receptor tagG1 Fc glycoforms were collected six times and globally fitted to a 1:1

binding model and analyzed usingt®Hro software.

2.3 Results

2.3.1Production and Initial Cheacterization of the Four WelDefined 1gG1 Fc
Glycoforms

2.3.1.1Expression and Wification of High-MannoselgG1l Fc (HMFc) and Non
Glycosylated Mitant N297QIgG1 Fc (N297®c)

Both HMFc and N297@c were recombinantly expresseih glycosylatiordeficient
strains derived from SMD1168 pastoris(Invitrogen,Carlsbad, CA). The expression strains were
produced as described previously ahdvethe genes OCH1 and PNO1 deleted to reduce the
formation of higher order mannan structures and the addition of manruisesphorylation?>!

The resulting yeast strains produce glycoproteins containing hdikahigh-mannoseN-linked

glycans with some additional heterogenea4,2-linked mannose residues added onto an initial
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MangGIcNAgstructure. Due to thdargeamount of HMFc required foproductionof the three
glycosylated forms, HNFc, Man5Fc, and GIcNAEc, the HMFc was produced in &0 liter
fermentor using basal ats media supplemented with PTMrace salts solution.Protein
expression was induced by methanol addition and y&aste harvested after approximateBy
days of induction. Compared to HRt, relatively smaller amounts of N29FQ were required
(since itis not used to produce the other Fc glycoforms). Accordingly, NEE/®as expressed
in spinner flasks using BMGY media to generate cell mass3 dags of methanol induction to
produce proteinprior to harvest similar to the HMFc form. Typical yieldsdim this expression
system for the two IgG Fc proteiase summarizedh the nextsedion.

The same general purification procedwvas utilizedor both HMFc and N297@c.Yeast
cells were removed by centrifugatipand the resulting supernatant was filed through 0.5 pm
filters to remove remaining particulatgsrior to chromatography Seceted IgG1 Fc was then
isolated by protein G affinity chromatographyhe average yield of HMc from fermenter
growth after protein G affinity chromatography was apgroately 50 mg/L. The average yield of
N297QFc after spinner flask expression was approximately 20 mg/L. After protein G affinity
chromatography,there are still someresidual yeast proteins remaining in both HMc and
N297QFc. In the case of HiAc, incorplete glycosylation of the N297 site in yeast also results in
microheterogeneityof the glycosylation sit&? 55 ¢?Because of this, the disulfide bonded Hd
dimer consists of three forms, completely norglycosylated forma form that has glycosylation
on only one chain of the dimer (morglycosylated), and a form thas glycosylatedn both
chains of the dimer (dylycosylated). Hydrophobic interaction chromatography (HIC) using

phenyl sepharose resin waslized to remove residual yeast impurities for both proteins and to
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separate thedi-glycosylatedform of HM-Fc from its moneglycosylated and neglycosylated
forms. Because protein urified HM-Fc is distributed between three different forms, the yield
of di-glycosylated HMFc from HIC purification is lower than that of N29F#€ Nonetheless, after
HIC purification 445 mg of HMc and 118 mg of N297kL were produced for further synthesis
and studies. Hereafter HN¥c will refer to theli-glycosylatedorm of HMIgG1 Fc obtained from
yeast. Purified protein samples were pooletialyzed in storage buffer (10% sucrose, 20 mM
histidine pH 6.0), concentrated or diluted to a final concentration of 0.2mhgand frozen at
80°Cin aliquots for future use.

2.3.1.2In-Vitro Enzymatic $nthesis of Man5lgG1l Fc (Man®-c) and GIcNAIgG1
Fc (GIcNA€&c)

HM-Fc was converted into the Mar=c glycoform using.t. a-1,2-mannosidase
(BT3990%%°%? The outer mannose residues digh-manmose N-linked glycans produced in
glycosylationdeficientyeast area-1,2-linked to a core of five mannose residues that aré,3-
anda-1,6linked to one another ant-1,4-linked to the two Nacetylglucosamines attached to
asparagine. Because of this, elsgjon the HMFc glycoform with a selectivee1,2-mannosidase
will result in the formation of the Man®c glycoform. Unfortunately, initial trial mannosidase
reactions revealed that theB.t. a-1,2-mannosidase hadsery little activity in the sucrose
containng storage buffer.Hence, lefore the reaction the starting material (HMc) was
extensively dialyzed to remove the storage buffer and exchange it into a buffeath@-
mannosidase had higher activitpddition of mannosidase (6.7 mg) and incubation abm
temperature for2 days resulted ironversiorof the HMFc into the Man&-c glycoform. Protein
G affinity chromatography was utilized to remove the mannosidase enzyme from-Fgrénd

the protein was dialyzed into storage buffer and adjusted to 0.2migconcentration. At total

81



of 75 mg of Man8-c was produced from 125 mg of HM starting material. The low yield of
Man5-Fc is likely due to the many extra dialysis steps and the protein G purification in this
procedure.

The enzymeendoglycosidase H (EadH) was utilized to generate further truncation of
the highmannoseglycanon HMCO® 9y R2 | D4 IBkage Setweeniihe tivéKGcNAC
residues attached to asparagine high-mannoseN-linked glycansThisleaves a single GIcNAc
monosaccharide &ched at the glycosylation site (Figure Endo H has high activity in the
sample storage buffer used to store HR&, and this greatly simplified the production of the
GIcNAeCO 3Tt 2 O02F2NX¥Y P | AYFEf |Y2dzyd 6 -FEinsidge Y30
buffer resulted in a quantitative conversion into the GlcNA&cglycoform after incubation at
room temperature for 24 hours. Since Endo H was active in storage buffer and only a minute
amount was added, GlcNAxwas utilizedwithout any further purifcation. Approximately 100
mg of GIcNA&cwas producedrom 100 mg of HM~c starting material.

2.3.2 Analytical Characterization of IgG1 FtyGforms

Figure 2 shows intact mass spectrometry data of the four glycoformskeiNlan5sFc,
GIcNAeFc, and N297®c,with their respective expected and observed masses. Since the amino
acid sequence of HMc, Man5Fc, and GIcNAEc are identical, the differences in observed
masses are mainiyue to differencesn the attached Ninked glycans. For the HMc glycoform,
glycosylation is heterogeneous witiigh-mannoseforms containing between 8 to 12 mannose
residues with the major glycoform being the M@&lcNAgform. The predominant forms of the
truncated Man5Fc and GIcNAEcglycoforms on the other handre largely oneglycosylation

state, with estimated abundance of 78% and 99% for the Mam5and GIcNAEc forms
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respectively based on peak heights (Table 2). The NEE7frm displays a single major peak
corresponding to the nowglycosylated glutamine mutant as woulé bxpected.

The four glycoforms were analyzed by STF&Eunder reducing and nceneducing
conditionsand the resultsare shownin Figure 3. Purity was estimated to be ~99% for each
glycoformand no proteolysis or significant impurities were detectédhe shift in migration
between the reduced and nereduced gels indicate intermolecular disulfide bonds are present
forming dimers as would be expected in the hinge region. Also, no monomeric Ig@asFc
detectedin the nonreduced gel for any glycoformdicating that all of the IgG1 Fc is present in
the dimerized state. Migration of the different glycoforms in both the reduced andrednced
gels correlates with the size of thelidked glycans attached, with slower migration occurring for
forms with lager Nlinked glycans.

Size exclusion chromatograpt8HEwas utilized to characterize the size and distribution
of highrmolecular weight species (HMWS) and low molecular weight species (LMWS) which
potentially couldbe generatedduring production and pufication of IgG1 Fc glycoforms. High
molecular weight species coufibtentially be covalent aggregates, and low molecular weight
species are related to fragments from the heavy ch&h¥sRepresentativesSE@hromatograms
of the IgG1 Fc glycofornae shownin Figure 4 (also see Table 3). All of the IgG1 Fc proteins
eluted at ~15 min, which corresponded to a monomer based on the elution pattern of molecular
weight standards. As illustrated in Figure 4, the resuiticate all the IgG1 Fc glycoforms are
monomeric (9699%) with low levels of aggregates present across the IgG1 Fc samplés)(1
No higher molecular weight species (HMWS) were visible in the chromatograms of all the four

glycoforms except for the NZ9Q-Fc, which showed some soluble dimers (~3%). Additionally, the
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data indicate no low molecular weight species (LMWS) which is in agreement wHRASEES
OKIF NI OGSNRART A2y d £t 3feoO27F2NYaglycds@aeB foomdpy"z Y 2
which was geater than 96.4% monomeric. This difference is presumably due to the absence of
glycosylation in N297@c. It hasbeen reportedthat removal of glycosylation increases the
aggregation propensity of Ig@s.

The charge distribution profiles of the four IgG1 Fc glycoforms were analyzed using clEF.
Representative electropherograms of i\, Man5Fc, GIcNA€Ec, and N297&care shownin
Figure 5 (Tiale 4). All the electropherograms show one major peak, which after resolution gave
pl values of 7.0, 6.9, 7.1 and 7.4 for Hid, Man5Fc, GIcNA€c, and N2974¢ respectively. The
theoretical isoelectric points (pl) of IgG1 Fc from the amino acid sequsc9 which is in close
agreement with the experimental pl values obtained given assay variability. Nonetheless, the
slightlybasicshift of theaglycosyatedorm, compared to other three glycoforms, could be due
to the lack of oligosaccharides at th®¥ site. Although there are no visible basic variants
observed, there are minor acidic peaks/shoulders near the main peaks with the pl values ranging
from 5.66.8. The observed heterogeneity could potentially be from chemical modifications in
IgG1 Fc prains (e.g., deamidation) during producti@md/or purification. In summary, these
results demonstrate that each of the IgG1 Fc glycoforms is an overaltl@fgled glycoform

species, with some minor charge heterogeneitiad aoluble aggregates present.
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2.3.3Evaluation of Affinity for IgG1 Fclggoforms with FgRIlla Using Blayer
Interferometry (BLI)

2.3.3.1Expression and @tification of two Forms of FgRllla for use in Binding
Assays

We have previously produced an expression strain for the production of chéle
domain of FgRllla in yeast with a-términal histidine tag for affinity purification, reported in
Xiao etal.®®, and this strain was utilized to producegRtllaHs used in the binding assays with
lgG1Fecimmobilizedon protein G biosensor3.o reverse the immobiation format and have the
receptorimmobilized a new expression straiwas also constructethat produces the soluble
domain of FgRllla in yeast with a combinedt€minal histidine and sortase tag. This new
receptor form, FgRIlIlaSTFHe, allows for afinity purification and the attachment of synthetic
molecules, such as the synthetic biotin derivative used in this study, selectively tet¢h@iGus
usingsortasemediatedligation 5% 6668 Both receptorsvere expressedn aglycosylatiordeficient
strain of P. pastoriswith glycerol and methanol as carbon sourcéster centrifugation and
filtration to remove yeast, N+-NTA affinity chromatography was utilized to isolate thgFita
forms. The receptors were further purified by phenyl sepharose chromatographyg after
isolation andconcentrationapproximately 18 mg/L of purified protein were obtained for both
forms of FgRllla.

2.3.3.2Selective @erminal Botinylation of F@RIIlaST-Hs Using Sortase-Mediated
Ligation

Sortase mediated ligatich 5668 was utilized to attach biotin to the-@rminus ofF@RlIlla.
Bacterial sortases, such as the SrtASofaureusare enzymes that catalyze trspeptidase

reactions to attach proteins containing sortase recognition sites to the peptidoglycan of bacterial

cell walls. Sortases habeen adaptedor biotechnology applicationgsingthe sortase reaction
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for immobilization and to attach synthetic moldes and labels selectively to the &f Gtermini

of recombinant proteins. The requirements for sortase ligations aiterdinal polyglycine
containing peptides, such as those found in peptidoglycan, atefrfiinal recognition peptide
motifs such as LPET as in the SrtA mediated ligation used in this st The Gterminal
peptide is cleaved between threonine and glycine and a new peptide fatmedbetween
the Nterminal polyglycine containing molede and the @erminal threonine. Accordinglyn
order to selectivelybiotinylate FQgRI11aSTHs it was necessary to synthesize a form of biotin
containing an Nerminal polyglycine.In addition to ensure strong binding to streptavidin and
prevent steric hindrance with streptavidin interfering with the interaction offtda with 1gG1
Fc, a long hydrophilic diamine linker was used to separate biotin from-teen@inus of Fgrllla.
The synthesis of GGBker-Biotin (compound) is describedn the Supportinginformation for
this paper Figure 10, and the ligation of GG{nker-Biotinto FgRIl1aSTHs is shownin Figure
6. The sortase reaction proceeded efficiently to attach biotin to ther@inus of FgRIIIaSFHe,
and the resulting biotinylated BRIllawas immobilizedin binding assays with streptavidin
biosensors.

2.3.4 Analysis of Bhding of Immobilized IgG1 Fdy&oforms to FgRllla Using Biolayer
Interferometry (BLI)

The affinity of FgRllla in solution for immobilized IgG1 Fc glycoforms was studied using
BLI with protein G biosensors. The format for this binding stsdyownin Fgure 7A. Protein G
biosensors were first loaded with 1IgG1 Fc glycoforms to a response level of 2 nm using 0.8 uM
solutions of the various IgG1 Fc glycoforms. Then a baselinestatsdishedand the association
of F@RIllawas observedy dipping the biosesor into solutions of different concentrations of

FaRllla. After the FE@RIllacomplexhad formed on the biosensor, dissociation offRitlawas
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observedby placing the biosensor in a solution of PBS kinetic buffer. The kinetic rate constants
for asso@tion, ks, and dissociatiorkgy, were then obtained by fitting the resulting curves to a 1:1
binding model which is consistent with previous biochemical and structural studies of this
interaction® The equilibrium dissociation constawas determinedy dividingkq by ka for each
glycoform.Representativesensorgrams for each glycoform (Hh¢, Man5Fc, GIcNA€c, and
N297QFc)are displayedn Figure 8, andhe resultsfor these binding experimentare givenin
Table 1 (Figure 13 also displays representasimesogramsvith curve fits added). HNFc and
Man5-Fc have similar high affinity for gRllla as would be expected foigh-mannoselgG1l Fc
glycoforms, withKo's of 27.7 nM and 31.8 nMespectively:? °In contrast, the GICNAEC
glycoform hasigrificantlyweaker binding to FaRllla with &p of 1115 nM, and this agrees with
recent studies of this glycoforrt. Interestingly, the association rate constants)(are very
similar for HMFc, Man5Fc, and GIcNAEc, such that the driving factor behind the GlcMNAts
weaker affinity for FgRllla is its significantly faster dissociation raig.(This similarity irka
values and significant differenceskyandKp valuesis illustratedin Figure 12. No interactionas
observedbetween FgRllla and the noglycosylated N297@®c form at thénighest concentration

of receptor tested (20 pM).

2.3.5Analysis of Bhding of IgG1 Fclggcoforms to mmobilized FgRIlla Using Biolayer
Interferometry (BLI)

The affinity of the 1IgG1 Fc glycoforms in solution for immobilizefRIHa was studied
using BLI witlstreptavidin biosensors. The format for this binding stislghownin Figure 7B.
Streptavidin biosensorgere first loadedwith Gterminally biotinylated FgRIlla to a response
level of 0.4nm using 0.1 uM biotinylated EgRIlla.Next a baseline wa®stablisted and the

association of IgG1 Fc glycoformas observedoy dipping the biosensors into solutions of
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different concentrations of IgG1 Fc glycoforms. After ¢benplexhad formed on the biosensor,
dissociation of the IgG1 Fc glycoformas observedby dippgng the biosensor into of PBS kinetic
buffer. Kinetic rate constants and equilibrium dissociation constants were determined as
described for the protein G method abo\Representative sensorgrams for each glycoform {HM
Fc, Man5Fc, GIcNA€c, and N297@c)are displayedn Figure 9, andie resultdor these binding
experimentsare givenin Table 1 (Figure 14 also displays representageresogramsvith curve
fits added). Perhaps not surprisingly, the affinities determined for tbceptorimmobilized
binding format were very similar to the results observed for the Ig@&immobilizedbinding
format. HM-Fc and Man8-c showed similar high affinity fordRilla withKp's of 26.4 nM and
32.8 nM respectively:? OAlso, the GIcNAEc glycoform displayed much weaker binding with a
Ko of 995 nM, and this weak affinity was again due to a larger dissociation ratéaobris;) for
GIcNAeFcrelative tothe other glycoforms. Finally, the N29#g form displayed no affinity for

immobilized FgRllla even at 20 pM N297kL.

2.4 Discussion
2.4.1Production and Initial Characterization of Wellefined IgG1 Fclg&oforms

As a first stp to develop a model system for biosimilar analysis studtesas desirable
to not only have a group atlatedwell-defined proteins that differ from one another in specific
attributes, but also to be able to produce relatively large amounts of thosgeprs, on an
academic laboratory scale, to provide sufficient material to condsimilarity assessments
through a combination of biochemical, physicochemical and biological. t€stachieve this
glycosylatioadeficientyeast (OCH1/PNO1 deletéd patorisderived from strain SMD1168) that

express humatike, highmannosetype Nlinked glycosylation were utilized to produce the IgG1
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Fc glycoproteins and the neglycosylated mutant used in th&gudy. IgG1 Fevasseaeted into
culture media, and aftecentrifugation and filtration the IgG1 Fc was captured and purified using
protein G affinity chromatography. Residual yeast impurities and, in the case -#fd;iMmoval

of mono and nonglycosylated IgG1 Fc forms was accomplished using HIC chromatograghy.
non-glycosylated N297®c mutant (Figure 1) was utilized directly as a negative control for the
effects of glycosylation in these studies. The glycosylateeHdiglycoform (Figure 1) is a member
of this model system and also serves as the startingeneltfor the production of the remaining
two glycoforms of themodel system. The HMrc glycoformwas treated with B.t. a-1,2-
mannosidase and Endo H to produce the M&tband GIcNAEc glycoforms respectively (Figure
1). The HMFc, ManBFc, and GIcNAEc glycoforms form a waellefined series where HNfc
contains the largest Minked glycanand the remaining glycoforms asequentially truncated to
give the intermediate glycosylation state bfan5-Fc,and the minimally glycosylated state of
GIcNAeFc. This series of glycoproteins with decreasidmkéd glycan size all derived from the
same precursor should be useful in @hlating effects of glycosylation on the biological and
physicochemical properties of IgG1 Fc.

In terms ofease of production, the HNFc and N297@-c are both derived directly from
fermentation, and therefore more easily accessed than the other two gilyowd. Because
N297QFc has no glycosylation site occupancy heterogeneity, its HIC purification is simplified
compared to the HMFc form which requires separation of-dmonc, and nonglycosylated
forms. After HIC purification of both forms, 445 mg of HHMand 118 mg of N297&r were
produced for this study from approximately 28 and 7 liters of growth med&spectively.

Conversion of 100 mg of HFMc into GIcNAEc using Endo Hagproximately0.1 mg) was
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straightforward and nearly quantitative, allowinglatively easy access to 100 mg of the GIeNAc
Fc glycoform. Production of the Mai#t glycoform was more problematic sincewhs
discoveredhat the B.t.a-1,2-mannosidase had little activity in sucrose containing storage buffer
after the HMFc hadbeentransferredinto the storage bufferThisrequired additional dialysis
steps to transfer the HMFc into a different buffer to conduct th8.t. a-1,2-mannosidase
reaction.In addition a larger amount oB.t. a-1,2-mannosidase (6.7 mgglative toEndo H (L

mg) was required for the reaction to produce MahRb, and this made it necessary to purify the
Man5-Fc glycoform by aradditional protein G affinity chromatography step after the
mannosidase reaction. All of these factors combined to result in a 6d#fgieconversion of
HM-Fc into Man5Fc and only 75 mg of the Mat¥e glycofornbeing produced The amount of
Man5-Fc produced was sufficient to conduct this and the accompanying studies, but the
procedure to produce this glycoform could be optimized ia fhture to produce more of this
glycoform in a higher yieldlaken togetherthese methods allow easy access to the foetl-
defined glycoforms from Figure 1 in quantities sufficient to enable a wide range of biosimilar
analysis and stability studies.

Initial characterization of the glycosylation state of the model glycoforms was conducted
using intact protein mass spectrometry. Mass spectrometry was used to confirm the type of
glycosylation on each glycoform and determine if there were any significateqlytic products
present (Figure 2). None of the IgG1 Fc glycoforms showed any evidence of internal proteolysis,
and all were found to be in forms containing their complete amino acid sequences including C
terminal lysine residues. Thmtact protein mas spectra also allowed evaluation of the

glycosylation state of the IgG1 Fc glycoforms. The NZ9¥@nd GIcNAEc glycoforms were
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highly homogeneous wittsingle peaks corresponding to no glycosylation with a glutamine
mutation and a single GIcNAc attachéal asparagine respectively. The HMNrc glycoform
obtained directly from yeast waseterogereouslyglycosylated witthigh-mannosetype glycans
ranging in size from Ma@IcNAgto Mani2GIcNAg, with the form containing MagGIcNAgbeing
the majorform at approximately 49% of its glycosylation sites based on peak intensities (Table
2). The mannosidase treated Ma#® glycoform is much more homogeneous and estimated to
contain ManGIcNAg on 78% of its glycosylation sites based on peak intensities (2ablae
remainder of the glycoform peaks observed in the M&tmass spectreorrespondto small
amounts of incompletely cleavddgh-mannoseglycosylated forms, indicating the mannosidase
reaction couldbe further optimizedin the future. The mass spectromgtresults demonstrate
well-defineddifferences between the model IgG1 Fc glycoforms based on the size or absence of
N-linked glycosylation.

Additional biochemicalcharacterization was conducted using SESGE, size exclusion
chromatography $E{, and caplbry isoelectric focusing (clEFhiswas done to further define
the chemical state and purity of the IgG1 Fc glycoforms and to establish a bgs@int the
chemical and physical stability studies describedtiner works’?>73 Reducing and neneducing
SDSPAGE (Figure 3) display an absence of proteolytic fragments and show high purity for each
glycoform.In addition the nonreduced SD®AGE indicated complete intermolecular disulfide
bond formation corresponding to 100% dimerized form for all glycoforms. Analysis of the
glycoforms bySEGFigure 4) revealed that all members of the model system were largely in the
monomeric state with the amount of monomer ranging from-@®%. The nowlycosylated

N297QFc form displayed the most amount of soluble dimers presei@EQat 3%, which may
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be a consequence of the absence of glycosylation to stabilize protein folding and prevent
aggregationAnalysis of the isoelectric points for the four glycoforms alemiified a difference
between the N297¢Fc form and the other forms, with the N29#g form having a pl of 7.4
compared to 7.0, 6.9, and 7.1 for HM, ManSFc, and GIcNAEG respectively (Figure 5). The
significance and cause of this difference in the lpetween the norglycosylated form and the
othersisnot clear at this time since none of theliiked glycans present on the glycoforanr®
chargedand neither is glutamine or asparagine. Interestingly, it has been noted by our laboratory
and others thacation exchange chromatography can be used to separate glycosylated and non
glycosylated proteins from one another even when only neutral oligosaccharides are present on
the glycosylation sites. The elution order observed from cagiachange chromatograhy in the
cases of separation of glycosylated and sybycosylated Hlra and diglycosylated 1gG from
mono- and nonglycosylated IgG are consistent with the nglgcosylated forms having higher
isoelectric pointg:3 74

2.4.2Biological Ealuation of Well-Defined IgG1 Fclgoforms

Potential biological activities of the IgG1 Fc glycoforms in our model system were assessed
using binding to an activating Fc receptbigRllla, as a measure of the potential to activate
antibody dependenteffector functions.In fulklength antibodies, simultaneous binding of the
antigen binding regions of an antibody a polyvalent antigen and the antibody Fc region to
FaRllla can actita antibody dependent cefnediated cytotoxicity (ADC@®.FaRllla is also
important in the function of natural killecells,since it is the only Fc receptor expressed on
natural killer cells (NK cellADCC and NK cells are both believed to be important in the function

of many therapeutic mAb¥ 7’7 Additionally, FgRllla $ sensitive to the type of glycosylation
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present on the Fc region of antibodies, having high affinity to antibodies that do not contain core
linked fucose, and like most Fc receptors, lower affinity for truncatdohiéd glycang’ This
makes FgRllla useful in distinguishing the different IgG1 Fc glycoforms in our systein.

