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ABSTRACT

Monoclonal antibodies (mAbs) account for over 120 FDA approved products and are

frequently used to treat patients with chronic autoimmune diseases or cancer. Despite be-

ing approved for similar indications, not all mAbs share the same structure-function mo-

tifs. Given complexities in sizes, structures and manufacturing processes, there are known

differences betweenmAbs of similar classes. One notable difference betweenmAbs is their

post-translational modification (PTM) profile. PTMs are comprised of features native to

amino acids such as oxidation, deamidation, methylation, etc. Two PTMs in particular –

glycans and shuffled disulfide bonds – are of great interest to the pharmaceutical field

given their impact on drug safety and efficacy. Characterizing these two PTMs on mAbs

in vitro in order to predict safety/efficacy implications is what drove my research.

Chapter II encompassesmywork studying anti-TNF𝛼 mAbs: Humira
®
, Remicade

®
and

Simponi Aria
®
.For this project we determined glycosylation profiles using LC-MS/MS and

LC-FLR. Then we performed in vitro functional assays, TNF𝛼 binding ELISA, Fc𝛾RIIIa Al-

phaLISA and ADCC, to correlate structure and function. Humira
®
had the fewest unique

glycans, 12.1±0.7% of which were afucosylated and mannosylated, and, perhaps conse-

quently, had the highest Fc binding affinity. Humira
®
had a 7.2-fold higher binding affinity

to Fc𝛾RIIIa than Remicade
®
and 3.3-fold higher than Simponi Aria

®
. Since Humira

®
had

significantly higher Fc and Fab binding affinities, it was 15.1% or 19.7% more potent in

the ADCC assay when compared with Remicade
®
and Simponi Aria

®
, respectively. Our

results confirmed significant differences between the three mAbs, yet recognized that in

vivo efficacy may differ due to confounding variables.

xv



Chapter III follows my research on shuffled disulfide bonds found in rituximab and

bevacizumab innovator/biosimilar pairs. We studied the formation of shuffled disulfide

bonds and subsequent degradation via non-reduced digestion followed by LC-MS/MS,

SEC and SDS-PAGE. After a 4-week incubation, innovator bevacizumab had an upward

trend in shuffled disulfide bonds (0.58±0.08% to 1.46±1.10%) whereas innovator rituximab

maintained its shuffled disulfide bond level (0.24±0.21% to 0.51±0.11%). Bevacizumabs

started with an average of 70% more shuffled bonds than rituximabs, leading to a higher

propensity for aggregation. The bevacizumabs had approximately 6% monomer loss pri-

marily due to aggregation compared to a 1.5% monomer loss due to fragmentation for

rituximabs. Our results showcased the importance of monitoring lower abundance PTMs

and degradants.

Chapter IV covers my research comparing glycosylation analysis methods using NIST

mAb as a standard.We performed five glycan analysis techniques – three FLR released gly-

cans kits, protein digestion followed by LC-MS/MS and intact MS. The LC-MS/MSmethod

identified 25.2%more glycans than the FLR kits and 5.5 timesmore glycans than intact-MS.

When applying these methods to Herceptin
®
and its biosimilars, Kanjinti

®
and Ogivri

®
,

we observed that Kanjinti
®
had a relative % mannosylated contribution of 1.01±0.38%

while Ogivri
®
was 5.95±0.97%. This translates to a 142.0% difference between manno-

sylated glycans identified in Kanjinti
®
compared to Ogivri. When comparing mannosy-

lated glycan contributions between biosimilars and innovator, there was only a 100.5%

difference between Kanjinti
®
and Herceptin

®
and a 64.4% difference between Ogivri

®
and

Herceptin
®
. This work emphasizes the need for method standardization to consistently

identify glycan species.

Chapter V summarizes each project and shares potential future directions for this re-

search. Overall, this dissertation highlights techniques for glycan and disulfide shuffling

analysis, emphasizes the need to standardized methods and reporting, and discusses po-

tential collaborations to streamline PTM impact analyses.
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CHAPTER I

Introduction

Biologics have taken the pharmaceutical field by storm in recent years. Excluding

COVID-19 vaccines and treatments, more than half of the ten top-selling drug products

in 2022 were biologics. Most of the 2022 top-selling biologics, such as Humira
®
($21.2B

in sales) or Keytruda
®
($20.9B in sales), are monoclonal antibodies (mAbs), but Eylea

®
, a

recombinant fusion protein with $12.7B in sales, continued to gain traction. [8] As if the

lucrative sales were not enough evidence of biologics’ popularity, over 120 mAb products,

a number that continues to appreciably rise every year, have been FDA approved. [9] We

anticipate that this number will drastically increase as more mAbs lose patent exclusiv-

ity and biosimilars, biological products that are highly similar to and have no clinically

meaningful differences from an existing FDA-approved reference product, enter into the

market. [10] Therefore, now is the time to jump into biologics research and contribute to

the ever-growing knowledgebase.

To seize this opportunity, multiple groups began elucidating the structural differ-

ences between innovators and biosimilars and relating them back to known functional

differences. [1, 2, 11–18] Frequently, labs assess structural features such as primary, sec-

ondary and higher order structures, size heterogeneity, charge heterogeneity and post-

translationalmodifications (PTMs) including glycosylation, oxidation, deamidation,methy-

lation, and disulfide bond shuffling. [12, 19] By doing so, each group is identifying poten-
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tially significant structural differences that could impact the mAb’s efficacy and/or im-

munogenicity.

Certain PTMs, like glycans, have been linked to either enhanced or subdued Fc binding

affinity. This, in turn, can influence how well the mAb binds to the Fc receptors involved

in effector function signaling cascades. Since ADCC is dependent on Fab target antigen

binding and Fc natural killer cell binding, its potency can be influenced by the glycan

structure located in the Fc region of an antibody. As ADCC is a proposed mechanism of

action for anti-TNFα therapeutics, especially in irritable bowel disease (IBD), it is criti-

cal to understand how the level of specific glycans, such as afucosylated glycans, impacts

drug potency. Figure 1.1 illustrates such phenomenon and depicts how if there are more

afucosylated glycans present on an antibody, there is likely to be higher efficacy in IBD

patients. [1] Remicade
®
is known to have higher relative ADCC activity (99.8%) compared

to its biosimilar Remsima
®
/Inflectra

®
(50.3%). [1] Therefore, it is unsurprising that signif-

icantly higher levels of afucosylated glycans, which confer better Fc binding affinity and,

thus, ADCC, were observed for Remicade
®
than for Remsima

®
. (Figure 1.2) [2]

PTMs are just one of many factors that can influence a mAb’s normal target binding

and its circulation in vivo. Another factor that influence’s a mAb safety, efficacy and/or

pharmacokinetics are aggregates. Aggregates can reduce a drug’s functionality by pre-

venting normal target binding while also inducing immunogenicity and increase clear-

ance rates. [20] Increased clearance rates result in reduced therapeutic efficacy as the drug

is eliminated from the body faster. Immunogenicity in the form of anti-drug antibodies

(ADA) leads to adverse events and patient safety concerns.

To contextualize the influence of structural features on a therapeutic’s efficacy, labs

perform functional activity assays (Fab binding, Fc binding, antibody-dependent cellular

cytotoxicity, complement dependent cytotoxicity). Performing functional assays in tan-

dem with structural analysis not only paints the whole picture of the mAb in vitro, but

also proposes anticipated in vivo outcomes. Therefore, to gain a broad understanding of
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Figure 1.1: Schematic representation of the factors affecting the efficacy of therapeutic

mAbs in IBD patients. High levels of afucosylated glycans at Asn-297 leads to higher

Fc𝛾RIIIa binding affinity, resulting in higher ADCC and efficacy in IBD patients. Patients

with the Fc𝛾RIIIa 158 V/V polymorphism (15% of the population) have increased binding

affinity and ADCC in comparison to those with Fc𝛾RIIIa 158 F/V and F/F polymorphisms.

Image adapted from Kang et al., 2018. [1]

various mAb products, we conducted both structural and functional assays in house, with

future plans to translate our findings into in vivo animal studies. For my thesis, we have

expanded upon current innovator/biosimilar research by simultaneously comparing mul-

tiple competitive innovators or innovator/biosimilar pairs and lots in our sample sets. In

these sample sets, we monitored post-translational modifications (PTMs) and degradants

using semi-automated sample preparation andmass spectrometrymethods, along theway

highlighting best-practice methods in hopes of improving current standards and accep-

tance criteria.

In particular, we have analyzed three anti-TNF𝛼 mAbs, Humira
®
(adalimumab), Remic-

ade
®
(infliximab) and Simponi Aria

®
(golimumab), during our first project. These are all

full-length mAbs indicated for autoimmune diseases such as rheumatoid arthritis, psoria-

sis, ulcerative colitis and Crohn’s disease. Humira
®
and Simponi Aria

®
and fully human-

ized mAbs whereas Remicade
®
is chimeric, containing some mice portions in the variable
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Figure 1.2: Remicade
®
and Remsima

®
glycan profile and Fc binding comparison.(A) Rel-

ative contribution of afucosylated glycoforms; (B) Average KD values for binding of

Remicade
®
and Remsima

®
to Fc𝛾 IIIa as measured by biolayer interferometry (n = 4 lots;

mean ± SEM; asterisks denote a p < 0.05 level of significance). Image adapted from Pisu-

pati et al, 2017. [2]

region. In our second project we studied Avastin
®
(bevacizumab) and Rituxan

®
(ritux-

imab) and their Russian biosimilars from Biocad. Avastin
®
is a fully humanized anti-VEGF

antibody used to treat cancers including metastatic colorectal cancer, non-squamous non-

small cell lung cancer and metastatic breast cancer. Rituxan
®
is a chimeric anti-CD20

antibody indicated for diseases such as Non-Hodgkin’s lymphoma, chronic lymphocytic

leukemia and rheumatoid arthritis. For our third project, we used the NIST mAb, which

is the closest thing to a standard antibody, to conduct an initial glycan analysis method

comparison. Then we applied our methods to Herceptin
®
(trastuzumab) and its biosimi-

lars Kanjinti
®
and Ogivri

®
. All thee trastuzumabs are fully humanized, anti-HER2 mAbs

indicated for overexpressing HER2 breast cancer. Every antibody described and tested in

this thesis is an immunoglobulin, more specifically IgG1.

As alluded to above, in order to broadly characterize these mAbs we have to conduct

multiple methods ranging from functional binding assays – ELISA, AlphaLISA, ADCC –

to aggregation detection – SEC, SDS-PAGE – to structural characterization – LC-MS/MS,

intact MS. The details of each method are described further in the methods section of the

applicable chapters. One method commonly used across all chapters is LC-MS/MS. Given

its broadly applicability in this thesis, we thought it would behoove us to describe this
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method in greater detail upfront.

LC-MS/MS, or liquid chromatography tandem mass spectrometry, is a widely used

method for analyzing everything from the identification of peptides in a sample to the

quantitation of an impurity to the interaction between targets and proteins. [21–24] Its

high sensitivity, resolution, reliability and robustness makes LC-MS/MS a desirable ana-

lytical tool. For our purposes, we used it mainly for the identification of PTMs on multiple

innovator and biosimilar mAbs. Prior to running samples on the LC-MS/MS, we cleaved

the proteins with trypsin and Lys-c during a protein digestion process. For chapter II and

IV, we performed a reduced digestion procedure while in chapter III we performed a non-

reduced digestion in order to maintain the disulfide bonds within the protein for shuffled

disulfide bond analysis. Once the samples were digested, samples were purified using C18

solid phase extraction tips. After preparing the samples, we ran 500 ng of each sample us-

ing a 30-minute gradient on an LC-MS/MS system (Waters Acquity M Class HPLC inter-

faced with a ThermoFisher Orbitrap Fusion Lumos Tribrid mass spectrometer) to identify

the peptides and PTMs present in the digested mAb solutions (Figure 1.3).

The LC-MS/MS system works as follows: first peptides are separated based on hy-

drophobicity using a reversed phase C18 column in the LC portion. Then the peptides are

ionized using electrospray at the ion source. They are further focused and accelerated to

mass analyzers via ion optics, the curved linear trap, and the ion routing multipole. Var-

ious applied voltages continue to transmit the ions throughout the instrument. Within

the Lumos Tribrid, there are three mass analyzers. The first is the quadrupole, which

separates the ions by applying RF and DC voltages across the metal rods to generate an

electric field. In doing so, the electric field allows only certain m/z values to pass through

the quadrupole, thus filtering out ions not within the target range. The second is a linear

ion trap, which contains three transfer lenses and two pressurized cells (one high, one

low). Within the linear ion trap, ions can be stored, isolated and/or collisionally disso-

ciated. Again, carefully selected voltages are applied and ions not within the target m/z
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Figure 1.3: Schematic of the ThermoFisher Fusion Lumos Tribrid Orbitrap.

window are removed from the ion trap. The third mass analyzer is the Orbitrap. Orbitraps

have a central electrode and two bell-shaped outer electrodes. Moving ions delivered from

the C-trap into the Orbitrap fly in spiral patterns due to the presence of variable voltages

and their electrostatic field. The oscillations resulting from this phenomenon are then

transformed into a mass spectrum readout.

Depending on how sensitive the data needs to be and the structural features one is

looking for, the number of collision/fragmentation steps during the MS run can be ad-

justed. For our research, we did MS2 or MS/MS. During this analysis, the ions were se-

lected in the quadrupole then transmitted to the ion routing multipole for higher energy

collisional dissociation (HCD). The fragmented product ions resulting from the HCDwere
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then moved into the Orbitrap for analysis. The data output generated from LC-MS/MS is a

raw file mass spectrum that can be analyzed using Protein Metrics’ software. For chapters

II and IV, we used the PTMworkflow in Protein Metrics and for chapter III we used the SS

workflow. After using the automated processing, we manually combed the data looking

at the MS1, MS2, XIC and sequence coverage maps to ensure that there were no false pos-

itives or missing data. As is discussed in more depth in the latter chapters, the LC-MS/MS

data, as expected, yielded the most sensitive and highest resolution of all PTM analysis

methods. Therefore, for us it acted as our “gold standard” for data acquisition. [25]

By analyzing multiple IgG1 mAbs, for their structural and, in the case of anti-TNF𝛼

mAbs, functional properties, we aimed to enhance our expertise in the biologics space.

This thesis research has the potential to drive forward progress in the field of post-translational

modifications analysis on mAbs, especially with regards to method automation, optimiza-

tion, standardization and implementation. Additionally, we believe that this work can set

the foundation for developing PTM method “toolkits” in collaboration with other aca-

demic, industrial and governmental laboratories.

Although the punch line is great, it is important to take a step back and preface what

mAbs are and why automation, optimization, standardization and implementation of cer-

tain methods has proven challenging. As a subset of biological products, or biologics,

mAbs are protein therapeutics manufactured using living organisms with an active in-

gredient that is biological in nature. They are generally larger and more complex than

small molecule products. Between their size, complexity, and living-organism dependent

manufacturing processes, mAbs are inherently variable. [10]While a protein’s primary se-

quence can usually be readily reproduced, higher order structures and post-translational

modifications can differ due to seemingly minute variations in manufacturing processes

such as pH, temperature, buffer composition, change in excipient vendors, etc. [26, 27]

They can also be altered if there are changes to other processing/handling stages or stor-

age conditions. [28, 29] These variations in structural features can result in altered ther-
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Table 1.1: Examples of bioactivity assays conducted by the sponsoring company com-

paring Humira
®
vs biosimilars. Note: Imraldi

™
data shown here is the average of a data

range given for each assay in the product quality review summary table.
a
Approximated

values from a graph.
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apeutic immunogenicity, efficacy, activity, and pharmacokinetics. [27] Therefore, post-

translationalmodifications and higher order structures are considered to be critical quality

attributes (CQAs) defined by the FDA as “physical, chemical, biological or microbiologi-

cal propert[ies] or characteristic[s] that should be within an appropriate limit, range or

distribution to ensure the desired product quality”. [30]

Companies monitor mAb batches for proper protein folding and PTM profiles not

only during development, but also during production of marketed product, to confirm

that all batches are meeting their specifications prior to administration in patients. [31]

After all, it has been shown time and time again that lot-to-lot variability exists and has

potentially negative consequences if too great. [32, 33] Plus, in the case of biosimilars,

regulators consider PTMs such as glycosylation to be an important CQAwhen comparing

the “similarity” of biosimilars with their innovator counterparts. [29, 34]

While monitoring batches of mAbs throughout their development and post-market

manufacturing many experiments have to be conducted by the sponsoring pharmaceu-

tical company. These extensive experiments are detailed in biologics license applications

(BLAs) and cover everything from structural and functional analysis in vitro to pharma-

cokinetics and immunogenicity in humans during clinical trials. Shown in table 1.1 are

just some of the in vitro experiments conducted by sponsoring companies as they were

developing Humira
®
(adalimumab) biosimilars. [35] Clinical data such as clearance rate,

anti-drug antibody formation and clinical endpoints can be found in the prescribing in-

formation documents. Table 1.2 provides a snapshot of the clinical data for adalimumabs

that was presented to regulatory agencies for review and is now available in package

inserts. [35]

Table 1.1 tells a number of different stories. First, it shows that not only do many ex-

periments have to be conducted, but many features of the mAb are analyzed in order to

paint a full picture of the therapeutic. As therapeutic mAbs are immunoglobulins, typi-

cally IgG1, they are composed of two heavy chains and a two light chains, each with a
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Table 1.2: Comparison of Clinical Trials Results in Rheumatoid Arthritis Patients Based

on Full-Analysis Set (FAS) Results, Except for Imraldi
™
Where Per Protocol Set (PPS) Data

was Reported for the Primary Outcomes.
a
Note: Amsparity data for ACR20 response rate

was taken from the 12-week main phase. ADA positive data was taken from week 26

samples to give a closer comparison to other biosimilars with ADA measured at week 24.

variable domain (VH or VL, respectively) and a constant domain (CH or CL, respectively).

The variable region, made up of VH and VL, gives the antibody its ability to bind specific

antigens. The constant region is comprised of three CH domains (1-3) and a CL domain

in each arm. Disulfide bridges connect the two heavy chain arms together give antibodies

their characteristic Y shape [36,37]. The upper part of the “Y” structure contains the frag-

ment antigen binding, Fab, portion of the antibody, which is usually involved in the pri-

mary mechanism of action for the therapeutic. The Fab region binds to the target antigen

of interest, inhibiting its functionality and/or preventing cell signaling, thereby reducing

symptoms or halting further progression of a patient’s disease. The tail part of the “Y”

structure, comprised of CH2 and CH3 domains from each arm, is known as the fragment

crystallizable, Fc, region. The Fc region can also play a part in the primary or secondary

mechanisms of actions for mAbs. After binding to the target antigen via the Fab region,

the Fc region is available to binding to effector cells including macrophages, natural killer

cells or C1q. Once bound to effector cells, cell signaling induces effector functions such

as antibody-dependent cellular cytotoxicity (ADCC), complement dependent cytotoxicity

(CDC) or antibody-dependent cellular phagocytosis (ADCP). Effector functions result in

cell death often through apoptosis or phagocytosis. [38] For patients, it is beneficial to kill

cells that are causing the chronic disease symptoms and/or are malignant.

The second story that table 1.1 tells is that there is acceptable variability between
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innovators and biosimilars. For example, CDC relative activity for Humira
®
was 103% and

for Hyrimoz
™
, 93%. Similarly, ADCC relative activity for Humira

®
was 108% and Imraldi

™
,

98%. These products are both approved by the EMA and FDA, so clearly these values fall

within the acceptance criteria despite being 10% different. Along those lines, table 1 also

shows that there is going to be variability across biosimilars. Using ADCC as our example,

Amgevita
™
reported a relative % activity of 87%, Imraldi

™
, 98%, and Hyrimoz

™
, 99%. [35]

We are unable to fully compare these values because the experiments were conducted at

different sites, by different personnel, using different cell assay conditions. Nevertheless,

it provides context for the last story that table 1 tells and bolsters our reasoning to conduct

my thesis research.

The third story coming from table 1.1 is that method standardization is lacking for

mAbs. To assess sTNF𝛼 binding, a primary mechanism of action for Humira
®
and its

biosimilars, three different methods were employed. For Amgevita
™
, ELISA was used; for

Imraldi
™
FRET was used; and for Hyrimoz

™
SPR was used. [35] Therefore, we expect to

observe differences in the reported relative activities as each method has its own expected

outcomes and limitations. This lack of standardization makes head-to-head comparison

impossible. Yet, based on our work described in Chapter IV and the work of others, it is

important to understand not only howmuch a biosimilar varies from its reference product

but also how much it varies from competitor biosimilars. Without such knowledge, the

idea of interchangeability, where a biosimilar can be substituted for its reference at the

pharmacy without a physician’s consent, remains stagnant. Perhaps these biosimilars can

be approved as interchangeable because they are close enough to the reference, but fur-

ther switching studies between biosimilars may prove detrimental if there are unknown

significant differences between the two biosimilars.