The interactions of the IgG1 Fc glycoforms witfjRFidavere assessedith kinetic binding
studies using biolayer interferometry (BLI). Observation of binding using surface techniques such
as BLI or surface plasmon resonance (§BRrallydo na require large amounts of material to
conduct binding studies, and this is an advantage for biosimilarity analysis studies where many
samples may beequired to be analyzed. Kinetic binding studiesing BLI or SPR allow
determination of kinetic rate cortants for associationkg) and dissociationkg), and by taking
the ratio of the kinetic rate constants, equilibrium dissociation constaffsdanbe determined
One drawback of surface binding techniques is that one binding partner, receptor or ligand,
needs to be immobilized to conduct the experiment (Figure 7). Choice of which component,
receptor or ligand, to immobilize and method of immobilization can both affect the outcome of
the experiment.In addition from the perspective of conducting experintsrwith samples of
formulated drugproducts, the format of binding assays can have practical effects on how the
assaysare conductedand what kind of informations obtained To gain a better understanding
of how binding format affects the results of bingi studies we developed two formats for
studying the interaction of IgG1 Fc glycoforms witlgRfda (Figure 7), one with the IgGit
immobilizedand one with thereceptorimmobilized

For a BLI binding format where the IgG1 Fc glycoforms were immolfiigpde 7A), we
decided to use protein G biosensors for immobilization of IgG1 Fc glycoferotein A and/or

protein G have previously been used in SPR binding studies of IgG interactions with Fc receptors,
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and immobilization using these proteins havamy advantage’° Since protein G binds tightly
G2 L3IDA 2SN I @8)Rdein Gbioskidsoy thScardbe loddikd uner a variety
of formulation conditions without having to adjust the buffer conditions of samples to promote
immobilization.In addition oncelgG1 Fc (or fulength 1gG) habeen immobilizeadnto a protein
G biosensor, binding experiments can be conducted in buffers optimized for receptor binding by
simply dipping the 1gG1 Fc loaded protein G biosensor into receptor solutions with optimized
buffer conditions. Also, protein G biosensors can be regenerated by acidic treatment much the
way proteinA and protein G affinity resins are eluted during affinity chromatography, allowing
for relatively easy reuse of protein G biosensors. A disadvantagg&raj protein G biosensors to
immobilize IgG1 Fc in binding studies may arise during stability studies when there is the potential
of the formation of damaged forms of IgG1 Fc which would no longer be capable of binding to
protein G, but which could stiletain the ability to bind to Fc receptors. Such proteins would not
be measuredn this assay format. Also, this assay format is relatively insensitive to the actual
concentration of IgG1 Fc glycoforms in samples, since to obtain reproducible binding theve
biosensors are loaded to the same approximate level, and because of this changes in
concentrations in the samples may be difficult to detect. Nevertheless, this assay format provides
valuable information about the kinetics and thermodynamics of thieraction of 1IgG1 Fc
glycoforms with FgRllla.

Figure 8 showsepresentativebinding curves and Table 1 summarizes the resulting rate
constants and dissociation constants obtained for the interaction of immobilized IgGl Fc
glycoforms with FgRllla in solution using this binding format. As banseen in Table 1, both

HM-Fc and Man3-c havéhighaffinity for FgRIlla Ko's of 28 and 32 nM respectively), GICNAT
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showeda much lower affinity g of 1115 nM), and N297®c had naobservableaffinity for
FaoRllla (almeasurementsvere conductecat H p ¢ Examination of the rate constants for the
different interactions reveals that the main factor in the GlcNA&cglycoform's lower affinity is
due to significantly faster dissociation of the complex once it forms relative td-Ellihd Man5
Fc, and tis can be seen in the magnitudes of the dissociation rate constn(¥able 1), and
the ratios of kinetic and thermodynamic values when compared teFtMWalues (Figurk?).

For a BLI binding format wheredRilla ismmobilizedand 1gG1 Fc glycoformegere in
solution (Figure 7B), we utilized selectively biotinylated_Rffi¢a and streptavidin biosensors.
Streptavidin biosensors were chosen for immobilization @RAtabecausethe high affinity of
non-fucosylated IgGEcs such as HMFc and Mangc kF on yYau s NBIj dza NS R
significantly higher affinity immobilization to prevent artifacts related to dissociation of receptors
during binding measurements. The high affinity of streptavidin for bidGinf( M M)2° was
appropriate for thisapplication, thereforewe developed a novel method to selectively
biotinylatethe Gterminus of FgRIlla usingortasemediatedligation. This required constructing
an expression strain of gRllla which contained a-t€rminal sortase tag, expression and
purification of the sortase tagged ¢Rllla, synthesis of a triglycine containing biotin derivative
(compound3, Figure 10), and sortaseediated ligation to produce the-@rminally biotinylated
FaRllla, and these methods are described in the supporting informafinradvantage of using
an immobilized FgRllla binding format such as that shown inukeg 7B isthat binding
measurementgan be made directly in solutions of IgG1 Fc glycoforms. This type of format is also
potentially more sensitive to changes in IgG1 Fc concentration since measurements are done

with the samples directly in solution rath#ran in an immobilized format.
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A disadvantage of this binding format is that buffer conditions present in samples must
be compatible with receptor binding measurements. The affinity of many receptors is pH
dependent, so formulation pH could affect bindjn measurements.In addition high
concentrations of sugars, such as the 10% sucrose in our sample storage buffer, can have
significant effects on the kinetics and thermodynamics of binding measurements. Because of
these factors, in ouexperimentst was recessary to transfer the IgG1 Fc glycoforms from storage
buffer (10% sucrose, 20 mM histidine pH 6.0) to kinetics byH&S buffer containing 1 mgL
casein as a blocking agety dialysisprior to binding measurementsthisadded a step to the
bindingmeasurements antasthe potential to skew results if there igssof sample or changes
in concentration during the transfer of samples to the new buffer. The results ofetteptor
immobilized binding formatare shownin Figure 9 and Table 1. The bimgliresults for the
receptorimmobilizedformat (Figure 7B) are highly similar to the IgBdimmobilizedformat
(Figure 7A), suggesting the extra dialysis step irr¢élseptorimmobilizedformat did not affect
the binding measurement significantly. Both HM and Man8-c displayed high affinity for
FaRllla withkp's of 26 and 33 nM respectively, while the GlcNA&had lower affinity at 995 nM,
and the N297@Fc form had nmbservableaffinity (allmeasurementavere conducted & Hp 6/ 0
The driving factor ithe difference between théiigh affinityHM-Fc and Mand-c and the lower
affinity GIcNAd-c was again faster dissociation of the complex (Table 1 and Higur&€hese
results suggest that these two different binding formats are complementary in thesgiexgnts
using vell-defined 1IgG1 Fc glycoformBiese modelgG1 Fglycoformsarealsoutilized to assess

how glycosylation alterthe chemicalstability andphysical stability>”3
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In summary, we haverpsented here the production and biological evaluation of fouell-
defined IgG1 Fc glycoforms as the initial steps of developing a model system for biosimilarity
analysis. The methods developed here allow relatively easy access to thedibdefinedigG1l

Fc glycoforms (HNFc, ManSFc, GICNAEc and N297c) on a laboratory scale in quantities
sufficient to enable a wide variety of biosimilarity analyses. Initial characterization of the
glycoformsdemonstratethat they are weldefined glycoproteins wih vary significantly only in
their glycosylation state, or in the case of nglycosylated N297®c, in the presence of a
conservative N to Q amino acid mutation. The four IgG1 Fc glycoforms set of sequentially
truncated glycoproteins which can hesed to assess the effects of glycosylation on biological
activity and protein physicochemical stabilitifotential biological activity of the 1gG1 Fc
glycoformswasevaluated usinggLI to study the interaction of the glycoforms with the activating
Fc recetor F@RIlla. Two BLI binding formatere developedone utilizing protein G biosensors

to immobilize IgG1 Fc, and one utilizinge@ninally biotinylated FgRIlla produced by a novel
method to immobilize FgRIlla on streptavidin biosensors. The two assay ftsmesulted in
complementary information about the affinity of the IgG1 Fc glycoforms fgrRIHa (Table 1).
From the perspective of developing a model system for biosimilarity analysis, the binding studies
also identified members of themodelsystem thatexhibited highly similar biological activity and
those with distinct differences. The HNFt and Mand-c glycoforms exhibited highly similar
affinity for FgRIlla (approximat&p's of 27 and 32 nM respectively), while GlcNAchadmuch
weaker affinity Ko of around 1000 nM), and N297kt displayed no affinity at the highest

concentrations (20 uM) tested. These similarities and distinct differences in biological activity
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may be useful in identifying physical and chemical features that correlate with chamges

biological activity
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2.5 Figures

Figure 1Productionof homogenousgG1 Fc glycoforms. HWC was expressed in glycoengineer

P. pastorisand utilized as @recursorfor generation of GIcCNAEc andMan5-Fc. N297¢Fcwas

recombinantly expresseih a different yeast strain.
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Figure 2 Intact proteinMS analysis of IgG1 Fc glycoforms under redumonglitions
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Figure 3.SDSPAGE analysis of the four different IgG1 Fc glycoforms (1. HM; 2. MaBISNZ\C;
4. N297Q) under reduced and noaduced conditions. The purified IgG1 Fc glycoforms sho
~99% purity under both conditions. The Hi glycoform that has the highest molecular weic

runs slowest among the four types followed by the Mdf§ GIcN&Fc, and N2974c.

Reduced Non-Reduced

kD

198 kD

198

1234

62 w1234 ol

9 49 -
38
- 33 W
28 e tu 28
4
14 & 1 8

101



Figure 4Representative size exclusion chromatograms of the IgG1 Fc glycoforms. F
showed the following total monomer content (n=3; SD ~1.0%):F¢\N38.0% for HNFc,

>99% purity for Mand-c and GIcNAEc showed, and 96.7% foR8I7 QFc.
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Figure 5 Representative charge heterogeneity profiles of IgG1 Fc glycoforms as measured b
capillary isoelectric focusing (clEF). The isoelectric point (pl) of the main peak (n=3; SD ~O0..
units): pl of 7.0 for HMFc, pl of 6.9 for ManlgG1Fc, , pl of 7.1 for GIcNRc, and pl of 7.4 for

N297GFc.
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Figure 6 Rroductionof biotinylated FgRIlla usingortasemediatedligation between

FaRIl1aSTFHs and GG@inker-Biotin (compound in the supporting information).
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Figure 7 Steps followed in kinetic binding experiments using biolayer interferometry. A) Top p
shows steps followed for measuring binding kinetics using protein G bioseffs@nsmobilized
format), where IgG1 Fc glycoforms were immobilized &agRlllaHs was present in @ution. B)
Bottom panel shown steps involved in binding kinetics using streptavidin bioséresmptor

immobilized format) where biotinylatedF@RIllawas immobilized and IgG1 Fc glycoforms wi

present in solution.
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Figure 8 Representative BLI bimdy data for the interaction of ERIllla with IgG1 Fc glycoforn
immobhilized on protein G biosensors ¢lemobilized format).The binding curves correspond to
range of receptor concentrations in solution. For Higl and Man3-c data is shown for gelllaat

concentrations of 800 nM, 400 nM, 200 nihd 100 nM which corresponds with the curves fror
top to bottom. ForGIcNAeFcdata is shown for FERIIlaat concentrations of 1600 nM, 800 nM, 4(
nM, and 200 nMwhich corresponds with the binding curves frdap to bottom. For N297-c a

single concemation of 20 uM was tested anab binding was observed.

WAl K =27.71 +6.42 nM
e~ —_— o

0.2 {f e
it e e e,

————ae

HM-Fc

Binding {nm

150 200 250 300 350 400 450 500 550 600 650 To0
Time (sec)

K,= 31.75 +5.88 nM

e e
e

Binding {nm)

150 200 250 300 350 400 450 500 550 ] 650 T00
Timeg (50¢)

0.4
K.=1115 £136.82 nM

=
Y]

=
b

GlcNAc-Fc

~ Binding (nm)

=
d=

150 200 250 300 380 400 450 500 550 GO0 650 700
Time ($e¢)

D4
K =NfA
0.2 g o= N/

] ~
0.2
0.4

Binding (nm)

N297Q-Fc

150 200 250 00 350 400 450 500 550 GO0 650 700
Time (see)

106



Figure 9 Representative BLI binding data for the interaction of IgG1 Fc glycoforms grthl&:
immobilized on streptavidin biosensofseceptorimmobilized format) The binding curves
correspond to a range of IgG1 Fc glycoform concentrations in solution. RécHivid Man5
Fc data is shown at concentrations of 800 nM, 400 nM, 200 ahi 100 nM which

corresponds with the curves from top to bottom. F&IcNAe~c data is shown at
concentrations of 1600 nM, 800 nM, 400 n&dhd 200 nMwhich corresponds with the bindin
curves from top to bottom. For N297EL a single conceration of 20 uM was tested anab

binding was observed.
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Figure 10.Scheme showg synthesis of GGliaker-Biotin
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Figure 1. ESIMS analysis of 1gG1 Fc glycoform after protein G affinity chromatogri
purification. The mass spectrometry data shows the molecular weight of the Fc monome
its NHlinked glycan at Asn297. The peatgresent MagGIcNAg, MarnnGIcNAg, ManoGICcNAg,

MamiGIcNAg, and Man.GIcNAg with MWSs of 26767.53, 26926.67, 27091.99, 270253.
and 27416.3Ba respectively. The peak with MW 25063.7Da ionglycosylated Fc monome

containingasparagine at the glgsylation site.
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Figure 12Bar graphs show ratios &, k¢, andKp for the 1gG1 Fc glycofornmbtained bydividing
with ka, ki, andKo of HM-Fc forA, B,and C, respectively. The data indicateslight difference in
the ratio ofka values (A, but significant difference in theatio of ks andKp as shown in panels B an
C,respectivelyStreptavadin immobilization represents the receptormobilized format, while the

protein G immobilization representie Fcimmobilized format
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Figure 13 Represatative BLI binding curves (fitted) for the interaction offRidla with IgG1 Fc glycoforn
immobilized on protein G biosenso(scimmobilized) The binding curves correspond to a range
receptor concentrations in solution. For Hf and Man3-c data ishown for FgRllla at concentrations
of 800 nM, 400 nM, 200 nivand 100 nM, which corresponds with the curves from top to bottom. F
GIcNAe~cdata is shown for ERIllaat concentrations of 1600 nM, 800 nM, 400 ndhd 200 nM which
corresponds with thdéinding curves from top to bottom. For N29HQ a single concentration of 20 pl

was tesed andno binding was observed.
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Figure 14 Representative BLI binding curves (fitted) for the interaction of IgG1 Fc glycoforms
FaRllla immobilized on streavidin biosensorgreceptorimmobilized format) The binding curves
correspond to a range of IgG1 Fc glycoform concentrations in solution. Féickidd ManS-c data is
shown for IgG1 Fc glycoforms at concentrations of 800 nM, 400 nM, 20Gmd11.00 nM, which
corresponds with the curves from top to bottom. FGicNAe~cdata is shown at concentrations ¢
1600 nM, 800 nM, 400 nhand 200nM, which corresponds with the binding curves from top

bottom. For N297¢J-c a single conceration of 20 uM was tesid andno binding was observed.
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2.6 Tables
Table 1. Kinetic parameters obtained for binding B&RIIlawith 1gG1 Fc glycoforms. Bindir

1TAYSUGAOa 6SNB YSI AdzNER G Hp e /kepkinetic SBissdriltion
rate kg, and equilibrium disseation constantkKp. These data are averaged values sif
independent experiments. For N297Q, there was no detectable binding at the high

concentration tested (20 uM) for both methods.

Glycoforms Im;r:gg :'rfed Biosensor | Awgkax 10°(1/Ms) | Awg.kax 1G(1/s) | AwgKo (nM)
IgG1 Fc Protein G 1.94 +0.26 5.37£1.02 27.71£ 6.42
HM-Fc
FoRllla | Streptavidin 3.00 +0.59 7.93+1.38 26.41 + 6.94
lgG1 Fc Protein G 1.61+0.12 5.10 £ 0.86 31.75+5.88
Man5-Fc
FoRllla | Streptavidin 2.23+0.18 7.31+£0.32 32.82 +3.08
lgG1 Fc Protein G 1.23+0.18 139.53 £9.15 | 1115 + 136.82
GlIcNAeFc
FoRllla | Streptavidin 1.62+0.28 161.27 £21.75 | 995 + 219.32
lgG1 F¢ Protein G / N * *
N297QFc FoRllla | Streptavidin
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Table 2. Expected mass, observed mass, and peak intensity fdr giycoform as observed by M.
Peak intensity was obtained using Agiléasshunterqualitative analysis software and estimate

percent abundance for each glycofonvas calculatedusing all glycoform peaks present in a giv

spectra.
Glycoform Expected mass Observed mass N Mass Peak intensity Est.Abund (%)

HM-1gG1 Fc Man8 2676.97 26767.87 2.10 370000 49
Man9 2692.11 26930.01 21 250000 33
Man10 2709.25 27091.93 2.32 50000 7
Man11 272%.39 27253.94 2.45 40000 5
Man12 2741853 27416.00 2.53 40000 5

Man5IgG1 Fc Man5 2628.55 26282.16 1.39 92940 78
Man6 26445.69 26444.17 1.52 5970 5
Man8 2676.97 26767.92 2.05 3600 3
Man9 26922.11 26929.92 2.19 4032 3
Man10 27094.25 27092.64 1.61 7573 6
Man11 272%.39 27254.67 1.72 4766 4

GIcNAdgG1Fc GIcNAc 25269.67 2526784 1.83 136433 O 99

N297QIgG1 Fc Non-glycosylated 2508049 25078.01 248 25240 O 99
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Table 3. Percentage of monomers for IgG1 Fc glycoforms measured using SEC

Percentage of monomer

Number of runs| HM-Fc | Man5Fc | GIcNAeFc N297QFc
1 99.0 >99.0 >99.0 96.4

2 99.0 >99.0 >99.0 97.3

3 99.0 >990 >99.0 96.3

4 97.0

5 97.3

6 96.9

Average 98.0 >99.0 >99.0 96.7
Std Dev 1.1 0.0 0.0 0.6

Table 4.pl values of the main peak for IgG1 Fc glycoforms measured using c

Pl ofthe mainpeak

Number of runs| HM-Fc | Man5Fc | GIcNAeFc N297QFc
1 7.1 6.9 7.1 7.4

2 7.1 6.9 7.1 7.4

3 7.1 6.9 7.1 7.4

4 7.0

5 6.9

6 6.9

Average 7.0 6.9 7.1 7.4
Std Dev 0.1 0.0 0.0 0.0

115




Table 5.Raw datdor the protein G immobilization technique @omobilizedformat) for six

independentruns.* Fa N297QFc,no bindingwas observedt the highest concentration tested

(20uM).

Glycoforms k, X 10° (1/Ms) k, X 10 (1/s) Ko (NM)
odnH y do HC ®mMm
o®dcn dPoo Hp ®c C

HM-Ec odpn pPH N HC ®n g
H®n M C PHY HC dnp
H®PpT cddhT HT ®MT
H®no c dy n HY ®no
H®PHY T ®pn OH®Ppp
HPHY T®nn onaoyy
H®nn T Py 0 OH®M

Man5-F

ansre HPMY T dPno OH®HDPp

MDYy T dmMnN oT ®py
H®H g T ®oMm OMPPM
M®Pp o M®Pp o bdc
M®o C MDPp M MMM H

GlcNAEFC M®n p M®Po O o™ dm
M®ny M®cn MMM
HO®PMM MPPpT do p
MDYy n MPT N dnc

N297QFc * * *
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Table 6. Raw data for the streptavidin immobilization technique (receptomobilized format) for six

independent runs. *FON297QFc,no binding was observed at the highesincentration tested (20

Glycoforms | k_ x 10° (1/Ms) k, X 10'(1/s) K (NM)
odnH y ®o HC ®mMm
odcn dPoo Hp ®c cC

HM-Ec o dpn pdPHN HC ®n
H®nm c PHY HCc ®dnp
HPpT cPhpT HT OMT
H®no c dyn HYy ®no
H®PHY T ®pn OHDPPD
H®HY T®nn onoyy

Man5Fc Hdan T dy o OH®M™M
HPMY TPno OH®HDPp
MDYy d T ®dmMn oT ®dpy
H®H @ T oM™ oOMDpMm
M®Pp o M®Pp o bdc
M®dDOo C MDp ™M MMM H

GlcNAGEC M®dnp M®Po o dMpm
M®bny M®Pcn MMM
HDPMM MPPpT dop
MDYy N M®PT N dnc

N297QFc * * *
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Table 7. The amounbf IgG1 Fc glycoforms produced using a combination of expression, enzymat

reaction,and purification.

Amount afte phenyl HM-Fc used for . .
Amount expressed . . Enzymatigeaction .
Glycoforms e I pa—— sepharosepurification reaction Product Yield
P (HIC) (HICpurified)

HM-Fc 1000 mg 445mg | @ - | e e
Man5Fc | s | e 125 mg 75 mg 60 %
GlcNAgk¢ | - | e 100 mg 100 ng X d
N297QFc 130 mg 118mg | @ - | e -
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3.1 Introduction

The patents ofseveral besselling biologic therapeuticproducts are expiring soon;
consequetly, the interest in developing biosimilar products is growing. The exact chemical
structure of smatmolecule drugs and their purities can be wedtablished.This gives an
opportunity for generic manufacturers to produce a generic prodwithout clinical trials by
demonstrating bioequivalence pharmacokineticstudies. Unlike smatholecule drugs, protein
molecules are structurally complex, often containing a mixture of different species produced
after posttranslationalmodification. h fact, most of the heterogeneityof protein moleculess
attributed to variablycomplete Nlinked glycosylation.

For aprotein-basedproduct, it is nearly impossible to produce identigabductsfrom
two different manufacturing plant§ Moreover, it is even difficult to produce an identigabduct
by the innovator from loto-lot as there is always inherent variabilitin general, potein
therapeuticsare mixtures because of posttranslational modifications, chemical modifications,
and potentially multiple conformations or aggregated forms fact, as the definition of
biosimilar indicates, it is unlikethat all the structure and function aspects of thebimilar will
be identical to the originatorHowever, the innovator should demonstrate consistency in
manufacturing the therapeutic product within a set of defined and acceptable criteria for the
critical quality attribute<. The other challenge is that the manufacturing process @itdriaare
not disclosed, and the spsor of a biosimilar is required to perform extensive characterization
to show thatthe originator and biosimilar candidatee highly similaf.In addition a biosimilar
sponsor can never exactly replicate the complex bioprocess afrigmator, and itis well known
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biologic product Therefore, protein therapeutics contain a mixture of structurally similar
molecules, which diffetby the type and extent of posttranslational modificationshese
modificationsinclude glycosylationdeamidation, oxidation, phosphorylation, @rGterminal
lysine variability. Because of this structural complexity, even after extensive characteridation
safety and efficacy of protein therapeutics cannot be guaranteed. Hence, the need to have
sensitive and robust analytical methods to demonstrate the similarity and differences between
a biosimilar candidate with the originator is urgently needet.