Clinical data such as clearance rate, anti-drug antibody (ADA) formation and clinical

endpoints can also be found in the prescribing information documents. Table 1.2 provides

a snapshot of the clinical data for adalimumabs that was presented to regulatory agencies
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for review and is now available in package inserts. [35] One glaring takeaway from Table

1.2 is that the ADA levels, while similar between concomitantly tested biosimilar/innova-

tor pairs, do vary greatly between the different adalimumab innovator/biosimilar pairs.

ADA levels, especially neutralizing ADA levels, are important to study because they are

linked to immunogenicity. Immunogenicity is detrimental in patients as it can reduce a

therapeutic’s overall efficacy and/or exacerbate its safety implications. [39] Hyrimoz
™
re-

ported the lowest ADA formation in 25% of patients, but most were identified as neutral-

izing ADAs. Neutralizing ADAs are undesirable as they completely block the adalimumab

from binding with TNFa, thus reducing its activity and efficacy. Idacio
®
had the highest

ADA formation at 90%, but in looking at clinical data not included in Table 1.2, it appears

as if only half of those are neutralizing ADAs. Although many of the ADAs were reported

to be non-neutralizing, it is important to still monitor for these ADAs because they can

increase the clearance rate of the drug, reducing its therapeutic efficacy. [40] Of course, it

is still important to keep in mind the role that ADAs have on inducing immunogenicity

and subsequent patient safety concerns and adverse events.

Additionally, there were significantly different response rates reported for the biosim-

ilar/innovator pairs. The response rate was measured using a Psoriasis Area and Severity

Index score (PASI 75) at which there was a 75% improvement from the baseline score

16 weeks post initial treatment. [41] For all three biosimilars tested in plaque psoriasis

patients, the clinical trials were carried out beyond the 16-week primary endpoint to 51

- 54 weeks. Mirroring the ADA level trends, the PASI 75 scores were relatively similar

between the biosimilar and concurrently tested Humira
®
but varied across the biosimi-

lars. Hyrimoz
™
had 57% positive PASI 75 response rates whereas Amgevita

™
had 78% and

Idacio
®
had over 90%.

What is more important to and supportive of similarity claims is that the PASI75 val-

ues and ADA levels for each biosimilar are close to the respective Humira
®
values tested

in the same trial. Frequently, these differences between the innovator/biosimilar pairs can
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be explained by other factors such as variations in the reporting or measuring of scores at

individual trial sites. [42,43] Although the PASI metric is considered to be the “gold stan-

dard” for psoriasis monitoring, like with any inherently subjective metric, it does have

its limitations. [44] These limitations, especially given the fact that these trials were con-

ducted with different patients, and likely handled by different clinicians, could explain

why such variability exists between biosimilars. Likewise, different methods of reporting

ADAs, such as sorting ADAs into neutralizing and non-neutralizing or not, or using a full-

analysis dataset instead of a per protocol dataset, may impact the final results presented.

Finally, limited congruity in the assays used to measure ADAs, resulting in different sen-

sitivity, resolution and reproducibility, may also influence public data outcomes. Again,

this ties back to how discrepancies in measuring and reporting data can make direct com-

parisons between similar products nearly impossible to complete. It bolsters the idea that

there needs to be more uniformity across the pharmaceutical industry by standardizing

optimized, validated methods.

Nevertheless, the varyingADAs and PASI 75 scores should still be a red flag to patients,

physicians and pharmaceutical companies. Perhaps the differing values are stemming

from something other than method and reporting variability. For example, they could

be due to structural differences in glycosylation patterns. Discussed in more depth be-

low are specific types of glycans and how they may influence functionality and/or safety

by inhibiting target binding, increasing clearance rates or inducing immunogenicity. In

brief, though, it is known that certain glycans can impact the overall immunogenicity of

a mAb. Perhaps Idacio
®
, which yielded the highest efficacy but had only half of its ADAs

categorized as neutralizing, had more manosylated glycans than other biosimilars. This

could explain the relatively high efficacy - mannosylated glycans are known to increase

effector function - and the higher number of ADAs, most of which are non-neutralizing -

mannosylated glycans are known to increase clearance rates and, thus, increase immuno-

genicity. Unfortunately, the glycan profiles for Idacio
®
and other adalimumabs are not
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Table 1.3: Percentage of charge variants/glycans for each biosimilar relative to Humira
®

given as a range (average). Each biosimilar is compared to a reference Humira
®
(left of

biosimilar column) that was tested simultaneously during analysis.

publicly shared. Therefore, we just have to make hypotheses.

Higher order structure, post-translational modifications and other structural features,

such as those listed in table 1.3, are also critical to an antibody’s safety, efficacy and phar-

macokinetics. [35] For the purposes of this thesis research, we are particularly interested

in monitoring two post-translational modifications, glycosylation (Chapter II and Chapter

IV) and disulfide bond shuffling (Chapter III), and correlating them to functionality assays

(Chapter II) or degradation patterns (Chapter III).

A glycan is a sugar moiety located off of asparagine at position 297 near the hinge

region of mAbs (Figure 1.4). The presence of a glycan at N297 is conserved across the

IgG1 mAbs we have studied here, but the structure of the glycan at this location varies

greatly, even for mAbs within the same protein solution.

Figure 1.4: Schematic of IgG1 glycan position with examples of sugar moieties commonly

found on human glycans.

The location of the glycan on the Fc region also means that it can influence a number

of mAb properties such as protein folding, Fc effector function, clearance rate, and anti-

drug antibody formation. Depending on the type of glycan, the Fc region can be in an open
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conformation, allowing for increased binding to Fc receptors (Fc𝛾R), or a closed confor-

mation. Within the realm of Fc𝛾R binding, there are a number of possible interactions

affected by the type of glycan at N297, including glycan-glycan interactions that occur

between the glycan at N297 and the glycans at position 162 on Fc𝛾RIIIa and Fc𝛾RIIIb. [38]

These Fc interactions lead to difference signaling cascades that can not only alter effec-

tor functions, but also influence immune responses and/or recognition and uptake by

antigen-presenting cells.

There are five main glycan types we are interested in characterizing which include

(a)fucosylated, mannosylated, sialic acid, galatosylated and bisecting GlcNAc. These gly-

can types are of interest because of their known effects on drug safety, efficacy, activity,

and/or pharmacokinetics. Below are descriptions for all of the glycans of interest.

Fucosylated glycans can reduce an antibody’s Fc binding affinity. This is attributed

to the steric hindrance that the presence of fucose provides. Reduced binding affinity re-

sults in diminished therapeutic efficacy, primarily through ADCC and CDC. Houde et al

confirmed this phenomenon through H/DX-MS where they found that the removal of

fucose increased the binding affinity of IgG1 to Fc𝛾RIIIa by 49-fold. [45] There was no

associated IgG1 conformational change suggesting that the glycan instead directly medi-

ates the IgG1-Fc𝛾RIIIa binding interaction. Other analytical methods such as modeling of

IgG-Fc𝛾RIIIa binding sites in the presence and absence of fucosylation [46], as well as the

performance of ADCC assays for IgGs with varying levels of fucosylation [47, 48] have

also confirmed differences in binding affinity. Thus, afucosylated glycans are generally

preferred as they enhance ADCC and CDC, mechanisms of action for many therapeutics

IgG1 mAbs. [34, 49, 50]

Mannosylated, or high mannose, glycans are an example of an afucosylated glycan

that can enhance ADCC. However, mannosylated glycans also increase the clearance rate

of a drug due to their recognition by endogenous mannose and asialoglycoprotein recep-

tors. [50] Goetze et al proved the correlation between mannosylation levels and clear-
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ance through a number of ELISA assays and peptide mapping experiments conducted on

IgGs. [3] The glycoforms with high mannose (M5) had noticeably shorter half-lives than

those lacking mannose. They also showed that higher levels of mannose, 20% vs. 5% by

peptide mapping, and higher pairing ratios between the antibody and mannose receptor

yielded faster clearance. [3]

Upon recognition of the high mannose glycan, endogenous receptors bind, uptake,

and degrade the high mannose-containing mAb. This results in a decrease in the num-

ber of therapeutic mAbs in circulation and, in turn, an overall increase in the therapeutic

clearance rate, as exhibited in Figure 1.5. [34, 49, 50] Increased clearance rates are prob-

lematic because they require more frequent dosing in order to achieve desired therapeutic

levels. Additionally, the formation of anti-drug antibodies, hallmarks of immunogenicity

and patient safety concerns, can occur more rapidly if the therapeutic is readily recog-

nized. [50–53]

Sialylated glycans, which contain sialic acid, can be both beneficial and detrimental to

patients. They can be beneficial in that they initiate anti-inflammatory effects by upreg-

ulating Fc𝛾RIIb, an immune checkpoint that suppresses immune responses. [54] Autoim-

mune diseases such as rheumatoid arthritis, Crohn’s disease, and ulcerative colitis are fre-

quently associated with innate IgGs lacking terminal sialic acid and galactose [55]. There-

fore, there is increased binding between the IgG and Fc𝛾RIII, greater effector function, and

a higher pro-inflammatory response. In diseases such as these where symptoms are exac-

erbated by pro-inflammatory responses, a common goal of therapeutics is to combat the

response by inducing anti-inflammatory activity. Therefore, many intravenous IgG (IVIG)

therapeutics carry terminal sialic acids to counteract the innate antibody pathogenic-

ity. [56] For patients with cancer though, the inhibition of the immune response in tu-

mor micro- environments may allow the malignancy to survive. In fact, there is a new

clinical-stage Fc𝛾RIIb antibody being developed by BioInvent targeting Fc𝛾RIIb. [57] It

aims to improve the outcome of current mAb cancer treatments like trastuzumab or rit-
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Figure 1.5: Concentration vs. time post-injection of 300 mg of Mab1 administered in a

single patient. Shown are the M5 glycoform and all non-M5 glycoforms. Half lives for the

glycoforms were approximated by fitting the experimental data points to a first-order rate

equation (dashed lines). Plot adapted from Goetze et al., 2011. [3]

uximab by enhancing efficacy and overcoming current resistance challenges.

Additionally, sialic acids have been associatedwith reduced Fc𝛾RIIIa binding andADCC

(Figure 1.6). Terminal sialylation has been linked to decreased binding with Fc𝛾Rs because

it closes the binding site between an IgG and Fc𝛾R. [4, 38, 54] Non-human sialic acids,

like the murine-derived sialic acid, NGNA, may also potentially increase immunogenic-

ity. [34, 49, 50, 58, 59]

Galactosylated glycans, which have an exposed terminal galactose residue, can elicit

more protein binding at Fc𝛾RIIIa, enhancing the ADCC and CDC effector function of anti-

bodies. [37] This phenomenon was confirmed by Houde et al in an H/DX-MS experiment

where complete IgG1 galactosylation prevented some residues from exchanging. [45] The
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Figure 1.6: Specific lysis from an in vitro ADCC assay. A) Comparison of natural variants

of AB1 using Ag1-expressing target cells; Ab1-29 has higher levels of Fc sialylation and

required 7-fold higher concentrations to trigger same levels of cell lysis compared to Ab20;

B) Comparison of natural variants of AB2 Ag2-expressing target cells; Ab2-26 required 6-

fold higher concentrations to achieve same effect as Ab2-0 variant with no detectable sialic

acid. Plots adapted from Scallon et al., 2007. [4]

lack of exchange was correlated with increased structural rigidity and, consequently, in-

creased receptor binding, due to changing the relative orientation of the CH1 and CH2 do-

mains18. Galactosylated glycans’ role in enhancing CDC is more prominent as they have

high affinity for C1q, a critical component of the complement cascade. Galactose has also

been affiliated with anti-inflammatory responses by binding to Fc𝛾RIIb. In patients with

autoimmune diseases there are higher numbers of innate degalactosylated IgG, suggesting

either that these are more pathogenic or that galactosylated IgG have anti-inflammatory

activity. [38] Terminal galactose may increase the clearance rate of mAbs as well because

the asialoglycoprotein receptors can recognize and bind galactose. [34, 49, 50, 59]

Bisecting GlcNAc glycans increase binding affinity to Fc𝛾RIIIa and therefore enhance

ADCC. It is still unknown whether this phenomenon is due to the presence of the bisect-

ing GlcNAc or due to the lack of fucose. [34, 49, 50, 59] Bisecting GlcNAc has also been

classified as a proinflammatory trait in autoimmune diseases such as Crohn’s disease.

This can perhaps be linked to methylation, which is related to the disease progression

and pathogenesis of Crohn’s disease. [60]

Given the impact glycans can have on a therapeutics’ activity, efficacy, pharmacoki-
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netics and immunogenicity, we characterized the glycan profiles of various mAbs using

semi-automated technology in my chapter II and chapter IV research projects. For the

first project, we analyzed the glycan profile of three innovator anti-TNF𝛼 mAbs, Humira
®
,

Remicade
®
and Simponi Aria

®
, using liquid chromatography-tandem mass spectrometry,

LC-MS/MS, and liquid chromatography-fluorescence, LC-FLR. We did this in conjunction

with functional assays such as Fc binding and ADCC in order to determine if we could pre-

dict the binding affinity and effector function outcomes based on the presence of specific

glycans. To our knowledge, we were the first group to perform a head-to-head compari-

son of three innovator mAbs indicated for the same disease states. The reason why this

is important is because there is inherent site, user and method variability that prevent

treatments from being appropriately compared unless there is a normalizing factor. In

our case, the normalizing factor is conducting analyses simultaneously, under the same

conditions and with the same methods. Since patients are frequently switched between

these three proteins and other treatments in order to maintain therapeutic efficacy, it is

important to understand how they vary and what impact that may have on a patient’s

outcome. [61–64]

For the second project, we also looked at glycosylation in the context of method stan-

dardization. As is apparent from table 1.1, different methods used to measure the same

endpoint can yield varying data outcomes. Albeit, table 1.1 refers to in vitro functionality

assays, but the sentiment remains the same for structural analysis methods. Many meth-

ods are available for analyzing glycans, ranging from released glycan kits to LC-MS/MS

to capillary electrophoresis-MS (Figure 1.7). In fact, multiple studies have been conducted

applying various glycan analysis methods to antibodies in order to highlight method sim-

ilarities and differences. [5, 65–70]

Yet, standardization of glycan analysis methods is still lacking. This may present prob-

lems down the line with regards to determining acceptable limits of low abundance gly-

cans. Without a gold standard, companies are performing multiple glycan analysis exper-
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Figure 1.7: Schematic representation of various analysismethods commonly used to char-

acterize N-glycans on mAbs. Image adapted from Carillo et al., 2020. [5]

iments in hopes of presenting a plethora of data to the FDA to prove that their therapeutic

should be approved. Therefore, we completed our third project using NIST mAb as our

standard to identify the limitations of various glycan analysis methods and provide rec-

ommendations and groundwork for future method standardization.

Glycosylation characterization was a focus for this thesis research, but it is not the

only PTM worth studying. Another PTM that falls into the CQA category is disulfide

shuffling. In IgG1s, there are 12 intrachain disulfide bonds and 4 interchain disulfide bonds

(Figure 1.8). These covalent bonds are composed of one cysteine that pairs with its normal

cysteine partner to form a disulfide bridge. Disulfide bridges are critical for maintaining

proper protein folding and stability. [71]

However, there are occasions where a cysteine residue, or thiol group, bonds with an

“incorrect” free thiol partner. This phenomenon, illustrated in Figure 1.9, is called disulfide

shuffling or scrambling. Disulfide shuffling is problematic as it alters the protein confor-

mation, potentially inducing aggregation and/or reducing target binding affinity. Aggre-

gation is problematic because it is a precursor for immunogenicity. Higher immunogenic
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Figure 1.8: Schematic of IgG1 mAb highlighting the 12 intrachain disulfide bonds (red)

and 4 interchain disulfide bonds (orange).

responses can lead to patient safety concerns. [71,72] Reduced target binding affinity will

decrease the efficacy of a mAb by altering mechanisms of action including Fab neutral-

ization of a target antigen or Fab/Fc binding induced ADCC.

There are also trisulfide bonds, which are rare modifications with a third sulfur group

added in the middle of a disulfide bond (Figure 1.10). These modifications have not been

directly linked to adverse effects but have been correlated with unhealthy cell cultures.

[71,73–75] As healthy cell cultures are critical to producing a reproducible antibody, they

are worth monitoring.

Despite being a CQA reported to the FDA through a mAb submission package, there

are limited publications describing methods for characterizing shuffled disulfide bonds on

IgG1s. Therefore, for my second project detailed in chapter III, I worked on developing

a semi-automated platform for disulfide bond analysis. By using an AssayMAP Bravo

robot for liquid handling and sample preparation, then processing my samples acquired

from LC-MS/MS via Protein Metrics’ disulfide bond workflow, I was able to streamline the

characterization of disulfide bonds on rituximabs and bevacizumabs. Although shuffled
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Figure 1.9: Examples of shuffled disulfide bond patterns, either intermolecularly or in-

tramolecularly, that can occur in antibodies. Image adapted from Zhang et al., 2011. [6]

disulfide bonds are rare modifications, we did see shuffled bonds in both the rituximabs

and bevacizumabs, with bevacizumabs having higher relative levels of shuffled disulfide

bonds. This proved that our method was sensitive enough to detect low abundance PTMs.

We also highlighted the importance of applying PTM characterization methods to in-

novator/biosimilar pairs in this project. We studied Rituxan
®
and one of its biosimilars

along with Avastin
®
and one of its biosimilars for shuffled disulfide bonds. Although we

did not see many significant differences, which may be expected given that the biosimi-

Figure 1.10: Schematic depicting the insertion of a third sulfur group into an exisiting

disulfide bond to form a trisulfide bond. Image adapted from Shion et al., 2019. [7]
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lars are approved products, we did find it helpful to show that different trends between

biosimilars and innovators, even if not statistically significant, could be teased out with

our method.

Another mAb property we studied in the second project was higher order structure,

namely in the form degradation formation. We hypothesized that if a protein had more

shuffled disulfide bonds, it may have a higher propensity to aggregate. Therefore, we ex-

posed our mAbs to stressed conditions and monitored not only disulfide bond shuffling

over an incubation period, but also aggregation. Interestingly, the bevacizumab samples,

which had higher initial levels of shuffled bonds that generally increased over the course

of an incubation, yielded more aggregates over time as measured by SEC and SDS-PAGE.

The rituximabs, which had<1% shuffled disulfide bonds throughout the incubation period,

did not aggregate but rather fragmented when under stress. Whether the disulfide bonds

are the sole culprit for aggregation in bevacizumabs, but not in rituximabs, remains to be

seen. Nevertheless, this work showed that there is potentially a correlation with shuffled

disulfide bonds and aggregation and reemphasized the importance of not only PTMs, but

also higher order structure, on protein performance.

Taken altogether, this thesis emphasizes the importance of adequately characterizing

PTMs on biologics in order to identify potential safety, efficacy, activity, immunogenic-

ity and/or pharmacokinetic concerns prior to administration in patients. To do so, we

have broken down the research conducted into three distinct projects. Chapter II dis-

cusses the head-to-head-comparison of anti-TNF𝛼 mAbs with regards to their glycosy-

lation patterns and affiliated in vitro functionality. Chapter III describes disulfide bond

shuffling and its potential effect on aggregation/degradation propensities for innovator

and biosimilar anti-cancer mAbs. Chapter IV compares the data outcomes and limitations

of five glycosylation analysis methods using NIST mAb as a standard and trastuzumabs

as a show-and-tell application. Chapter V highlights the broader impacts of each project

and discusses future directions both for the lab and for stakeholders in other areas of the
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biologics field.
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CHAPTER II

Anti-TNF𝛼 mAb Structure and Function

Characterization

This chapter describes our research comparing structural differences and functional

activities of three anti-TNF𝛼 mAbs, Humira
®
, Remicade

®
and Simponi Aria

®
. We deter-

mined glycosylation profiles by LC-MS/MS and LC-FLR, then performed in vitro bioassays

to determine whether glycan profiles could predict Fc binding activity outcomes. As the

first head-to-head comparison of these three anti-TNF𝛼 mAbs, we set the precedent for

comparing competitor mAbs prior to patient administration and/or prescription switch-

ing. This chapter is based onwork published in International Journal of Pharmaceutics. [76]

2.1 Introduction

In the U.S., there are more than 24 million patients diagnosed with an autoimmune

disease. [77] These diseases are not a one-size-fits all, but rather they present in dif-

ferent organs and at different levels of severity depending on the patient. Despite this,

numerous autoimmune conditions can be treated with therapies that target an inflam-

matory cytokine, tissue necrosis factor alpha (TNF𝛼). The primary mechanism of action

for these products is through binding and neutralization of TNF𝛼 . By binding to sol-

uble and membrane-bound TNF𝛼 , these therapies block endogenous p55 and p75 TNF
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receptors from binding to TNF𝛼 . TNF𝛼 binding by p55 and p75 initiates immune and

inflammatory response pathways. By blocking these interactions, the therapeutics are

suppressing systemic inflammation and immune responses (i.e. generation of additional

pro-inflammatory cytokines like IL-1 and IL-6). [78] Given that patients with autoim-

mune diseases such as rheumatoid arthritis, psoriasis, and irritable bowel disease (IBD)

often suffer from overactive immune systems, the therapeutics’ interference in immune

responses helps reduce localized symptoms such as inflammation, swelling and joint pain.