Monoclonal antibodies are the most prevalent type of biologic therapeutic products used
today> Among the four IgG subclasses (IgG1, 19G2, 1I9G3, and 1gG4), IgG1 is the masseddely
antibody in the treatment of various diseases, such as canceflammation, and rheumatoid
arthritis 52 IgG1 has a conservedlitked glycosylation site #sn297:%!! and the glycosylation
can vary with production condition, mediaomposition, ceHine used, and duration of
expressionZ16 |t is well studiedthat the type of glycosylation at Asn297 can havsgnificant
impacton the effector function, stability, solubility, pharmacokirej and immunogenicity *?
13,1724 Therefore, monitoring glycosylation during production is critical for safety and efficacy of
therapeutic proteins.This is particularly important duringcomparability and biosmilarity
exercisesince ashiftin glycosylation caused by a change in thenufacturingprocessand/or
cell line can have detrimental effect on the biological activity and physical stability of mAb
therapeutics? 2526 Monoclonal antibodies are inherently heterogenemish respect totheir N-
linked glycosylation on the Fc regiéhTherefore, glycosylation is a critical quality attribute that

requires clee monitoring during biosimilarity exercisés.
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Glycosylation of mAbs modulates interaction to theréceptors and plays a key role in
complementdependentcytotoxicity (CDC) an@ntibody-dependentcellmediated cytotoxicity
(ADCC)? 2930 Thus,comparability assessmesbf the Femediated effectorfunctions (CDC and
ADCCjs an integral component of the data package during a biosimilar exéfcisemediated
effector functiors include binding withFc @gmma Rllla(FgRIIIg, which can be measured
accurately using biolayer interferometry (BLItz), surface plasmon resonance (SPR), and flow
cytometry techniques! Although there is an inherent variability in bioassays, there is a
continuous effort to develop robust analytical metho#fs3! Most mAb therapeutics rely on
specific bindinginteraction of the Fcregion to target receptors to achieve desired clinical
outcomes322 Hence, omparing the binding activities of a biosimilar to an innovator product
using a reliable binding assay can yield valuable information about similarity and potential
biological activity?!: 34

A functional activity assay providealuableinformationaboutthe characteristisrelated
to a product® functional activityand conformational stabilityand it is critical in demonstrating
similarity. These assays complement the physiamital analysis bgemonstratingpotential
effects of observed structural difference between the originator and the biosiméadidate®®
31 In addition to their use in demonstrating biosimilarity, functionabas are utilized for
candidate selection, product release, and stability assessi¥@ht3! A functional assayan
potentially predicts how a biosimilar may behawevivo, and such assays may provjdegether
with other analytical dataevidence about clinical outcomé.3! Biosimilar sponsors conduct
biological activity testto examine the impact of process changes on the potency of the product

in developmentIn addition, functional tests are used as a surrogate to conépnotein@ higher
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order structure in parallel to the physical techniques. However, if the physicochemical and
functional tests are inconclusive or not enough to confirm the higireler structure of the
originator and biosimilar, then further clinical and nonclinical studies may be necessary for
regulatory approvat: 26

Biosimilarity exerciseare performedin a stepwise fashion where the level of sinmiiy
demonstrated by multifaceted analytical techniques guides theghirecal and clinical evaluation
required to demonstrate biosimilarit§: 3°If higher similarity isdemonstratedby the analytical
techniquesthen a reduced clinical test may lsequiredfor regulatory approval. In other words,
demonstrating a high level of similarity using a battery of analytical techniques is critical for
achieving a biosimilar development process with a reduced clinicabgaé® 3% 387 Hence, the
first goal is toachieveanalytical similarity between the originator and the biosimilar; then the
biosimilar sponsor can partially rely on the previous findiofgsafety, purity, angbotency of the
originator.®! Thisis because biosimilars are developedo® usedat the same dose and dosing
regime as the originator product. Consequently, a phase Il finding study may not be a
requirement? 3738 Therefore, a biosimilar can be approved with a reduced clinical data package,
compared with the one required for the originatproduct?’

During biosimilar development, a biosimilar candidate is expected to have similar
glycosylation pattern and the same sequerasetheoriginator.?’ Therefore, it is important to
understand how a change in glycosylatioradherapeutic mAb impacts its functional, physical,
and chemical quality attributes in the development proces¥&he role of analytical techniques
in comparing a biosimilar with the originator itgng significant interest in biosimilar

assessmentsThe three most important characteristics of a protein molecule for establishing
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similarity are: posttranslational modificatios, three-dimensional structure, and protein
aggregation. However, no sirghnalytical method can fully demonstrate the similarity between

a biosimilar and the originatg®. Thus, a battery of analytical techniques is employed to
demonstrate molecular equivalenééMoreover, it is timeand costdemanding tademonstrate

all aspets of the biosimilar that are necessary for evaluating the critical quality attribtites.
general, the type of comparison between the originator and biosimilars should include primary
and higher order structuredn addition posttranslational modificatios, such as glycosylation,
oxidation, and deamidation, should be examined. For instance, analytical techniques, such as
massspectrometry, play a vital role in the identification of pesanslational modificatios.®®
Other analytical techniques, such as circular dichroisioyrier transformation infrared
spectroscopy, and differential scanning calorimetry, are used to demonstrate kigtier
structure similarity between the originator and the biosimifér.

In this study, a combination of recombinant expression of the human IgGh Pc
pastoris coupled within-vitro enzymatic reaction and sidirected mutagenesis, was used to
produce weldefined homogeneous glycoforms: Hit, Man5Fc, GIcNAEc, and N297@c# 21
Our previous studiesdve shown that the HMFc and Man3-c glycoforms both exhibited similar
high receptor binding affinities (BRIlla) and physical stabilities, whereas the GleNAshowed
minimal functional activity and physical stabilitfhe non-glycosylatedlgGl Fc (N2976c)
showed the least physical stability as wadl nodetectable binding affinity td-gRIllaand was
usead as a negative control for the effects of glycosylation in tHesetionaland physical stability
characterizations: 24 These four control glycoforms with decreasindgimkedglycan size and the

same aminacidsequence were found to be useful @xaminingthe effect of glycosylation on
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the functional activity angbhysicochemicatharacteristicof IgG1 Fé.2% 24 3Therefore, these
glycoforms were selected to makeeslkrdefined mixtures as a model for biosimilar comparability
analysis. For example, these mixtures can model the impacharfgein glycosylation during a
biosimilar product developmentn this work, the functional and physical assay methagse
tested for their ability to differentiate betweemmixturesof IgG1 Fc glycoformMoreover, the
pre-defined mixtures of glycoformsere investigatedo mimicmore heterogeneous glycoforms
typically present in monoclonal antibodies. The studglgtoform mixtureprepared in this work
will help to understand the contribution of thmadividual glycoforms to the overall functional
activity.

3.2 Materials and Methods

3.2.1Material

Yeast nitrogen base (YNB) was supplied by Sunrise BiosciBacesTM tryptone and
yeast extact were obtainedfrom BeckmanDickinsorand company (Franklin Lakes, NJ). Casein
was purchased from Sigr#ddrich (St. Louise, MO). The enzymes, B. Thetaiotaomicthg
mannosidase (BT3990, ® (:1¢>-mannosidasevas producedn-house* 4%42 Endoglycosidase
HF (Endo HFyas purchasedrom New England Biolabs (Ipswich, MAle ©mponents of all
buffers including, sodiumhosphate, sodium chloride and PEGL0,00Q were purchased from
SigmaAldrich (St Louis, MQyvhile citric acid monohydrate and citric acid anhydrousre
purchasedfrom Fisher Scientific at the highest purity graddl. other general chemicals were

supplied by SigmaAldrich and Fisher Scientific unless otherwise noted.
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3.2.2Expression oHigh-Mannose IgG1 Fc (H¥c)

HM-Fc was expressed using a glycosylatieficient strain of. pastorig® using the same
protocol aspreviouslydescribed elsewheréOne minor change to the expression protocol was
a mixture of methanol and sorbitol were utilized during the induction phase to increase the yield
of HM-Fc.

3.2.3Expressiorof Non-GlycosylatedMutant N297QIgG1 Fc (N297®c)

Fermentor expression wadilizedto produce N297Fc in a glycosylatiedeficient P.
pastoris The cDNA plasmid for N297Q produced from previous wak linearizedvith Sacl
endonuclease and transfimed into a strain ofP.pastoris(an OCH1 and PNOL1 deleted, N297Q
IgG1 Fc expressingMD116&train containing sttd3) by electroporation. The yeast coloniese
selectedon YPD plates containing 100 pd/Zeocin. Following this step, coloniegre testal
for N297QIgG1l Fc expression using SEXSSE. Additionally, the molecular weight of the
expressed protein was confirmed by mass spectrometry after expression trial from 1 L spinner
flask. A single colony with higher N29T§51 Fc expressiomas selectedor further protein
production. A starter culture of BnL was inoculatedn Yeast extracPeptoneDextrose (YPD)
mediathat contained 10Qug/mLZeocin. This culture medveas incubatedt 25°Cfor 72 hrs. The
2 mLculture mediawas then inoculatednto a 2% mLof YPD/Zeocin, whiolwas incubatedvith
shaking for 72 hrs. Th250 mL culture was then used to inoculate 7 L of Buffered Glyeerol
complex Media (BMGY) containing 0.00004% biotin. N2g1) Fc expression was induced by
methanol feeding with the adton of sorbitol as a carbon source to maximize the yield for about

72 hrs. The cell pelletsrere harvested and the N297QIgG1 Fc was purified from the
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supernatant using proteifs affinitychromatographyn a similar protocol as described above for
HM-IgG1 Fc.

3.2.4Purificationof IgG1 Fc

Both HM and N297QgG1 Fc were purified using the same general procedure given
below. Thesupernatantcollected from yeast expressiomas filteredwith 0.5 pm filter pads
(BuonVinoManufacturing) to remove particulatdsefore protein A affinitychromatographyThe
protein A column (100nLbed volume) was equilibrated with 20 mM potassium phosphate pH
6.0 in 10 column bed volumes (CV) and loaded with the filtered supernatant culture medium at
pH 6.0. The column was then vieesl with 20 mM potassium phosphate buffer, pH 6.0,
containing 0.5 M NaCl (5 CV) and then 20 mM potassium phosphate buffer, pH 6.0, (5 €V). HM
Fc or N297¢F-c was eluted using 50 mM citrate buffer pH 3.0. Eluted prateis collectedn 20
mL fractions intotubes containing foumLof 1 M Tris pH 9.0 (2Q@Lof 1 M Tris pH 9.0 penL
of elution volume) to neutralize the acidic elution buffer. Fractions of eluted protein detected by
UV absorbance at 280 nwere immediately dialyzeoh 20mM sodium phosphate differ pH7.0
(4 L exchanged twice every eight hours)iter protein A, the samples were purified using
hydrophobic interaction chromatographfHiQ in a similarprotocol as described previously.
After HIC purification, approximated40 mg of the HM~c glycoform and 400 naf the N297Q
Fc nonglycosylated mutantvere produced HM-Fcwas usedn the synthes of Man5Fc and

GIcNAe€Fc.
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3.2.5Production ofMan5-Fc
HM-Fc was converted to MarBc in aninvitro Sy T @ YF GA O NBI Q@A 2y

mannosidase (BT3990)nitially, the sample was at a concentration of 0.6 my/in 20 mM
histidine pH 6.0. Before the reaction, HM (175 mg) was dialyzed extensively in 10 mM MES
buffer pH 6.6 to remove the traces of phpdsate buffer, and adjust the pH for maximum enzyme
activity. Next, HMFcwas dialyzedn a reaction buffer containingmM CaGl 150 mM NacCl, and
10mM MES buffer pH 6.6 for 12 hisfter dialysis, the enzymatic reactiaras startedoy adding

10 mg of thebacterialh -1,2-Mannosidase (BT3990) in a 6000 MWCO dialysis bag. The reaction
was keptat room temperature forabout 48 hrsMass spectrometry was utilized to monitor the
progress of the reactionand the percentage of conversion to the MaRb glycoformwas
estimatedfrom the peak intensity.Finally, the reaction mixture was purified using protein A
affinity chromatography to remove unwanted impurities, salhfed excess enzyme using the
same protocol as described previously in the purification of-FHi The amount of Man8-c
produced was 140 mg (85% yield) and the percentage of conversion to-Manb he final
product was estimated to be 81%he percentage of conversion to Mafswas determined
from the MS pealntensity.

3.2.6 Production of GIcNA¢cCc

Treatment of HMFc with endoglycosidaseF{Endo HF) under mild conditions (20 mM
histidine, pH 6.0) prades an eftient conversion to GIcNAec.Endo HFdisplayed full activity in
the 1gG1 Fc storage buffer (20 mM histidine pH ;&lrefore, it was possible to digest Hi¥c
directly without a dialysis stefsamples of HMFc were at 0.6%ng/mL and for evey 1mg of

protein, 800 U of EndoFnzymewas addedwhich corresponds to approximately 0.08 mg of
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Endo H per 100 mg H¥c) The mixturewas incubatecat room temperature for 2sours,and

the reaction progress was monitored by mass spectrometry andP303& Finally, the reaction
mixture was purified using proteiA (Using the same protocol mentioned in the purification of
HM-Fc)to remove unwanted impurities and excess enzymée samplavas dialyzedn a 4L of

20 mM Histidine buffer pH 6.0 (exchangedeé times in 16 hrs)The percentage of conversion
from HM-Fcto the GIcNAd-cglycoformwas calculatedrom the peak intensity obtained from
mass spectrometry, which showed a nearly quantitative reaction with the percentage of GICNAc
Fc in the final prod® (i 95%.Thepercentageof yield from the reaction was > 60%.

3.2.7Preparation of Control and Mixtures of Glycoforms for Function&li®y

The four control glycoforms (HM, Man5, GIcNAc, and N297Q) were first extensively
characterized using mass spectrometrydaBDSPAGE to test for purity. Enzymes used to
digestion the glycoformsvere removed using proteinA affinity chromatography. Before
preparing the mixture, control glycoforms were buffer exchanged into 20 mM ciphtsphate
pH 6.0containing 150 mM NaCEach control glycoform concentratiomas adjustedto 0.5
mg/mL

3.2.8Preparation oflgG1 Fc glycoforrvixtures
The four control glycoforms (H¥c, Man5Fc, GIcNAEc, and N297®c) were first

extensively characterized using mass spectrometry, andPHNIEE tdest for purity. Enzymes
used to digestion the glycoform#ere removed using proteinA affinity chromatography
purification. Before preparing the mixture, control glycoforms weiayzed at 4°C overnight in

a 20 mM citrate phosphate buffer with ionic strgth adjusted to 0.15 by NaCl at pH 6.0. Dialysis

was performed at 4°C using Sléd.yzerdialysis cassettes (LiflechnologiesGrand Island, NY)
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with al0kDa molecular weight cutoff with three buffer exchangeg exchanges at 4h intervals
and one oernight. After dialysis, the final concentratismof the controligG1 Faglycoforms
were adjusted to 0.B5ng/mLand were mixed in different ratios as seerFigurel to obtain
seven different mixtures. The final concentration of protein in the mixtures @asg/mL,
and the sevemixturesand 4 controlswere storedin aliquots of SmLat -80°C forfurther
analysis.

3.2.9Intact protein MS

Samples otontrol and mixture 1IgG1 Fc glycofosmat a concentration of 0.5 mgiLwere first
incubatedwith 10 mM dithiothreitol (DTT, Invitrogen) and then G was injected into the
mobile phase of the LESI spectra of the reduced sampleas acquiredon an Agilent6520
Quadrupole Timef-Flight (QTOF) system. The same protoeas followedfor running the
experiment anddata collection as describeareviously* Datawas collectedn triplicatesand,

based orthe peak intengies, the percentages of the compositisiof the mixtures and control
glycoformswere analyzed

3.2.10 Sodium Dodecyl Sulfate Polyacrylamide Giddirophoresis(SDSPAGE)

The experimentvas performedunder reducing and noeneducing conditions using the
Bio-Rad MiniPROTEANIlectrophoresis. Samples containihg> 3  LINReiieSnixgtdith an
equal volume of loading buffer (62.5 mM THEI, 2% w/v SDS, 0.01% Bromophenol [#6&%
glycerol)with and without DTT for reducingnd nonreducing conditionsrespectively. The Fc
glycoforms were kept in a boilingater bath for 2 min before loading. Samples and molecular
weight markersvere loadedinto pre-cast 420% gradient gels with mnning buffer containing

25mM Tris, 192nM glycine, and 0.1% SDScanstant200V for about 45nin. Gelsvere then
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stainedwith a staning solution containing 0.05% Coomassie brilliant blue, 10% acetic acid, 40%
water, and 50% methanol for one hour. Next, the geése destainedvith 30% methanol, 10%
acetic acid, 60% methanol. Band densitometry measurement was performed using thedmage
program (NIH) as described in detail elsewh&ré?The percentage of the total area inband

was determined and used to calculate the percentage of the composition of the mixtures.

3.2.11Production of Fg Receptors

FaoRllla was expressed and purified in the same manner as described in detailed elstWiere.
cDNA 6 pGAPFa@RIIb was linearized using Bgl Il and transformed into P pastoris OCH1 deleted
cells Expressiomnd purification oF@RIIb vere conducted similarly to the expression ofgRtlla
as described in detail elsewhereThe histidinetagged protein wadirst affinity isolated from
yeast media by RE-NTA andhen extensively buffer exchanged in 20 mM sodiphosphate, pH
7.0, for a further HIC purification outlined belowA hydrophobic interaction chromatography
61 L/ 0 YSGK2R dza Ay 3 -pardsrBayice tesira(SH BfeAlth:Rre) Bith anfEE\A K
(packedin-house) andan AKTAmicro chromatographicsggms(GE Healthcare) were used to
purify FORIIB. First, the HIC columvas equilibratedvith Buffer A (20 mM sodium phosphate,
1.5 M ammonium sulfate pH 7.0) for 10 CV. Next>-NTA purified FgRIIB (dialyzed in buffer A)
was loadedonto the preequilbrated column. The chromatographic purificatiavas then
performedwith a linear gradient from 1.5 to 0 M ammonium sulfate (15 CV) using Buffer B (20
mM sodium phosphate, pH 7.0). Fractionsn®) containing pure FRIIB was collected and
concentrated tol mg/mLusing Vivaflow 50 (10,000 MWCO; Sartorius Stedim Biotech). The total
amount of protein produced using this technique was 20 After that, the sample was dialyzed

against PBS buffer, and frozen-80°C for further use.
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3.2.12 Interaction of Immobilizel Fc Glycoforms with BRIIla Using Biolayer
Interferometry

The interactions of the different contr®hnd mixtures of IgG1 Fc glycoforms with thefida
was studiedvith biolayer interferometry using BLItanstrument (Fortebio, Menlo Park, CA) with
protein G biosensor is. Samples for the binding study were prepared in different composition
(Figurel) as follows: The first set of samples includes control glycoformsK¢jMAan5Fc,
GIcNAeFc, and N297@c).Thesemnd set containg mixture of HMFc witha small percerage

of the other glycoforms which includes 90%HM:10%Man®0%HM:10GIcNAc,and
90%HM:10%N297Qhe third set of samples are 50% composition as follows: 50%HM:50%Man5,
50%HM:50GIcNA@nd 50%HM:50%N297 .he fourth set is anixture of the four glycoforms
25%HMFc:25%Man5:25%GIcNACc:25%N2970Q. The binding of coaitrimixtures othe IgG1

Fc glycoformwith FoRIllawere performedas describegreviously? The concentration range of
the FoRllla in solution was 50 nM to 800 nM in a tfedd serial dilution Briefly, the binding
progresswas monitored which is proportional to the surface bound protein. At thedeof the
association phase, the unbound analyte in ttievette was removedfrom the vicinity of the
biosensor, and the dissociation of the complex formmeats monitoredby dipping inan analyte
free PBS kinetic buffer. The formation of tbemplexduring ncubation followed a typical binding
profile, with the exponential increase in signal. After dipping the biosensor Fafioee PBS
buffer, the dissociation was monitored with a signal eventually returning close tbdbkeline
Data generated from the baing of the receptor to IgG1l Fc glycoforms were collected in

triplicates and globally fitted to a 1:1 using the fister rate equation binding model in
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BLItZPro software.The same binding method as described FapRIlla abovevas usedfor
studying the interaction of FgRIlb with mixtures of IgG1 Fc glycoforms, except the concentration
range ofthe receptor in solution was 200 nM to 10,00Mnn atwo-fold serial dilution.Similarly,
data were collected in triplicates and globally fitted to a 1:1 bigdimodel usingBLItZPro
software

3.2.13 Interaction of Immobilized FgRIllawith Fc Glycoforms Using Biolayer
Interferometry

The interactions of the different pure and mixtures of IgG1l Fc glycoforms with biotinylated
FaRlllawas studiedvith biolayer intererometry using a BLItz instrument (Fortebio, Menlo Park,
CA) with streptavidin (SA) biosensor tipfie concentration range of the Fc in solution was 50
nM to 800 nM in a twefold serial dilution

Before the binding experimenttie mixture of glycoformsweredialyzed in PBS buffer to remove
the storage buffer (20 mM Histidine, pH 6.0) and to adjust the pH to 7.4. The same pretzcol
followed asdescribed in detail elsewhere.

3.2.14Binding Response Basurements

Theresponse of the controk and mixtures of IgG1 Fc glycoformith the FgRIllawere
studiedwith biolayer interferometry using 8litz instrument (Fotebio, Menlo Park, CA) using
protein G biosensor tips. One protein G biosensas usedor each of the mixturescluding
its reference for generating theensorgramsThe biosensowas regeneratedtfter each cycle of
runs. Response measurements usingRfdavere conductedas follows. The protein G biosensor
tip was hydrated for 10 min with PBS buffer (150 mM NaCl, 50 mM sodium phosphate pH 7.4)
and incubated for 30 min with PBS kinetic buffer (PBS buffer containing mlnogésein as a

blocking agent) Next, an initial baseline (3@g was establisheavith PBS kinetibuffer and the
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protein G biosensor tipsere loadedwith the IgG1l Fc glycoforms (control and mixtures) at a
concentration of 0.8 uM (126eq. The Fc concentration was based on the tatball glycoform
component's concentration in the mixturdhe Fc concentrationvas baseddn the total of all
glycoform component's concentratiomMext, a new baseline (¥eqd was establishedand the
association (18Geq and dissociation (368eqQ of FoRlllawere measuredby dipping the
biosensor into solutions of BRllla (0.8 uM) and PBi®spectively. The response curves were
then reference subtracted and exporteato Microsoft excel The last five points at the end of
the association phases wereeraged to measure the response for each curve. Thesgonses
obtained from the three curves were averaged to measurergsponsefor each sample. The
same protocolvas followedor all the controband themixturesof glycoformdo determine their
respanses. The same protocalasalsofollowed for measuring the binding responses falt of
the interactiors betweenthe glycoforms and FERIIb. The concentration of thedRilb used was

3.2uM.

3.3 Results
3.3.1Characterization of Control and Mixturef IgG1Fc Glycoforms

A largeamount of HMFcwas requiredas a starting material to produce GIcNAc Fc, and
Man5-Fc usingn-vitro enzymatic digestionAdditionally, HMFc is a common component of the
mixture of IgG1 Fc glycoformdence, to make a large quantity, Hi¢ was expressed in a 10 L
fermenter using a glycosylatieseficient strain ofP. pastorisUsing fermenter expressio®40
mg of the HMFcand 400 mg of the N2978c glycoformsvere producedor this study.Several
attempts to produce N297c in expression media containing BSM and £3alis resulted in

low yields. Thus, BMGY media was usegdedperatehigheryields Man5Fcwas producedisng
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anin-vitro enzymatic reaction by treating H#c withB.t.h -1, 2mannosidase (BT3990and the
percentage of conversiowas81% calculated from the mass spectrometry peak intensity. The
amount of Man5Fc produced was 140 mg with 86% yield.

Characteration was performed to establishaseline characteristicsof the controls and
mixtures of glycoforms. Thusrigorous analytical characterizationswere conductedon the
controls and mixtures of glycoforms to identify aggregation level, glycosylation statesmical
modification, andintact protein mass.In biosimilarity and comparability studies, extensive
characterization igerformedon the structure and function of the originator and biosimilar to
identify the critical quality attribute$. 2> Thus,SEC clEF, mass spectromett$DSPAGEand
densitometry were used to characterize the consr@nd mixtures of glycoforms. These
characterizations include the following: glycosylation profile, gegcentageof compogtion,
purity, aggregation, and chargketerogeneity. The size exclusion higierformance liquid
chromatography (SEC) was used (under nondenaturing condition) to determine if aggregates
were present in the controls and mixtures of glycoformable 6showed average monomer
percent results indicated that theontrolsand mixtures glycoforms were present as monomers
with small levels of aggregates across the sampk384). Next, characterization of the isoelectric
pH (pl) range by capillary isoelectric foogswas done to monitor charge heterogeneity, and the
(Table 6 showedsimilar pl values of the major species for all the samples tested. This initial
characterization demonstrated the homogeneity and purity of the samples prepared. Thus, any
difference olserved in their functional and physical characteristics was mainly attributed to

differences in their glycosylation profile.
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Next, mass spectrometry was used to characterize the cownod mixtures of IgG1 Fc
glycoforms Mass spectrometry is used thamacterizepost-translationalmodifications such as
oxidation, phosphorylation truncation, proteolysis, glycosylation state. Mass spectrometry is
increasingly becoming an important tool in biosimilarity and comparability studies to establish
structural sinilarities for the proteins under test. In this work, the control andnixture of
glycoformswere well-characterized using mass spectrometvith regardto their glycosylation
profiles and puritiesFigure 3 shows intact mass spectrometry data for-Hi\MMan5Fc, N297Q
Fc, and GIcNAEc, under reducing conditions. These fglycoformswere usedas controls in
this study. As shown from the mass spectrometry data,dlfierences observed in mass were
mainly due to the differences in their glycosylation profile because the same precursef¢HM
was used to produce GlcNAc anl Man5Fc glycoforms, except N297%g in which therevasa

single amino acid mutation (i.e., N297Q).