In addition to the primary mechanism of action there is a secondary mechanism of ac-

tion, Fc-mediated apoptosis, (i.e. antibody-dependent cellular cytotoxicity (ADCC) and

complement-dependent cytotoxicity (CDC)), proposed to evoke treatment response in

IBD patients. [1, 79–81] Fc- mediated apoptosis, commonly referred to as effector func-

tion, requires both proper TNF𝛼 binding by the Fab region of the anti-TNF𝛼 antibody and

Fc binding by natural killer cells or C1q proteins. In ADCC, once natural killer cells are

bound to the Fc region of the anti-TNF𝛼 antibody, they can initiate a cell signaling cas-

cade that eventually leads to apoptosis of activated immune cells (primarily monocytes

and macrophages) expressing transmembrane TNF𝛼 (tmTNF𝛼). Similarly, for CDC, the

Fc binding of anti-TNF𝛼 therapeutics to C1q proteins triggers the formation of a mem-

brane attack complex (MAC) resulting in apoptosis of tmTNF𝛼-expressing cells. Overall,

the death of inflammatory cells is beneficial to IBD patients because it reduces the num-

ber of cells that are available to induce excessive immune responses and alleviates their

symptoms.

One of the commonly prescribed anti-TNF𝛼 biopharmaceuticals is Humira
®
(adali-

mumab). Humira
®
is a fully humanized monoclonal antibody (mAb) therapeutic indi-

cated for over 10 autoimmune diseases including rheumatoid arthritis, psoriatic arthri-

tis, plaque psoriasis, ankylosing spondylitis, and irritable bowel disease, namely, ulcer-

ative colitis (UC) and Crohn’s disease (CD). Aside from Humira
®
, there are two other

full-length mAbs approved for similar indications, Remicade
®
(infliximab) and Simponi
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Aria
®
(golimumab). While these three drug products are approved for overlapping dis-

ease states, they do differ in a number of other factors including route of administration

(subcutaneous or intravenous), recommended dose (40 mg/ 2 weeks to 100 mg/ 8 weeks),

TNF𝛼 binding stoichiometry, pharmacokinetics, and immunogenicity (Table 2.1). There

are a range of factors that influence the clinical use of anti-TNF𝛼 mAbs. For example,

Remicade
®
is considered to be a “rescue” drug for moderate-severe ulcerative colitis pa-

tients as it has been shown to invoke superior remission rates in this population. [82–86]

However, unlike the fully humanized mAbs Humira
®
and Simponi Aria

®
, Remicade

®
is

chimeric, having both human andmurine protein sequences. Because of this, patients tak-

ing Remicade
®
have a higher tendency to develop anti-drug antibodies (ADA), which can

lead to immunogenic events and reduced efficacy. [87–89] In general, these ADA levels,

indicative of immunogenicity and overall efficacy/safety, differ across all three products

and among individual patients and patient populations (Table 2.2).

Another variable factor to highlight is route of administration. Humira
®
is admin-

istered subcutaneously, resulting in lower serum concentration levels, while Remicade
®

and Simponi Aria
®
are administered intravenously, yielding higher serum concentration

levels compared to Humira
®
(Table 2.2). Despite these lower serum concentration levels,

Humira
®
and Remicade

®
are approved for IBD while Simponi Aria

®
remains only in the

arthritis space.

There are two other approved anti-TNF𝛼 biotherapeutics, Cimzia
®
(certolizumab pe-

gol) and Enbrel
®
(etanercept), which are not full- length mAbs. Cimzia

®
is only the Fab

region of an IgG1. It is not indicated as a treatment for IBD diseases, perhaps because it

does not have an Fc region available to elicit effector functions- a secondarymechanism of

action in IBD. Enbrel
®
is a fusion protein with an IgG1 Fc region and a TNF receptor. De-

spite the presence of an Fc region, Enbrel
®
does not induce Fc-mediated apoptosis to the

same extent as full-lengths mAbs and, therefore, it is not indicated for IBD. [90,91] Given

the effector function limitations of Cimzia
®
and Enbrel

®
, we analyzed only the full-length
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Table 2.1: General product administration and dosing information for the three anti-

TNF𝛼 mAbs.
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Table 2.2: Binding stoichiometry, pharmacokinetic properties and immunogenicity char-

acteristics.
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mAbs, Humira
®
, Remicade

®
and Simponi Aria

®
, in the study described here.

Effector functions are of special interest to our group and to others as they can be al-

tered by the presence of certain post translational modifications and can lead to changes

in therapeutic efficacy and safety. [92–94] For example, afucosylated and high-mannose

glycans have been shown to increase Fc𝛾RIIIa binding and ADCC potency in therapeutic

mAbs. [2, 11, 47, 48, 95] High-mannose glycans have also been linked to altered pharma-

cokinetics in the form of decreased half-life and increased clearance. [3,96,97] Therefore,

to determine whether these trends held true for the three full-length anti-TNF𝛼 mAbs, we

performed a number of binding affinity and in vitro efficacy experiments. Additionally,

we characterized the glycosylation profile of each mAb and correlated it with Fc binding

and ADCC.

While previous studies have measured TNF𝛼 binding affinity, Fc- binding affinity, gly-

cosylation and effector function for these mAbs independently, to our knowledge, this is

the first time all three therapies have been compared head-to-head. The benefit of per-

forming these experiments for all three mAbs simultaneously is that we can control the

types of experiments and the conditions they are run under. Mirroring elements of com-

parative studies used for small molecule products like statins allows us to simply compare

physicochemical differences between the three products to see if there are significant dif-

ferences in their structure, function and potential safety implications. [98–100] Then we

can tie those properties with the drug products’ published pharmacokinetic profiles to

paint a full picture of each therapeutic. In doing so, we aim to identify potential product-

related reasons why some of these therapeutics are prescribed and preferred more by

physicians and patients. [101–104] It is worth noting that while we aim to identify pos-

sible reasons for drug preferences, we recognize the unique nature of each drug product

and each patient, and understand that the trends we observe here are not a sure way to

predict the in vivo efficacy and safety of these drug products.
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2.2 Materials and Methods

2.2.1 Reagents and Kits

Digestion reagents, including iodoacetamide, TCEP and trypsin with Lys-c were ac-

quired from Promega (Madison, WI). Sample plates for the digestion reaction were pur-

chased through Agilent (Santa Clara, CA). LC-Fluorescence reagents were provided in

the purchased RapiFluor kit by Waters (Milford, MA). The TNF𝛼 ELISA kits and required

reagents were purchased from ThermoFisher Scientific (Waltham, MA). The AlphaLISA

kits were purchased from PerkinElmer (Waltham, MA). The ADCC Reporter Bioassay kit

and required reagents were purchased from Promega Corporation (Madison, WI).

2.2.2 mAb Sample Information

Drugs were purchased from the University of Michigan Hospital Pharmacy. Three lots

of each drugwere acquired. Humira
®
(AbbVie, Lake Bluff, IL) lots include 1080483, 1108313

and 1110162. Remicade
®
(Janssen, Raritan, NJ) lots include 17AD20231, 12BD20451 and

18LD39901. Simponi Aria
®
(Janssen, Raritan, NJ) lots include HESORO2, IJS4E00 and

ILS0800. Each mAb lot was run in triplicate for the assays completed.

2.2.3 Glycosylation Analysis

2.2.3.1 Glycosylation Analysis by LC-MS/MS

Humira
®
and Simponi

®
were diluted down to 10mg/mL from their native formulations

using water. 6.08 mg of Remicade
®
was dissolved in 100 µL of water to achieve a protein

concentration of 10mg/mL. A single reduction solution comprised of 2MTris-HCl, pH 8, 8

M guanidine hydrochloride, 100 mM TCEP and water was added into a 96-well Eppendorf

PCR plate. Then 100 ug of the mAbs were added into the wells of a separate 1.2 mL Deep

Well AbGene plate and 300 mM iodoacetamide was added into wells on a third 96 well

Eppendorf PCR plate. These plates were placed on the AssayMAP Bravo liquid handling
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platform (Agilent) and an in-solution digestion protocol was completed. The reduction

solution was added to the mAbs and incubated for 30 min at 37
◦
C. Then the alkylant was

added and incubated for 30 min at room temperature with a lid to prevent light exposure.

Finally, a single digestion solution comprised of 2M Tris-HCl, pH 8, calcium chloride, Lys-

C and trypsin was added into a 1.2 mL Deep Well AbGene plate and placed on the liquid

handling platform. After the alkylation incubation, the digestion solution was added into

the sample plate. The sample plate was incubated overnight at 37
◦
C as a final concentra-

tion of 1:1:10 Lys- C: trypsin: mAb. The following day, the reaction was terminated with

TFA and samples were purified using stage tips for solid phase extraction. The elution

buffer used during solid phase extraction was 70% acetonitrile, 0.1% TFA. The purified

samples were lyophilized and reconstituted prior to LC- MS/MS injection.

LC was completed on a Waters Acquity UPLC and the MS was conducted on a Ther-

moFisher Orbitrap Fusion Lumosmass spectrometer (Waltham,MA). The sample peptides

were loaded onto a C18 trapping column then eluted over a 75 um C18 analytical column

at a flow rate of 350 nL/min. For the LC, a 30-minute reverse phase gradient was used.

For the MS, a data dependent HCD mode was used with MS at a 60,000 FWHM resolution

and MS/MS at a 15,000 FWHM resolution. Three second cycles were used throughout the

duration of the MS and MS/MS run time. Data was processed using Protein Metrics’ Byos

PTM suite (Cupertino, CA), accounting for trypsin and Lys-c cleavage. Sequences were

searched against existing library data derived from the FASTA file of each protein.

2.2.3.2 Glycosylation Analysis by LC-FLR

Samples were prepared for LC-FLR using the protocol and reagents provided in the

RapiFluor N-glycan kit (Waters). In short, 15 µg of the mAb samples were treated with

5% RapiGest surfactant then heated for 3 min at 90
◦
C to denature the protein. Then the

samples were cooled and deglycosylated with PNGase F and incubated for 5 min at 50
◦
C.

mAbs were labeled with RapiFluor-MS reagent solution at room temperature and further

32



diluted with acetonitrile in preparation of HILIC solid phase extraction. For solid phase

extraction, a HILIC µElution plate attached to a vacuum was used. After equilibration,

samples were added to the plate and eluted with three 30 µL volumes of the provided

elution buffer (200 mM ammonium acetate in 5% acetonitrile). Finally, the samples were

diluted with the GlycoWorks Sample diluent- DMF/ACN and injected on a BEH Glycan

column (Waters) interfaced to an Acquity UPLC fitted with a fluorescence detector (Wa-

ters). The column temperature was set at 60
◦
C, the flow rate was 0.4 mL/min, mobile

phase A was 50 mM ammonium formate solution, pH 4.4 and mobile phase B was 100%

acetonitrile. The gradient used increased % mobile phase A from 25% to 100% and back to

25% over the duration of the run.

2.2.4 TNF𝛼 Binding ELISA

Coating buffer was used to dilute TNF𝛼 down to 0.5 µg/mL. Then 100 µL of diluted

TNF𝛼 was added into each well of a 96-well plate. Plates were covered and incubated at

4
◦
C overnight. Plates were washed 3 times using the plate washer prior to the addition

of 200 µL of blocking buffer into each well. The plates then shook at 300 rpm at room

temperature for 1 h. Next, 100 µL of samples were added to each well except for the blanks,

then plates were incubated shaking at 300 rpm at room temperature for 1 h. After the

plates were washed 3 times, 100 µL of diluted HRP conjugate was dispensed into each

well prior to another incubation at room temperature for 1 h. Wells were washed 5 times

with the plate washer and 100 µL of TMB substrate was added into each well. The plates

were developed at room temperature for 10–30 min. After adding 50 µL of stop solution

to each well, the absorbance of each well was read at 450 and 550 nm on a SpectraMax M3

plate reader (Molecular Devices). Subtracting the 550 nm values from the 450 nm values

corrected for optical imperfections in the microplate. The sample starting concentration

was at 0.01 µg/mL and a dilution factor of 1:2 was used for a total of 12 points. Data was

processed and interpreted via GraphPad Prism.

33



2.2.5 AlphaLISA for Fc𝛾RIIIa (V158 Variant) Binding Affinity

Sampleswere prepared and analyzed using the protocol provided byAlphaLISA Fc𝛾RIIIa

(V158) kit (Perkin Elmer). mAbs were serially diluted in 1X HiBlock buffer to yield 4X pro-

tein for plating. Then 10 µL of 4X mAbs were added into a ½ area 96-well plate followed

by the addition of 10 µL of 4X Fc𝛾RIIIa (final concentration of 2 nM). Next, 20 µL of the so-

lution containing 2X human IgG Fc conjugated acceptor beads and 2X streptavidin donor

beads (20 µg/mL) was added into the plate, yielding a final protein concentration of 20

µg/mL. The sample plate was incubated for 90 min at room temperature in the dark and

read on a Synergy Neo2 plate reader (BioTek). Data was processed and interpreted via

GraphPad Prism.

2.2.6 ADCC for Effector Function

TheADCCReporter Bioassaywas conducted according to themanufacturer’s protocol

(Promega) with optimizations in antibody concentrations. On day 1, 100uL (104 cells) per

well of target cells (CHO-K1 cells expressing mTNF𝛼) was transferred to the inner wells

of a 96-well plate. On day 2, the cell culture media was removed, and 25uL of assay buffer

containing the test antibodies was added. A final antibody concentration of 5 nM was

selected and serially diluted 2.25-fold using the assay buffer. There were 8 dilutions per

antibody and 6 replicates per concentration. The outer wells of a 96-well plate were left as

blanks. After adding the antibody, 25 µL aliquots of the thawed effector cells (Jurkat cells

stably expressing V158 variant Fc𝛾RIIIa receptors) were added into the reaction plate and

the plate was incubated for 6 h at 37
◦
C in a humidified CO2 incubator. Once the plate

was removed from the incubator and brought to room temperature, 75 µL of the Bio-Glo

Luciferase Assay Reagent was added into each well. The plate was incubated for 15 min

then luminescence was measured using a GloMax Explorer plate reader (Promega). The

plate reader’s built-in ADCC data analysis method, in conjunction with GraphPad Prism,

was used to graph and interpret the data.
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2.2.7 Statistical Analysis

For the binding assays, EC/IC50 values were obtained using GraphPad Prism’s non-

linear regression analysis for [Antibody] vs response- variable slope (four parameters).

The EC/IC50 values were compared across the different antibodies using ANOVA with a

Tukey’s test for multiple comparisons. For glycan analysis, the average amount of each

glycan present was compared using ANOVAwith a Tukey’s test for multiple comparisons.

A p value <0.05 was considered significant.

2.3 Results

2.3.1 Glycan Profiling

Prior to further assessing the in vitro efficacy of each mAb with regards to effector

function, we sought to compare the types and relative amounts of glycans present in each

antibody. Numerous groups have noted the significance and desirability of afucosylated

and high mannose glycans for enhancing ADCC potency. Assembling a glycan profile of

each mAb enables more meaningful conclusions to be drawn from subsequent Fc effector

function assays. In order to thoroughly analyze the glycans present in each mAb, we

employed both LC-MS/MS and LC-FLR methods.

2.3.1.1 Glycan Analysis by LC-MS/MS

The MS data in panels A and B of Figure 2.1 demonstrate the similarities and differ-

ences in the glycans identified for each mAb. In the panel A, it is clear that the three mAbs

studied have similar glycans with higher abundances. For example, as expected for human

IgG1, G0F is the most abundant glycan for all of the mAbs. G1F, G0F-GlcNAc, Man5 and

Man6 are also relatively prominent across at least two if not all three of the mAbs stud-

ied. However, despite their similar trends, there are differences in the total abundance and

total number of glycans for each mAb. Remicade
®
had the highest percentage of afuco-
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Figure 2.1: Glycan data collected for each mAb using two methods is presented for some

of themost abundant glycans. (A) depicts the top 10 glycans identified for themAbs by LC-

MS/MS and (B) separates the LC-MS/MS detected glycans into their percent contribution

based on glycan type. (C) Characteristic LC-FLR chromatograms for each mAb and (D)

separates the LC-FLR detected glycans into their percent contribution based on glycan

type. Error bars are SEM. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001.

sylated glycans, (15.5 ± 1.3%), but it also had the largest total number of unique glycans

identified, 28. Humira
®
had the highest percentage of mannosylated glycans (11.4 ±0.8%),

which makes up most of the afucosylated glycans. Unlike Remicade
®
, Humira

®
only had

15 unique glycans. Simponi Aria
®
had 21 unique glycans identified, and very few of those

were mannosylated and/or afucosylated (only 8.9 ±2.9% were afucosylated). In looking at

the broader picture of glycosylation profiles, Remicade
®
has the highest % afucosylated

glycans, which is desirable since the presence of fucose on glycans causes steric hindrance

and reduces Fc receptor binding and effector function. On the other hand, Humira
®
’s gly-

can profile has a lower number of unique glycans. It is important to note though that many

of Humira’s glycans are mannosylated and, as mentioned above, mannosylated glycans
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have been linked to both enhanced ADCC and increased clearance rates of drugs in vivo.

2.3.1.2 Glycan Analysis by LC-FLR

The MS glycan trends were upheld in the LC-FLR experiments. As shown in panels C

and D of Fig. 1, G0F and G1F were some of the most abundant glycans for the three mAbs

studied. Man5, and Man6 in the case of Humira
®
, were also large enough to be detected

by the LC-FLR method. This correlates with their relatively high abundance detected by

MS. We also noticed the same general patterns in % afucosylated and % mannosylated

across the two methods. Remicade
®
had the highest relative % afucosylated glycans (9.1

±0.3), followed by Humira
®
(8.1 ±0.3) then Simponi Aria

®
(4.5 ±0.03). For % mannosylated,

Remicade
®
and Humira

®
did not have a statistically significant difference, but the two

were also close in theMSmethod. Despite differences in absolute values due to the varying

numbers of total glycans identified by both methods, the FLR data matches the MS data

well and corroborates the trends observed from the MS analysis.

2.3.2 TNF𝛼 Binding Affinity

The efficacy of anti-TNF𝛼 mAbs begins with binding to soluble or membrane-bound

TNF𝛼 in order to eventually reduce pro-inflammatory signaling. In order to compare the

binding affinities of Humira
®
, Remicade

®
, and Simponi Aria

®
, we conducted an ELISA

using 12 concentrations of each mAb to generate dose–response curves (Figure 2.2A). The

TNF𝛼 ELISA data presented in Figure 2.2B shows that Humira
®
has the lowest average

EC50 value, thus the highest soluble TNF𝛼 binding affinity, of the three drugs. Humira
®
’s

EC50 value of 1.9 ±0.1 pM is followed by Simponi Aria
®
(4.9 ±0.2 pM) then Remicade

®

(6.4 ±0.3 pM), with all of these differences being statistically significant (Figure 2.2B).
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Figure 2.2: TNF𝛼 ELISA data for all three mAbs are shown as (A) an absorbance vs. mAb

concentration curve and (B) EC50 values derived from the ELISA curve in (A). Error bars

are SEM. ****p < 0.0001.

2.3.3 Fc𝛾RIIIa binding

To further analyze the differences in glycosylation in the context of Fc effector function

and efficacy, we compared the binding affinities of each mAb for Fc𝛾RIIIa (high affinity

V variant) using AlphaLISA. Fc𝛾RIIIa is expressed on the surface of natural killer cells

and its recognition of the Fc region of mAbs is highly dependent on the glycans present.

Dose-response curves for each mAb are illustrated in Figure 2.3A, with a comparison

of their respective IC50 values provided in Figure 2.3B. Our results show that Humira
®

had the lowest average IC50 value (10.6 ±1.2 nM), thus the highest binding affinity to

Fc𝛾RIIIa. Simponi Aria
®
had the next lowest average IC50 value (35.4 ±4.8 nM) followed

by Remicade
®
(76.2 ±6.6 nM) (Fig. 3). Based on these results, in conjunction with the

TNF𝛼 ELISA results, Humira
®
is expected to trigger ADCC more readily than the other

anti-TNF𝛼 mAbs.
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Figure 2.3: AlphaLISA V variant data for all three mAbs are shown as (A) a normalized

luminescence signal vs. mAb concentration curve and; (B) IC50 values derived from the

AlphaLISA curve in (A). Error bars are SEM. ***p < 0.001, ****p < 0.0001.

2.3.4 Antibody-Dependent Cellular Cytotoxicity (ADCC)

In order to further understand how the differences observed thus far in terms TNF𝛼

and Fc𝛾RIIIa binding affect efficacy in vitro, we compared eachmAb in anADCC luciferase

reporter assay (Figure 2.4). ADCC is dependent on both Fab binding and Fc binding. It re-

quires Fab binding because the mAb must recognize and bind to TNF𝛼 on the membrane

of target cells in the first stage of initiation. Then, once the antibody is bound to TNF𝛼 , the

Fc portion of the mAb plays its role by binding to Fc𝛾R on effector cells. In the specific case

of this reporter assay, the effector cells are engineered Jurkat cells, but in vivo they would

be natural killer cells. Once the Fc𝛾R binding occurs, cell signaling leads to degranulation

and, when in vivo, cell death of the target cell. Therefore, given our previous results that

demonstrated Humira
®
had the highest affinity for TNF𝛼 and Fc𝛾RIIIa, it was expected

that Humira
®
would perform the best in the ADCC assay. This prediction was supported

by the results in the ADCC assay as Humira
®
had a statistically significant lower aver-

age EC50 value compared to Remicade
®
and Simponi Aria

®
. Humira’s average EC50 was
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measured as 0.55 ±0.03 nM compared with Remicade
®
(0.64 ±0.04 nM) and Simponi Aria

®

(0.67 ±0.03 nM).

Figure 2.4: AlphaLISA V variant data for all three mAbs are shown as (A) a normalized

luminescence signal vs. mAb concentration curve and; (B) IC50 values derived from the

AlphaLISA curve in (A). Error bars are SEM. ***p < 0.001, ****p < 0.0001.

2.4 Discussion

mAb products are notoriously challenging to produce and replicate due to their large

size, structural complexity and reliance upon healthy cell cultures during manufacturing.

Differences in sequences and folding patterns can influence how they bind to their tar-

gets of interest and elicit a therapeutic response. They also are subject to post-translational

modifications, such as glycosylation, that can impact their safety and efficacy. Therefore,

observing statistically significant binding and glycosylation differences between three

anti-TNF𝛼 therapeutics is to be expected but intriguing, as it provides insight into why

certain mAb treatments may elicit different patient responses.

Humira
®
yielded lower EC50/IC50 values than Remicade

®
and Simponi Aria

®
for the

TNF𝛼 binding ELISA, Fc𝛾RIIIa bindingAlphaLISA andADCCbioassay. Simponi Aria
®
had

lower EC50/IC50 values for the ELISA and AlphaLISA when compared with Remicade
®
,
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but the two had similar ADCC EC50 values. The exact reason for the similar ADCC EC50

values for Remicade
®
and Simponi Aria

®
despite statistically significant differences in

binding to TNF𝛼 and Fc𝛾RIIIa, and % afucosylation levels, could be due to several rea-

sons. The first is that the ELISA assay measured binding to immobilized soluble TNF𝛼

whereas the cellular ADCC depends on binding to membrane bound TNF𝛼 (mTNF𝛼). In

addition, differences in binding valency and dissociation time from mTNF𝛼 could result

in differences in effector cell recruitment prior to adding the luciferase substrate.

A previous study conducted by Shealy et al. compared golimumab with infliximab and

adalimumab in terms of their binding affinity to soluble andmembrane-bound TNF𝛼 . [105]

The surface plasmon resonance of (SPR) results from their experiments showed that im-

mobilized golimumab had a higher binding affinity to soluble TNF𝛼 , as measured by dis-

sociation equilibrium constants, (KD =18 pM) compared to infliximab (44 pM) and adal-

imumab (127 pM). While the 2.4-fold difference between golimumab and infliximab was

not statistically significant, the difference between golimumab and adalimumab was sig-

nificant. It is also worth noting that they observed similar levels of cytotoxicity induced

by all 3 mAbs upon binding to cells expressing mTNF𝛼 . While Shealy et al.’s data does

not fully align with our data presented here, it is important to note that we used different

methods for measuring antibody-antigen binding affinity. In the ELISA, TNF𝛼 was pas-

sively adsorbed on a plate and incubated with antibody for an hour, whereas the SPR pro-

tocol used by Shealy et al. immobilized the antibody and flowed TNF𝛼 over the coated chip

over the course of minutes. Given this, it is possible for higher avidity antibody-antigen

complexes to form during the ELISA and less likely with the antibody immobilized in SPR,

which could impact the measured IC50 values.

Separate studies conducted by Kaymakcalan et al. andArora et al. also compared TNF𝛼

binding and effector functions for adalimumab and infliximab. [90, 106] Kaymakcalan et

al. observed similar binding affinities to soluble TNF𝛼 for adalimumab and infliximab by

SPR (Kd of 3.04x10
-11
M and 2.73x10

-11
M, respectively). In addition, the authors observed
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similar binding affinities to cells expressing mTNF𝛼 using radiolabeled mAbs (binding

affinities of 0.48 nM and 0.47 nM for adalimumab and infliximab, respectively). The re-

sults from the experiments conducted by Arora et al. also highlighted comparable perfor-

mances in ADCC, TNF𝛼 binding, and Fc𝛾R binding for adalimumab and infliximab. While

we report here slight significant differences in TNF𝛼 binding, Fc𝛾R binding and ADCC

between adalimumab and infliximab, we recognize that there are limitations in trying to

make direct comparisons between results obtained via endpoint (ELISA, AlphaLISA) and

kinetic (SPR) techniques.

In general, we conducted established and accessible functional assays on the three

anti-TNF𝛼 mAbs, with our experiments having the additional focus on glycosylation dif-

ferences between antibodies. We emphasized glycosylation in an effort to elucidate pos-

sible reasons behind differences observed for effector function. Any differences between

our binding affinity results for these three drugs compared to other groups could stem

from differences (i.e. sensitivity, reproducibility) in the exact assays used to quantify the

interactions with TNF𝛼 and Fc𝛾RIIIa. This does not discount our data but rather show-

cases the variability between methods and highlights the importance of future method

standardization. Since we have conducted only a handful of analytical methods, we rec-

ognize that our data might not be comprehensive/predictive of the data resulting from all

other orthogonal methods. Another potential contributing factor is lot-to-lot variability

for the individual mAbs studied, which is why we included three lots of each drug in our

study compared to just one lot studied by previous groups.

Nevertheless, the binding affinities determined in our experiments, in conjunction

with the total fewer number of glycans identified for Humira
®
compared to Simponi Aria

®

and Remicade
®
, leads one to believe that Humira

®
may have higher efficacy in vivo. The-

oretically, the better Fab binding of TNF𝛼 translates to more TNF neutralization and in-

flammation reduction, which is the drug’s primary mechanism of action. Similarly, the

better Fc𝛾RIIIa binding indicates that there is a greater potential for the drug to recruit
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and activate effector cells to lyse mTNF𝛼-expressing cells. While this could be construed

as a compelling argument, it is important to note that there are other variables to consider

when trying to predict in vivo drug performance.

For example, each patient is unique in their presentation of an autoimmune condi-

tion and needs to be treated on a case-by-case basis. There are genetic factors such as

human leukocyte antigen (HLA) type, that can influence how therapeutics are taken up

by antigen presenting cells and subsequently recognized by the immune system. This can

increase the number of anti-drug antibodies present, leading to further immunogenicity,

safety and efficacy concerns. [107–109] In addition, genetic polymorphisms in patient’s

FC𝛾RIIIa gene to contain valine or phenylalanine as residue 158 may contribute to the

individual patient Fc𝛾RIIIa binding and response to treatment. [1] This is why there are

patient specific differences in response to individual anti-TNF𝛼 product treatment, clear-

ance of the drug and/or levels of anti-drug antibodies neutralizing its function.

2.5 Conclusion

Our results showed that Humira
®
had the highest soluble TNF𝛼 binding affinity, as

measured by ELISA, the highest Fc𝛾RIIIa binding, as measured by AlphaLISA, and the

greatest effector function, as measured by an ADCC bioassay. It also had the fewest num-

ber of total glycans identified by LC-MS/MS. Remicade
®
, on the other hand, had the low-

est soluble TNF𝛼 and Fc𝛾RIIIa binding affinity, highest number of identified glycans and

lower effector functionality than Humira
®
. While we tested multiple lots of each drug to

increase our statistical power for these methods, we are unable to state that one therapeu-

tic is more efficacious and/or safe the others based on in vitro data alone.Wewould need to

confirm in vitro results with extensive clinical data before making such claims. The higher

binding affinities and glycosylation profile of Humira
®
could feed into its market success,

but likely other factors outside of our research scope (i.e. marketing, at-home administra-

tion, patient support, etc.) play an even larger role in its success. After all, all three drugs
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are broadly prescribed, showcasing the fact that one is not the optimal “standard of care”.

Rather, the unique nature of each drug product gives it both advantages and disadvan-

tages when administered to certain individuals and/or patient populations. Nevertheless,

by analyzing three different mAbs in one laboratory and under one set of conditions we

observed significant differences in the drugs’ in vitro functionality and post translational

modifications. Thus, we believe that these findings are worth sharing with the pharma-

ceutical and healthcare community at large. We hope that the work presented here sparks

further comparisons of these mAbs and other biologics in a controlled manner, increasing

our field’s knowledge of significant drug differences and potential safety/efficacy consid-

erations to assess during biologic development and administration.
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CHAPTER III

Disulfide Shuffling Analysis in mAb Innovators and

Biosimilars

This chapter describes our study on disulfide bond shuffling within IgG1 innovator

(originator) and biosimilar mAbs. We monitored disulfide shuffling over a incubation pe-

riod via digestion andmass spectrometry techinques.We also measured changes in degra-

dation patterns in addition changes in disulfide bond shufflingwhen protein were exposed

to stressed conditions. In doing so, we aimed to compare two IgG1 mAbs with each other

and with their biosimilar. This chapter is based on work published in Frontiers in Bioengi-

neering and Biotechnology. [110]

3.1 Introduction

Mass spectrometry has gained traction among the biologics community for its ability

to identify a myriad of protein modifications. Being able to identify, locate and quantify

protein modifications is paramount when developing new biologics and biosimilars. Af-

ter all, certain modifications can be indicators of protein degradation, immunogenicity,

improper manufacturing conditions, etc. N and O-linked glycosylation is one example of

a post translational modification (PTM) that has been well-studied in recent years. The

presence of specific glycans can affect protein therapeutics’ potency by conferring sta-
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bility, controlling conformation, altering target binding, and increasing clearance rate.

[3, 111–116] Aside from glycans, there are other noteworthy PTMs that influence protein

activity and safety, including deamidation at asparagine and glutamine residues, oxida-

tion at methionine and tryptophan residues, and disulfide bond shuffling. [117] Disulfide

bond shuffling in IgG1 therapeutics, namely bevacizumab and rituximab, is the main fo-

cus of this research as, upon our literature search, we discovered a limited number of

publications studying this topic.

In IgG1s there are normally 16 disulfide bonds: 4 interchain and 12 intrachain (Figure

3.1). These bonds are critical in maintaining proper protein folding and stability. Inter-

chain bonds are more susceptible to reduction and, therefore, are more susceptible to an

incomplete formation of bonds and shuffling than intrachain bonds. [71,114,118–123] For

example, the larger number and hinge region arrangement of disulfide bonds an IgG2 in-

creases its potential for covalent dimerization, which leads to an increased binding avid-

ity. [72, 121] Similarly, antibody-drug conjugates (ADCs) that are conjugated via thiol-

maleimide chemistry are dependent upon the partial reduction of disulfide bonds. These

bonds are then able to participate in forming the connection between the antibody and

the drug. [124] The success of ADCs in treating diseases such as cancer is evidenced by

the fact that 10 ADCs are FDA approved and over 80 others are in clinical trials. [125]

Then again, sometimes unconventional disulfide bond formation can be detrimental.

Normally, cysteines pair with their correct partner residue, but occasionally a cysteine

or “free thiol” will bond with a second cysteine in an unexpected way. This unexpected,

incorrect bonding of cysteines is referred to as disulfide bond shuffling or scrambling.

Usually disulfide bond shuffling occurs as a protein is exposed to stressors such as heat,

oxygen radicals, high pH and agitation. [72, 126–128] Disulfide bond shuffling can nega-

tively impact a therapeutic protein’s safety and functionality by increasing its aggregation

and degradation, modifying its folding, and/or reducing its target binding. [6, 121, 126] In

addition to disulfide bond shuffling, a rare modification called a trisulfide bond can oc-
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Figure 3.1: Schematic of expected disulfide bond locations for rituximab and beva-

cizumab. Fc region is shown in black and Fv region is shown in red. 12 intrachain (red)

and 4 inter-chain (orange) bonds are typical for IgG1.

cur in IgGs. A trisulfide bond is described as the insertion of a third sulfur between the

cysteines of a disulfide bond. While trisulfide bonds have not yet been shown to affect

a protein’s safety and functionality, they are indicators of unhealthy cell cultures being

used during protein production. [74, 75]

Disulfide bonds are clearly important contributors to the proper functioning of a ther-

apeutic IgG1. When they are shuffled, they can have detrimental effects on the protein’s

stability and, therefore, potentially its safety and potency as well. Due to this, disulfide

bonds are considered to be a subset of a “cysteine form” critical quality attribute (CQA)

for biologics. Free thiols, unexpected linkages and modifications such as trisulfides are

embedded within this CQA. [129] The designation of disulfide bonds as CQAs is recog-

nized by regulatory bodies including the FDA, EMA and ICH. [29, 130–132] Additionally,

an ICH guidance states that scrambled/exchanged disulfide bonds are a common protein

degradation mechanism. [131]

It is especially important to quantify disulfide bonds during biosimilar characteriza-

tion as regulators note that disulfide bonds affect the protein’s physicochemical properties

and can influence the efficacy of the product. In a comparison between Humira
®
and a
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biosimilar, disulfide linkages were listed as CQAs and the authors remarked that mis-

matched disulfide linkages could impact the conformation and function of the drug. [133]

Others have conducted similar studies on disulfide bond comparisons across biosimilar

and originator biologics to monitor and control changes in disulfide bond number and po-

sition. Again, these studies were completed because incorrect disulfide bond linkages can

negatively affect the activity, potency, immunogenicity and overall “similarity” of biosim-

ilars. [134–136]

However, despite all of the possible negative side effects of shuffled disulfide bonds,

there are more publications on the issue for IgG2 and IgG4 as compared to IgG1. It is

likely that there are more publications for IgG2 and IgG4 because disulfide bond shuffling

occurs more frequently in them and can sometimes be beneficial to the proper function-

ing of these proteins. Likewise, disulfide bond shuffling is also frequently discussed with

regards to proteins derived from E.coli cells because E.coli lack an endoplasmic reticulum.

For proteins produced in mammalian cell lines, such as the CHO cell lines used to pro-

duce rituximab and bevacizumab, the endoplasmic reticulum acts a center for disulfide

bond modulation, checking for the proper formation of bonds. [6,137] Nevertheless, IgG1

therapeutics are not fully immune to disulfide bond shuffling.

Sung et al. (2016) have studied disulfide bond shuffling in bevacizumab under different

pH and enzymatic conditions. [126] While this research is useful in determining prefer-

ential protein digestion conditions to minimize disulfide shuffling, it does not discuss in

great detail how the process of identifying disulfide bonds can be optimized. Similarly,

Nie et al. (2022) analyzed two IgG1 proteins to suggest sample preparation improvements

to minimize the number of the disulfide bond artifacts. [122] Again, this group focused

on sample preparation conditions rather than disulfide bond identification and quantifica-

tion methods. Dong et al. (2021) studied disulfide bond shuffling in the NIST monoclonal

antibody, focusing on generating a mass spectral library of disulfide linkages for the mon-

oclonal antibody rather than discussing method optimization. [128] Mass spectrometry
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instrumentation companies such as Waters and Shimadzu have also characterized disul-

fide bonds on biosimilar and originator IgG1 therapeutics to showcase how they can detect

any product/batch variability on their latest platforms. [134, 136] None of these reports

emphasized optimizing a disulfide bond identification and quantitationmethod, especially

for shuffled bonds, for multiple IgG1s. Nor did any group measure the effects that normal

vs. prolonged stressed conditions had on disulfide bond shuffling and subsequent IgG1

biosimilar and originator degradation.

To address this lack of knowledge, we have designed a semiautomated, streamlined

method for characterizing disulfide bonds on two IgG1s, rituximab and bevacizumab,

using an Agilent AssayMAP Bravo liquid handling platform and LC-MS/MS. Perform-

ing this method, in conjunction with typical degradation analytical techniques (SEC and

SDS-PAGE), allowed us to increase our knowledge of how these two proteins are modi-

fied and degraded overtime. This gave us insights into antibody variability as antibodies

can act differently, especially when exposed to undesirable conditions. [138–140] Addi-

tionally, we compared originator and biosimilars versions of the drugs to determine their

batch comparability and biosimilarity levels when exposed to various periods of stress.

Previous research in our lab and in other labs have shown structural and functional dif-

ferences between originators and biosimilars after forced degradation, so we were curi-

ous as to how our treatment conditions may impact the overall degradation and disulfide

shuffling profiles of the rituximab and bevacizumab originators and biosimilars studied

here. [2, 141–143]

In sum, our analytical methodology provided us with a way to preliminarily test our

hypothesis that as proteins unfold during degradation, exposing buried cysteine residues,

they increase their likelihood to form shuffled disulfide bonds. Although we recognize

that degradation and disulfide shuffling are not directly proportional, completing these

studies helps justify future research and innovation in this space.
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3.2 Materials and Methods

3.2.1 mAb Sample Information

The following originator drugswere purchased and stored at 4°Cuntil analysis: Avastin
®

(Genentech) and Rituxan
®
(Genentech). The following biosimilar drugs were purchased

and stored at 4°C until analysis: Acellbia
®
(Biocad) and Avegra

®
(Biocad). The two ritux-

imabs (Rituxan
®
and Acellbia

®
) are referred to as Rit throughout the manuscript. The two

bevacizumabs (Avastin
®
and Avegra

®
) are referred to as Bev throughout the manuscript.

Originators are referred to as OR and biosimilars are referred to as BS.

3.2.2 Digestion Reagents

Digestion reagents, including AccuMAP denaturing solution, 10x low pH AccuMAP

reaction buffer, N-ethylmaleimide (NEM), Trypsin Platinum and AccuMAP low pH resis-

tant rLys-C were acquired from Promega Corporation. Sample plates for the digestion

reaction were purchased through Agilent.

3.2.3 Incubation of Proteins

Rituximab lots were aliquoted in 50 µl increments into 0.5 ml Eppendorf tubes. Be-

vacizumab lots were diluted from 25 mg/ml down to 10 mg/ml with water to match the

aliquot concentration of rituximab. Bevacizumab samples at 10 mg/ml were aliquoted in

50 µl increments into 0.5 ml Eppendorf tubes. For each timepoint (0, 2 and 4 weeks), there

were three aliquots per lot of each mAb. Tubes were placed on an orbital shaker at 240

RPM, incubating at 37°C for up to 4 weeks. 0-week samples were instead left at 4°C and

2-week samples, upon removal from the incubator, were moved to 4°C until the 4-week

samples were finished incubating.
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3.2.4 Protein Digestion and Data Analysis

3.2.4.1 Sample Preparation on AssayMAP Bravo

3 µl of 10 mg/ml antibody samples (0, 2, 4-week; N = 3 per sample type) were added

into a 96well Eppendorf PCR plate and placed on the Agilent AssayMAPBravo liquid han-

dling platform (referred to herein as the “robot”). A single solution containing Promega’s

AccuMAP Denaturing Solution, 10x low pH AccuMAP reaction buffer and 200 mM NEM

were added in 32 µl aliquots into a 96 well Eppendorf PCR plate and placed on the robot.

The addition of 17 µl of this solution into the protein plate, followed by a 30-minute in-

cubation at 37° C, yielded denatured mAbs with blocked free cysteines. Also on the robot

were two other plates, one containing an AccuMAP low pH resistant rLys-C pre-digest

and a second containing a digestion solution comprised of 10x low pH reaction buffer,

AccuMAP low pH resistant rLys-C, Trypsin Platinum and water. The robot added 35 µl of

the pre-digest to the sample plate, incubated for 2.5 h at 37°C, then added 81 µl of digestion

solution. Then samples were left at 37°C overnight. The pH for the digestion reaction was

5.4. The next day samples were acidified with 20% TFA and prepared for lyophilization

prior to reconstitution and MS injection.