On mass spectrometry, shift to a lower molecular weightvas observedn the order of
HM-Fc>Man5SFc>GIcNAEC>N297¢Fc. Moreover, the mass spectrometryath showed the
purity and relative homogeneity of the IgG1 Fc glycoforms produced after protein A and HIC
purifications. The peak intensities of thetact mass spectra of the control glycoforms under
reducing conditionsvereshownin Table2. The estimatd abundances of the control glycoforms
GSNBE Bymwm:> F2NI al ypOr | w RbhoK: ¢FFER:WMJigdd tohs@pentwiith
our previouslyreported data? The predominant forms of the trurated Man5Fc and GIcNAEc
contained a single major peak as would be expected. For N2BZ(a single major peakas
obsened, which correspondetb the nonglycosylated Fc monomepntaining glutaminet the

297 position HMFc contaired highrmannose glycans ranging from MaGIcNAg to
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Man12GIcNAg with their correspondingpercentages ranging from 45% to 3&showrin Figure
3. All these glycosylation profiles agreed with our previously reported Wodvlext, the
glycosylation profiles and compaositions of the mixtures were examined using mass spectrometry.
For instance, the mass spectromettgta forthe first set of themixturesof HM-Fc and N297Q
Fc, MixBvas shownn Figure 3the N297QFc (250783 showed a smaller peak intensity, which
corresponedto its proportion present in the sample. The sum of the intensitidd afisGICNAg,
ManeGIcNAg, ManioGIcNAG, andMan11GIcNAgwas consideresvhen comparing théntensities
of HM-Fc with N297€Fc.To determine the percentage of composition of these mixtyesgh
intensity of the glycoforms (N297Ec and HMFc)was dividedby the total intensities of both
components. The mass spectrometry characterizatismese runin triplicates and theestimated
percentageof compositions were the average tifese triplicateruns (Table2). Theestimated
compositions from the peaiktensities were 89.6+0.1% and 3&0.1% fo HM-Fc and N297c,
respectively The calculated values agrewdth the percentageof componentspresent in the
mixture. Moreover, the data suggest that the massspectrometry datacan be utilized for
estimation of thepercentagecompositions consistef.

The seond mixture of HM-Fc and N297@c contained arequal amount of each
glycoform (i.e., 50% of each glycoform). The peak intensity of NE&7€)ynificantly increased,
which was proportional to its amount present in this particular riigre 3)The percentage of
compositions of HMFc and N297@c in the mixture were 48+06% and 51.8+0.6%,
respectively, as shown in Table 2. Again, these values indittetethe masspectrometry data
could be utilized to differentiate olidentify both the subte as well asobvious differences in

glycosylation profiles and compositions of the mixtures. 3¢®nd set of themixturescontained
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HM-Fc and GNAcFc with proportions of the M2 and Mix5 A smaller peak of GICNAC at
25265 Da compared to Hic wasobserved, which correspored to its proportion present in
the sample. Thestimatedpercentage of compositions from the peak intensities were 89.6+0.4%
and 10.4+0.4%or HM-Fc and GIcNAG-c, respectively. Similarlyyith Mix2 mixture, the
percentageof conpositions calculated from the peak intensities were 54.8%2 for HMFc and
45.3+2 9% for GIcNA€&c, which agreed with theompositionof the samplegprepared

The thirdmixture contained HMFc and Man3-c mixed in a similar proportion to the
previous twomixtures described above. The maggectrometry data foMix4 showed a lower
peak intensity at 26280 Da for Maig, as expected from the percentages of the composition.
Theestimatedpercentage of compositionwere 905+£0.3% and 10+@% for HMFc and MaB-
Fc, respectively. Similarly, the percentages of compositioNWei mixture were 55.5+0.4% and
44 4+0.4% for HMFc and Mand-c, respectively. These values corresponded to the percentages
of the composition of the glycoforms in thmixture. The fourth seof the mixturescontained a
combinationof HM-Fc, Man5Fc, GICNAEc, and N297&c. This mixture contained aqual
proportion (i.e., 25% each glycofornof the four glycoformsas indicated from their peak
intensities (Figure 3 and ke 2). The calculatl percentages of the composition from the peak
intensities were 32.0+2.1%, 21.3+0.8%, 25.84 and 208+2.0% for HMFc, Man5Fc, GIcNAc
Fc, and N297@c, respectivelyThese percentagesf the glycoforms were close ttheir
compositions in the mixtureOverall, the mass spectrometry tool demonstrated the ability to
differentiate the mixtures and providkaccuratepercentages of composition of the different

mixtures tested.
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Next, SDAGE was used to examine the purity, presenceowélentaggregationand
fragments of the control and mixturef glycoformsIn addition the SDEAGE was conducted to
examine if the mixtures with aevidentand subtle differencen molecular weightcould be
differentiated. The SDBAGHFigure 2)shows reducing and nereducing conditions for the
control andmixture of glycoformsThe control glycoforsy(Lanes 8,9, 10, and 11pachshowed
a singleband,suggesting purity of thglycoforms prepared. Alsap fragment of the glycoforms
testedwas observedvhen tested undereducing and noseducing conditions. Furthermore, the
SDSPAGE under nereducing condition showed ndeavy chain monomer, which again,
indicated that the samples prepared were homogenous, containing no trace of monomers or
fragments. For instance, mixture of HM-Fc and N297c (i.e.,Mix6) under nonreducing
conditions (Lane 4) showed a major and a minor band. The intensities of the bands were
proportional to the amount of HM-c and N2BQ-Fc present in the mixtureLikewise, the non
reducing condition sbwed a major band for HNrc and minor band for the N297kZ.

Thesemnd mixture of HMFc and N297@c (50% of each glycoform) was also examined
by SDAGEand as shown in lane 5 (reducing and meducing) the band intensities were
neary equivalent, eflecting thecompositionof the sample. A similar pattewas observedor
the mixture of HMFc andGIcNAeFc,in which the band intensiésindicated the nature of the
composition. Equal band intensities were observed in the 50% composition, wheretse for
Mix6, a faint band for the 10% GIcN/&c and a major band for the 90%H*dwere observed
(Lane 6)The reducing and nereducing SDEAGE for the control glycofosshowed migration
according totheir molecular weights (HNFc>Man5Fc>GIcNAECc>N297¢}c) asillustrated in

Figure 2 The difference between GIcNA&c and N297@&cwasonly a singlglycan. Hence, their
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difference was not obvious from the band migrations, suggesting that the mass spectrometry
characterization might be the best choice in sumaixture of glycoforms.

The SD®AGE bands of the mixtuod HM-Fc and Mand-cwere shownin Figure2. The
molecular weight difference between these two glycoformassmall, and thus, no resolution
was achieveas expectedTherefore, there was less infoiation that canbe obtainedfrom the
SDSPAGE that indicatka differencein their glycosylation state. The last set of théextureswas
25% composition of the four control Ig&tglycoforms Two bandsvere observegthe upper
band was a&combinationof Man5-Fc andHM-Fc,and the lower band corresponds to GIcNAc
and N297@Fc (Figures 2, Lane 3). This datggesed that, even for a complexnixture, SDS
PAGE can be helpful in identifying differences in glycosylatiafile and estimatingthe
percentage®f the canposition as shown below

The mixture of glycoformsvere further characterized using densitometry as shown in
Table 3. The densitometry analysis includes@binationof HM-Fc with GIcNA€c and N297Q
Fc glycoforms at different proportions thahowed band resolution. In th®lix6 mixture, the
percentages of compositions determined by densitometry were @HBVFc and 1G% N297Q
Fc, respectively. These percentages of composition were in close agreement with the estimated
percentages calculatefilom the mass spectrometry intensities. Likewisgth the Mix3 mixture,
the percentages of composition from the densitometry analysis wer6%48IM-Fc and 516%
N297QFc. Again, these percentages of the composition were in close agreement with
percentage calculated from the mass spectrometry peatensities In the Mix5 mixture, the
percentages ofhe composition were 83% and 10.7%, for H¥ic and GICNAEc, respectively.

A similar characterizatiorwith the Mix2 mixture indicated thefollowing percentges of
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composition 54.7% HMFc and 45.3% GIcNA4c. All these percentages were in close agreement
with the percentages calculated frothe mass spectrometry peak intensities. However, less
information can be obtained from the mixture of HMFc and Man3-c regarding their
compositionbecause they have similar molecular weightereforethe bandswere not resolved

on the gel Amore sensitive method, such as mass spectrometry, could be used as the method
of choice to characterize the percentage of th@saticular glycoforms.

3.3.2Binding of Control IgG1 Fc Glycoforms witigRdla

The bindingnteractionsof immobilized contrad and mixtures of glycoforms to FgRllla
were performed using biolayenterferometry with protein GbiosensorsFirst,the biosensors
were loadedwith Fc glycoforms to a response level ofrd. Theassociatior(kon) and dissociation
(ko) phases were measured, which correspeddo the formation and dissociation of the
complex formed between the immobilized Fc glycoforms angRA@. Thekon and kot Were
utilizedto calculate the equilibrium dissociation constakig), Thekon, kott, and Ko values for the
Feimmobilizedformat were givenin Tablel. The Kp valueswere 26 .6+2.1 nM, 307+56 nM,
1073.6£24@ nM for HM-Fc, Man5-Fc, and @NAeFc, respectively. Thesds values were
consistent with previously reported dafdn addition no bindingwas observedor N297QFc at
the highest concentration tested (3{M). The comparisoim Kpvalues between the four control
glycoformswas demonstratedn Figure 4F. Similarlyepresentativebinding curvesvere given
in Figure 9A. As shown from thoar grapls, HM-Fcand Man5Fcboundto F@RIllasimilarly,
whereasGIcNAeFc boundveakly.Furthermore no detectable bindingvas observedor N297Q-
Fc. Inthesestudies, gnificant differencesn the kot values of these glycoformsere found as

shown in Table 1 and illustrated in Figure ZBeselargedifferencesin binding affinitiesmake
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the glycoformsprepared in this worlan excellenmodel to study the behavior ahixturesduring
binding to Fereceptors.

3.3.3Binding ofControllgG1l Fc Glycoforms with ImmobilizedgRilla

This technique wathe reverse of the abovenethod inwhich FgRlllawas selectively
immobilizedto streptavidin biosensor$ Alinker betweenstreptavidinand FgRllla wagxpected
to avoidsterichindrance.Iln addition the level of immobilizationvas kept< 0.4 nm toprevent
any crowding effect sincgtreptavidinis a tetrameic protein.

The interactions ofcontrol IgG1 E glycoformswere measuredwith streptavidin
biosensorsin thisformat, the FgRIlla was selectively immobilizedtorthe biosensorwhereas
the Fcglycoformswere keptin solution.A rangeof concentrations of the contrsland mixtures
of glycoformswere usedto determine thekKp values of the interactiosn FoRIllawas loadednto
the streptavidin biosensors to a response level of 0.4 nm and then incubated with the Fc
glycoforms irsolution.Fordissociationthe biosensor was incubated wigmalytefree PB®uffer
and monitored for the rate of dissociation of theomplexformed. From the binding curves
generated, the associatiokd) and dissociatiorkgs) rate constants were obtained and utilized
to calculatethe equilibrium dissociation constankd) values. As shown in Table hetko values
were 277+2.7nM, 315+4.7 nM, and 107%+1099 nM for HMFc, Man5Fc, and GIcNAEc,
respectively. These results demonstrdta range of binding affinities andere in agreement
with our previous work. The Feimmobilized(FgRIlla in solution) andeceptorimmobilized(Fc
glycoform in solution) formats provided nearly the samdgvalues forthe control IgG1l Fc
glycoformsas shownn Table 1 These data suggestthat both methodswere equally sensitive

and behavd similarly at detecting changes in glycosylation state, which consequently, changes
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the binding affinities to FgRllla.Figure 4 shows a comparison of thge values of control Fc
glycoforms generated using the immobilized Fc and recdftable 1) Overal, the data indicated
that the sameKp valueswere obtainedfrom both formats for HMFc, Man5Fc, and GIcNAEc
control glycoforms. Representative binding curves generated for the association and dissociation
of the control glycoformsvere givenn Figure9. Fastkineticdissociatiorrate constans (kotr) was
observedfor GIcNAd-c and, consequently, weaker binding affinity. Comparatjwébyv kinetic
dissociatiorrate constants(kost ) were observedor HM-Fc and Man3-c. No signalas observed

for N297QFc, which underling the significance othe N-linked glycan (N297) for maintaining
the functional activity. The control glycoforms were used to optimize both methods and
demonstrated that the two formatswere complementary. Thus, any difference betweereth
mixtures could be identified based on the individual glycoforms these made of (components

of the mix) and attributed to the characteristics of thexture.

3.3.4Interaction of Mixture Fc Glycoforms with BRllla
3.3.4.1Mixtures of HMFc and N297¢p-c

HM-Fc and N297@c were combined to make two mixtures with the compositions as
follows: Mix3 and Mix6 These two mixtures were prepared to observe the behavior of the
mixtures during association and dissociatpitases using both theFcimmobilizedandreceptor
immobilizedformats. Furthermore, thdix6 mixture was designed to observe any subtle change
that can be detected using the binding assalse Mix3 mixture was designed to represent a
major shift in the composion, and understand how this mixture with equal proportion behaves
using the two binding assay formats. In other words, the main g@alto test whether the

methods can identifypoth subtle and major changes in binding affinities in a given sample with
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either a subtle ora major changein composition. Thus, in this work, the interactions were
measured usinghe two immobilization techniques as described below.

3.3.4.2Binding of Immobilized Nktures of N297@Fc and HMFc to FgRllla
Mixtures of N297cFc andHM-Fc were prepared and loadedhto the biosensor; both

mixtures (i.e. Mix3 and Mix6) were testedand analyzed. The formation and dissociation of the
complex formedwere measuredin the same protocol used for the control glycoforms.
Interestingly, N297€p-c inthese mixturesvasfunctionally inactive and does not bind with the
FaRllla. Thus, it is relevant to monitor how the effect of this inactive protein affects the overall
apparent equilibrium dissociation constant. TlKgvalues forMix6 and Mix3 were 24.9+13 nM
and 24.9+1.1M, respectively, as shown in Table 1.

The resultsndicated that regardless of the amount of N297&Z present in the mixture,
no differences in apparerkp were detected using thé&cimmobilizedformat. Moreover, the
data demonstrated the presence of inactive protein (N29€) has no effect on the appant
equilibrium dissociation constant measured. This phenomenon was observed because the level
of immobilization (active or inactive) did not influence the kinetic paramet&ssdndkoff) used
for determination of theKp values. In other words, thi&s determined by kinetic parameters was
dependent on thekon and ko values and independent of the amount of immobilizécproteins
The other factor that contributed to th& values was the concentration of protein in solution:
in this case, the Feceptor. The concentration of the Fc receptor used for both sets of mixtures
was the same. As a result, this technique was not able to detect the presence of the inactive
protein (N297QFc) present in thenixture. This result highlights the need to carefullyafyze

binding experiments performed with thEcimmobilizedformat since the technique is blind to
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inactive proteins. A typical example of inactive protein could be a denatured protein (physical
and chemical) or nonative aggregates caused by various ssréactors.

3.3.4.3Binding of N297@-c and HMFc Mixtures with Immobilized FRllla

Thereceptorimmobilizedformat was used to test the two mixtures of N29FQ and
HM-Fc. Mixture withdifferent concentrations of HMFc and N297c was prepared and kept in
solution, whereas FERIla was immobilized selectivelyntm the streptavidn biosensors. Thip
value obtained foMix6 was 31.5+2.:%M, showing subtle change compared to the control-HM
FcKo value measured, which was ZA2.7nM. Next, he seond mixture of HMFc and N297Q
Fc (50% eachyas examinedand theKp valueincreasedoy two-fold. Unlike theFcimmobilized
format, the inactive protein (N297®c)was includedn the total concentration of Fc used for
determination of theKp value In other words, in the 50% mixture of HFt and N297@-c, the
Ko value increased by twiold, which was due to the presence of @inactive protein (N297Q
Fc) in the soltion. This inactive proteiaccounted for50% ofthe concentration of Fc used for
determination of thekpvalue. Thuswhen 50% N297@c (inactive protein) was presetmie Ko
value increased by twinld. From the kinetic parameters, the association rate constant was
concentration dependent and showed a significant reduction when the proportion of NE&7Q
increased However, the dissociation constarkof) was independent ofancentration, so the
differences observed were attributed to thien values.In other words the dissociation rate
constant value was independent of the concentration, andchangewvas observeds shown in
Table 1. Representative binding curves for thigtare were shown in Figur@B.Thekon, kotf ,and

Ko valueswere illustratedin Figure 4.
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Unlike thethe dissociationrate constant,the association rate constankd{,) andthe
equilibrium dissociation constank{f) were dependentupon the concentration.To prove our
concept that the change ip value was only due to the presence of N29FQ (functionally
inactive) the data was reprocessed by adjusting the actual concentration of the-Ad/fresent
in the mixture without accounting fathe N297QFc concatration. As shown in Table 1, tiken
values showd a significant increase fro(d.7+ 0.1¥10° M-s'to (3.1+0.4x1PM-1s?, and theko
value decreased from 52. 7+ to 29.0+4.21M as expected for pure Hfic control glycoform
measured (Table 1). The-processedp values were similar to thpure HM-Fc values, indicating
that the changes were mainly due to the apparent concentrat@werall significant differences
in Ko valueswere observed between the twammobilizationformats, highlightinghe impact of
the samplecompositionandimmobilizationtechnique on the binding outcome.

The Kp valuesfrom the 50% mixture of HM~c and N297@c measured using thiec
immobilizedandreceptorimmobilizedformats were 24.9+1.4M and 52.7+3. M, respectively.
Asshown above, the difference i values between the two formats was nearly ti@d. The
result demonstrated that care mu$te exercisedvhen designing an experiment and analyzing
the data since the selected immobilization technique could have a s@mifimpact on the
equilibrium disso@tion constant. Overall, thereceptorimmobilized method successfully
determined the presence of inactive protein in the samples and must be the method of choice
when the sample is expected to have impurities or ina&cpvotein.

3.3.4.4Mixtures of Man5Fc and HMFc Glycoforms

HM-Fc and Man3-c controls showed a similar high affinity togRitla, as would be

expected forhigh-mannoselgG glycoforms. Two sets of mixtures of M and ManS-cwere
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preparedwith subtle and major iferences in compositiorylixl and Mix4, respectivelyThese
two Fcsmodel mixture of norfucosylated glycoforms with differences in thel,2-linked high
mannoseterminal glycansThe HMFc glycoforms containedigh-mannoseglycars consisting
primarily d 8 mannosesMansGIcNAg), whereas the Mand-c containedigh-mannose glycans
consistingprimarily fivemannosegMansGIcNAg). The binding studies for both immobilizations
were conducted with the same protocol as described abavéhe Fecimmobilized the Ko values
were 25.9+1.21M and 269+1.4 nM for Mix4 and Mix1, respectively. No change Kb values
between the mixturesvas observedFor the immobilized ERllla binding with thenixture, the
Ko values forMix4 and Mix1 were 27.03+1.10M and 25.74+2.®M, respectively. Similar to the
Fecimmobilized no change ik valueswas observedegardless otompositionof the mixture
or immobilization technique used.ikewise, no change Kb valueswas foundbetween the two
immobilization technique.

The similarity inko values was presumably due to both i, and Mand-c binding
similarly to FgRlIlla. Mixing the glycoform did not seem to change the apparent biraffimgty.
Additionally, boh glycoforms behaved similanyith regard totheir interaction with the FgRllla
in both formats, suggesting tHe-1,2 glycans have minimum effect on the binding affinities. This
result indicates that when the components of th@xture have the same binding affinity, then
neither the percentage of compaosition nor the immobilization technique influences the apparent
binding affinities.See Table 1 fdkineticdata and Figure9A and 9B forepresentativebinding

curves and illusation of the kinetic parameters in Figure 4.
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3.3.4.5Mixtures of HMFc and GIcNAEc Glycoforms

HM-Fc and GIcNAEc have a slight difference in their kinetic associatate constants
(kon) but a significant difference in their kinetic dissociatrate constants (kofr). The differences
in Kot valuesultimately give differences in equilibrium dissociation constakts. (Two mixtures,
namely Mix2 and Mix5, were prepared and determined using both immobilizatformat. The
Ko values genmted from the Fammobhbilized technique for HMFc and GIcNAEc control
glycoforms were 26+2.1 nM and 1073.6£24@GM, respectively. Similarly, using theceptor
immobilizedtechnique, theKp values were 27+2.7 nM for HM-Fc and 107%+1099 nM for
GIcNAeFc. Therevasa 40fold difference between the twéb values, mainly attributed to their
differences in kinetic dissociation rate constakdi} values as shown in Table 1. THevalues
obtained using thd-cimmobilizedtechnique were 441+2.8nM and 767+5.6nM for Mix5 and
Mix2, respectively. This decrease in binding affinity was due to the presence of a weak binding
component (GIcNAEc) in the mixtures. The result demonstrdtéhat the Fecimmobilized
technique was able to detect the contribution of the wdaikdingcomporents (i.e., GICNAEC)
in the mixture.

For Mix2, in which there was a higher proportion of GICNAL the kinetic dissociation
constant koff) values increased as shown in Table 1. Henceeg thas asignificant increase ikof
compare to the seond setof the mixture Mix5). This result indicatkthat when therewasa
weak binding component in the mixture that can still bind tafda, theFcimmobilized
techniquecouldpick up the contribution, and thus th& values reflect the nature of the mixture
composition.Thiswasimportant, specifically when compared to the previous sets of mixtures

(N297QFc and HMFc) on which the Henmobilized method was blind to the inactive protein
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(N297QFc) but sensitive to partially active protein (GIcN#&} present in the mixture. Again, this
highlights the complexity of directly interpreting tikevalue without looking at the composition
of the sample. Itis well knownthat mAbs containheterogeneousglycoforms that can bind
differently to FgRIlla®® Thus the selected binding assay method has a signifingrdcton the
measured binding affinitiedNext, to see how this partially active component might affect the
kinetic vales and apparent dissociation constatite FgRIlla immobilization technique was
tested. TheKp values obtained for this reverse immaobilization technique (immobilZegRIlla)
were 31.74.0nM and 433+4.1nM for Mix5, andMix2, respectively. The kineti@lues from this
immobilizationwere signifiantly different from theFecimmobilizedformat as shown in Table 1.
The difference irkp values in this mixture was presumably due to the difference in the
mechanism of complex formation between Fc glycoforms agiIHea, whiclwasdependent on
the immodhlization platform used. When the two mixtures (GlcNAT and HM-c) were
immobilized, theravasa single component in the solution @Rilla), whiclinteractedwith both
components independenthhéterogeneousigand binding model) as illustrated in Figsib and
6. When the receptowasimmobilized, the twoFcsin the solutionwere competing for a single
binding site (FgRllla). Thus, theravas a competition for a single binding site during the
association phase leading to the enrichment of the high lmgdcomponent (i.e., HNFc)
compared to GIcNAEcat the end of theassociatiorphase as demonstrated in Figsrg and 6.
The competition continuéduring the association phase leading to the displacement of the weak
bindingcomponent and consequentlyresulted in the enrichment of HMFc at the end of the
associatiorphase Thismadethe dissociation phase to behave more like H#lthan reflecting

the percentags of the components present in the sample. As a result of this phenomenon, the
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dominant componentof the dissociation phaswas HM-Fc, whichwas evident from thekos
values obtained. As shown in Table 1, ksevaluesfor HM-Fc controlwas(7.1+05)x10° M-1s?
andfor Mix2 the kot valuewas(8.5:0.6)X10°M-!s. Given the standard deviation,ahe wasno
significant difference between these tvka values indicating that the major component of the
dissociation phaseas enrichedHM-Fc glycoform.