3.2.4.2 LC-MS/MS

The samples were analyzed using an Acquity LC (Waters) interfaced to an Orbitrap

Fusion Lumos mass spectrometer (ThermoFisher). The sample peptides were loaded onto

a 75 µmanalytical trapping column packedwith Luna C18 resin (Phenomenex) then eluted

at a flow rate of 350 nl/min. For the LC, a 30-minute reverse phase gradient was used. For

the MS, a data dependent HCDmode was used with MS at a 60,000 FWHM resolution and

MS/MS at a 15,000 FWHM resolution. 3 s cycles were used throughout the duration of the

MS and MS/MS run time.
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3.2.4.3 LC-MS/MS Data Processing

Data was processed using the Byos disulfide bond workflow (Protein Metrics, Inc.), ac-

counting for trypsin and Lys-C cleavage. Sequences were searched against existing library

data derived from the FASTA file of each protein. The designation of disulfide bond type

(i.e. expected vs. shuffled) was based on FASTA protein sequences. By using the FASTA

protein sequence and existing databases, the software was able to match the bonds de-

tected from our samples with known, expected disulfide bonds. Label free quantitation

was used to create an extracted ion chromatogram (XIC) from the summation of the MS1

isotope area(s) over an elution time range for the peptides resulting after digestion. The

XIC is then integrated to determine area under the curve, and this integrated value is com-

pared with other peptides to report the relative abundances of the peptide. The label free

quantitation method we used in reporting our data was a single isotope mechanism. This

means that the integrated XICs are representative of the monoisotopic, or most intense

isotope, peak detected for a peptide. These monoisotope peaks can be compared with the

unmodified peptides of the same protein to identify modifications (i.e., disulfide bonds)

on the peptide.

For shuffled disulfide bonds, we reported the disulfide bond data as the XIC sum con-

tribution of all shuffled disulfide bonds relative to the total XIC sum of all (shuffled and

expected) detected disulfide bonds. For the trisulfide bonds, we repeated the same process

looking at the total XIC sum of all trisulfides bonds compared to the XIC sum of all de-

tected disulfide bonds. When analyzing the frequency of specific disulfide bond locations,

we normalized the number of times that each bond type was measured relative to the

total number of disulfide bonds. All data was analyzed for statistical significance using a

2-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Each sample was run in

triplicate and results were reported as averages ± standard deviation.
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3.2.5 Protein Degradation Analysis

3.2.5.1 SEC

All samples were diluted down to 1.5 mg/ml with water. 10 µl of 1.5 mg/ml mAb sam-

ples were injected onto the column (Acquity UPLC BEH 450 SEC 2.5 µm, 4.6 × 150 mm,

Waters) attached to an Acquity UPLC (Waters) and run for 10 min at a flow rate of 0.4

ml/min. The column was maintained at room temperature. The mobile phase used for the

isocratic method was 1x phosphate buffered saline, pH 7.4 (Gibco, Fisher Scientific). Anti-

bodies were detected at dual wavelengths of 214 and 280 nm. Data was reported as average

% contribution of each peak type (monomer, aggregate and fragment) ± standard devia-

tion. For the aggregate and fragment peaks, our average % contribution data accounted

for the summation of areas of all fragment and aggregate peaks, when applicable. % con-

tribution values were based off of the entire area under the curve reported for each sample

type. Samples were run in triplicate. A 2-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001) was conducted to compare the statistical significance of BS and OR results

for the same protein at the same timepoint.

3.2.5.2 SDS-PAGE

Representative samples from each antibody at each timepoint (0, 2, and 4 weeks) were

run on an Invitrogen NuPAGE 3%–8% Tris-Acetate Gel. Protein samples were diluted from

10 mg/ml down to 0.33 mg/ml with water. To each of the 0.33 mg/ml samples, 5 µl of

loading buffer (NuPAGE LDS Sample Buffer 4X, Invitrogen) were added, yielding 1:3 sam-

ple:loading buffer, with a final antibody concentration of 0.25 mg/ml 10 µl of the 0.25

mg/ml antibodies were added into individual wells. 15 µl of the ladder (HiMarkTM pre-

stained protein standard, Invitrogen) were added into well 1. The gel was run under the

following conditions: 150 V, 50 mA, 5W for 1 h on a PowerEase500 electrophoresis system

(Invitrogen). Upon completion of the run, the gel was washed 3 times with water, shak-
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Figure 3.2: (A) Schematic of the Byos disulfide bond workflow. (B) Highlighted beva-

cizumab shuffled disulfide bond used for representation of LC-MS/MS data plots. Gen-

erated data depicted as a (C) MS1 plot; (D) MSMS plot; (E) Mass error plot; and (F) XIC

intensity plot.

ing each time for 5 min. Then the gel was washed with SimplyBlue SafeStain (Invitrogen)

for 1 h with shaking and with water for 1 h with shaking. The gel was imaged using a

FluorChem M Imaging System (Protein Simple).

3.3 Results

3.3.1 Disulfide Bond Quantification and Qualification by LC-MS/MS

To assess the extent and location of disulfide bond shuffling in our monoclonal an-

tibodies, we completed a non-reduced protein digestion using a modified version of the

robot’s in-solution digestion protocol. After identifying the measured bond locations via

LC-MS/MS, we used Protein Metrics’ Byos software to designate whether each bond was

an expected or shuffled disulfide bond (Figure ??).

Aside from designating bond type, the Byos disulfide bond workflow flags samples

that need to be checked manually due to concerns over threshold, recovery and/or scores

(Figure 3.2A). We confirmed that the samples marked as true positives and false positives

were indeed properly labeled or changed them to true or false positives based on our man-

ual analysis. We did so by monitoring the MS1 isotope plots, looking for the characteristic
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isotopic distribution for peptides, and matching it to the charge state (Figure ??C). We also

confirmed that the MS1 plots were created by using both the most abundant isotopic peak

(apex identified within the pink bar across the isotope on the isotope plot panel, Figure

3.2C) and the MSMS scan location in relation to the retention time (shown in the blue

XIC intensity plot, Figure 3.2F). Users can select whether an isotope or an averagine cal-

culation is applied for the label-free quantitation of samples. As described in the methods

section, we used a single isotope mechanism. If we had chosen the averagine calculation,

we would have extrapolated the monoisotopic peak via the averagine distribution, yield-

ing a theoretical monoisotope. [144] Finally, we assessed the MSMS and mass error plots

(Figures 3.2D,E) and ensured that we were seeing good fragmentation and ion coverage.

If samples did not meet these criteria, they were marked as false positive and were not

included in our disulfide bond analysis.

From our LC-MS/MS data we determined that the unstressed, 0-week bevacizumab

samples trended towards higher shuffled disulfide bond levels initially when compared

with rituximab samples. This held true for both the originator and biosimilar samples. As

depicted in Figure 3.3A,C, we observed that over the course of 4 weeks under stressed

conditions, both rituximab sample types had minor, possibly artificial increases in their

average relative percent contribution of shuffled disulfide bonds: 0.24 ± 0.21% to 0.51 ±

0.11% for the originator and 0.27 ± 0.07% to 0.35 ± 0.08% for the biosimilar. The beva-

cizumab originator sample had a more pronounced increase in the average relative per-

cent contribution of shuffled bonds, from 0.58 ± 0.08% to 1.46 ± 1.10% after the 4-week

incubation. The bevacizumab biosimilar samples saw a marginal increase, potentially due

to analytical variability, between the 2-week (1.10 ± 0.50%) and 4- week samples (1.25

± 0.20%). According to our results, the bevacizumab biosimilar 0-week samples had the

highest level of shuffled bonds (1.62 ± 0.78%) which is unexpected given other trends, but

this can be explained by analytical variability at such low levels as well as the relatively

small sample size (n = 3). None of the four sample types had any statistical significance
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Figure 3.3: (A) Schematic of the Byos disulfide bond workflow. (B) Highlighted beva-

cizumab shuffled disulfide bond used for representation of LC-MS/MS data plots. Gen-

erated data depicted as a (C) MS1 plot; (D) MSMS plot; (E) Mass error plot; and (F) XIC

intensity plot.

in the relative percent contribution of shuffled disulfide bonds measured across all of the

timepoints. This suggests that there are not any significant increases in the number of

shuffled disulfide bonds over time. However, since minimal disulfide bond shuffling is ex-

pected when samples are treated at pH 7 or below [126, 128], as ours were, seeing these

general upwards trends in shuffling supports our hypothesis that disulfide shuffling oc-

curs more frequently as a protein is exposed to stress and begins degrading.

In addition to monitoring the relative contribution of the shuffled disulfide bonds, we

also monitored the location of the shuffled bonds to see whether they would change over

time (Figure 3.3B). We studied this to see how protein residue exposure and unfolding

may differ after varying incubation times. We also were curious as to whether the most

prominent shuffled disulfide bond locations would be intrachain or interchain. As men-

tioned in the introduction, interchain bonds are more susceptible to reduction, incomplete

formation and, therefore, shuffling than intrachain bonds. For rituximab originator and

biosimilar, the shuffled bond at position Cys96-Cys224 was the most prominent across all
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of the timepoints. Position 224 is normally involved in an interchain bond, which may

be why it was participating in the most prominent shuffled bond. Cys133-Cys148 was

also relatively prominent in across all timepoints, but more so in the incubated samples.

Cys193-Cys325 had a higher abundance for the unstressed sample. These bonds are all

normally involved intrachain binding. There was no statistically significant difference in

the bond locations for the originator vs. biosimilar.

A similar story played out for bevacizumab. Its most prominent shuffled bond loca-

tion was at Cys194-Cys373 for all samples except bevacizumab originator at 4-weeks,

whose most prominent location was Cys214-Cys206. Cys194, Cys373 and Cys206 are typ-

ically involved in intrachain bonds but Cys214 is typically involved in an interchain bond.

Other common shuffled bond locations included Cys194-Cys327 (intrachain) and Cys214-

Cys206. Unlike rituximab, there were some significant differences in the bond locations

between the originator and biosimilar. For the 4-week samples, Cys214-Cys206 (80.97 ±

16.49) became themost prominent disulfide bond location for the originator while Cys194-

Cys327(42.20 ± 7.26) and Cys194-Cys373 (45.39 ± 8.10) were nearly equal in their contri-

bution for the biosimilar (Figure 3.3D). It should be noted that given constraints in our

current technology, we were unable to determine whether these disulfide bonds were

inter- or intra- antibody.

3.3.2 Detection of Trisulfide Formation by LC-MS/MS

We were also curious about the number of trisulfide bonds present in the samples. By

using the disulfide workflow in the Byos software and manually checking the outputs,

we were able to identify 5 unique trisulfides in the bevacizumab originator samples and

8 unique trisulfides in the bevacizumab biosimilar samples. The initial average levels of

trisulfides, based on XIC values for trisulfides bonds compared to all detected disulfide

bonds, were 0.07 ± 0.70% for the originator and 0.19 ± 0.14% for the biosimilar. This level

is low but is still worth mentioning because it was significantly greater than rituximab,
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Figure 3.4: Trisulfide bonds detected for bevacizumab samples by LC-MS/MS. (A) To-

tal trisulfide bond contribution relative to the XIC sum of all identified disulfide bonds

for bevacizumab OR (0 week—peach, 2 weeks—orange, 4 weeks—red orange) and BS

(0 week—teal, 2 weeks—green, 4 weeks—dark green). (B) Prevalence of the shuffled

bond locations normalized to the total number of shuffled bonds for bevacizumab

OR (0 week–peach, 2 weeks—orange, 4 weeks—red orange) and BS (0 week—teal, 2

weeks—green, 4 weeks—dark green) (N = 3, mean ± SD, 2-way ANOVA, *p < 0.05, **p

< 0.01, ***p < 0.001, ****p < 0.0001).

which had no detectable trisulfides. These were most commonly found at position Cys22-

Cys96 in the variable region of the antibody, which is an expected disulfide bond location

(Figure 3.4B).

3.3.3 Protein Degradation Measurement by SEC

Since our research hypothesis hinges on the fact that stressed proteins degrade and, in

doing so, increase their propensity for disulfide bond shuffling, we wanted to verify that

we were indeed seeing protein degradation via more traditional chromatography meth-

ods. To track protein degradation over time, we measured the changes in percent aggre-

gates, fragments and monomer for each sample type by size exclusion chromatography

(Figure 3.5; Table 3.1). In this study we observed a small increase in aggregates from 0 to 4

weeks for the rituximabs: 0.76 ± 0.02% to 1.37 ± 0.08% for the originator and 2.11 ± 0.05%

to 2.41 ± 0.11% for the biosimilar. We also measured more fragments than aggregates ini-

tially in rituximab, with fragment formation in the rituximab samples slightly increasing

over time. The originator fragment contribution increased from 6.76 ± 0.24% (0 weeks)

to 7.61 ± 0.24% (4 weeks) and the biosimilar fragment contribution increased from 7.09 ±
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Figure 3.5: Representative SEC chromatograms at 214 nm for 15 µg of antibody. (A) Rit-

uximab OR at 0 (pink), 2 (red) and 4 (purple) weeks; (B) Rituximab BS at 0 (light blue),

2 (blue) and 4 (navy) weeks; (C) Bevacizumab OR at 0 (peach), 2 (orange), and 4 (brown)

weeks; (D) Bevacizumab BS at 0 (teal), 2 (green) and 4 (dark green) weeks. Stressed sam-

ples were shaking at 240 RPM, incubating at 37°C for 2 or 4 weeks. Chromatograms are

zoomed in to depict the increase in aggregates and/or fragments detected in each sample

across each timepoint.

0.05% (0 weeks) to 8.02 ± 0.38% (4 weeks). Conversely, we observed that the bevacizumab

samples had more degradation in the form of aggregates. From 0 to 4 weeks the relative

contribution of aggregates for the bevacizumab originator increased from 2.91 ± 0.39% (0

weeks) to 7.09 ± 0.37% (4 weeks) and for the biosimilar, 3.30 ± 0.06% (0 weeks) to 10.60

± 0.52% (4 weeks). There were fragments present in the bevacizumab samples, but those

stayed relatively steady over time. The originator fragment contribution was 1.76 ± 0.06%

at 0 weeks and 1.78 ± 0.01% at 4 weeks. The biosimilar fragment contribution was 1.91 ±

0.07% at 0 weeks and 1.75 ± 0.01% at 4 weeks.

We noticed that there was a greater decrease in the percent monomer for bevacizumab

compared to rituximab (Table 3.1). The percent monomer for the rituximab originator

changed from 92.48 ± 0.26% to 91.03 ± 0.26% and the biosimilar changed from 90.79% ± 0.01

to 89.57 ± 0.50% over the course of 4 weeks. The percent monomer for the bevacizumab

originator changed from 95.34 ± 0.33% to 91.14 ± 0.38% and the biosimilar changed from
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Table 3.1: SEC data depicted as average % concentration contributions of monomer, ag-

gregate, fragment peaks (N = 3, mean ± SD). Aggregates and fragments include summa-

tions of multiple peaks, where applicable. Stressed samples were shaking at 240 RPM,

incubating at 37°C for 2 or 4 weeks. All samples were diluted to 1.5 mg/ml to load 15 µg

of antibody on the column. N = 3, mean ± SD, 2-way ANOVA, *p < 0.05, **p < 0.01, ***p

< 0.001, ****p < 0.0001. *Denotes statistical significance of BS, compared to OR, at same

timepoint for the same protein type.

94.78 ± 0.02% to 87.65 ± 0.53% over the course of 4 weeks. The larger reduction in percent

monomer confirmed that the bevacizumab degraded more over time relative to rituximab.

Given our hypothesis, this would be expected because bevacizumab had higher levels of

shuffled disulfide bonds.With regards to biosimilar vs. originator comparisons, we noticed

more significant differences between the two for bevacizumab than for rituximab. The

biosimilar bevacizumab had a larger formation of aggregates, thus a smaller average %

monomer, when compared to the originator bevacizumab.

While aggregation and fragmentation are both degradation products, it is interest-
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ing that the two IgG1s had differing degradation profiles. Then again, the two proteins

varied in their LC-MS/MS disulfide bond profiles. Bevacizumab had more shuffled bonds

appear over time under stressed conditions compared to rituximab. This correlates with

the greater percent decrease in monomer for bevacizumab as detected by SEC across the

4-week incubation. We also saw similarities in the LC-MS/MS disulfide bond trends over

time between biosimilar and originator drugs for both rituximab and bevacizumab. These

trends were further confirmed by the SEC data.

3.3.4 Protein Degradation Characterization by SDS-PAGE

As an orthogonal method to SEC, we completed SDS-PAGE at varying protein concen-

trations. Shown in Figure 3.6 is a gel that contains data from all of the samples across the

different stressed and unstressed timepoints. The monomer bands are at ∼150 kDa, which

matches the molecular weights of intact rituximab (145 kDa) and bevacizumab (149 kDa).

We observed more aggregates in the bevacizumab samples at a molecular weight of

∼240 kDa compared to the rituximab samples. The aggregate contributions also increased,

yielding darker gel bands, in the stressed samples for both the bevacizumab originator

and biosimilar. This matches our SEC data and continues to exemplify how exposure to

stressed conditions degrades antibodies. We also saw fragments present at ∼115 and ∼85

kDa in both proteins. Since we used SDS-PAGE as a qualitative orthogonal method, we

did not determine exactly which fragments these bands corresponded to. The fragment

bands at 115 kDa were consistent and prominent for rituximab. The fragment bands at 85

kDa increased, becoming darker, across the 0, 2 and 4-week samples for rituximab. The

fragment bands at 115 and 85 kDa were similar across the bevacizumab originator. The

fragments at 115 and 85 kDa were larger in the 0-week bevacizumab biosimilar sample

compared to the 2 and 4-week sample, but this could be accounted for by differences in

the protein concentration loaded on the gel. In general, this SDS-PAGE data matches the

SEC data. Both protein types also have a variety of other less abundant fragments below
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Figure 3.6: SDS-PAGE of representative 0.25 mg/ml samples for bevacizumab OR and BS

and rituximab OR and BS depicting the fragmentation and aggregation of the samples at

each timepoint. Samples were incubated 0, 2 or 4 weeks at 37°C, shaking at 240 RPM.
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the main monomer band at ∼150 kDa.

3.4 Discussion

By performing the semi-automatedmass spectrometrymethod for characterizing disul-

fide bonds, as well as the SEC and SDS-PAGE methods, we were able to more seamlessly

identify how bevacizumab and rituximab differ in their disulfide bond profile and degra-

dation propensity. Low levels of shuffled disulfide bonds were detected in both antibodies.

The total amount of shuffled bonds and changes in shuffled bond levels over time differed

between rituximab and bevacizumab. Similarly, both antibodies showed degradation over

the course of the 4-week incubation, but the two varied in how they changed over time.

Rituximab maintained relatively consistent, low levels of disulfide bonds throughout

the duration of the stress experiment. At 4 weeks, we detected only 0.51 ± 0.11% shuffled

disulfide bonds for the originator and 0.35 ± 0.08% for the biosimilar. Bevacizumab had

higher levels of disulfide bond shuffling initially, averaging 0.58 ± 0.08% relative contri-

bution for the originator and 1.62 ± 0.78% relative contribution for the biosimilar. By 4

weeks, the average relative percent contribution of shuffled disulfide bonds reached 1.46

± 1.10% for the originator and 1.25 ± 0.20% for the biosimilar. We attribute the higher rela-

tive percent contribution of shuffled bonds in the 0-week bevacizumab biosimilar sample

to analytical variability, especially given the low levels at which we are measuring, and

sample size (N = 3).We did see an increase in shuffled bond contribution between the 2 and

4-week samples. This suggests that the biosimilar should follow similar disulfide shuffling

trends compared to the ones we observed in the originator. We also identified trisulfide

bonds in all of the bevacizumab samples but none of the rituximab samples. This perhaps

points to poor bevacizumab manufacturing conditions, as trisulfide bonds are indicative

of unhealthy cell cultures. [74, 75]

In the end, there was no statistically significant difference across the timepoints and

between the originator and biosimilar for each protein. To further confirm this finding, we

63



would need to perform these studies on additional lots of each drug product. However, that

does not discount the fact that we were seeing increases in the average relative percent

contribution of shuffled bonds, especially in the bevacizumab samples. After all, under

neutral or slightly acidic conditions, disulfide bond shuffling should be minimal. [126,

128] Therefore, increases in shuffled bond contributions at low levels can still support our

hypothesis—as a protein unfolds during degradation, buried cysteine residues are exposed

and can participate in disulfide bond shuffling. Additionally, the higher levels of shuffled

disulfide bonds present in the bevacizumab samples compared with the rituximab samples

suggest that bevacizumab is overall less stable, thus more prone to degradation.

While the disulfide bond data indicated that bevacizumab has lower stability and, sub-

sequently, a greater chance for degradation to occur, the SEC and SDS-PAGE data told their

own version of the story. As depicted in Figures 3.5, 3.6 and Table 3.1, bevacizumab was

more likely to aggregate than fragmentwhen exposed to stresswhile the oppositewas true

for rituximab. In comparing biosimilars with their originators, we generally saw similar

trends. We detected more significant differences between the bevacizumab biosimilar and

originator with regards degradation overtime when compared with rituximab. According

to our SEC data, the biosimilar bevacizumab had a greater increase in the % contribution

of aggregates after the 2- and 4-week incubations. This also translated to an average lower

% monomer for the biosimilar bevacizumab compared with the originator bevacizumab. It

is not yet understood exactly why we are seeing these differences in degradation patterns,

both between biosimilars and originators and across different IgG1s, but the variability in

degradation is interesting given that all of the studied proteins are IgG1s. It should be

noted, though, that to further bolster our findings and ensure that intra- and inter-batch

variability are not dictating our results and theorized trends, we need to perform these

same studies on more than one lot per originator and biosimilar. Nevertheless, these ini-

tial studies are important for proof of concept and give us an idea of what trends we may

expect. They also exemplify the uniqueness and complexity of protein therapeutics, as
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well as documents how not all IgG1s can be expected to act similarly.