Furthermore, forthe Fcimmobilizedformat, the kot values 0ofMix2 was (14.1+1.0)x10°
M-s? and HMFc controlwas (5.5+0.0x10° M-s®. Thisko valueshowed a nearly thredold
difference, suggesting there was a significant contribution of GldftAon the dissociation
phase. Once the Fc was immobilized, there was no competitive displacemeatise two sites
were independent, and a single component gfidla) was in the solution. The result
demonstrated that when therewas a weak binding component, the immobilized Wwas the
method of choice and refleetl the composition of themixture. Additionally, this result
demonstrated that the binding kinetic rakis shouldbe carefully interpretedsince the binding
results depend on the immobilization selected. Moreover, knowing the sample composition
before the experiment gives important clues about the expected binding result. Therefore, care
must be exercisediot to make a conclusion based on tHg values without looking into the
sample compositionThisis because the result may not represent the actaalue or coulde
skeweddue to the presence of a high binding affinity component present in the sariiple.
binding results of both immobilization formatgere illustratedin Figure 4.

3.3.4.6Time Course Bindingssessment

To prove our concept adhe complex bindingas well as displacement of GIcNRcby

HM-Fcobserved in the receptor immobilized formead time course binding experimenvas
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performed The dissociation curvegere measureat different incubation times for the mixtures
of GIcNAd-c and HM~c control glycoforms (Figure 6A). The control-Fivshowed the slowest
dissociation phase, whereas GIcNAcshowed the fastest dissociation phase at 18¢r
association time. Next, we monitorelde dissociatiorphase at different incubation tinsranging
from 30secto 180secAs shown from the&lissociatiorphases, itvasevident that the incubation
time influences the shape of thelissociationcurve. This was because of thecompetitive
displacement of GIcNAEc by HMFc as the incubation time increakeln addition as the
incubation time increasesthe kot values decreask which was also evident from the %
dissociation curve(Figure 6B). Even at the lowest incubation tinfe30 seg the dissociation
curve behavd more like HMFc dissociation than GIcN#4c. This everdemonstratedthe impact
of the difference in their binding interaction, which ultimatégads to the fast displacement of
GIcNAe~c by HMFc on the surface of the biosensor. For ease of comparisorsimilar %
dissociationwas examinedor the Mix2, using bothimmobilizationformats as shown in Figure
6C, and the shape of the dissociation @ipehavedmore like HMFc when thé=cimmobilized
techniquewas usedIn theFcimmobilized however, the dissociation curve reflect both HM
Fc and GIcNAEc, indicating theontribution of both componentsThiswas because the two
binding eventsvereindependent,and no competitive displacemeskisied. Again, thesevents
prove the differences observed between the two formats.

3.3.4.7A mixture of HMFc, Man5Fc, GIcNAE&c, and N297¢-c glycoforms

A four component mixture containing an equal proportion of fglycoforms Kix7) was
prepared to represent a more complex system. Reevalue obtained from thd-cimmobilized

technique was 55+4.0 nM. Since both HMFc and Man3-c bind with high affinity similariand
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N297QFc has no effect on the binding affinityhig change ifkpvalue was presumably due to
the contribution of the GICNAEc present in the sample. In theceptorimmobilizedformat, the
Ko value obtained was 36x1.3nM, which was significantly lower than thé value measurd
by the Femmobilizedtechnique. This loweks value was presumably due to competitive
displacement described previously for H¢ and GIcNAEc mixtures. Representativ@nding
curves for both immobilizson techniquesare shownn Figures 9A and 9B.

3.3.5Binding of Control IgG1dGlycoforms with FgRIIb

FaRlib is the only inhibitory Bececeptor produced in humans and specifically expressed
in Bcells#*®Hence, it is relevant in many clinical effects of mAb therapeutics that exert their effect
through the Fc regiof’ TheKpvalues obtained foHM-Fc and Mand-c were 3419888.4nM
and 3274.5+954. nM, respectively. This result indicatehat the HMFc and Man3-c have
similar binding affinities to ERIIb. For the NZ8Q)-Fc and GIcNAEc control glycoforms, no
detectable binding affinitiesvere observedat the highest concentration of BRllbtested (10
MM). SeeTable4 for kineticdata andFigure € for the bindingurve of the control glycoforms.

3.3.5.1Mixtures of Glycoforns Binding with FgRIlb

HM-Fc and Man8-c glycoforms have similar binding affinities tgHAtb; no difference
was observedetween Mix4 and Mix1. Thiswas in agreementvith the previously observed
phenomenon when a mixture of HFMc and Man3-c were examiedusing FgRllla(Figure 4 and
Table 4). The N297Ec and GIcNAEc glycoforms have no contribution to the observed apparent
equilibrium dissociation constant. As a result, all the mixtures showed no significant difference
in apparent equilibrium dissaaiion constant Kp) values. The data indicadethat the Kp values

providedless information about the nature of the sample composition, but since the GIeWAc
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glycoforminteracted differently to FgRIlb than FgRllla, this might be utilized to differentea
mixtures containing it. Representative binding curves for the mixture and contemfglynsare
givenin Figure 9C.

3.3.6 Response Comparison for Contsand Mixtures of Glycoforms

The kinetic Kon andkor) and theequilibrium dissociation constant weretrelated to the
responseof the complexformed. In this case, the respons&as monitoredfor the control and
mixture ofglycoforms using the Fmmobilized method. Interestingly, the responses as shown
from the bar grapk (Figure 8A and Table 5) were albb detect the presence of inactive or weak
binding component (i.e., N297Ex). For instance, the decrease in response was proportional to
the presence of inactive protein (N29+%2) or a lowaffinity binding protein. This result indicate
that although he Ko values for a mixture of HNWc and N297&c does not show any difference
regardless of their compositiorthe proportional decrease in response does indicate the
presence of the inactive component. Hence, it is important to look not only akshvalues but
also at the response as critical quality attributes of the sample under test. For instiiuece,
response valudor Mix6 was approximately 9% less than the HRd control, which was in
agreement with the amount of inactive protein (N29KQ) presenin the mixture. Similarly, the
response value faMix3was approximately 52% of control H& glycoform, indicating that half
of the mixture wasan inactive component (i.e., N297&Z). A similar pattermvas observedor
mixtures of GIcNAEc and HMFc, inwhich a high proportion of GIcNAc (50%@vea lower
response. However, unlike the N29-FQ, the GIcNAEc contributes to the observed response of
the mixture, and the decrease in response was proportional to its contributichedinding

response Mixtures of Man5Fc and HMFc Mix4 and Mix1) showed a comparable response in
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agreement with their closeép values. Compared to all sample components that can potentially
bindwith FgRIlla GIcNAd-c showed the lowest response, which was in agreement with its weak
binding affinity. Noresponseof N297QFc binding to FaRlllawas observedas described
previously.

The binding @sponse comparison was performed using the immobilizeig&miqueas
shown inFigures 7, 8A and Tablé. Thedata clearlydemonstratal the difference inbinding
response betweenthe different sets of mixtureddence, the response measured dagusedin
evaluating dtical quality attributesbecause itshowed a trend with the percentage of the
composition andhe natureof the components in the mixture Furthermore, itwasevident from
the data that subtle as well as obvious differences were observed, suggesting response
measurementcould differentiate different mixtures. The same method waslso used to
determine the responsasingF@RIIb. Theesponseshowed that the glycoforms bind differently,
and both N297@Fc andGIcNAe~c showed no bindingesponse Also, mixturescontaining
GIcNAe~c and N297@c showd the lowest responses.

The surface capacity (loading) of a biosensor could significantly affect the binding
response. Hence, these binding response measurements were performed by carefully monitoring
the loading capacity and loading level of the Fc glyené. Any defectiw and lowsurface
capacity biosensorsvere excludedfrom the experiment.Multiple regenerations can also
decrease the loading capacity of a biosensor and, consequently, reduce the binding response.
Therefore, the regeneration cyclegere kept minimum (three cycles), and one biosensaas
usedfor each sample. The response measuremesése conductedin triplicates at a single

concentration.To minimize dayo-day variability in responsédhe samples were run hedd-
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head. The above prototensures that the differences in binding responses observed among the

glycoformswere mainly attributedo the differences in their receptor binding affinity

3.4 Discussion

The structure of an IgG comprises the Fc and Fab portions, linked by the disalidlat
the hinge regiort! Unlike the Fab region, which is variable in sequence among different IgGs, the
Fc is homologous and constant in sequence acatidgGs in the same subcld$By studying the
constant Fc portion of Ig@&g rather than a single fulength mAb with variable regions, it should
be possible to apply the assays developed in this study to differentiate the critical quality
attributes of the mAbsThe Fc portion is aimpler system tcstudy but contains the 63 and
glycosylated @ domains, which are present across all human IgG1 rhAbss, in thisstudy,
the human IgG1 Reas usedis a model that can potentially represent all monoclonal antibodies.
It is well knowrthat the glycan profile in monoclonal antibodies varies with the type of cell line
and expression conddns. Thus, it is importarid study the effect oEhangesin the glycan profile
on the biological activityisingcomparability studie$®+°® Such variations glycosylation profile
include the following: core fucosylation, terminal sialic acidaddtylglucosamine, and high
mannose, which are knowto affect bindingaffinity to Fc receptor8?® Therefore, the effect of
glycosylation on the functional activity of the mAb®ften examinegeven if the Féunctionality
is not part of the mAbs mechanism of acti®Due to thesereasorsthe Fc region isritical for
the safety and structural integrity of mAbs®! In addition to their use in demonstrating
biosimilarity, functional assayse utilizedfor candidate selection, product release, and stability

assessment® 31The biological assay examinations, which include potency form the backbone of
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the quality control (QC) testing scheme. The biological test used for QC testing needs to be
sensitive tarelevantstructuralchanges with gotential effect on product safety and efficaty

These four glycoforms were selected in this study as controls because they exhibit a broad
range of biological and physicochemical quality attributes. Hence, these control glycoforms are
suitable to use as a model for typical changes in quatitipates encountered during biosimilar
comparability assessments. The mixtures of IgG1 Fc glycoteenespreparedy combining the
homogeneous glycoforms to make wdifined mixtures with differences in biological and
physical quality attributes. An adutage of producingpomogeneouglycoforms is that it allows
for developing comparative assays with well-known differences in functional and
physicochemical quality attributes. Then the assay can be optimized witidefatled mixtures
that exhibit subtledifferences.

Previously,we developed two functional assay formatan Fcimmobilized and a
receptorimmobilized format. Moreover, we demonstrated that the two methods were
complementary, providinghe sameKp values for thewell-defined homogeneousglycdorms
(utilized as controls in this study)In thisstudy,our goal is to examine how thenmobilization
formats impact the binding outcome of thmixture of IgG1 Fc glycoformilsq we want togain
a better understanding of which format efficiently differentiates the mixtures with subtle and
major differences in critical quality attributes. Functional atyi assessments are needed
because physicochemical tests alone cannot provide full information on the structure of the
molecule necessary for potency. Hence, the functional activityoeamsedas a surrogate of the

protein conformational integrity, whicls required for activity?® To achieveour goal, we first
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tested the control glycoforms and then we usegbtimized assays tcevaluatethe mixture of
glycoformsprepared with thedifferent composition of these glycoforms.

In biosimilarity studiesthe assessment of similarity requires multiple artonal
analytical approaches to adequately define the characteristics of the original biotherapeutics and
their potential biosimilarity? Therefore, as an initial characterization, the purity profiles of the
control and mixture of glycoformswere assessed using SBAGE, mass spectrometry (MS),
capillary isoelectric focusin@lEF), and size exclusion chromatogragig§ In addition the
overall glycosylation profilesf the glycoformswere examinedusing mass spectrometry to
confirm their identity and homogeneitydass spectrometry plays a vital role in tidentification
of posttranslationamodifications such as oxidation, reductiodeamidation fragmentation and
N-linked glycosylation, which cabe examined at the protein level€? 35 Thus, initial
characterization of the glgsylation profiles of the control glycoforms wasaminedusingintact
protein mass spectrometryn addition mass spectrometry was utilized to identify theesence
of proteolytic fragment, Germinal lysine variability, and oxidation that couldarise during
expression angburification steps. These control glycoforms were found to be highly pure with
no evidenceof chemicamodifications, and their glycosylation profiles were consistent with our
previously reported work Next, we used theintact mass of the controtlycoformsand their
glycosylation profiles as a base characterization to evaluatectimepostion of the mixture of
glycoforms Moreover, the percentage ofcomposition of the mixture of glycoformswas
examined using the maspectrometrypeakintensity, and the results demonstrated that the
estimated percentages of the componenisere accurately determined as shown ifable2.

Therefore, the mass spectrometry can be uséficientlyto not onlyidentify the glycosylation
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profiles butalso in theestimationof the compositionof the mixture of glycoformsThis approach
could be applied when measung glycoform composition in mAbehapeutics.

In general, the masspectrometrydemonstrateddistinctdifferencesbetween the control
glycoforms based on the size aaldsenceof N-linked glycosylation. Furthermore, the mixtures
were differentiated based wthe size, type and percentages of the glycoform in the mixture used
in preparing them For instance, in the mixtur@ontainingthe four control glycoforms (i.e., HM
Fc, Man5Fc, GIcNA€c, and N297@c), the mass spectrometrgemonstrated distinct
differences as well as the percentagempositionof each glycoform as shown irable2 and
Figure 3. This datdlustratesthe importanceof mass spectrometry in characterizing complex
mixtures,a tool highly needed in biosimilaripssessments

We also performed further characterization using SBB\GE, size exclusion
chromatography $E(, and capillaryisoelectricfocusing (clEF). Thesharacterizationsvere
carried out to evaluat¢he presenceof dimers fragments and charge variants of the control and
mixture of glycoform®f IgG1 Fc. The SIPAGE under reducing condition confirmed an absence
of any proteolytic and fragment of theontrol and mixture of glycoformsconsistent with mass
spectrometry dataln addition the nonreducing SDBAGE confirmed intd Fc homodimer (i.e.,
an intramoleculardisulfide bond) in all thesamples tested Furthermore, the percentages of
mixture compositionswere examined usingdensitometry,and the results agreed with the
percentages estimated using masgectrometry as show in Table 3. TheSECQ]ata (Table 6)
confirmed theabsenceof low molecularspeciesand showed low levels of dimewacrossall the
samples (43%) Further characterization with ciFable 6)ndicated no chargéeterogeneity

with the major peakbeingthe same across all the control and mixtui@gglycoforms. In mAbs,
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differences in the relative proportions of charge variants are usually observed during production
or process changes and present a challenging task in demonstrating product comparability.
Chemical modifications that result in charge variants include deamidation, isomerization,
fragmentation, andxidation. Thus, these charge variantsmatelyleadto modification oftheir
isoelectric pH (P values>?

In the biosimilarity assesment, extensive characterizations are performed, which
includes physical, chemical, and biological on the originator; then this characterization is used as
a base characteristic to compare with their corresponding biosimilar molecule and thereby to
estaldish molecular equivalencg.In our work,all these initial characterizations were conducted
to establish baselineharacteristicsof the control and mixtureof glycoformsprior to their
functional and physical stality studies.Therefore, anydifferencesobserved between these
different mixtures during functional and physical characterizatiovere attributed to the
differencesin their glycosylationprofiles as well as their percentages @dmpositionin the
mixture.

In this studypinding measuremerst werefirst conducted on the control glycoforms (i.e.,
HM-Fc, ManBFc, GIcNAEc, and N2976c¢) to characterize binding differences and to identify
critical quality attributes that could help differentiate mixtureBurthermore,mixtures oflgG1
Fc glycoformmwere then analyzed for binding to two receptors: the activating receptaRFi@)
and the inhibitory receptor (FERIIb), using biolayer interferometry (Bl\MYe selected FgRllla
becauseof its functional relevance,and it is known to bind to the Fc portion of mAbs.
Furthermore, FgRllla ighe only activating receptor expresseadnatural killer cells and linked to

antibody-dependentcellular cytotoxicity (ADCE3>* Previously, welemonstratedthis receptor
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could differentially bind to Man5~c,HM-Fc,and GIcNA¢-c and showed no deteatble binding
affinity to N297QFc? Alsg we employed FgRIlbbecause of its functional relevance to the
mechanism of action of mAbs therapeutichbéingthe onlyinhibitory receptorexpressed in B
cells?” In addition to having opposite effects on antibedgpendent effector functions, ERlIlla
and FgRllb have different binding specificity for IgG1 Fc glycoforms, allowing the reséptoe
utilized to differentiate particular glycoforms. To further characterize the IgG1l Fc glycoform
mixtures and to investigate the effect of binding assay format on biological characterization, the
two BLI binding formataere utilizedfor FgRIlla biding assays.

The two binding assay formats produced remarkably different results for the mixtures of
glycoforms.Our resultdemonstratedthat the advantage of using thecimmobilizedformat is
its ability to detect the presence af low-affinity glycofam mixed with a higkaffinity glycoform
in binding to FgRllla (i.e., a mixture of Hc and GIcNAEc).In mAb therapeutics, a mix of high
and lowaffinity glycoforms could be the nefucosylated and fucosylated glycoforms,
respectively, which are known to bind differentially tajRtla2® Since protein G is not sensitive
to changes in Fc glycosylation, both Hid and GIcNAEc can be immobilized equally, and their
interaction with the FgRIlla is evident in the biphasic nature of the dissociation phdsestype
of dissociation phase is attributed to the fast dissociation of GleNAand slow dissociation of
HM-Fc,ultimately resulting in a biphasic dissociation curire the Fcimmobilizedmethod, the
association phase is monophasic given the fact that bothFéMand GICNAEC have similar
kinetics of associatiorkdn). The dissociation phase shows a biphasic behavior, suggesting the
two-components (HM-Fc and GIcNAEc) have a different dissociation rate. Although 5%

dissociation could be enough to describe the dissociation phase as explained elsgWwhése
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necessaryto follow a longer dissociation phase to fully define the biphasic or monophasic
behavior of the curve, specifically for samples containing mixtures of glycoforms with differential
binding to FgRllla.

In the mixtures of HM~c and GIcNAEc glycoforms, copetitive displacementwas
observedin the receptor immobilized formatThis competitive displacement of GIcNAE by
HM-Fc exists because the two binding events were dependent on each other. Also, GltNAc
has a low binding affinity to BRllla compareddtHM-Fc, and this leads to the enrichment of HM
Fc during the association phase (incubation time). Thus, the dissociation phase behaves more like
HM-Fc than the dissociation behavior of the mixtucé components. Therefore, during
competitive displacementslow dissociating component (HWc) displaced fast dissociating
(GIcNAg~c). Hence, the dissociation phagas strongly influencetly the incubation time. Data
collected over different incubation times can be utilized to understand the behavior of
componets present in the sample. In general, as the contact time increases, there is less and
less information about the dissociation phases to describe the nature of the composition.

The ratio of thekoss values of GICNAEc to HMFc was estimated to be abou?2. This
data indicated the differences ks valueswere significant and controlled the binding interaction
to the receptor. For instance, the hdife of GIcNAd-ccomplexwith the receptorwas 5seg
which indicated the residence time on the biosen surface was shor&imilarly, thehalf-life of
HM-Fc was 100sec which was significantly higher residence time than GleR&cThese
differences in halfife explained the displacement of GIcNAc by HMFc in the association
phase, whiclwas observedvhen thereceptorimmobilizedformat was used Consequently, this

displacement resulted in the enrichment of HAM at the end of theassociationphase in

177



agreement with their haHife. Therefore, the dissociation phase behaves more likeF¢MIhe
compditive binding model at equilibrium can explainetdisplacement of GIcNAec by HMFc
observed in the receptor immobilized formdtor instance, with thdlix2 the complex formed
between HMFc and the immobilized receptor was-#d higher than the compbe formed
between the GIcNAEc and the receptor. Since both HR¢ and GIcNAEc are at the same
concentration, the ratio of the complex formed at equilibrium is simply the ratio of their
equilibrium dissociation constankg). Although no displacement ofIGNAcFc by HMFcwas
anticipatedin the Fcimmobilizedformat, the fast dissociation phase was attributed to the short
half-life of GIcNAd<whereas the slower dissociation phasas attributedto the longer haHife
of HM-Fc.

The association and dissation phases of HNFc and Mang-c were very similar, and the
ratio of kot valueof Man5Fc toHM-Fc was estimated to be about 1.28.addition the halflife
of HM-Fc and Man8-c were 10Gecand 87seg respectively. The similarity kan, kotr, and half-
life of HMFc and Mand-c indicated their binding to the immobilized receptor was competitive.
Therefore, no displacementas anticipatedn the mixture of HMFc and Mand-c, unlike the
mixtures of GIcNAc and HMc. Furthermore, the ratio of thikbvalues of HMFc and Man8-c is
estimated to be about 1.13, which indicated their similar binding affinities to the immobilized
receptor.

The receptorimmobilized techniquds a widelyused method to characterize protein
interaction quantitatively. Our datandicatesthat this approach is less sensitive when mixtures
of glycoforms with different affinities are present in the sample. This data suggests that different

binding protocols can result ifferent Kp values, which will eventually lead to a wide rengf
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reported values in the literature. Moreover, this variability Ka value can potentially create
difficulty in correlating within-vitro celtbased assays. This binding displacement was not
observed in thed=cimmobilizedformat because the two immolied mixture components bind
independently to FgRIlla and no competitiowas observedAs a result, the dissociation phase
represents both elements of the mixtures.

In themixtureof HM-Fc and N297@c, theFcimmobilizedmethodwas not able to detect
the presence of inactive protein (i.e., N29-Hg). Moreover, no change iKp valuewas obtained
regardless of the percentage obmpositionof these two glycoforms (50%H¥4.90%HM).This
event is observed because in the Fc immobilized forthatconcentration of 1IgG1 Fc is not
relevantfor the determination ofkp value.In otherwords,the concentrationof the FgRllla in
solution is usedin determining theKp value, not theimmobilizedFc (HMFc and N297@c).
Additionally N297QFc was not contributing to thassociatiorand dissociatiophases, andhe
binding interaction was purely controlled by the immobitizéM-Fc presenin the mixture Mix3
or Mix6) and F@Rllla. Thus, this bindinigteraction behavessimilarly to the interaction of
100%HMFc (control) and ERIIla, generating the sanke value, except theesponsewvashigher
in the latter as discussed lwel. In practice, thenactiveprotein could be nomativeaggregates
fragmented, and chemically degraded protein, with the capacitgg@anmobilizedinto protein
G. However, it would be unable to bind withgR¢lla.Also, theinactive protein could be he
presenceof non-glycosylated IgG, typically observed in the yeast expression systei@ne way
to overcome this issue is tmonitor the bindingresponseby comparing it heado-head with a
well-characterizedreferenceproduct, and adecreasen response willndicate achangein the

guality of the sample under examination.
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We performed the binding responsmeasurementof the controk and mixtures of
glycoforms Therefore the binding response measuremernits this experimentwere able to
differentiate the controlsas well as the mixtuiseof glycoforms with subtle and major changes in
composition (Figure 7) For instance, in the mixture containing 90%HM ar@6N297Q, the
response measurement showed 10% decesa@mparedto 100% HMFG indicatingthe amount
of inactive protein present (i.e., N297&Z) was 10% in the mixtureSimilarly with the mixture
containinga 50%N297Q, the responskecreasedchearly twofold, which is proportional to the
amount of inactie protein present in themixture. These results demonstrated that in addition
to measuring theKp value, monitoring the binding response as a measure of critical quality
attributes of the sample under test is necessary.

Unlike the Fcimmobilized the receptor-immobilized format could detect and
differentiate mixtures of N297@c and HM~c.Thisisbecausehe concentrations of the mixtures
in the solutioncontainingboth glycoformsvere usedn determiningthe Kp values (i.e., receptor
was immobilize)l Futhermore, the change in th& value was proportional to the amount of
N297QFc present in the mixture. For example, in M&6 mixture, asubtledecrease in binding
affinity was observedHowever, with theMix3 mixture, a twofold decrease in binding ity
was observed, which was proportional to the amount of N29=&(present in thenixture.

We noticed remarkable differences between the twommobilization formats in
differentiating the mixtures. Usingvell-defined mixtures, weuncoveredthe importane of
samplecompositionand selection oimmobilizationplatforms in @hievingaccurate andeliable
binding affinity resultsFurthermore understanding the binding evens important as mAbs

therapeutics areheterogeneouswith respect totheir glycosylaion on N297.2° It is alsowell
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knownthat glycosylation could shift upon eéhangein a cellline, manufacturingsites, and scale
up; hence, a sensitive methdd required to monitor batchto-batch variation.Thus, this study
contributesto developing the analyticalspectsof biosimilar comparality analysis>®

Analysiof a complexmixture of glycoforms is not @ivial assessment, specificaifyhere
is no prior knowledge of theompositionof the sample to be examined. Knowledge of the
glycoform composition of the sample using mass spectrometry can be helpful to achieve
unambiguous di. Hence, a combination of idepth glycan characterization, coupled with
knowledge of the individual glycan contribution to binding, canukefulto analyze the data
more accurately. In thigrork, we illustrated thecomplexityof the methodsand analys of the
data for mixtures with different affinities. The data highlights the extra carpiredto geta
reliablebiological activity with sampleontainingmixturesof glycoformsAdditionally, this work
demonstratesthe need to monitor the response of sample in comparison to a well
characterized contralvhen measuring theguality ofthe protein.In addition ourdata highlights
the importance ofanalyticaltechniques in biosimilar comparability analysiad both functional
assay formats couldifferentiate the mixture of glycoforms with different sensitivity depending
on the immobilization format selected and type of mixtutemposition The methods and
concepts developed in this work cée appliedduring a biosimilar comparability assessment.
Today similar challenges exist in comparing products after processes change or in the
development of a biosimilar candidate

In summary, the four control glycoforms and seven mixtuese evaluatedwith their
functionalactivitiesusing to the two assay platforms. To examine hofunctional activitytest

canbe usedin assessingimilarity in biosimilacomparabilityexerciseswe compared the two
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assay platforms. These assay platfowere testedwith a series of homogeneous and well
defined IgG1 Fc glycofomfcontrols). Next, the tweassay platfom was testedin a mixture of
IgG1 Falycoformswith subtle and major differences functional and physicalproperties.
Future work should address to correlat@-vivo activity assaywith the in-vitro binding assay.
These functional characterization tagques generateéhrgeamountand different type of data.
Thus, raw characterization data will bglizedto developa mathematicamodel fordetermining

the level of similarity in biosimilar comparability analysis.
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3.5Hgures

Figure 1. HM-Fc and N297@c were recombinantly expresseth glycoengineered
P.pastoris Man5Fc andGIcNAe~c were produced usinig-vitro enzymatic reaction. The
four glycoforms HMFc, Man5SFc, GIcNAEc, and N297® ¢ were used as a control and -
prepare the mixtures.Fifty percent mixtures weregrepared to monitor for obvious
differences. Mixtirescontaining90% HM with 10% of the other glycoformere prepared

to study for asubtledifference.The 25% mixture of the four glycoforms represents a m

GIcNAc-Fc N297Q-Fc

. Mannose - N-acetyl-glucosamine
Controls Mixture
Glycoform
100%HM | 100%Man5 | 100%GIcNAc | 100%N297Q | Mix1 | Mix2 | Mix3 | Mix4 | Mix5 | Mix6 | Mix7
HM-Fc 100 50 50 50 90 90 90 25
Man5-Fc 100 50 10 25
GlcNAc-Fc 100 50 10 25
N297Q-Fc 100 50 10 25
Mixture type Obvious differences Subtle differences
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Figure 2.SDSPAGE characterizations of control and mixture glycoforms urethraed (A) and
non-reduced (B) conditionsThe SD®AGE bands represent: (1) 90%HM:10%Man5;
50%HM:50%Man5; 3)H pi: |l aYHpal YpYHpDEt Ob! OYHP 2 bHPTV
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Figure 3 Intact protein ESIMS analysis of IgG1 Fc control and mixture of glycoforms ur
reducing conditions. Abouen g of each glycofornwvas loadednto the LCMS,and the data
was acquiredn anAgilent6250 quadrupole timef-flight system. No fragment or degradatio

was observd. The percentage afompositionwas calculatedrom the peak intensities
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Figure 4 Bar graphs showon, koff, and Kp for the control and mixture of IgG1 Fc glycoforms. The
panel is data for theeceptorimmobilized format (FgRIllammobilized),and the middle panel is fo
the Feimmobilized format (FgRlIllain solutior). The bottom panel represents data for binding
FoRIlb withlgG1 Fc glycoforms usipgotein G immobilizatioomethod. A significantdifferencein

the equilbrium dissociation constantas observedbetween the mixtures, depending on thei
percentage ofcomposition Additionally a substantialdifference wasfound between the two
immobilization techniques, indicating that the two binding formats differ in threicapacity to
distinguish the mixtures. For thateraction of the controland mixtures of IgG1 Fc glycoforms wi
FaRlIb, nosignificantdifferencein biological activityvas obtained For N297¢Fc and GIcNAEc, no

bindingwas observedt the highestconcentrationtested (10 uM). N.B: no binding
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Figure 5The diagram shows the binding events on the surface oftteptavidin(top) and protein
G (bottom) for 50%HM:50%GIcNAc binding witlgRflda. The receptorwas immobilizedonto

streptavidin biosensors and 50%HM:50%GIcNAc mixture was in solution. Duriagrihphase of
the association phase, both GIcNAcand HM-Fc binds onto ERllla. However, as incubation tinr
increases, HMFc displaces GIcNA&c. Therefore, slowly dissociating Hi is shown in the
dissociation phase. For the-Famobilized formatthe two binding events are independent of eac
other, and ro displacemenis expectedduring the association phase. Therefore, the dissocial

phase reflects the contribution of GIcNAc and il

Association phase Dissociation phase
A) Receptor immobilized
— - — - — — — - — - — - — - —
222 2oz 3552 252 255 2’z 2 5
”;; 2 "?; 2 Pos o
4 4 ¥ 4 4 4 =
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Figure 6 Dissociation curves (A) measured at different incubation times for 50%HM:50%GlI
HM-Fc control (100%HNFc) showed the slowest dissociation phase, while Gldr¢Awontrol

(100% GIcNAEQ showed the fastedlissociatiorphases. As incubation time increases, the rate
dissociationgets slower. Théos for each curvas representedn the bar graph (B). Cgrarison
between receptosimmobilized and Fecimmobilized formats igepresentedin Figure C and D

respectively.
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Figure 7 RepresentativeBLI binding curves for the interaction ofgRt¢lla with control ananixture
of IgG1 Fc glycoforms using the Fc imrhmdtiion techniqueThe binding curve shownfisr FgRllla

in solution ata concentratiorof 800 nM.
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Figure 8.Bar graphshowinga bindingresponse to thenteractionof FoRllla (A) and ERIIb (B)
with control andmixture oflgG1 Fc glycoforms measd using Fc immobilization technique. A
differencein response wasbserveddepending on the percentage of tttempositionand

nature of the components.
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Figure 9 Representative BLI binding curves for the interaction ogRA& with amixture of IgG1Fc
glycoforms using the Fc immobilization technique (Figure 1A) and the receptor immobili
technique (Figure 1BPata shown igor the protein in solution (FaRlIlla or Fc) at concentrations «
800 nM, 400 nM, 200 nM, 100 nM, and 50 nM, which coroesjs with the curves from top to bottom
For Figure 1Ghe data shownis for the protein in solution (ERIIb) at concentrations of 10000 n\
5000 nM, 2500 nM, 1250 nM, and 625 nM, which corresponds with the curves from top to bo

For GIcNAc and N297kZ, no bindingvas observedt the highestconcentrationtested (10 pM).
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3.6 Tables

Table 1.Kineticparameters obtained for binding of gRllla with control and mixture of IgG1 |
glycoforms using Fc and receptor immobilization techniques. Binding kinetiesperformed

Hpe/! @ ¢KS RFGI &K &), &kineticdisDdiakiod ratekga ehdthe:
equilibrium dissociation constankgf). The entriesare averagedsalues ofthree independent
experiments. For N297@Fc, there was no detectable lnimg at the highest concentratiot

tested (10 uM) from both techniquesOnly active component concentration (HRt) was usec

in calculating thé<o values.

Glycoforms Method Kon Kot (1/S)X 16 Ko (nM)
(1/IMs)x10

100% HMFc PG 2.1+0.1 5.5£0.2 26.7£2.1
100% HMFc SA 2.6+0.2 7.2 0.5 27.7+2.7
100% Man5-c PG 2.1+0.3 6.3+ 0.8 30.75.6
100% Man5-c SA 2.8+0.3 8.9+09 31.7£4.7
100% GIcNAEcC PG 1.1+0.2 120.3+17.4 | 1073.6+240.2
100% GIcNAEcC SA 1.8+0.1 194.2:16.5 | 1079.5+109.9
90%HM:10%Man8Mix4) PG 2.2+0.0 5.7+0.3 259+ 1.2
90%HM:10%Man8Mix4) SA 3.4+0.1 9.1 £0.2 27.0£1.1
50%HM:50%ManfViix1) PG 2.2+0.1 6.0+0.2 26.9+1.4
50%HM:50%ManfViix1) SA 2.7+0.2 7.0 £0.5 25.7+2.9
90%HM:10%N297(Mix6) PG 2.3+0.1 5.7£0.2 249 £1.2
90%HM:10%N297(Mix6) SA 2.4+0.1 7.6x0.6 31.5+2.9
50%HM:50%N297Q (Mix3) PG 2.7+0.1 6.9+ 0.2 249+ 1.1
50%HM:50%N297Q (Mix3) SA 1.7+0.1 9.2+0.5 52.7+£3.7
90%HM:10%GIcNAMIix5) PG 1.5+0.4 5.7+£0.3 44.4 £2.8
90%HM:10%GIcNAMIix5) SA 2.0£0.1 6.4+0.1 31.7#1.0
50%HM:50%GIcNAMix2) PG 1.6:0.1 14.2+1.0 76.7t£5.6
50%HM:50%GIcNAMix2) SA 2.0£0.1 8.50+0.56 43.314.1
25%HM:25%GIcNAc:25%Man5:25%N28MQ7) PG 1.7+0.1 8.6+0.5 52.5+£4.00
25%HM:25%GIcNAc:25%Man5:25%N28MQ7) SA 2.0£0.1 7.3x0.1 35.6+£1.3
90%HM:10%N297Q* (Mix6) SA 2.9+0.3 7.6+0.6 28.3+2.4
50%HM:50%N297QMix3) SA 3.1+04 9.1+ 0.5 29.0+4.2
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Table 2 Estimatedpercentage of composition for each glycoform observed by intact pro
massspectrometry. The percentage of composition in the mixtures was calculated usi

glycoform peaks in a given spectrum. The result shown was the averaged values of tri

runs.
Glycoforms composition Glycoform Percentage of composition

90%HM10%N29GMix6) HM 89.6+ 0.1

N297Q 10.4+0.1

50%HM50%N297@Mix3) HM 48.2+0.6

N297Q 51.8+0.6

90%HM10%Man5Mix4) HM 90.5+0.3

Man5 9.5+0.3

50%HM50%Man5Mix1) HM 55.6% 0.4

Man5 44,5+ 04

90%HM10%GIcNAEMIixX5) HM 89.6 + 0.4

GlcNAC 10.4+0.4

50%HM50%GIcNAMIix2) HM 547+2.9

GlcNAc 453+2.9

25%HM:25%Man5:25%GIcNAc: 25N2gWX7) HM 32.0+21
Man5 21.4+0.8

GlIcNAC 25.8 + 0.6

N297Q 20.8+2.0
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Table 3Estimated percentage of composition of the mixtures deterrdifrem SDSAGE

band intensities.

Glycoforms composition Glycoform Band intensity | Percentage of composition
90%HM10%N29(FMix6) HM 127009 89.5
N297Q 14852.9 10.5
50%HM50%N297@Mix3) HM 80274.7 48.4
N297Q 85447.5 51.6
90%HM10%GIcNAEMIix3) HM 66603.0 89.3
GIcNAc 8003.2 10.7
50%HM50%GIcNAGMIx2) HM 77413.6 54.7
GIcNAc 64146.9 45.3
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Table 4 Kinetic parameters obtained for binding ofgR¢lb withcontroland mixture of IgG1 F
glycoforms using Fc immobilization method. Binding kinetiese performed: & Hp e/ d
shows kinetic association mt(on), kinetic dissociation ratekgs), and the equilibrium
dissociation constant Kp). These data entriesare the averageof three independent
experiments. * For N297@c and GIcNAEc, there was no detectable binding at the highe

concentration teste (10 uM).

Glycoforms Method Kon Koff (1/S)x10° Ko (nM)
(LIMS)X10

100% HMFc PG 0.8+0.1 279.249.0 3419.8+288.4
100% Man&-c PG 0.4 £0.1 119.0 £25.1 3274.5£957.4
90%HMFc:10%Man%Mix4) PG 0.9+0.1 3210+19.0 3368.6+469.3
50%HMFc:50%Man%Mix1) PG 0.4+0.0 127.04£8.9 3187.1+361.2
90%HMFC:10%N297(Mix6) PG 0.4 £0.0 142.9 +2.0 3190.4+£124.0
50%HMFc:50%N297(Mix3) PG 0.2+0.0 83.3+4.9 3500.3£272.8
90%HMFC:10%GIcNABIX5) PG 0.4+0.0 132.6+17.1 3496.9+598.6
50%HMFc:50%GIcNABIX2) PG 0.3 0.0 110.6 +23.9 3471.7 £993.6
25%HM:25%GIcNACc:25%Man5:25%N2dTiE7) PG 0.2+0.0 60.5+7.7 3307.5+624.1
N297QFc and GIcNAEc* PG
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Table 5Raw data for the response to §Rllla and FRIIb interaction with control and mixture
Fc glycoforms using fimmobilized format. The concentration offflla andgRIIb in solution
was 800 nM and 10,000 nM, respectively. The data thasaveraged values of triplicate

runs. The response measurement was able to differentiate all of the samples tested.

Df @ 02 T2 NI &| Response for ERIlla| Response for ERIIb
MAaJE: | a noeT o p noncpp N
peE:l aYME:LIDHPTV ndcyn §p ndonc p 7
prE:l aYpUrEzbHPTYV Nn®nHH B ndHnNnp B
MNJE2bHPTV noennp § ndénnam B 7
dbrEzl aYmMmE:zal yp neTyc § ndnom B 7
prE:l aYprzal yp noT mypPngp ndoTtTd B 7
MansEzal yp ndcmMy B ndocop B 7J
ezl aYmE:DEf Ob! O ndton § ndocc g J
przl aYprk:Df Ob! O NOpHT § ndHC MpP B
MnE:DEf Ob! O ndHNny §AN n ot i dnon
Hp2 o0l aYal ypYDE O nenTH FAN ndHNc B 7
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Table 6 Average monomer percentand pl values measured usingize exclusion

chromatography (SE@hdcapillary isoelectric focusinglEF), respectively.

Mixture Averaltageercl\gﬁ?omer Il gSNI 3S
| a€O0 O2yi b th TD N TOH R N DN
al yi@oO [ 2y P HTO M TOHRH N PN
Df Obit @¢ O NJ bt Dyd M TOH R N DN
N297QFc Control DT dydn TOHR DN

aAE ™ b ITD N TOPHR N DN

aAE H b Ted M TOHE DN
aAE o dhy ddsd m TOPHR N DN
aAE n b T M TOHE DN
alAE p b b e 1 TOHE DN
alAE c b GNP ™ TOHR N DN
aAE T b b drs TOHR N DN
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Chapter 4
Characterization of IgG1 Fc Glycoforms After Prolonged Storage at Low and
Elevated Temperatures: A Model System for Biosimilar Comparability

Analysis
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4.1 Introduction

The sability of monoclonal antibodies isaitical component of a product development
to ensure safety and efficacy. The most reliable information regarding thelistabf the
monoclonal antibody cabe achievedy monitoring the normal storage conditions throughout
its sheltlife. Howeverto obtain the mostsusceptibledegradation pathway, thetability of the
glycoforms can be tested at an elevated temperativ@uableinformation about the functional
difference between samples stored at high and low temperaturesbeanbtained In addition
stress conditioscanbe usedor formulation screening, accumulation of degraded products, and
evaluation of molecular dity. In one study, a mouse IgG1l aadgG2a monoclonal antibodies
were examinedat different pHs andtemperatures, and the results indicatedhat these
FYGAO2RASA 6SNB Y2NBE LINRPYyS4izp REIBRSENE2 VI |
cleavage was found to be thprimary RS3INI RIF A2y LI GKgl & G orTe
aggregation was the dominant degradation pathwayat! ®urthermore, a acidic shift at a
higher pHwas also observedvhich could balue to deamiation. Similarlytihasbeen reported
that the stability of mouse monoclonal IgG2aatibody acidicshift wasobservedby cation
SEOKIFY3S FyR OL9C I Fixwéeks?3A y Odzo GA2Yy i oT1e/ T2
In another study, deamidatioaf anasparagineesidue in the constant regioras found
to be theprimaryRSaANI RIF GA 2y LI 0Kgl & migkyation wad th&rRajol- G o T
degradation pathwayvhenit was at 2y ¢ /  loririers iorage (>14 months)n addition,

oxidation of methionine, tryptophan, and nedisulfide linked gsteine (Cys) residue was also
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observed in different sites of the antibodysimilar studis indicated thawith a chimeric mouse
KdzYlty Y2y20ft2ylf |yGdAo2Re AyOdzomldSR i cnel
degradation pathway, while at the lower pH range, aggregation was the primary degradation
pathway. Furthermore,deamidation and disulfide bond cleavageere observedat a high pH
range? In other similar reportssignificant chemical degradation of antibodssfound among
the stability samples, including peptide bond cleavage, desamidation Gln deamidtion, and
pyroglutamate formation (i.e., ferminal Glu cyclizatiorf)In general, deamiation is a major
degradation pathway iproteins, and ithasbeen reportedfor several monoclonantibodies3>
10 Furthermore, deamidation iscommonly observed chemical mod#ition duringstorage,and
it is well knowrthat the three-dimensionaktructure d the protein affects the deamation rate
of Asn residué:’® Formation ofpyroglutamic acichas been reportedfor severalantibodies,
whichwas formedfrom N-terminal GIn.Moreover, formation of pyroglutaminefrom Glu is less
common than from GIAY13 Other reports indicate +16 Da in the protein mass during storage,
presumably due to the ostation of methionine and other residués: 4

Stability testing is required to establish shelf life of therapeutic products. It is well known
that environmental factors, such as pH, temperature, ionic strengtid the presence of
stabilizers, can impact the conformational stability of the product. Therefore, the stability of the
biosimilar in the formulation should be studiéelAccelerated stability studiemre basedn the
underlying assumption that the degradation profile follows Arrhenius behavVibisis true in
small molecules where studies performed at a higher temperature can predict stability during
longerand lowertemperature storage® However, in proteins, the degradation profile laigh

and low temperature may be different and uncorrelated. Thus, to address such issues; a non
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Arrhenius behavior was introduced to@mnt for protein aggregation where the rate depends
on equilibrium (for the formation of aggregatigpgrone state) and the rate of irreversible
aggregationt’ However, usingArrhenius equationto fit protein stability data can be very
difficult'®because there are potentially multiple degradatipathways involvedTherefore, long
term stability is required for protein biologics toachieve regulatoryapproval*® Protein
aggregates cahave a detrimental effect by inducing an unwanted immune reaction in patients
treated with the products. Because of this reason, extenshearacterization using multifaceted
analytical techniques and clinical studies are required to achieve marketing approval of a
biosimilar product®

Forced dgradation studies include a set of analytical tests appliedgootein molecule
to examine the physicochemical mechanism of degradation. On the other hand, the accelerated
stability study measures the rate of a given degradation process over time difeaedt
temperature in a specific formulation conditions. Examining the effect of storage time and
excipients on the accelerated and letegm stabilities of biologic drug products is an important
part of formulation development and comparability evaluatity Protein drug products may
encounter many environmental stresses during expression, purification, processing, storage, and
shipment. Therefore, forced degradation and accelerated stability studies angireelqto
examine the degradation profile of a biologic drug by applying various stress conditions, such as
elevatal temperature, freezehaw, agitation, oxidation environment, light, and the presence of
different interfaces and pH changé%.The design and outcome of successfully forced
degradation and accelerated stability studies depend on the analytical techniques employed to

identify and characterize the degradants generat@d.
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Forced degradation studies play a critical role in the development of biological drug
products. For instance, forced degradatia usedin the selection of candidate molecule,
characterization, formulation development, stability indiog assay development, and
comparability studies. The robustnes$ a protein formulation against environmental stress
factors is essential sincbiologic productsare exposed tovarious types of stress during
production, filiinish, shipment, storage ahfinal administration? 2° Examples of these stress
factors are elevated temperature, freetleawing, and light exposure. Forced degradation (or
stress testing) is a general term, which includes all forms e$sttodrug substancesr drug
product that exceeds the condition used for stability testing. On the other hand, stability testing
refers to studies performed to examine the stability of a formulation adicwy to the general
requirement; in particular, iternational conference on harmonization (ICH) guidelines Q5C
(specific for biotech productg}. In accelerated testing, stability testingas conductedat
elevated temperature under the quiescent condition, accordm¢CH Q5% 2!

Forced degradation studies eran integral part of the development of therapeutic
proteins. The purpose of forced degradation studies may vary depending on the phase of the
therapeutic drug developmenif In general, according to ICH Q3Ghe first purposeof the
forced degradation stdies is to examinkow accidental exposure to conditions other than those
proposed is harmful to the product. Theemnd purposeis to assess the stability indicating
analytical methodsin addition the acceleratedtability mayprovide useful data for gablishing
shelflife.???® The data generated duringn accelerated stability study can provide product
stability information for future product development. An example wouldibiial assessment of

proposed production changes, which includes changes in formulation orggakurthermore,
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the data carbe usedin developing and validatingf analytical methods for stality studies.In
addition, the stability study can be used to generate information that will help to uncover the
degradation profile of the drug substance or drug prodt¥¢torceddegradation studies go han
in-hand with the analytical characterization techniques, since the result of these studies depend
not only on the stress applied but also on the analytical methods used to evaluate them. Hence,
selected analytical methods that are sensitive in detecimgl quantifying the degradation
products formed arenecessaryMultiple degradation products came generatedduring forced
degradation?#?® Therefore, a combination of complementary methods is required to caver t
degradation productg®?°

Upon changes in the manufacturing processes of the markg@mediucts or during
product development phases, such as sagbe manufacturing site changand cellline change,
the potential effect of the changes on the product quality need®&éexamined Typically, such
comparability exercise includes characterization of the product and precilated impurities.
Thus, the stability profiles of the prand postchange products are cguared by studying at the
real time and accelerated storage conditions. If significant differerazesobtainedduring
analysis of potential impact on the efficacy or safety of the drug product, further studies may be
necessary, including clinical and ndmical studies. The comparability evaluation is performed
caseby-case, depending on the product, its mechanism of action, and type of change made
during production processes. Therefore, accelerated and stress stability studies are usually
applied to detemine the degradation profile and establish a heaehead comparison of pre

change and posthange product3?
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Unlike the stability testing, which is wetgulated andestablished in theguidelines (i.e.,
CHQ1A and ICHQ5C), there are no standard procedures for forced degradation biologic products.
The guidelines provide a rough concept on forced degradation studies, butadbt#ibrmation
on how and to which extent these studies shoblel conductedare notgiven3® However, the
condition for photostability tests outlinedin the ICH guidelines QBBiologic products can be
exposed to a temperature higher than the recommended storage temperature during
production, shipment, storage, anfinal administration. Eleated temperature is the most
common method to apply stress and generate degraded therapeutic proteins, which are
developed tobe stored under nonrefrigerated conditions (:8°Q. When the temperature
increases, proteins may undergo conformational changas;h as unfoldingand partial
unfolding. These physical changes may lead to further degradation regcéioch as aggregation
and denaturation. Starting from the onset temperature of unfoldingndl towards the melting
point (Tm) of the protein, graduladestabilization of the native protein becomes a more visible
state, which leads to irreversible aggregati9i? In addition diffusion becomes faster at a
higher temperature, resulting in a more energetic giln, as well as with reactive chemicals,
thereby favoring both physical and chemical degradation. Chemical reactions may be apparent
in the unfolded state. An exampigould be if buried amino acidare exposedor the chemical
reactions in solutiort?