Although bevacizumab and rituximab differed in how they responded to stress condi-

tions, the broad applicability of our methods made it possible to run samples from both

proteins in tandem. The disulfide bond LC-MS/MS method was instrumental in showcas-

ing how we can more efficiently characterize unexpected disulfide bonds in monoclonal

antibodies. The established SEC and SDS-PAGE methods were critical in demonstrating

the variability in degradation pathways across IgG1 therapeutics. By combining these

methods, we were able paint a full picture on the stability of IgG1 therapeutics exposed

to normal and stressed conditions.

In conclusion, our use of a semi-automated, streamlined approach for identifying,

characterizing and quantifying disulfide bonds on rituximab and bevacizumab has al-

lowed us to more fully understand differences in the aggregation/ degradation propen-

sity between drugs of the same IgG subclass. Many published studies have characterized

aggregation/degradation profiles of these and other IgG1 therapeutics, but few have fo-

cused on providing, improving and/or optimizing methods by which to measure disul-

fide bond shuffling. Based on our data, disulfide bond shuffling does occur in IgG1s, even

when they are unstressed. As the proteins are exposed to prolonged heat and shaking, a

greater level of shuffling occurs. Similarly, we noticed that disulfide bond shuffling trends

matched those of protein degradation, as measured by SEC and SDS-PAGE. This bol-

sters our hypothesis that as proteins unfold during degradation, exposing buried cysteine

residues, they increase their likelihood to form shuffled disulfide bonds. While we recog-

nize that correlation is not causation and other factors could be influencing IgG1 degrada-

tion propensity, this initial study justifies our further exploration into how disulfide bond

shuffling and protein degradation may be linked.

The implementation of our semi-automated LC-MS/MS method, SEC and SDS-PAGE

during antibody development can be useful to a number of stakeholders including the

pharmaceutical industry and regulatory agencies. By identifying shuffled disulfide bonds
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upfront, companies can save themselves the inevitable headache that will occur if a prod-

uct fails to meet its designated specifications. This would be especially beneficial to the

pharmaceutical industry as disulfide bond characterization is a CQA that is monitored

during the development of new therapeutics and biosimilars. Companies can also reduce

project related time, money and operator variability by implementing robotics and estab-

lished MS data processing workflows in their protein characterization. With regards to

regulatory agencies, our experimental workflow can become a standardized way to char-

acterize expected and shuffled disulfide bonds within a protein therapeutic. Providing a

standardized disulfide bond identification method in product specific guidances would

help streamline the approval of BLAs. In sum, our methodology for identifying, quan-

tifying and characterizing disulfide bonds and protein degradation profiles provides the

groundwork necessary to further standardize such methods across the pharmaceutical

industry and regulatory bodies.
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CHAPTER IV

Comparison of Glycan Profiling Methods for mAbs

This chapter describes our study comparing five glycan analysis methods using NIST

mAb as our standard with further application in Herceptin
®
and its biosimilars Kanjinti

®

and Ogivri
®
. We initially profiled the glycans on NIST mAb using three released gly-

can FLR kits, peptide digestion followed by LC-MS/MS and intact MS. As the digestion

followed by LC-MS/MS method was the most sensitive of the methods, we used that to

compare glycan profiles across the trastuzumabs. From this project we found that while

approved biosimilars aremay be similar to their reference product, they can be statistically

different from their competitors. This chapter is based on a manuscript in preparation for

mAbs.

4.1 Introduction

Critical quality attributes (CQAs) are physical, chemical, biological or microbiological

properties or characteristics that must be within an appropriate limit, range or distribu-

tion to ensure desired product quality, safety and efficacy. [145] For monoclonal antibody

(mAb) therapeutics, there are many CQAs ranging from excipient content to pH to sub-

visible particles to charge-related variants and beyond. [129] One CQA of interest for our

group as well as for industry and regulatory bodies is N-glycosylation. [94]

N-glycosylation is omnipresent on the Fc portion of therapeutic IgG1 mAbs. Given
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its widespread presence and location, N-glycosylation dictates structural and functional

characteristics of mAbs. Since N-glycans have varying sugar compositions or motifs, they

are heterogenous in their therapeutic impact. [37] There are certain compositions within

glycans, herein referred to as glycan types, that are known to influence a mAb’s func-

tionality and safety. The glycan types that are of particular interest to our group in-

clude (a)fucosylated, mannosylated, sialylated (sialic acid), galactosylated, and bisecting

N-acetylglucosamine (GlcNAc). While these are generally less abundant glycans, their

impact on a mAb can be great.

Table 4.1 gives a brief overview of these five glycan types and their impact on the

functionality and safety, or immunogenicity, of mAbs. Fucosylated glycans can reduce

an antibody’s Fc binding affinity. This is attributed to the steric hindrance that the pres-

ence of fucose provides. Reduced binding affinity results in diminished therapeutic ef-

ficacy, primarily through reduced antibody-dependent cellular cytotoxicity (ADCC) and

complement-dependent cytotoxicity (CDC). Thus, afucosylated glycans are generally pre-

ferred as they enhance ADCC and CDC,mechanisms of action for many therapeutics IgG1

mAbs. [34, 49, 50]

Mannosylated, or highmannose, glycans are an example of an afucosylated glycan that

can enhance ADCC. However, mannosylated glycans can increase the clearance rate of

the drug due to their recognition by endogenous mannose (ManR) and asialoglycoprotein

(ASGPR) receptors. [50] Upon recognition of the high mannose glycan, the endogenous

receptors bind, uptake, and degrade the high-mannose containing mAb. This results in a

decrease in the number of therapeutic mAbs in circulation and, in turn, an overall increase

in the therapeutic clearance rate. [34,49,50] Increased clearance rates are problematic be-

cause they require more frequent dosing in order to achieve the therapeutic levels. Addi-

tionally, the formation of anti-drug antibodies, hallmarks of immunogenicity and patient

safety concerns, can occur more rapidly if the therapeutic is readily recognized. [50–53]

Sialylated glycans, which contain sialic acid, can be both beneficial and detrimental to

68



patients. They can be beneficial in that they initiate anti-inflammatory effects by upreg-

ulating Fc𝛾RIIb, an immune checkpoint that suppresses immune responses. For patients

with autoimmune diseases, this can reduce the inflammation and swelling associated with

their disease. For patients with cancer though, this can inhibit the immune response in

tumor micro environments, allowing the malignancy to survive. In fact, there is even a

new clinical-stage Fc𝛾RIIb antibody being developed by BioInvent targeting Fc𝛾RIIb. [57]

It aims to improve the outcome of current antibody treatments like trastuzumab or ritux-

imab by enhancing efficacy and overcoming current resistance challenges. Additionally,

sialic acids have been associated with reduced Fc𝛾RIIIa binding and ADCC. Non-human

sialic acids, like the murine-derived sialic acid, NGNA, may also potentially increase im-

munogenicity. [34, 49, 50, 58, 59]

Galactosylated glycans, which have a terminal galactose, are known to increase ADCC

and CDC through enhanced Fc𝛾RIIIa binding. Their role in enhancing CDC ismore promi-

nent as there is high affinity for C1q, a critical component of the complement cascade,

to galactosylated glycans. Galactose has also been affiliated with anti-inflammatory re-

sponses by binding to Fc𝛾RIIb. Terminal galactose may increase the clearance rate of

mAbs as well because the asialoglycoprotein receptors can recognize and bind galac-

tose. [34, 49, 50, 59]

Bisecting GlcNAc glycans increase binding affinity to Fc𝛾RIIIa and therefore enhance

ADCC. It is still unknownwhether this phenomenon is due to the presence of the bisecting

GlcNAc or due to the lack of fucose. [34, 49, 50] Bisecting GlcNAc has also been classified

as a proinflammatory trait in autoimmune diseases such as Crohn’s Disease. This can

perhaps be linked to methylation, which is related to disease progression and pathogensis

of Crohn’s disease. [60]

To detect, identify and quantify these and other, more abundant glycans on mAbs,

researchers conduct a number of methods. Some methods include intact mass spectrome-

try (MS), intact and denatured MS, IdES enzyme treatment for subunit analysis via liquid
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Table 4.1: List of glycan sugar types and their influence on therapeutic mAb efficacy and

safety.

chromatography – tandem mass spectrometry (LC-MS/MS), peptide digestion and subse-

quent analysis via LC-MS/MS, and released glycan kits analysis via liquid chromatogra-

phy – fluorescence (LC-FLR) and/or LC-MS. [5,65] Other MS techniques such as electron

spray ionization mass spectrometry (ESI-MS), ion-mobility mass spectrometry (IM-MS),

capillary electrophoresis mass spectrometry (CE-MS) and matrix-assisted laser desorp-

tion ionization mass spectrometry (MALDI-MS) have also been conducted to determine

glycoforms. [67, 146, 147] As if the current options were not enough, one group is modi-

fying current HILIC-MS libraries to overcome current limitations by using accurate mass

values instead of glucose units and retention times. [148]

Despite measuring the same target species, these methods yield differing results with

regards to relative glycan contribution. The result output variability can be attributed

to differences in the sensitivity, resolution, reliability and reproducibility of each method.

User-specific and site-specific variability, which our group experienced first-hand asmem-

bers of a second multi-institution NIIMBL study characterizing glycans on the NIST mAb,
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are also known to affect data outcomes. [149]

Understanding why there is variability across orthogonal methods is important, but it

is only half of the battle. In order to confidently and consistently characterize glycans on

antibody therapeutics, there needs to be a consensus on how to best identify and quantify

glycans. Although there are multiple publications comparing the glycosylation analysis

techniques used for mAbs, there are no glycan characterization “best practices” that are

followed by all biologics developers. [66–70] However, with the reauthorization of Biosim-

ilars User Fee Amendments (BsUFA III) in 2022, there is now a push from regulators to

improve upon biologics development guidances. In early 2023, the FDA published a re-

search roadmap that establishes goals for the BsUFA III regulatory science research pilot

program. [150] Broadly, these goals are to advance the development of interchangeable

products and improve the efficiency of biosimilar product development. To achieve these

goals, the FDA is seeking to increase the accuracy and capability of analytical (structural

and functional), and chemistry, manufacturing, and controls (CMC) characterizations. In

doing so, the FDA is studying approaches for standardizing the assessment and report-

ing of product quality attributes, characterizing relationships between product quality

attributes and clinical outcomes, and improving and/or developing new analytical tech-

nologies for protein characterization. [150] As recipients of a BsUFA grant, we have been

working closely withmembers of the FDA to establish ways in which to further the BsUFA

research program’s goals.

Glycans provide a great starting point for standardizing assessment and reporting

methods given the aforementioned influence of glycans on drug safety/efficacy, as well

as associated challenges in current glycan analysis practices. Challenges in glycan anal-

ysis arise not only from inconsistencies across reported method outcomes, but also from

knowledge gaps on the acceptable limits of low abundance glycans. Understanding ac-

ceptable limits for glycans, especially those associated with potentially negative clinical

impacts, is paramount for the biologics industry. Glycan acceptance criteria may dictate
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whether a project can advance into later development or submission stages. Further clarity

on these limitations could also benefit biosimilar developers. If biosimilars yield desirable

glycan profiles with acceptable deviations from the innovator, and do not have impact in

vitro efficacy, the perhaps this evidence could justify reducing and/or eliminating phase 3

bioequivalency clinical studies of biosimilars.

Given the criticality of correctly characterizing glycans, we have begun studying and

comparing the current methods by which to identify and quantify on mAb therapeu-

tics. Our studies have comprised of released glycans analysis via commercial kits – 2AB

Express (2AB), RapiFluor-MS (RF) and InstantPC (PC)– and LC-FLR, intact MS, and pro-

tein digestion followed by LC-MS/MS. For our initial study, we performed all methods on

the NIST mAb. This provided the foundational knowledge necessary to understand the

expected resolution, sensitivity, reproducibility and reliability of each method. Studying

NIST mAb also allowed us to compare our results with published glycan profiles.

As the closest thing to a mAb standard, the NIST mAb has been well-characterized

by a number of different groups across numerous methods. What is worth noting, and

what corroborates our point earlier, is that no glycan characterization “best practices”

exist. The initial interlaboratory study conducted by NIST exemplifies this well. Of the

103 reports from the 76 groups that participated in the study, 74% performed released

glycans methods (2-AA, InstantAB, InstantPC, or RapiFluor with fluorescence detectors),

20%monitored glycopeptides via LC-MS, CE-MS orMADLI-MS, and 6%measured glycans

on the intact protein or protein fragments, again using LC-MS. The majority of industrial

contributors analyzed released glycans whereas the majority of academic institutions an-

alyzed glycopeptides. Due to the disparities in method choice, the number of unique gly-

cans identified ranged from 4-48. [149]

Aside from the interlaboratory study, there are other labs that have published NIST

mAb glycan data using a variety of methods. In a 2015 American Chemical Society book

chapter, Prien et al. described how they used a National Institute for Bioprocessing Re-
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search and Training (NIBRT) glycomics platform to assess the repeatability of NIST mAb

glycan identification across 6 separate days. [151] In this platform they implemented a

Hamilton liquid handling robot for sample preparation and HILIC separation with FLR

detection. Using this method, they were able to detect 24 unique glycans with standard

deviations of ≤ 0.4% for peak areas ≥ 0.5% of the total peak area. They also described addi-

tional techniques including fluorescent labeled released glycans, HILIC peak fractionation

followed by reversed phase LC-FLR-MS, and LC-MS based peptidemapping. In aworkflow

using 2-AA to label the released glycans, followed by HILIC separation, FLR detection and

ion-trap MS analysis, the group identified 29 glycans. They explained that differences in

the numbers of glycans identified could be due to co-eluted glycans in the NIBRT method

that were able to be resolved in the HILIC fractionation method. [151] Again, this show-

cases how the choice of method used can influence the number of glycans identified.

Those examples do not standalone. A paper by Zhao et al. discussed glycopeptide pro-

filing after tryptic digestion. They identified 42 glycopeptides, however, of those only 24

were ≥ 0.05% relative abundance. [152] The lower abundance ones are more questionable,

especially since their % coefficient of variance values were extremely high – sometimes

more than 100%. Another paper by Hilliard et al. reported the identification of 35 gly-

cans with relative abundances ≥ 0.1% using the RapiFluor released glycan method. [153]

Clearly, the range of methods and, subsequently, the range of results is large enough to

warrant further research into method standardization.

Although performing NIST mAb glycan analyses using the same site and same scien-

tist for future method standardization is important, we wanted to expand our research be-

yond the NIST mAb. Therefore, we subsequently applied these techniques to Herceptin
®

and its biosimilars Kanjinti
®
and Ogivri

®
to showcase how there is variability in lower

level glycans (i.e. afucosylated, high mannose, sialic acid) across biosimilars. While the

biosimilars have been approved because they are similar enough to Herceptin
®
, differ-

ences between the glycan profiles of multiple biosimilars could indicate problems in the
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future with therapeutic switching in patients.

The results from our glycan analysis comparison study reaffirmed the presence of vari-

ability betweenmethods in regards to relative glycan contributions. They also highlighted

the differences in lower-level glycan abundances for Herceptin
®
and two of its biosimilars.

In sum, the glycan data presented here emphasizes experimental expectations, limitations

and nuances for several glycan analysis methods tested against multiple mAbs. This data

can be used in improving current biologics development and approval practices by setting

the foundation for future method standardization and validation, spurring the creation of

related biologic development guidances, and justifying the reduction of burdensome phase

3 clinical studies for biosimilars.

4.2 Materials and Methods

4.2.1 mAb Sample Information

NIST mAb was provided by NIIMBL in 800 uL aliquots of 10 mg/mL mAb in its na-

tive formulation buffer. Herceptin
®
(trastuzumab), Kanjinti

®
(trastuzumab) and Ogivri

®

(trastuzumab) were all procured from the University ofMichigan hospital pharmacy. They

are provided as 100 mg lyophilized powders for reconstitution. All samples were run in

triplicate for each method.

4.2.2 Released Glycan Commercial Kits

4.2.2.1 Sample Preparation

GlyX N-glycan prep with 2-AB Express (Agilent, Santa Clara, CA), Glycoworks Rapi-

Fluor-MSN-glycan kit (Waters,Milford,MA) andGlyXN-glycan prepwith InstantPC (Ag-

ilent, Santa Clara, CA) were purchased through their respective vendors. The RapiFluor-

MS and Instant-PC kits were for 96 samples while the 2-AB Express kit was for 24 samples.

For the RapiFluor-MS samples, we used a RapiFluor labeled dextran ladder (Waters) as our
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standard. For the 2-AB samples, we used a 2-AB labeled dextran ladder (Waters) as our

standard. For the InstantPC samples, we used the InstantPC (Agilent) as our standard.

Due to buffer incompatibilitywith the kits, NISTmAbwas buffer exchanged intowater

using 0.5mL, 10 kDa MWCO Amicon spin filters and further concentrated to 2 mg/mL.

Protein concentrations after centrifugation were then recorded using the protein A280

IgG setting on a NanoDrop. The trastuzumab samples were reconstituted in water at a

protein concentration of 2 mg/mL. Protein concentrations after centrifugation were then

recorded using the protein A280 IgG setting on a NanoDrop.

After buffer exchanging or reconstituting the samples, vendor protocols were followed

to perform the released glycan assays. The three kits used for sample preparation and anal-

ysis were GlyX N-glycan prep with 2-AB Express (Agilent, Santa Clara, CA), Glycoworks

RapiFluor-MS N-glycan kit and GlyX N-glycan prep with InstantPC (Agilent, Santa Clara,

CA). The eluted released glycans were collected upon completion of the assay and were

either run on the LC-FLR-MS on the day of the sample preparation or were frozen at –20°C

until analysis, as recommended in the vendor protocols. If samples were frozen, they were

thawed within a week of preparation and analyzed via LC-FLR-MS on the same day as

their freeze-thaw.

4.2.2.2 LC-FLR-MS

For the LC-FLR-MS, we created methods based on the vendor recommended methods

provided for each kit. The methods were similar for all 3 kits with some minor variations.

The instrument system was a Waters Acquity H Class HPLC interfaced with a Waters

fluorescence detector and a Waters Xevo G2-XS QTOF. The column used for all kits and

samples was a Waters ACQUITY UPLC Glycan BEH Amide, 130 Å, 1.7 µm, 2.1 x 150 mm

column kept at 60° C. The flow rate was 0.4 mL/min over the 60-minute run time. We

injected 1 uL on column for the labeled samples. A gradient method was used with in-

creasing amounts of aqueous phase over time from 25% up to 100% then back to 25% for
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equilibration. Mobile phase A was 50 mM ammonium formate pH 4.4 and mobile phase

B was 100% acetonitrile. For 2AB Express, the fluorescence excitation wavelength was

360nm and emission wavelength was 428nm. For RapiFluor-MS, the fluorescence exci-

tation wavelength was 265nm and emission wavelength was 425nm. For InstantPC, the

fluorescence excitation wavelength was 285nm and emission wavelength was 345nm.

For all samples, the following qTOF parameters were used: positive mode, capillary

voltage 2.8 kV, cone voltage 30 V, source temperature 120 °C, desolvation temperature 350

°C, scan time 0.8 second, and m/z range 300-2,000 Da.

4.2.2.3 Data Processing

We processed our samples using Waters’ UNIFI software for released glycan analy-

sis. We first identified glucose units by setting the labeled Dextran ladder as our standard.

Then the UNIFI software was able to determine glycan identity based on the glucose units

and retention time detected by the LC-FLR system (Figure 1). We also mass confirmed the

glycans using the QTOF m/z values. As there was no Dextran ladder for InstantPC, we

manually integrated the fluorescence peaks in UNIFI to quantify glycans and compared

fluorescence peak retention times and m/z with the InstantPC standard to identify the

glycans. Therefore, we could only identify confidently 8 glycans. There were more peaks

integrated on the FLR spectra, but even with the m/z values it was challenging to assign

glycan identities with high certainty. Thus, we elected to omit any inferred glycan iden-

tities based on m/z.

4.2.3 Intact MS

The samples were diluted to 1 pmol/ uL with water. Five pmol of protein were loaded

onto the column in a 5 uL injection. A 9-minute gradient with an increasing percentage of

organic solvent from 2% to 20% was used. Mobile phase A was 0.1% formic acid in water

and mobile phase B was 0.1% formic acid in acetonitrile. The flow rate was 50 ul/min and
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the column was kept at 60°C. The mass spectrometer was operated in full scan, positive

ion mode with an in-source CID at 45 eV. The scan range was 1000 – 4000 m/z with 10

microscans per second. The resolution was 17,500, ACG target was 3x10
6
and the max IT

was 250 ms.