In particular cases, theml'value has been used to predict the stability of liquid
formulations at the planned storage conditiodiswas demonstrated by some examples in the
literature, which suggest a coregion between the measuredmlvaluesand storage stability

This correlationeventually allowed to select more robust formulation for these ca$é%.
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However, T measurements can not replace stability assessmantler real time and
temperatureconditions.For instance, if the dominant degradation processes or the rate limiting
step is not related to the (potential) unfolding of the protein, then dan not be used as a
predictive tool for the storage stabili§?.In ather studies, it has been shown that the extent of
refolding upon lowering the temperature below the, Value can be used to predict the stability

of proteins®3 The specific temperature for thermal stress testing needs to be chosen depending
on the thermad behavior of the protein. An example would be a drug product for storage at 2
8°C accelerated stability assessmengsnerallyconducted at 25°C, as outlined in ICHGik.
addition, the effect of heat is recommended to be tested in incrensesit 10°C the selected
accelerated testing temperature. The bestpapach is that during thermal stress testing, it is a
good idea to stay belowodsetand at least 1€20°C below the . Studies performed at theml
value can not be used for stability evaluation because the protein will be predominantly unfolded
under the® conditions, and the degradation product may not hold relevant information to the
G NBIAF SQQ & i 2RNuhelefore Qe yrevictipih & rgddn® aggregation rates and shelf

life from acceleratediata may become feasible only if aggregate formation under accelerate and
reaktime temperature are qualitatively controlled by the same physicochemical faétors.

A typical example of these conditions istlfiormation ofa conformationally altered
intermediate or a chemical modification that triggers aggregafibhus, itis critical to
understand the degadation mechanism at high temperature and compare it to that occurring at
the storage condition (8°Q. The evaluation of degradation kinetics can also aid in comparing
degradation pathway$or the pre-change and posthange products in comparabilityusties.

Besides high temperature, for sevepabteinsit has been described that the freeteawing may
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trigger the formation of a larger aggregation with characteristicslufjherdegree of nativdike
protein structure?-44One should be very cautious in extrapolating the outcome of thermal stress
studies to realife storageconditions,because the conditions during forced degradation studies
generallydiffer from the reallife storage conditions. Thereforeprced degradation studies
cannot substitute the stability test under reine and real temperature conditiongBesides
selection of stress conditions, analytical characterization of degradation promartsintegral
part of the forced degradation stues'®

In this study,well-defined homogeneousigGl Fc glycoforms (i.e., Hi¢, Man5Fc,
GIcNAeFc, and N297@c)were studiedr T4 SNJ Ay Odzads iR WihyelR G Fr2/Ng /(X% 2 =
and twelve weeks. The sanes were characterized head-head using bidayer interferometry
which includes the followingAn Fcimmobilizedformat anda receptorimmobilizedformat. In
addition, mass spectrometry was used to monitor chemical modifications during the storage. The
data collected includes binding affinities, binding response, potency assay (concentration
measurement) and intact protein mass. To our best knowledge, the impact of storage
temperature on the functional activity of IgG1 Fc glycoforms with the conceptasinbilar
comparability has ndbeen addresseth prior studies Hence, we examined thedfect of storage
temperature on the functional activity dfG1Fcglycoforms as a model systeior biosimilar
comparability analysis.

4.2 Materials and Methods
4.2.1 Materials

Yeast nitrogen base (YNBas usedor expression purchased from Sunrise Biosciences.

BactdMTryptone and Yeast Extragere obtained from Becton Dickinson and Company (Franklin
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Lakes, N.J.). Antifoam 204 utilized in the fermenter was obtaired SigmaAldrich (St. Louis,
MO.). Certified ACS grade crystalline sucnoas obtainedrom Fisher Scientific (Pittsburg, BA

B. thetaiotaomicrona-1,2-mannosidase (BT3998.t. a-1,2-mannosidase) was expressed- in
house?>4¢ Endoglycosidase Was purchasedrom New England Biolabs (Ipswich, MA&he
protein G resin was prepared by conjugating proteiftgdombinantly expressed ia. coly*® with
SepharosBCL4B SigmaAldrich, St Louis, MQ)sing divinyl sulfone as a coupling reagehall
other general chemicals were obtained from SigAldrich and Fisher Scientific unless otherwise
noted.

4.2.2 Preparation of Fc Glycoforms

HM-Fc was expressed using a glycosylatleficient strain ofP. pastorisby following the
same protocol as described in opreviouswork>! A large quantity of HMFc was expressed
usingafermenter forthe physical and chemical stability studies as well aghf®storage stability
studies. Fermenter media used for expression of-AdMwadermentation kasal salts medium
(BSM) and PTMtrace salts.The non-glycosylated mutant N297@QG1 Fc (N297Bc) was
designed using sitdirected mutagenesis as described in our previous Wakd expressed in
spinner flask containing L of Buffered Glyceralomplex Media (BMG¥nd 0.00004% biotin.
After maximum cell growth, the proteinxpression was induced by methol feeding for about
72 hrs. Next, he cell pelletswere harvested and the Fc protein was purified fronthe
supernatant using proteiin a similar protocol as describ@uchapter twa Both N297@~c and
HM-Fc were purified using HIC addhlyzedin the storagebuffer, which was €20 mM histidine
buffer pH 6.0,containing 10% sucrose for furtheanalysis. Man¥c and GIcNAEc were

produced usingan in-vitro enzymatic reactionusing HMFc as a precursoMan5-Fc was
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generatedby treating HMFc with B.t. h-1,2-mannosidase (BT3998) while GlcNAd-c was
producedby digesting of HMFc with endoglycosidadd. All of the Fc glycoformsvere initially
dialyzed in 20nM Histidine buffer pH 6.0, 10% sucrose and storeéB@ for further analysis.

For this study, the Fc glycoforms werdensivelydialyzed in 20 mM citratphosphate buffer pH

6.0, containing 156hM NaCl. Next, samples ofifl.were sealed in vials and incubated-atn ¢ / %
46 | T | yaRd samplesvere collectedat two, four, and twelve weeks as shown in Table 1.
After theincubationperiods the samples werstored at-80s / ¥ 2 Nstud@ydzNJi K S NJ

4.2.3Liquid ChromatographyMass Spectrometry (L-®I1S)

Samples at a concentration of 0.2 mg/were first reducedwvith 10 mM dithiothreitol

(DTT); 3QuLwas injectednto the mobile phase of the liquid chromatography (LlESkpectraof

the stressed samplewere collectedon an Agilent6520 Quadrupole Timef-Flight (QTOF)
system. The same procedureas usedfor conducting the experiment and data analysis as
described in ouprevious work?! Furthermore the percentages of chemical modification were
estimated based on the peatensitiesusingAgilentMassHunter Qualitative Analysis Software.
Intact protein mass fthe samples stored aBOg ivere used as eeferenceto identify potential
chemicalmodifications of the incubated Fc glycoforms

4.2.4Binding Assays
4.2.4.1Fclmmobilized Assay

The interactions of thaetressedgG1 Fc glycoforms with thec receptor EgRIIIg were
performed with biolayerinterferometry (a Blitz instrument Fortebio, Menlo Park, CAn this
immobilization techniqueprotein G biosensor tipeere used to measure the interactioiihe
binding of stressed IgG1 Fc glycoforms witgRA¢awas conductedas described belovBriefly,

the protein Gbiosensomwas hydratedor about 10 minwith PBS buffer (150 mM NaCl, 50 mM
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sodium phosphate pH 7.4) to remove the coating on the surface dbitteensor This step was
followed by incubation of the biosensor for 30 min with PBS kinetifeb (PBS buffer containing
1 mg/mLcasein as a blocking agent) to block repecificinteractions For kinetianeasurement
an initial baseline (38eq was performedwith PBS kinetics buffer followed by loading (520
of the Fc glycoforms (0.8M) orto the biosensor After loading, a new baseline (3@9 was
established,followed by the association (188eq and dissociation (368eq of FgRllla to
measure the kineticsTo determine thekp valug a range otoncentrationsof the receptor 60-
800 nM)were testedfor interaction with the Fc glycoforms (eddM-Fcand Man5Fc). For
GIcNAeFc, the concentration range of the receptor w3 nM to 1600nM prepared ina two-
fold serial dilutionTo examine the kinetics of interaction in the dissociatioag#hthe biosensor
was dippednto an analytefree PBS kinetic buffer. The dissociatiwas monitoredfor 360sec
until the signal eventually returning close to thaseline The data for the binding dhe stressed
samples with the receptor was collectedtriplicated andglobally fitted to a 1:1 using the first
order rate equation binding model in Blitz® Pro software.

4.2.4.2Receptorlmmobilized Assay

The interactions of the different stressed samples of Fc glycoforms with the immobilized
receptor were examimed with biolayer interferometry (Blitz instrument Fortebio, Menlo Park,
CA). In this immobilization technique, streptavidin (SA) biosensor tips were used to measure the
interactions. Before the binding experimerthe glycoforms were dialyzed in PBS buffer
remove the storage buffer (20 mM citrafghosphate buffer, 15nM NaCl, pH 6.0) and to adjust

the pH to 7.4. The same procedusas followedas described in detail in our previous wéik.
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4.2.5Binding Response Measurements

Theresponseof the stressed IgG1 Fc glycoforms with thgRfdawas examinedvith
biolayer interferometry using 8litzinstrument (Fortebio, Menlo Park, CA). In this experiment
protein G biosensor tipavere usedfor each of thesamples including their references for
generating thesensorgramsThe response @erimentwas conductedas follows. Briefly, the
protein G biosensor tip was hydrated for about 10 min in PBS buffer (150 mM NaCl, 50 mM
sodium phosphate pH 7.4) to remove sucrose coating from the surfdus.step was followed
by incubationfor 30 minwith PBS kinetic buffer (PBS buffer containing 1 mig¢asein as a
blocking agent) to block any nespecific interaction during binding. F@sponsemeasurement,
an initial baseline (36eq was performedwith PBS kinetics buffer, followed by loading (520
of the IgG1 Fc glycoforms onto theosensor The concentration of Fc glycoform during loading
was 0.8 uM. In the next step, a new baseline480 was performed followed by theassociation
(180seqg and dissociation (36829 of the receptor. The caentration of the receptor during the
associatiorwas keptat 0.8 uM. The dissociation phageas monitoredoy dipping the biosensor
in analytefree PBS buffer for 36@ec To calculate the bindingesponses, thecurves were
reference subtracted and exportadto Microsoft Excel The last five points at the end of the
association phasesere averagedrom triplicate measurementgor each Fc glycoform.

4.2 .6 Concentration Measurements

A standard curvevas generatedoefore running a quantitative assay on the statyil
samples. The standard curve wittki@own concentration of a reference sampleas developed
for each Fc glycoform. The samples were in a formulation buffer (20 mM eplatsphate, 150

mM NaClpH 6.0). Protein G biosensowereused to develop the stadard curve and measure
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the concentration of the stressed Fc glycoform. The protein G biosensor wastyr@rated with

GKS F2NNdzf I GA2Yy 06dzZFFSNI F2NJ | 62dzi mp Yasyd bSE
selectedin BlitzProdata analysisoftware,and 4 pL of each concentrationvas runfor 30 sec

with shaker enabled. A reference containing a formulation buffer wasd to subtract
background response. After collecting tliata, the software calculated binding rates and
generated a standard curve fittieby alinearmodel. To determine the concentratigra 4 L of

the stressed Fc glycoformsl & dzaSRX FyR daljdzZr yGAGErEGS &l YLX S
acquiring thedata, unknown concentrationsof the stressed Fc glycoformgere automatically

fitted to the standard curve and their concentratisnalculated.
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4.3 Results

4.3.1 Chemical Modification of IgG1 Fc Glycoforms at Low and Elevawdperatures

Initial characterizationswere conducted using masspectrometryto identify any chemical
modifications that occued after incubatinghe four Feglycoforms (Figuré in Chapter 2 at -
80°C,4°C, and 40°C for two, four, and twelve weeksst,the samples stored at30°C were
examined for any chemicahodificationsand utilized as controls to compare with the sample
incubated at 4°C and 40°Bor the HMFc, the intact protein mass showed the Fc monomer with
highmannoseglycoforms containing betweddansGIcNAgto Mam2GIcNAgresidues. As shown

in Figure 1, the major peak of the HMwas attributedto the MarsGIcNAG glycoform, followed

by decreasing intensity of the peaks as follows: B&EoNAg, ManoGIcNAg, and Mani1GIcNAeg.

The control HMFc stored at80°C showed no chemical modificatioas shown in thentact
protein mass Figure ) as well as the percentagfchemicaimodification(Table 3. As shown in
Figure 1A, HMFc stored at80°C showed peakof +16 Dapresumably oxidationThe estimated
percentage of the oxidation was 8.7%, and thercentageof chemical modificationwas
calculatedfrom the peak mtensities of the intact proteirmass.This level of oxidation was
comparable to the sample before incubation, indicating the chenmmeadlification occurred
during protein productionBesides oxidation, no other chemical modifications were observed,
suggeting the HMFc was stable when stored -@®0°C. The HNFc glycoforms incubated for two
weeks at 4°C showed an estiredtlevel of oxidation about 8%, and this extent of chemical
modification was comparable to the control sample storeeB&°C. Thus, thiata demonstrated

the HM-Fc samples remained stable for two weeks at 4°C with no further chemical degradation

as shown in Figure 1 and TableHbwever, amples of HMFc stored at 4C for four weeks
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showed aslightincrease in the level of oxidation (9.8%his data demonstratealslowincrease

in oxidationduring storage at 4°G~urther storage of HNFc for twelve weeks at°€ resulted in

a significant increase in oxidation, whialas estimated atbout11.6%. Therefore, this sample
showed approximatelha 3%increasein oxidation level compared to the control sample stored
at -80°C. Overalk slight increasén oxidationwas observedn samplesof HM-Fc incubated at
4°C for four and twelve weeks.

The HMFc samples stored at the elevated temperature (A0for two, four and twelve
weeks were examined using mass spectrometry. For instance, thedibred at 40°C for two
weeks showeda significant oxidation levelsvhich were estimated to be about 13%. An
increaseof 4.7% compared to the control sampksredat -80°C. This data illustrated the effect
of elevated storage temperature on the extent of chemical modification of the Fc glycoforms.
Obviously higher temperature storageaesulted in significant chemical modifications as
expected.Similarly sanples stored a#0°C for four weeks showed 146loxidationsuggesting
slight increasein the chemicalmodification. However, after an extended storage time (i.e.,
twelve weeks), asignificantoxidationwasobserved, whiclwas estimated at abou28.6%. Tls
major degradation of the HM~c compared to the similar sample stored at #5iQwelve weeks
again, which showed the instability of this glycoform at elevated temperature. Moreover, about
20% increase inxidationwas observed compared to the controlnsples frozen at80°C. This
trend ofincreasingchemical modification with incubation period was more apparent for samples
stored at 40°C comparead the same samples stored 4tC.

For the Man5Fc, the intact protein mass showed the Fc monomer contairivg

mannose residues. As shown in Figure 1B, the main peak of -Mantas attributed to the
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MansGlcNAgandshowed gpredominantlysingle peak at 26280 Da, consistent with our previous
work>! Like the HMFc, the Man&-c samples stored aB80°C showed 9% oxidation, which was

an initial oxidation level generated during protein production. This percentageidation was

not surprisingpecauseHM-Fcwas useds a precursor to produce Masf=. Hence, any chemical
modification that originated from the HNFc was expected to appear in the MaRé glycoform.
Samples of Man¥-c stored for two weeks at 4°C showadnificantmodificationscompared to

the same sample of H¥ic, indicating the impact of glycosylation on the chemical degradation.
Thepercentageof chemicaimodificationremainedunchangedor Man5-Fc stored at 4°C for four
weeks.However, aslightincreasein chemicamodificationwas observedor the samples stored

at the same temperature for twelve weeks as shown in Figure 1B and Table 2.

The chemical modification of the Manbc glycoform at an elevated temperature was
similar to the HMFc glycoformEor instance, samples stored at’@showed an estimated 13.5%
oxidationand slightlyincreasedduring incubation for four weeks at 40°C, which was estimated
to be 13.7%. However, storage of MaRb at 40°C for twelve weeks resulted in a significant
oxidation, which was estimated to be 26.1%. The pattern and the level of chemical modification
observedin both HMFc and Man5-Fc glycoforms were similar as shown in Figures 1A, B, C, and
Table 2In generalthe increasein peakintensity of the oxidized producwas more apparent at
40°C compared to 4°C incubation for both M&aa and HM~c glycoforms.

For the GIcNA€c, the intact protein mass showed the Fc monomer containing a single
N-Acetylglucosamine residue as shown in Figure 1C. The GkdNdycoform showed a single
peak at 25267 Da, and this glycosylation profile wassistentwith our previouslyreported

work.>! Characterization of GlcNA& samples stored a80°C showed an estimated oxidation
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levelof 8.0%, which was similar to the control MaRb and HMFc glycoforms. Since HRt was
used as grecursorto generate GICNAEc, any chemicahodification that existed in the HMFc
samples was expected to appear in thgact mass of GICNAEc glycoform. The chemical
modificatiors of GICNAd-c at 4Cwere 8.0%, 8.1%, and 8.1% for two, four and twelve weeks,
respectively. Therefore, GlcNAc incubated a4°C showedho significant chemical modification
compared to the same reference sample stored-8@°C. This wasa unique stability profile
compared to theHM-Fcand Man5Fc glycoforms samples studied at the sast@age period
and temperature. However, foGIcCNAeFc samples incubated at 40 a significant chemical
degradation was noticed. Thexidationlevelsat 40°Cwere 10.3%, 14%, and 27.2% for two,
four, and twelve weeks, respectively. This pattern of chendegradationwas similar to the HM
Fc andMan5-Fc glycoforms incubated at the sart@mperature as well as the same incubation
time.

The nonglycosylated N297@®c showed a single peak for the Fc monomer, consistent
with its nonglycosyléed state as shown in Figure 1Theasparagingesidue atthe 297-position
was mutated to glutamine to prevent glycosylation durlsigsynthesis The N297€Fc samples
stored at-80°C showed an estimated percentage of modificatibabout 7.1%¢alculatedbased
on the peak intensities. Compared to other glycoformalged in this work, thenitial oxidation
level was relatively lower. Samples of N29%>tored at 4°C for two weeks showad10.26
oxidation level, higher than any of the other glycoforms tested {FHiyMan5-Fc,and GICNAc
Fc). The degradation of N29+g incubated at 4°C for four and twelve weekexe 10.7% and
11.1%, respectively. This datemonstratedrapid deterioration in the first two weeks, but

remained stable over the period &ur to twelve weeksThe chemical modifications d6f297Q
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Fc incubatd at 40°Gor two, four, and twelve weeksere125%, 15.3%and30.1%, respectively.
This increasing trend of chemigabdificationwith N297QFcwas higher compared to the other
glycoforms examined in this study.

4.3.2 Concentrations of IgG1 Fc Glycoformsubated at Low and Elevated
Temperatures

The concentration of the Fc glycoform weasaminedusing protein G biosensors as shown
in Figures2 as well as the raw values in TableFgst, awell-characterizedeferencestandard
was employedfor each glycofan to develop a standard curve. The concentration of the Fc
glycoform was then measured. The H showed a slightly lower concentration when stored at
-80°C which was about 1{@/mL The original concentration of the Blycoformsstudied in this
work was200ug/mL Furthermore, the concentration of the HMc waslecreasedo 152ug/mL
during incubation at 4°C for four weel&milarly, the concentration of H¥c further decreased
to 148 pg/mL during the incubation period of twelve weeks at 4°C. On theepthand, the
concentration of HMFc stored at 40°C for two weeks was J4/mL, indicating a significant
decreasean concentration compared to the same samples and duration of period when stored at
4°C (163ug/mL). A further decrease in concentratiowas roticed during the incubation period
of four and twelve weeks, which were 14&)/mL and 139ug/mL, respectively. This data
illustrated the differences in concentration between the three storage conditions, in which higher
concentration was noticedat -80°C, followed by 4°C and 40°C incubation temperatures.
Moreover,the trend of decreasing concentration profile ofelHM-Fc was faster at 40°C than at
4°C storage condition. The concentrations ofHdwee similar during théwo-weekincubation

at -80°Cand £C as shown in Table 3.
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For Man5F¢ the concentrationof the samples stored aB0°C was 16jdg/mL Similarly,
the concentration of the samples stored at 4°C for two, four, and twelve weeks weneglif,
166 pg/mL, and 168ug/mL, respectively. This datshowedthat the concentration remained
stablethroughout the storage time. Thistahility trend of concentrationwas visible from the
concentration curve in Figure 2A as well as the concentratadain Table 3. Furthermore, the
data highlighted the phsical stability of Man3-c at dowertemperature, which was comparable
to the control sample stored aB0°C. However, samples of MaRb stored at 40°C showed a
significantdecrease in concentration as shown in Figure 2B. The measured concentratiof€ at 4
for two, four, and twelve weekwere 158 pg/mL, 152pug/mL, and 143ug/mL, respectively. This
datademonstrateda clear difference in stability between the samples stored at low and elevated
temperatures.

Next,the concentration of the GIcCNAe€c at thethree storage conditionsias examined
For instance, theoncentrationmeasured for samples stored €80°C was 16{dg/mL Similarly,
the concentration of the GIcNA€c stored at 4°C for two weeks was J&8mL, suggesting a
slightdecreasean concentratian. Furthermore the concentrationsof GIcNAéd-cincubatedat 4°C
for two and four weeksvere 149 pg/mL and 132ug/mL, respectively. This datahowed a
significantdecreasein the concentrationof GIcNAd-c at 4°C during thextended period of
incubation. Tie concentration of GIcNAc storedat 40°C showed a relatively lowteend in
decreasing concentration profile comparéal the lower temperature storage conditions (i.e.,
4°C). Theoncentrationsof GIcNAd~c incubated at 40°C were 18§/mL, 151ug/mL, and 146

pg/mL, for storage periods of two, four, and twelve weeks (Table 3 and Figure 2B). This decrease
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in concentration was apparent frorie reductionin concentration curve profile as shown in
Figure 2B.

A similarconcentrationrmeasurementvas conduatd for the non-glycosylated N297@c,
and the concentration of the samples stored-80°C was 13fg/mL Thus, N297@c showed
the lowest concentration at80°C, presumably due to aggregation and precipitation. The
concentration of N297¢c incubated fotwo, four, and twelve weeks at®€was 134 ug/mL,

134 pg/mL, and 123ug/mL, respectively This data demonstrated that there was norsfggant
change in concentration when stored at the low temperature after the initial drop in
concentration Thiswas presumably due to the significant decrease in the concentration of
N297QFc (the protein was dilute@nd, consequentlyno further aggregation was possible. The
concentration of the sample incubated at“4Dfor two weeks was 128)/mL This concentration
was the lowest compared to the other glycoforms storatl the sametemperature and
incubation time Theconcentrationsof the N297@Fc samples incubated at 40°C for four and
twelve weeks were 118g/mL and 115ug/mL, respectively. Overall, this result indied the
reduction in the concentration profile of N297kEx was higher compared to the other glycoforms.
Moreover, significant differences between the two storage conditions (4°C and 4@€)
observedas shown in thenajorreduction in concentration at £&C compared to the 4°C storage
condition. Overall, a higher concentration decreasas observedor samples stored at 2C
compared to the same samples stored at 4°C a8@°C. N297¢c showed the lowest

concentration at all storage conditions tested.
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4.3.3Binding Interaction of Stressed IgG1 Fc Glycoforms witgRflia
4.3.3.1Fcimmobilized Format

The binding interaction of the Fc glycoforms with thgfHtla was examined using the
immobilizedformat. This binding interactiowas performedor samples storedtad°C, 40°Cand
-80°C incubated for two, foyand twelve weeks. The Fc glycoforms storeeBaft Cwere usedas
a reference formeasuringany change i values of the samplestored at 4°C and 40°C. The
interaction was firseevaluatedusing the Fémmobilized format, in which the glycoformwere
immobilizedonto the protein G biosensor, and the receptoas keptin solution. Thekon, Ko,
andKp values for this format were shown in Table 4 and illustrated in Figure 3. The associations
(kon) and dissoci@ons ko) were evaluatedand used to calculate the equilibrium dissociation
constant Kp) values. The HNFcKp value stored at80°C was 28+1.8 nM, which was consistent
with values for norstressed samples\o significantincrease irkp valuewas obseved for HM-

Fc samples incubated at 4°C for two weeks (31.0&l1Y. The HMFc sample stored at 4°C for
four weeks showed furthedecreasein Kp value, suggesting that there was a reduction in
functional activity. Similarly, for samples stored at 4°C faelve weeks, thekp value was
37.0+1.1nM, indicatinga further deterioration of the sample upon incubation. Overallfrend

of decreasindunctional activity of HM~cwas observedt 4°C after two, four, and twelve weeks
of storage.