An Acquity M Class HPLC (Waters, Milford, MA) was interfaced with a Q-Exactive

mass spectrometer (ThermoFisher, Waltham, MA) for intact MS data acquisition. The col-

umn used was a XBridge Protein BEH C4 column, 300A, 3.5 um, 2.1 mm x 50 mm (Waters,

Milford, MA). Byos Intact workflows (Protein Metrics Inc., Cupertino, CA) were used to

process data and identify and quantify glycans.

4.2.4 Peptide Mapping

4.2.4.1 Protein Digestion

An AccuMAP Low pH Protein Digestion kit (Promega Inc., Madison, WI) was pur-

chased to perform the protein digestion for peptide mapping. The digestion process was

conducted using an AssayMAP Bravo liquid handling platform (Agilent, Santa Clara, CA).

Samples were prepared following the vendor’s AccuMAP Low pH Protein Digestion

protocol for 5 mg/mL protein samples. The only deviation from the protocol was changing

the concentration of iodoacetamide from 300 mM to 100 mM and increasing the volume

of the iodoacetamide added from 2 uL to 6 uL per sample. This adjustment was made to

accommodate the AssayMAP Bravo pipetting volume limitations. Samples were left incu-

bating at 37° C overnight upon addition of the trypsin and Lys-C. The following morning,

samples were acidified with 20% TFA and were purified using C18 solid phase extraction

cartridges on the AssayMAP Bravo. For purification, the equilibration/utility buffer was

0.1% formic acid and the priming/syringe wash and elution buffers were 80% ACN in 0.1%

FA. We eluted 50 uL of sample at a flow rate of 5 uL/ min.

The peptide concentration of each sample was measured using a Pierce Fluoromet-

ric Quantitative Peptide Assay (ThermoScientific, Waltham, MA). The sample were then
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normalized to 0.1 ug/uL using the AssayMAP Bravo with 0.05% TFA as the diluent. After

normalization, 500 ng sample were loaded onto the column for LC-MS/MS analysis.

4.2.4.2 LC-MS/MS and Data Processing

An Acquity M Class HPLC (Waters, Milford, MA) was interfaced with an Orbitrap

Exploris mass spectrometer (ThermoFisher, Waltham, MA) for peptide mapping data ac-

quisition. The column used was Luna C18 column (Phenomenex, Torrance, CA). Samples

were run using a 30-minute gradient with 0.1% formic acid in water as mobile phase A and

0.1% formic acid in acetonitrile as mobile phase B. The gradient gradually increased the

amount or organic from 2% to 90% throughout the run before equilibrating at 2% mobile

phase B. Ten uL, equivalent to 500 ng of protein, were injected on the column at room

temperature and flowed at a rate of 0.350 uL/min. The Orbitrap was operated in positive

ion mode at a resolution of 6000 and scan range of 300-1600 m/z. The RF lens was set to

40%, normalized ACG target set to 300%, mass tolerance set to 10 ppm, intensity threshold

set to 5.0E3 and charge state set to 2-6. The HCD collision energy was set at 30% using

a fixed, normalized collision energy mode. Byos PTM workflows (Protein Metrics Inc.,

Cupertino, CA) were used to process data and identify and quantify glycans.

4.3 Results

4.3.1 Released Glycan Kits with NIST mAb

Figure 4.1 depicts a 2AB fluorescence chromatogram. From this chromatogram we

can see that most peaks we detected by the UNIFI software automatically. Peaks that

were not automatically detected, like the second isomer peak for G1F at 21 minutes, were

manually integrated later. We also noticed that in general, the PC FLR traces and MS

spectra had better resolution between peaks, higher signal intensity and better overall

sensitivity, especially when we zoomed in on the smaller peaks. However, without access
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Figure 4.1: Example NIST mAb fluorescence chromatogram with glycans labeled with

the 2AB express kit. Glycans were identified using a UNIFI algorithm based on a Dextran

calibration ladder. Highlighted at a retention time of 16 minutes is the F(6)A2 glycan, or

G0F, which is expected to have the highest signal for NIST mAb.

to an analysis software that can perform a direct head-to-head comparison between PC,

2AB and RF, it is challenging to make quantitative claims about differences in sensitivity

and resolution across all three methods.

Nevertheless, our observations that all three kits had varying signal intensities and

peak shapes, leading to differences in sensitivity and resolution, were supported by quan-

titative differences in the number and type of glycans identified (table 4.2). InstantPC had

the highest average number of total glycan peaks identified (19) while 2AB and RF were

comparable in their number of glycans identified at 16.33 and 16.67 glycans, respectively.

The more common glycans such as G0F, G1F and G2F were similar in average normalized

% area across all 3 methods. For example, G0F had average normalized % areas of 39.92

(2AB), 40.10 (RF) and 38.17 (PC). Likewise, for G1F we saw values of 40.99 (2AB), 39.58

(RF), 36.70 (PC) and for G2F we saw values of 8.33 (2AB), 7.42 (RF) and 7.21 (PC). How-

ever, when it came to lower abundance glycans, there was greater variability not only in

79



Table 4.2: Comparison of the total number of glycans, broken down by glycan type, de-

tected on NIST mAb via the five methods. N = 3; shown is mean ± standard deviation.

the number of glycans detected but also in the identities UNIFI assigned to these glycan

peaks.

Lower abundance glycans are important because often times they are the ones that

can influence therapeutic efficacy and safety in patients. As described in the introduction,

glycans we were particularly interested in monitoring were afucosylated, mannosylated,

sialylated, galactosylated and bisecting GlcNAc. As shown in figure 4.2, there was vari-

ability across the methods in their ability to detect relative % contribution of different

glycan types. Relative % contribution was calculated across all integrated peaks, includ-

ing ones that were not automatically identified by the UNIFI software but were manually

integrated.

Based on UNIFI outputs, 2AB yielded the highest relative % contribution of mannosy-

lated (2.20 ± 0.02), sialylated (1.37 ± 0.38), and bisecting GlcNAc (0.57 ± 0.02) glycans. PC

yielded the highest relative % contribution of afucosylated (4.03 ± 0.12) glycans and RF

yielded the highest relative % contribution of galactosylated (3.61 ± 0.13) glycans. While

challenging to compare PC directly with RF and 2AB due to the inability to identify over
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half of the integrated peaks, it is readily apparent that RF and 2AB are different in their

ability to identify these lower abundance peaks. Theoretically, we should be seeing similar

% contribution across the methods because we are analyzing only the NIST mAb in this

case. In practice, we see minimal contributions (<1% relative contributions) for most of

our glycan types of interest in the RF samples whereas we see over 1% relative contribu-

tion in four of the five glycan types for 2AB (figure 4.2). Even for the glycans that we do

know in the PC samples, we are seeing higher contributions for afucosylated, sialylated

and bisecting-GlcNAc when compared with RF.

We recognize that we do not have a large enough sample set to state whether one

glycan kit is more robust or preferred than the others at the moment. What we can say

is that there are significant differences across the lower abundance glycan identifications

for the three kits (figure 4.2). Given the potential importance that these less abundant

glycans could have on the therapeutic’s efficacy and safety, we wanted to quantify them

in an orthogonal manner. From our prior experience and knowledge of mass spectrome-

try lower-level sensitivity capabilities, we hypothesized that LC-MS/MS would be a more

sensitive method to perform and would yield more unique glycans compared to the FLR

kits.

4.3.2 Peptide Mapping LC-MS/MS of NIST mAb

Our hypothesis held true as we were able to identify an average of 22.33 glycans via

LC-MS/MS compared with an average of 16.33 for RF, 16.67 for 2AB and 19 for PC. Ad-

ditionally, we detected glycans in all of the types we were monitoring – afucosylated,

mannosylated, sialylated, galactosylated and bisecting GlcNAc. The relative % contribu-

tion of these glycan types were under 1.5%, but the standard deviations were generally

small, giving us higher confidence that the glycans were correctly identified (figure 4.3).
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Figure 4.2: Example NIST mAb fluorescence chromatogram with glycans labeled with

the 2AB express kit. Glycans were identified using a UNIFI algorithm based on a Dextran

calibration ladder. Highlighted at a retention time of 16 minutes is the F(6)A2 glycan, or

G0F, which is expected to have the highest signal for NIST mAb.
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Figure 4.3: Relative % contribution of each glycan type for NIST mAb as identified by

LC-MS/MS after protein digestion. Glycans were identified using the Protein Metrics PTM

workflow. N=3; Error bars are standard deviation.
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4.3.3 Intact MS of NIST mAb

To further prove the better sensitivity of the protein digestion followed by LC-MS/MS,

we measured the intact MS of NIST. After processing the intact data with the Protein Met-

rics workflow, we only identified 4 unique glycans – G0F, G1F, G2F, G0F-GN (figure 4.4).

These glycans comprised 7 readily identified glycoforms bearing 2 glycans each, with

4 other potential glycoforms not confidently identified by the Protein Metrics software

(figure 4.4A). The identified glycans are all common glycans on human IgGs, which also

yielded higher abundances in the FLR and LC-MS/MS methods. Therefore, it was unsur-

prising that they were the ones readily identified by Protein Metrics after intact MS.

4.3.4 NIST mAb Glycan Profile Summary

Table 4.2 shows a summary comparison of the average total number of glycans data

collected for the five methods described. From this table, it is clear to see that the protein

digestion followed by LC-MS/MS was the most sensitive of the methods. Not only did

it yield the highest number of total glycans (22.33), but it also detected the most unique

glycans for each glycan type we monitored. From this table, it is also worth noting that

2AB, while having similar total number of glycans to RF did detect more unique afuco-

sylated, mannosylated, sialylated and bisecting GlcNAc glycans. Unlike 2AB or RF, PC

had no mannosylated or galactosylated glycans identified. However, we can explain that

due to the inability to confidently identify all integrated peaks based off of the provided

standard. As expected, the intact MS yielded the fewest number of unique glycans (4) and

therefore did not identify low level glycans.

4.3.5 Glycan Characterization of Trastuzumabs

As we are ideally trying to recommend the use of certain glycan methods, understand-

ing the sensitivity, signal intensity, resolution and reliability of each method was impor-

tant in making recommendations. Given our experience with NIST mAb, we decided to
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Figure 4.4: Relative percent contribution of glycans as detected by intact MS. (A) De-

convoluted spectra from Protein Metrics Intact workflow; (B) Visual representation of the

Relative % contribution of the detected glycans detailed in table (C). N = 3; shown is mean

± standard deviation. Note: glycans shown as pairs in the spectra were subsequently nor-

malized to depict individual glycan contribution.
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Table 4.3: Comparison of the total number of glycans, broken down by glycan type, de-

tected on trastuzumabs via the five methods. N = 3; shown is the average value.

perform protein digestion followed by LC-MS/MS as our “gold standard” moving forward

with other mAbs. We also performed the three FLR kits and intact MS on Herceptin
®

(trastuzumab) and its biosimilars Kanjinti
®
and Ogivri

®
to confirm that our NIST mAb

data trends were not protein specific.

Our results and trends across all methods for the trastuzumab samples mirrored those

of NIST mAb. For one, the LC-MS/MS method yielded the highest number of unique gly-

cans followed by FLR kits and intact MS (table 4.3). There were differences in the average

total number of unique glycans identified for the innovator Herceptin
®
(25) and its biosim-

ilars Kanjinti
®
(21) and Ogivri

®
(24.6). All had similar number of glycans identified across

the three FLR methods – anywhere from 11 to 15.67 glycans. There was no distinct FLR

kit method that was consistently identifying more glycan peaks for all of the trastuzumab

samples.

Since we determined that LC-MS/MS was the most sensitive method, we further ex-

plored differences between the types of glycans across the innovator and biosimilar trastuzum-

abs as measured by LC-MS/MS. What we discovered was that there were significant dif-

ferences in the relative % contribution of mannosylated and sialylated glycans across the

three trastuzumabs. Interestingly, the two biosimilars weremore different from each other
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Figure 4.5: Relative % contribution of each glycan type for NIST mAb as identified by

LC-MS/MS after protein digestion. Glycans were identified using the Protein Metrics PTM

workflow. N=3; Error bars are standard deviation.
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than from Herceptin
®
. For example, the relative % mannosylated for Kanjinti

®
was 1.01 ±

0.38 while Ogivri
®
was 5.95 ± 0.97. Herceptin

®
fell in the middle of both with a relative %

mannosylated of 3.05 ± 1.21. Similar trends held true for relative % sialylated and relative

% afucosylated (figure 4.5). Kanjinti
®
in general had the fewest unique glycans identi-

fied and statistically less % contribution of mannosylated and sialylated glycans whereas

Ogivri
®
had statistically higher % contribution of mannosylated and sialylated glycans

when compared with Kanjinti
®
and Herceptin

®
.

4.4 Discussion

Based on our results, we determined that the peptide mapping (protein digestion fol-

lowed by LC-MS/MS) gave us the most in-depth glycan profile. The sensitivity of the

high-resolution mass spectrometer meant that the LC-MS/MS method was able to iden-

tify more of the unique, less abundant glycans compared to the orthogonal FLR and intact

MS methods. For the NIST mAb, we identified an average of 22.33 unique glycans by LC-

MS/MS compared to 16 – 19 glycans by LC-FLR released glycan kits and 4 by intact MS.

Similarly, for the trastuzumabs we detected over 20 glycans by the LC-MS/MS method but

no more than 16 by FLR. Most importantly, the LC-MS/MS method detected glycans that

fell into the types we were interested in monitoring – afucosylated, mannosylated, sialy-

lated, galactosylated and bisecting GlcNAC. While the LC-MS/MS relative % contribution

for these glycan types was lower than that of the FLR kits for NIST mAb, the fact that it

could identify more low abundance glycans made it useful for our research.

We do want to recognize the fact that the number of glycans identified by our methods

differed from those described in the introduction. For example, for RF labeled released

glycans Hilliard et al. identified 35 glycans whereas we only identified an average of 16.67

glycans. [153] Prien et al. identified 29 glycans using a 2-AA fluorescence label, again

suggesting that we should have identified more glycans after treating samples with a

released glycan kit. [151] With regards to digestion, Zhao et al. confidently identified 24
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glycans, although they reported up to 42 potential candidates, whereas as we confidently

identified an average of 22.33 glycans. [152] The exact reasons for our generally lower

glycan identifications remains unknown. Many factors could have contributed including

sample preparation, MS method conditions, software capabilities and/or individuals’ level

of conservatism when manually identifying lower abundance glycans. Nevertheless, it

continues to bolster the idea that depending on the method, instrumentation and the user,

differing results for the same antibody can be reported.

For intact MS, our 4 unique glycans and 7 glycoforms may seem lower than expected.

However, it is still similar to the 7 glycoforms identified by Chen et al. who performed

intact MS on NIST mAb using CE-MS. [154] In the interlaboratory study, 5 specific gly-

coforms containing abundant glycans such as G0F, G1F, G2F were also reported. [149]

This further confirms that 7 glycoforms is not out of the realm of expectations for intact

MS results. Any variability again may be explained by factors ranging from instrumen-

tation sensitivity to acquisition parameters to software capabilities. It also reiterates the

conclusion that higher sensitivity can be achieved with alternative methods.

With all of this information in mind, we want to continue to emphasize the ability of

protein digestion followed by LC-MS/MS to detect less abundant glycans because those

are frequently influential to a mAb’s safety and efficacy, as described in table 4.1 and the

introduction. As shown in figures 4.2, 4.3, and 4.5, the composite relative contribution of

these glycans is frequently in the single percentage range (0-9%). Therefore, they could be

easily missed if a less sensitive, lower resolution method was performed – a phenomenon

exhibited in the intact MS data and, to some extent, the FLR data. Therefore, to capture

all glycans we would recommend peptide mapping via protein digestion followed by LC-

MS/MS. This recommendation seems to be one that many biologics companies would

agree with given the rising implementation of MS based glycosylation analysis techniques

in BLA submissions. [146]

However, given the costs associated with owning and maintaining a high-resolution
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mass spectrometer, we recognize that not every lab can attain these results. Thus, we

also highlight our experiences with the LC-FLR released glycan kits and note that the In-

stantPC kit exhibited the highest signal intensity, along with better sensitivity and resolu-

tion compared to RapiFluor and 2AB. One drawback with the InstantPC kit, as is apparent

in tables 2 and 3, is that it is not compatible with the UNIFI software for released glycan

analysis. While we had an average of 19 integrated peaks in the PC samples for NIST

mAb, and anywhere from 11 (Kanjinti
®
) to 14.33 (Ogivri

®
) peaks for the trastuzumabs,

we were unable to confidently identify them based on the LC-FLR spectra of the stan-

dard alone. Therefore, we need to employ a third-party software, such as Protein Metrics,

which has libraries built in for all common fluorescence tags, in order to directly compare

the three kits. The released glycan workflow from Protein Metrics can take the back-end

QTOF data and process it to output glycan identifications and quantifications. We plan to

complete this head-to-head comparison in the future once the Protein Metrics software

is integrated with the QTOF. It is also worth noting that other publications, including the

aforementioned ones, have reported data for different fluorescence labels that can act as

references.

With regards to Herceptin
®
and its biosimilars Kanjinti

®
and Ogivri

®
, we did notice

significant differences in the relative contribution of lower abundance glycans. We found

that the two biosimilars, Kanjinti
®
and Ogivri

®
, tended to be significantly different from

each other but not always significantly different from Herceptin
®
. This is apparent in the

mannosylated data shown in figure 5 where we observed a significantly higher % manno-

sylated for Ogivri
®
compared to Kanjinti

®
and Herceptin

®
. While there was no statistical

significance between Kanjinti
®
andHerceptin

®
with regards to %mannosylated, Kanjinti

®

was lower (1.01 ± 0.38) compared to Herceptin
®
(3.05 ± 1.21). The % sialylated had a similar

trend with Ogivri
®
being significantly greater than Kanjinti

®
and Herceptin

®
. No statis-

tical significance was detected between Kanjinti
®
and Herceptin

®
, but Kanjinti

®
was the

lowest of the three trastuzumabs.
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Similarity to Herceptin
®
is expected as these products have been approved and should

be matching Herceptin
®
closely in glycan profile. That is why it is unsurprising that there

are no differences between Herceptin
®
and Kanjinti

®
, but is it unexpected that there are

significant differences between Herceptin
®
and Ogivri

®
with regards to % mannosylated

and % sialylated glycans. However, our sample set was rather small and we only looked

at one lot per trastuzumab for the case study, which may explain these differences.

What is more interesting from this data though is that the Ogivri
®
and Kanjinti

®
ap-

pear to be more different from each other than from Herceptin
®
. Generally, most devel-

opers are concerned with their products’ comparability to the innovator rather than to

their biosimilar competitors because similarity to the reference is what matters for ap-

proval. Therefore, there are few publications discussing the glycan heterogeneity between

the multiple biosimilars for the same reference product. [155, 156] Ones that do compare

biosimilars may still focus on biosimilar comparability to innovator rather than to other

biosimilars for the same reference product. [157] Yet, the differences we noted here and

the differences Grampp et al. and Kaur et al. observed in their studies beg the question of

whether these products could be used interchangeably in the future. If they do have signif-

icantly different glycan profiles from each other, would they satisfy the safety and efficacy

requirements needed to be met for patient switching studies? Does this call into question

the acceptable range for glycan heterogeneity of biosimilars? As interchangeability is an-

other area of interest for BSUFA III, more research from our group and others needs to be

conducted in order to determine the extent to which biosimilars for the same reference

product may be significantly different from each other, yet still safe and effective. We need

to increase the number of lots studied for each protein and expand our studies into other

mAbs in order to identify trends and highlight consistent discrepancies in glycan profiles

across multiple biosimilars.

Tangential to this future work is the idea that there needs to me more dissemination

of information on “failed” mAbs products. While our data can provide the foundation for
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building out a guidance for glycan analysis, we recognize that we have only tested a small

subset of mAbs with well-characterized glycan profiles and, in the case of trastuzumab,

ones that are known to be tolerable in patients. This means we are workingwith the cream

of the crop to design a standardized set of methods. Working with approved proteins

perhaps does not appropriately account for acceptable deviations from the norm.We need

to also understand the extremes, by studying “failed” mAb products, in order to establish

goalposts and adequate ranges for acceptable glycan criteria. Currently, there is limited

public data of detailing the glycan profiles of “failed” mAb products or batches that did not

move forward due to possible concerns related to glycosylation.Without such knowledge,

it can be challenging to make statements that specific glycans are known to reduce in

vitro efficacy, pose safety concerns, alter protein folding, etc. If this “failed” mAb data was

published, it could benefit industry and the FDA alike as it may shape the acceptance

criteria ranges for glycans. It also plays a hand in the standardization and validation of

glycan analysis methods – perhaps even leading to new guidances in this field.

In a similar vein, publications on “negative clinical studies”, which would show how

despite differences in the relative contribution of mannosylated glycans, for example,

there is no clinically meaningful impact on safety or efficacy in patients, are also lacking.