The binding interactin for samples of HNFc stored at 40°C was also examined, using the
Fcimmobilizedformat. TheKp values for HMFc stored at 40°C for two, four, and twelve weeks
were 317+1.5nM, 37.1+1.8nM, and 37.0+1.1InM, respectively as shown in Table 4A. In

compari®n to the 4°C storage condition, the 40fCubationshowed asignificantreduction in
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binding affinities, demonstratingeterioration of the sample at the elevated temperature. This
difference in binding affinities between the low aptkvatedtemperatures wasmore apparent
at twelve weeks of storage period as shown in Table 4 and Figure 3.

Likewise, thekp values of Man&g-c wereevaluatedafter incubation at-80°C, 4°C, and
40°C for two, fourand twelve weekdNo significant change in binding affinitas observed for
the samples incubated at 4°C, and the value is comparable to the samples-&0t€d However,
the Kp values of the samples stored at 40°C for two, four, and twelve weeks were 40r@i0.8
43.8+£19 nM, and 528+2.5nM, respectively as stwn in Table 4B and illustrated in Figure 3.
Therefore, Man8-c showed asignificant decrease in bindingaffinities at the elevated
temperature (increase iKp value9. This data indicatéthe effect of temperature as evidenced
by thedecreasingrend in kinding affinities.

The interaction of GIcNA€Ec with the FgRlIllawas also evaluatedfter the samplesvere
incubatedat 4°C and 40°C for two, four, and twelve weeks. The samples stor80°& were
used as aeferenceto evaluate any decrease ininding affinities for the samples stored at
elevated and lowemperatures A slighincreasein Kovalues flecreasan binding affinitieswas
observedfor samples incubated at 4°C as shown in Table 4CKchtaues of the samples stored
at 4°C for two, four, ash twelve weeks were 1111+166M, 1333+181InM, and 1675+45M,
respectively ashownin Figure 3. Similarly, samples of Hid stored at 40°C showedduced
binding affinities with the lowest beirZ236:59M after twelve weeks of storage. The increase
in Kp value was almost twdold compared to the sample stored é80°C as well as the samples
stored at 4°C for two weeks. Thus, the resufihlightedthe effect of temperature in binding

affinities and thekineticbindingasshownin Table 4C and Figwe8d and 4
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4.3.3.2Receptorimmobilized Format

The change o values of the stressed samples after prolonged storage at the elevated
and low temperatures was evaluated using tleezeptorimmobilizedformat. In addition the
resultwas comparedvith the Feimmobilized format for further analysis. The samples incubated
at 4°Cand 40C fortwelve weeks were examinedsing the receptor immobilizetbrmat. The
twelve weekssamples were selected because tl@diange irko values was more apparent after
an extended storagéme. Alsg samples stored aB0°Cwere usedas a reference tassesshe
change in binding affinities of the samples stored at the low eledatedtemperatures.

TheKp value for HMFc stored at 4C for twelve weeks was &%2.0nM. ThisKp value
was sgnificantly higher compared to the value measured using thierfReobilized format. Thus,
this resultdemonstratedthe differencebetween the twoimmobilizationtechniques regarding
their sensitivity in detecting ahangein binding affinities upon stresonditions. Likewise, the
HM-Fc stored at 40°C for twelve weekss also evaluatecand theKpvalue was 136.3+2.nM.
Again, this datademonstratedthat the functional activity of HM-c significantly decreased
compared to the same sample incubated at 4Moreover, the receptorimmobilizedformat
demonstrated significant differences between the tivwubationconditions compared to the
differences observed when using the-ifamobilizedformat. Comparatively, the sample stored
at 4°C for twelve weeks showaddecrease ilor values. Thelecreasd kot was presumably due
to the presence of aveakbinding component in theample For HMFg the kot measured after
incubation at 40°C and 4°C was similar. Howeverkdhalue after incubation at 40°C decreased
significantly, suggesting an inactive component present in the sample. The kinetic data were

shown in Table 5 andlustratedin Figures 5 and 6.
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Like HMFc, samples of Manbc stored at 4°C and 40°C for twelve weeks were evaluated
using thereceptorimmobilizedformat. First, the samples stored €80°Cwere evaluatedand
the Kp value was 34.3+1.AM, which was consistent with our previous work reported fioe
same nonrstressed sampled The Ko value for Man5Fc stored at 4°C for twelve weeks was
65.2+1.9nM. Thisincreasein Kp valuewas attributedto the faster dissociation rate. Moreover,
the koff value measuredvas significantly faster compardd the samesample stored at80°C.
Furthermore, thekon values of the samples stored at 4°C a8@°C were similar (2.1+0.0)10"
st and (244£0.0)10 M-is?, respectively. Again, this data suggash sigrificant proportion of
the protein was partially active. For samples of MaRé stored at 40°C for twelve weeks, ke
value was 128+7.1 nM. Thus, asignificantdecrease inKp value wasobserved which was
attributed to the increase ik rate and areductionin the association ratasshownin Table 5.
Thekost valuesof the samples incubated at 4°C and 40°C for twelve weeks were sivlilareas
significant differences ikonvalueswere observeds shown in Table 5 and Figures 5 and 6.

Similarly,samples of GIcNAEc stored at 4°C, 40°C, ar@D°C for twelve weeks were
examined using theeceptorimmobilizedformat. Thekp value for the GIcNéFc stored at80°C
was 988.821.8nM, which was consistent with our previous work for the rsiressed sampk>?
The datasuggested thesamplesstored at-80°C werestable withno change irkpvalues expected.
However, GIcNA&c stored at 4°C for twelve weeks showed a significantly lower binding affinity
(87793+£1434 nM) compared to the same sample stored-&0°C. Again, this decreasegvalue
was attributed to the increase ik value and a reduction ithe association rate, in which both
contributed to the lower binding affinityOne differenceobserved withthe GIcNAd-c compared

to the otherglycoformswas that thekon value at 4°C was significantly lower compared tokke
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value of thesamesample stoed at-80°C. The GIcNAe stored at 40°C for twelve weeks showed
a significantly lowekp value, again attributed to the decrease in association and increase in
dissociation rate.

4.3.4Binding Responses of Stressed IgG1 Fc Glycoforms

The binding response tiie Fc glycoforms with BRllla was also evaluated using fhe
immobilizedformat. HM-Fc samples stored a80°Cshowed a higher responssompared the
same samples stored at@and 40C(Figures 7 andBA ,Table6). Alsq the samples stored at’€
for two, four, and twelve weekshowedsimilar binding responsesHowever, samples of HFc
stored at 40°C showedsagnificantdecrease in bindingesponse compared to the same samples
stored at-80°C. Moreover, differences in responsere observedor samples incubated at 4Q,
in which the trend in response was as follows: two weekstr weeks> twelve weeks.
Representative response binding cusigere givenin Figure 8A, and the raw valuegre shown
in Table 6. For ease of comparison, the response valees further illustratedin Figure 7. In
general, a similar patternrvas observedor HM-Fc, Man5Fc, and GIcNAEc. Furthermore,
differences in response were more apparent when the samples stor&8DAE,4°C,and 40°Gor
twelve weekswere compared This dataillustratesthe needto monitor the stability for an
elongated period of timeto observe major differences in functional activity in a biosimilar

comparability analysis.
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4.4 Discussion

During manufacturing, shipping, and storage, antibodé&s subjectedto various
degradationpathways, which capotentially affecttheir potency** In one study, it haveen
demonstraed that chemicaldegradationin the antigen binding sitelecreased thebinding
affinity.* However, theeffect of physical and chemical degradations of the Fc fragment on the
functional activity as well as binding affinity to Fc receptors is less known.

The mass spectrometry dademonstratea significant chemical modification at 40°C
compared b the samples incubated at 4°C a#@D°C. This could be either due to the physical
degradation that accelerates the chemical degradation or the impatemperatureon the rate
of chemicaldeterioration. Neverthelessthe difference in chemical degradatidbetween the
storage conditions was apparent as shown in Table 2 and FigiBampleswere testedfor
chemical modification using intact protein mass spectrometry under reducing conditlons
significantchemical modificatior{+16), presumablydue to oxidation was observd for samples
A02NBR 0 nne/ FTYR aK2gSR  (UNBYR 6AGK (KS
weeks). This trend in chemical modificatias observedn all glycoforms tested as shown in
Figure 1 and Table 2. Samples storeeBats / 46 ' R& K angdedRchange in theehemical
modification, indicating a stable storage temperatufdoreover, the data showed the Fc
glycoforms were more stable when stored-gt n ¢ / 4gl/y Ri K | y Unliké thenetewated
temperature, no significanchemical modification (+16yas observedor samples stored atc /

Several reports demonstratedeamidation of asparagine residue and oxidation of
methionine sulfoxide afteprolongedstorage at an elevated temperature. Ig@antainstwo

conserved Mt residues: Met?®? and Met 4?8 (EU numbering)? Methionine oxidation carbe
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induced by oxidizing agents, such as “eityl hydroperoxide, HO,, UV, and an elevated
temperature. In one study, Metxadation was found to affect binding to protein A, protein G,
and FcRn; however, binding togRtlla was not affectet? Oxidation haveen shown irsamples
stored at an elevated temperature, whereas a samidgt at a low-temperature aggregation
was found to be the majodegradation pathway. Anothestudy reported the oxidation of
tryptophan and methionine during storage at a high temperatufr&@hese samples incubated at
low and elevated temperaturesvere examinedfor chemical modification using peptide
mapping. Minor oxidatin of Met and deamidation adsparaginevas observed*

The concentration of the samples was measured using BLI by binding with the gotein
on the surface of thbiosensorsThe concentration decreased more rapidly in samples incubated
I 4 rTeeahcéntrationcorresponds totte rate ofbindingof the Fc glycoforms to the protein
G biosensors. A significant dropcioncentration was observedr N297QFc, presumably due to
aggregation and precipitation as shown in Figu2ésand 2BSamples stored ats / & K2 46SR |
modestchangein concentration except N297¢§-c in which a significant decrease was observed,
presumably due to aggregation and precipitatigks shown in Figures 2A and 2B, a significant
decreasean concentration was observed, indicating theesenceof degraded protei generated
during stress. For instance, HiM stored at 4TC for twelve weeks showedbouta 30% decrease
in concentration, presumably due to thieactive protein present in thesample (i.e.protein
unable to bind protein § Similarly, HMFc stored at AC for twelve weeks showed a 26%
decrease irtoncentration likely due to thepresenceof inactive protein (Table 2). Therefore, the
decreasen concentrationmeasurementagreed to the reduction in binding affinities measured

in the samples incubated at@°and 40°C for twelve weelairthermore these samples showed
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similar levels of inactive protein, resultingasimilardecreasen the association rateas shown
in Table 5

In thisstudy,a reduction in binding affinities, which corresponded with sterage times,
was observedF 2 NJ al YLJX Sa Ay Odzo | dec®ddseint assodiation fate Bnd Bn n s / @
increase in dissociation rateas notedfor the Feglycoforms incubated at 40 tested as shown
in Figure 3 and Table amples stored ats / T 2folir, dnd @vélve weeks showetdodest
changes in binding affinities when tested using theirfmobilized format. This data
demonstrated the Fc glycoforms remained relatively stable atidlaetemperatureincubation,
which agreed with the binding responsasd chemical modifications examineA. trend of
decreasingvinding affinitieswas observedor all glycoforms tested, except N29+/g in which
no bindingwas observed

In addition to the Fémmobilized format, the glycoforms were examined using the
recepbr-immobilizedformat to assesshe binding affinities as well as to compare the two
immobilizationformats. Differences in equilibrium dissociatioonstantswere noticedbetween
GKS CO 3t e02F2N¥a AyOdz |l i SaRshbwhinfFigute 6landRable5i 6/ F
TheHMC O &l YLX S&a Ay OdzomitloSdBecrebsé in assotiatién Kafe @@niRared to
the control sample storeday n e / ® ¢ KA & RabsehceofinAdive Protéindiiingittie S
twelve weeksof incubationLJSNA 2R |0 ne/ ® | 24 SOSNE sigifiGntRA a4 & 2 C
increase presumably due to theresenceof a partially active protein in the sample. Therefore,
the HM-Fc data suggestea substantiabmount of partially active protein, but minor inactive

protein in the sample generated during tircubationperiod of twelveweeksk G ne/ @ [ A1 S ¢

samplesof HMCO Ay OdzoF 6 SR G0 nne/ F2NJ 06St @S owSS1a
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rate compared to the same samples stored -gitn ¢ / YR ne/ ddecteé&skim aA3Iy
associationrate was presumably due to the presencé a large amount of inactive protein
present in the sample generated duringintub A 2y | 0 nne/ @

A significantincreasein dissociation rate was notegresumablydue to the presence of
a substantial amountof partially active protein in the sample. Thus, the data of the-HM
al YL S& AyOdzm | §SR |G nnsubstafidphbeiicea®dust 6f ina@ti@eS 1 & Ay
and apartially active protein generated during twelve weeks of incubation. Moreover, both
al YL S& Ay Odz I G4 SR Isinilarinerease-in/thie dissocimtion ratd ¥hfeBsk |
attributed to the comparable amount of partially active protei in the samples. However, a
majordecreasé\ Yy | a32O0AF GA2Y NI GS 61 & 20aSNBSR 2yfé& A
a significantamount of inactiveprotein was present in this sample compared to the same
al YL S& Ay Odzo | G4 SR his data demonbtrat€cdthali tKeSAiirendes the  {
binding kinetics between the samples incubated at low asievated temperatures were
attributed to the differences in the type of degradation products generated during stoiduese
degraded products coulde due to chemical modifications, aggregates, or conformatiohal
similar binding profilewas observedor Man5Fc compared to HNFc incubated at a low and
elevated temperature for twelve weeks. This similarity is not surprisempuseMan5-Fc and
HM-Fchave similar glycosylation profiles, binding activity, and physical stability.

Similarly,GIcNAeCO &l YL Sa Ay Odzol SR F2Nyngbt @SNBS!
examined using theeceptorimmobilizedformat. A significantlecrease in association ratess
observedfor both thesamplesh y Odzo F 6 SR 4 ne/ |y R nnuggestefl 2 NJ (i & ¢

the comparable amount of inactive protein present in both storage conditidhseover, the
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data indicated GIcNAEc wasunstable atn s/ YR nne/ AyOdzml GA2y X
truncated Nlinked glycan aAsn297 Therefore, this worklemonstraed the applicationof stress
conditions to differentiate glycoforms based on their stability attributed to their difference in
glycosylation size and state. The instabilitymately resulted in thesignificant los®f functional

activity for the samplesontaining shorter or no glycans. In other wordsstdatademonstrated

that the effect of glycosylation not only modulates the binding affinity tgRFda but also affects
stability and, consequentlgffects theactivity.

Like thereceptorimmobilizedformat, the Femmobilizedformat showed adecreasen
association rate and an increase in dissociation rate &ftelve weeks of thancubationperiod.
However, the difference in binding kinetideor ko, and Kp) between the low ancelevated
incubation temperature were more apparent when measured usingrédeeptorimmobilized
format. Also, dwer binding affinitiesvere observedvhen thereceptorimmobilizedformat was
utilized. Neverthelessboth methodsdemonstrateddifferences in binding affinities for all the
samples examined, which could be helpful anbiosimilar assessmentTherefore, these
glycoforms were found to be a useful model Bdosmilar comparability analysis.

The impact of physically and chemically degraded products generated during the
incubation at a low and elevated temperature on the binding affinities cannot be easily assigned.
However, the differencem Kp valuesobservedbetween the twoimmobilizationformats for the
stress samples in this study can be deconvoluted using the mixtures of glycoforms examined in
chapter 3.These mixtures contain N297kZ (inactive) and GIcNAc (partially active) combined
with HM-Fc in diffeent proportions. In the mixture study, using theceptorimmobilized

format, a decreasdn associationrate was observed that wagroportional to the amount of
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N297QFc present in thenix. However, no change in dissociation ratas observedAlsg using

the Feimmobilized formata decreasen dissociation rate was noted due to tipeesenceof a
weak binding component (i.e., GIcNAc). Therefore, N2978Qc and GIcNAEc carpotentially
mimic the inactive andpartially active proteinspresent in the stressd samples of the Fc
glycoforms generated during storage this study, the differences ik, kon , andkosf between

the samples incubated at low and elevated temperatures were similar to the differences
observed between the mix1 (a mixture of N29F@and HMFc) and Mix2 (a mix of GIcNAc

and HMFc) studied in chapter 3.

For all of the stressed samples incubated for twelve weeks, a decrease in association rate
and anincreasein dissociation ratavas observedvhen thereceptorimmobilizedformat was
utilized Thereductionin associatiorrate was an indication of anactiveprotein (i.e., unable to
bind toareceptor) present in the sample (i.aunable to bind receptor)However, anncrease in
the dissociation rate was likely due to thmesenceof the partially inactive component(i.e.,
weakly binding t@areceptor presentin the sample (i.ehinds to receptor weaklyMoreover, in
the mixture of HMFc and GIcNAEc, we observed displacement of the weak binding GleRAC
by HMFc during the ass@tion phase. Thus, the dissociation phésdhavedmore like HMFc.
Overall, no significant change in dissociation raées notedn the mixture containing HMFc and
GIcNAc when compared to the 100% #Hel However, for the incubated samples, we have seen
major changes in dissociation rate, presumably due to the presencepaftally active protein.

In order forthis partially active protein to exedontribution in the dissociation phase, it needs
to have a higher binding affinity than GIcNRc to withsand displacement by HNfc. The

presence of this partially active protein was similar to the samples eFdMicubated at4C and
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40°C, as shown in their similar dissociation rates. However, the amount of inactive protein was
higher in the samples incubaleat 40°C, ademonstratedby the significantdrop in association
phase. This data was also in agreement with the concentration measured Bsrgyer
Interferometry (BLI) as shown in Table 2.

A significantdifference in binding response between sampley Odzo I G SWRas I G n n |
observedin whichthe samplesstored for two weeksshowed the highest binding resporse
followed by the samples stored at four weeks and twelve weeKé&erefore, the binding
responses showed a decreasing trend with increasing inambdtmes, indicating a loss of
functional activity. Thiseductionin binding responsesould be due to the chemical or physical
degradation of the sampletncubatedl & nne/ F2NJ SEGSYRSR &i2NI 3
decrease in binding responséth anincreasein storage time at the elevated temperatureas
observedin all glycoformsexceptN297QFcin which nobindingwith FgRIllawas observed

Samplesstoredats /| &a K2 g SR y 2 anke3pbris@sindichtiyigithe Sefnplgsa S
remained relatively table (native state) during the incubation time. The loading level offF¢M
to protein G was examined and found to be teame regardless of the incubation time.
Moreover, no significant difference in the loading level of Fc to proteva&observedetween
two, four, and twelve weeks, in all the samples tested. This,difference in binding responses
indicatesthat there was aprotein loaded onto the protein G that binds weakly withgRtlla
(partially active). Thereforehe Feimmobilized formatsuccessfullyifferentiated the samples
stored at low and elevated temperatures. This binding responsasurementan beutilized to
monitor the actvity of the mAbs during stability studgnd formulation development ofa

biosimilar
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In general,the samples incubated at 4°C showedsimilar response, suggesting the
protein remained relatively stable during the incubation peribldwever, the samples stored at
40°Cshowed adecrease in bindingesponse, in whicka higher responsavas observedn the
samples stored fotwo weeks and the lowestesponsean the samples storetbr twelve weeks
Furthermore, the difference iresponse(i.e., measured using Fc immobilized forratasmore
visible when the samples incubated at 4°C, 40°C, and 8@@ comparedat twelve weeks of
storage (Figures 8A, 8B, and 8@)addition the datademonstratedthe use of stress (40°C) to
observe differences in response, which was not visible atémmperatures(4°Cand-80°C). For
instance, HMFc incubated at 4°C showedlecreasan response compared to the same samples
incubated at 40°C for twelve weekBhe estimated decrease in response of #Hbincubated at
4°C for twelve weeks was 28.3% compared to the samepkes stored at80°C. Similarly, the
samples of HMFc incubated at 40°C for twelve weeks showed a 52.4 % decrease in response
compared to the control samples of HRt stored at80°C. A further decrease in response at an
elevated temperature illustratedhte instability of HMFc, presumably due to chemical and
physical degradationdlan5-Fc showed a similar binding response profile to-Ad/at the low
and elevatedemperatures Compared to the GlcNA€c stored at80°C, the GIcCNAEc samples
storedat 4°C ad 40°C for twelve weeks showed 36.0% and 73.14% decrease in binding response,
respectively. This higher percentagedefcreasean binding response of the GIcN&ccompared
to HM-Fc and Man3-cwaspresumably due tohe differences irthe glycosylation ste. In other
words, GIcNA&c containedh moretruncated glycan (single-Ncetylglucosamine)yotentially

leading toaggregatiorand further physical degradation
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Overall the data highlights the use of longer incubation time to compare samples
incubated & low and high temperatures to observe apparetifferences, which were not
possible to differentiate at a lower temperature and shorter incubation time. This stress
condition and techniques developed in this study can be applied when comparimgitfiestor

with its biosimilar product, in the biosimilar comparability analysis.

4.5 Conclusion
The functional activitieef homogeneous glycoformsere characterizeafter incubating

at elevated and low temperatures. The data indicated samples storedhatelevatel
temperature showed asignificantdecrease in binding affinities. Additionally,reduction in
bindingresponseto receptor(i.e., measured using the Fc immlied format)was observedor

the samples stored at the elevated temperatut®amples stored ay n 6 / 4el/y R& K2 6 SR
moderatechange in binding affinities as well as bindiagponseio FgRIllaMass spectrometry
characterization indicated significant chemical modification for samples incubated at the
elevated temperature, presumably due to oxiaen, while samples stored at a low temperature
showed amoderatechange in thechemicalmodification Concentration measuremenising BLI

for all glycoformsdemonstrated a decreasingtrend when stored at low and elevated
temperatures. N297¢-c showed théowestconcentration, presumablglue to precipitation and
aggregation during storage. When the two immobilization formatere compared (Fc
immobilizedvs.receptorimmobilized, a significandifference in binding affinitiewas observed
Thiswas due tothe differencesin the mechanism of binding between thevo formats as
described in chapter 3. Moreover, the data collected shosigdificantdifferences between the

two formats in detecting @hangen binding affinitiesattributed to the stress conditio. The low
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and elevatedtemperatures generated physical and chemical degradation products after
incubation of the samples for twelve weekghich ultimately resulted in lower bindiraffinities
to FgRllla. More studies are required in the futui@ understand furtherif the decrease in
binding affinitieswas because of chemical modification, aggregatemd/or a combination of

both.
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4.6 Figures

Figure llintact protein ESMS analysis dbstedIgG1 Fglycoformsunder

reducing conditions. Samples were incubateds8is /46 /| ~ 406 Y R F 2 NJ

four and twelve weeks. Figure 1A, 1E,and 1D are for HMFc, ManSFc,

GIcNAe€Fc,

and N2974c, respectively
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Figure 2The concentratiowf IgG1 Fc glycoforms measured usingliiger Interferometry(BLI).
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Hgure 3.Bar graphs showp values for samples of IgG1 Fc incubated at |
and elevatedemperatures for two, four, and twelve weeks. ThH& values

were determned using the Fimmobilizedformat.
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Figure 4.Bar graphs show thé&on, and kot values for IgG1 F

glycoforms measured using the-Femobilizedformat.
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Figure 5Thebar graphshow Kp values for samples of IgG1 Fc incubateeBés /46 /

and40s / T 2 NJ { énSdsuzes usihgtiielreteptdmmobilizedformat.
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Figure 6.Bar graphs of thekon and kot values for samples of IgG1 |
incubated at-80s /46 / T 40y R F 2 NJ (0 arfedsdedl using e

receptorimmobilizedformat.
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Figure 7.The binding responses of IgG1 Fc glycoform @gRM@ measured the Fc
immobilized format. The samples were incubated&0s /46 / < 406 Y R ¥ 2 NJ |

and twelve weeks.
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Figure 8.Representative binding response curvesasuredusing the E-immobilizd
format. Figure 8A, 8B, and 8C represent for -A8] Man5Fc, and GIcNAEC,

respectively.
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Figure9. Representative fitting binding curves for the interaction of IgG1 Fc wiRIFa
measured using the Hmmobilized format Figure 9A, 9B, and 9C represent for -Ad/)

Man5-Fc, and GICNAEc, respectively.
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