Contrary to the concern about switching patients between Kanjinti
®
and Ogivri

®
given

their significantly different glycan profiles, these studies would dispel concerns about in-

terchangeability. As it stands, we can attempt to retroactively compare published clini-

cal data and determine whether there are significant differences that could point to poor

structural features. For example, we found that Ogivri
®
had significantly higher % con-

tributions of mannosylated and sialylated glycans compared with Kanjinti
®
. As described

above, these two glycans have been linked to immunogenicity and/or increased clearance

rates. Given this information, we hypothesize that there could be differences in ADA for-

mation and/or pharmacokinetics between the two biosimilars. We would expect Ogivri
®

to have more ADA formation and faster clearance rates compared with Kanjinti
®
because
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it has larger contributions of mannosylated and sialylated glycans.

When reading the Ogivri
®
European assessment report, we discovered that 9 patients

(3.9%) in the clinical study reported ADAs by week 48. Of those, only 1 patient (0.4%) had

neutralizing antibodies. Meanwhile, the Herceptin
®
studied in tandem reported overall

ADA formation in 10 patients (4.4%), of which 3 patients (1.3%) had neutralizing antibod-

ies. [158] From this study, it appears that the two drugs are highly similar and, if any-

thing, Ogivri
®
had slightly favorable immunogenicity. Yet, due to patient specific factors,

it is hard to draw a definitive conclusion as to how each individual would respond. With

regards to pharmacokinetics, Ogivri
®
did have slightly a faster half-life (6.95 days) and

clearance rate (0.296 L/day) compared to Herceptin
®
(7.02 days and 0.278 L/day, respec-

tively). [158] However, these differences were not deemed significant. Nevertheless, it is

interesting because perhaps the mannosylated glycans are having a slight impact on the

pharmacokinetics.

When looking through the Kanjinti
®
European assessment report, we had a much

harder time finding similar data. This is more evidence yet about the inability to directly

compare two biosimilars. Rather than half-lives or clearance rates, our preferred values

for direct pharmacokinetic comparison, 𝐶𝑡𝑟𝑜𝑢𝑔ℎ levels were reported in the Kanjinti
®
as-

sessment report. Kanjinti had a 𝐶𝑡𝑟𝑜𝑢𝑔ℎ of 53.5 vs. 52.8 µg/mL for Herceptin
®
during the

adjuvant phase after the sixth dose. [159] These two values suggest highly similarity

and while we observed that Kanjinti
®
had a lower % contribution of manosylated gly-

cans than Herceptin
®
, it was not statistically significant. Therefore, this data corroborates

our results. During the adjuvant phase, 0.6% of patients receiving Kanjinti
®
formed ADA

and 1.2% receiving Herceptin
®
formed ADA. None of those were reportedly neutralizing

ADA. [159] It was noted in the assessment report that these immunogenicity levels were

very low compared with other biosimilar/innovator studies. Therefore, this could call into

question the types of methods that were used to detect the ADA.

Given the inability to directly compare multiple biosimilars for the same reference
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based on retrospective analyses, clinical studies with arms for each biosimilar and the ref-

erence product would be necessary to make more confident claims. These clinical stud-

ies might be “negative” in that, in theory, they should not show significant differences

across all groups. While these would be expensive up-front, they could benefit the field

as a whole. These multiple biosimilar, “negative” clinical studies, in conjunction with new

glycan analysis guidances, could act as evidence to reduce or even eliminate burdensome

phase 3 studies, provided in vitro analyses and early phase clinical studies showed no ap-

parent concerns in safety or efficacy. Although this clinical work is out of the scope of

our group’s expertise, we could continue performing glycan characterization in tandem

with animal studies. In these animal studies we could measure pharmacokinetics, ADAs,

provided we use humanized mice, and/or therapeutic activity. The results from our glycan

analyses and subsequent animal studies could prove useful in justifying the reduction or

elimination of phase 3 clinical trials.

Our data presented here is far frommaking waves in the biologics industry. Neverthe-

less, it provides groundwork for glycan method standardization, guidance development,

and potential modifications to biosimilar clinical trial requirements. It also highlights that

there is not only variability in the data outputs from various glycan analysis methods,

but also variability in how this data can be interpreted and implemented. Our data might

be useful in clarifying interchangeability designations and requirements. On the other

hand, it might be useful in supporting claims that some significant differences in relative

contribution of low abundance glycans are not clinically meaningful. Regardless of the

final impact it makes in the field, our data comparing mAb glycans profiles identified via

LC-FLR released glycan kits, intact MS and LC-MS/MS after protein digestion can spark

conversation between stakeholders to improve current practices for glycan analysis. Fur-

ther work applying thesemethods, especially protein digestionwith LC-MS/MS detection,

on multiple innovator mAbs and available biosimilars treated under normal and stressed

conditions is needed to truly make substantial claims. As we continue expanding our data
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set with more innovators and biosimilars, we hope to provide industry, regulatory and

academic affiliates with more knowledge to draw from as they streamline their respective

areas of expertise.
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CHAPTER V

Research Summary and Future Directions

The previous chapters have highlighted our research on PTM characterization meth-

ods and in vitro functional assays for mAb products. Our overarching goals for this thesis

was to aid in enhancing the knowledge of therapeutic mAb characteristics prior to pa-

tient administration. Ideally, in doing so, we help streamline the biologics development

and approval timelines. In this final chapter we have summarized how we have met the

over arching goal, along with how we have attained other project-specific goals. We also

describe potential areas for future work to broaden the research impact.

5.1 Introduction of Concluding Thoughts

Throughout this thesis, I described characterizing PTMs on mAbs with the intention

of applying our findings to identify structure-function relationships, streamline and auto-

mate methods, highlight innovator/biosimilar differences, and establish standardized best

practices. The outcomes of each project varied, yet all emphasized the importance of an-

alyzing PTMs on mAbs in order to better understand possible safety, efficacy, activity,

immunogenicity, and/or pharmacokinetic concerns that could arise in patients. After all,

while we envision that the pharmaceutical industry and regulatory agencies will be the

main beneficiaries and primary users of this research, it is the health of the patients that

we are ultimately striving to improve with our work.
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5.2 Chapter Summaries

5.2.1 Chapter II: Anti-TNF𝛼 mAb Structure and Function Characterization

Three anti-TNF𝛼 mAbs, Humira
®
, Remicade

®
and Simponi Aria

®
, are all approved for

similar autoimmune indications, so it is important to understand how they differ prior to

administration in patients. Method, user, and site variability can impact data outcomes,

thus preventing unbiased comparisons. To address this, we became the first group, to our

knowledge, to perform a direct comparison of these products by studying their glycosy-

lation patterns via LC-MS/MS and binding activities via Fab ELISA, Fc𝛾RIIIa AlphaLISA,

and ADCC. Upon conclusion of our experiments, we found that Humira
®
had the fewest

unique glycans (15) along with the highest Fc binding affinity (IC50: 2.14x10
-6
±1.13 g/mol)

and ADCC potency (EC50: 0.55±0.03 nM). This perhaps suggests that Humira
®
is more

efficacious than Remicade
®
or Simponi Aria

®
since it has stronger effector functionality.

It is worth noting, though, that there are other confounding variables such as genetics and

disease state that can influence efficacy, safety and pharmacokinetics in patients. There-

fore, the main takeaway from this study is that significant differences in the structure and

function of three approved anti-TNF𝛼 mAbs do exist and should be considered not only

during novel and biosimilar drug development, but also when physicians are determining

appropriate treatments for their patients.

5.2.2 Chapter III: Disulfide Shuffling Analysis in mAb Innovators and Biosimi-

lars

Shuffled disulfide bonds are PTMs known to alter protein conformation, potentially

leading to reduced target binding and/or increased aggregation. Despite the impacts on

efficacy and safety that shuffled disulfide bonds may induce, not many groups have pub-

lished methods for shuffled disulfide bond characterization on IgG1 mAbs. Even fewer

have studied shuffled bonds across innovator/biosimilar pairs. By monitoring the forma-
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tion of shuffled disulfide bonds and degradation of rituximabs and bevacizumabs over

time, we established streamlined protocols for such analyses. We also highlighted that

while the innovator/biosimilar pairs behaved similarly, as one may expect given that they

are approved as the same protein, different IgG1mAbs can vary in their structural features

and their degradation propensity. Innovator bevacizumab had an upward trend in shuf-

fled disulfide bonds (0.58±0.08% to 1.46±1.10%) and formed more aggregates over time,

whereas innovator rituximab maintained its shuffled disulfide bond level (0.24±0.21% to

0.51±0.11%) and formed more fragments over time. While it is important to understand

under what conditions and with what modifications mAbs begin to degrade, one of the

bigger takeaways from this research was learning how to apply newer technologies to

PTM characterization. By digesting our samples using an AssayMAP Bravo Liquid Han-

dling Platform and processing LC-MS/MS data using the Protein Metrics disulfide bond

workflow, we were able to streamline the time and effort put in to analyzing lower abun-

dance, yet still important, PTMs.

5.2.3 Chapter IV: Comparison of Glycan Profiling Methods for mAbs

Numerous glycan analysis methods currently exist, yet there is no established guid-

ance detailing best practices and expected data outcomes for the available methods. With-

out such a guidance, it can be challenging for industry to know what is acceptable data

in the eyes of the FDA. Therefore, by performing five different glycan analysis tech-

niques: three FLR released glycans kits, protein digestion followed by LC-MS/MS and

intact MS using NIST mAb as a standard mAb, we aimed to determine the most sen-

sitive, reproducible, and robust method. From this initial study, as expected, we found

that the protein digestion followed by LC-MS/MS identified the most glycans, includ-

ing some low abundance glycans. We then applied these methods to Herceptin
®
and its

biosimilars, Kanjinti
®
and Ogivri

®
to see whether the digestion method was still the most

sensitive. The trastzumabs did have similar trends compared to NIST mAb and the di-
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gestion was able to tease out significant differences between the trastuzumab biosimilars.

Interestingly, Kanjinti
®
and Ogivri

®
were more different from each other than they from

Herceptin
®
(Kanjinti

®
had a relative % mannosylated contribution of 1.01±0.38% while

Ogivri
®
was 5.95±0.97% and Herceptin

®
was 3.05±1.21%). These findings call into ques-

tion the feasibility of approving and prescribing interchangeable biosimilars of the same

reference product. Key conclusions from this research include the need for glycan method

standardization, validation and implementation, as well as the fact the biosimilars of the

same product might be similar enough to their reference, but different enough from com-

petitors to warrant caution while switching patients.

5.3 Broader Future Directions

As an extension of this thesis work, our group plans to continue expanding our knowl-

edge by analyzing other mAbs and their biosimilars under various storage conditions, as

well as by exploring other PTMs including oxidation, methylation and deamidation. Ide-

ally, we would like to create a toolkit down the line that has optimized, validated methods

for common PTMs on mAbs (figure 5.1). To do so, we have to begin working at a higher

throughput by analyzing large sample sets containing multiple types of mAbs, along with

multiple batches of the each mAb, on the same plate. This requires us to further explore

automation both for benchwork and for data processing. Fortunately, the timing for in-

creasing automation is aligned with many advances in the field.

The use of artificial intelligence (AI) has been exponentially growing as accessibility

and feasibility for using it has increased over the past few years. People are becomingmore

confident in utilizing AI to help design and test methods for sample preparation and pro-

cessing. Take ChatGPT for example - scientists are now asking it questions ranging from

“what are ideal formulation conditions for a therapeutic mAb?” to “how does one develop

a protocol for in-solution protein digestion on a liquid handling platform?” and beyond.

By learning scientific protocols through crowdsourced knowledge, ChatGPT and other AI
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Figure 5.1: Proposed workflow for designing a broadly applicable PTM toolkit.

platforms can not only share appropriate method suggestions, but can aid in streamlin-

ing drug development and identifying potential drug development challenges. Therefore,

we believe that with more training AI can be used to design and implement automation

platforms. Perhaps it may be able to sequentially test sample preparation methods on a

robotic system, independent of human interference, in order to determine an optimized

protocol. The options for utilizing AI are endless provided creative minds are asking it the

right questions.

Automation for the data processing is already in place, as described in all of the prior

thesis chapters. We used a mass spectrometry software called Protein Metrics to deconvo-

lute and analyze our raw files. The default workflows are relatively straightforward, easy

to learn and can be adjusted to suit one’s needs. For the purposes of this thesis research,

we also went back through the automatically processed data to flag any false positives

or missing peptides. By doing so, we aimed to ensure the presented data was correct to
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the best of our abilities. In the future we may train AI to complete the “second check”,

looking for signs of potential false positives in the processed data and flagging them for

a follow-up. The more fine-tuned the AI gets at reading the processed data, the better it

should be at identifying potential false positives or missing peptides.

Of course, there are always caveats with automation that we have to be aware of. With

regards to sample processing, we have to be wary of potential mechanical issues within

the robot that the AI might not detect (i.e. a broken syringe head that is not picking up the

full volume of reagent). Additionally, when it comes tomAbs and other proteins, not every

therapeutic thrives under the same conditions. Therefore, just because AI recognized that

one method works for previous samples does not mean it can be applied to all samples.

Scientists still need to comb through data and determine whether the method worked well

and can be reproduced on a larger scale.

Within some mass spectrometry software packages there are concerns about the im-

putation and matching between runs that can occur. Automatic imputation could impact

the total number and types of proteins, peptides or other species identified by the soft-

ware. This, in turn, may lead to artificially increased protein discovery within samples,

perhaps leading to false identification of proteins. False identification of proteins could

influence whether a project or drug candidate progresses, so it is critical to understand

how to appropriately use AI without solely relying on default settings and automatic pro-

cessing. To address such issues, there are various q-value and p-value filtering options

within these platforms that can be applied.

Additionally, recent advancements in mass spectrometry instrumentation will make

high throughput more feasible. ThermoFisher recently unveiled their latest mass spec-

trometer – an Orbitrap Astral – that allegedly enables the analysis of 180 samples per day

with a cycle time of 8 minutes. High sensitivity is another hallmark of the Orbitrap Astral.

It can identify over 8,000 proteins in the 8-minute cycles or 12,000+ proteins in 60-minute

cycles for human cell lysates. [160] This is far faster than existing runs times and, if it

101



performs as claimed, could drastically alter the expected norms for sensitivity, resolution,

protein identification and overall efficiency.

Circling back to the idea of the toolkit, we believe that we can start developing a list

of PTM best practices using our existing methods in parallel with AI generated meth-

ods. We would like to incorporate more automation and AI in our protocols to mirror

advancements available for the pharmaceutical industry. Once we have that in hand, we

need to expand our inventory by procuring more mAb lots and multiple lots of other pro-

tein types (i.e. Fc fusion proteins, Fabs, nanobodies). With the expanded inventory, we

aim to perform our “toolkit” methods at a higher throughput, monitoring for multiple

attributes including glycosylation, deamidation, oxidation, methylation, etc. We envision

that once we have data from additional samples, this toolkit can be approved by the FDA

as a guidance, setting the precedent for the FDA’s expectations on reported data prior to

BLA submissions. In doing so, we would be reducing the uncertainty from the drug spon-

sor’s end regarding what data needs to be collected, all while creating unified guidelines

and acceptance criteria for FDA reviewers.

Along with the in vitro toolkit and utilization of automation/AI, another area for fur-

ther exploration would be in vivo animal studies. As described in chapters II and IV, im-

munogenicity is a concern for mAbs as they relate not only to the efficacy of the drug,

but also to patient safety. To test for immunogenicity, we have to monitor the ADA for-

mation in vivo after administration of a therapeutic. While there are a number of factors

that influence the immunogenicity of a therapeutic and the likelihood of adverse events

– including patient-specific and manufacturing factors beyond the scope of this thesis re-

search – we are interested in determining the extent to which PTMs could be inducing

immunogenicity.

As described earlier, certain glycans are known to be precursors of immunogenicity.

For example, since mannosylated glycans are recognized by endogenous mannose recep-

tors on antigen presenting cells, they can be flagged as foreign by the immune system

102



faster than other glycan species. Therefore, it is likely that the body will more readily

generate ADAs formannosylatedmAb therapeutics. As ADAs are precursors for immuno-

genicity and adverse events, measuring their formation over the course of a dosing regi-

men is critical to maintaining patient safety. Similarly, the quicker recognition and uptake

of mannosylated species translates to faster clearance rates. Thus, the mAb pharmacoki-

netics are altered and overall efficacy is reduced. Tomeasure ADAs and pharmacokinetics,

we have to conduct in vivo animal studies.

There are many iterations by which we could perform such studies – looking at dif-

ferent disease states, looking at different therapeutic classes, looking at different animal

models, etc. However, to extend the research described in this thesis, namely the research

detailed in chapter IV, we want to study biosimilar-innovator and biosimilar-biosimilar

mAb pairs with significantly different glycan profiles in vivo. In chapter IV we found

that there were significant differences in % mannosylated glycans between biosimilars

(Kanjinti
®
and Ogivri

®
) of the same reference product (Herceptin

®
). While the two were

relatively similar to Herceptin
®
in their % mannosylated glycan contributions, they were

significantly different from each other. This begs the question of whether the two biosimi-

lars could be safely and effectively interchangedwith each other. To understand the effects

that glycans can have on the interchangeability of products, we again have to test in vivo.

In vivo studies will give us a clearer picture as to how body systems respond to different

treatments. If the in vivo pharmacokinetics, therapeutic activity and ADA formation are

similar across treatment groups, then we will have more confidence in the interchange-

ability of biosimilars for the same reference product. If there are significant differences

in how well a biosimilar performs and/or is tolerated, then further research needs to be

conducted to identify all potential causes.

Additionally, performing these in vivo studies may help in elucidating acceptance

ranges for glycan profiles. During interviews with biosimilar companies, we learned that

there is a gap in knowledge regarding guidances explicitly detailing the acceptance cri-
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teria for differences in glycan profiles across biosimilars and innovators. Therefore, it is

challenging for companies to knowwhether their slightly varied glycan profile will appre-

ciably impact the overall safety and efficacy of the drug product. To address these possible

concerns, companies perform numerous in vitro and in vivo experiments to exemplify the

comparable safety and efficacy of their biosimilar product. If we could perform preemptive

in vivo studies within our lab, wemay be able to establish general criteria and expectations

for varied glycan profiles and their impact on in vivo efficacy, immunogenicity, safety and

pharmacokinetics. These studies could act as a reference for pharmaceutical companies

as they design appropriate experiments with their own biosimilar products. Similarly, if

implemented as an FDA approved guidance document, it could become a “gold standard”

for reviewers and sponsors alike to reference as a protein product moves throughout its

development, submission and approval processes.

In tandem with the in vitro toolkit, we would also conduct in vivo animal studies to

give a deeper context for potential safety, efficacy and/or pharmacokinetic adverse events.

For example, if we find that there are significant differences in % mannosylated glycans

between biosimilars of the same reference product, which are hypothesized to influence

pharmacokinetics, we might conduct animal studies to determine if the significant differ-

ences we detected in vitro correlate to significant differences in clearance rates in vivo.

This in vivo data would help bolster our claims that certain in vitro methods are more

most sensitive, reproducible, reliable and robust.

To achieve our lofty goals, we need buy-in from various stakeholders. The capabilities

of our lab are limited in that we currently can perform routine PTM analyses on approved

products, allowing us to set “gold standards” and “goalposts” in conjunction with regula-

tory agencies.We also can conduct in vivo animal studies on different approved biosimilars

and innovators, monitoring for clearance rate, ADA formation, and disease improvement.

However, our capabilities to implement certain AI technologies and access state-of-the-

art instruments are dependent on collaborations. We need to maintain relationships with
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Figure 5.2: Schematic of relevant stakeholders involved in biologics research, develop-

ment, approval and administration.

people from the pharmaceutical/biotech industry, healthcare systems, academic institu-

tions and regulatory agencies in order to progress in the field of antibody and protein

therapeutic research (Figure 5.2).

Another key point to emphasize is that our lab can only test approved products that

can be acquired through our hospital pharmacy. Without access to failed products with

non-ideal PTM profiles, we cannot stress test these methods to determine the appropriate

method and parameters extremes. For example, just because a product may not fall within

the % shuffled disulfide bonds range established based on approved products tested in our

lab, does not necessarily mean that the product will be ineffective in patients. In fact,

the product may prove to be just as, if not more, effective and safe than its competitors

when tested in animals and clinical studies. Unless we have access to failed products to

determine “breaking points” where we start to see adverse events or therapeutic non-
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response in animals, acceptance criteria may remain tight. Hence another reason we are

discussing in vivo studies tomonitor multiple biosimilars and innovators over time. Again,

to further broaden the scope of our research we would not only study approved and failed

mAb products, but also expand into other biologics like Fc fusion proteins or Fabs.

In sum, this thesis work provides groundwork for future PTM method optimization,

validation and standardization. To continue building off of the foundation, more mAbs

and other biologics have to be analyzed, with their PTMs characterized, through multiple

orthogonal methods. In vivo studies should also be conducted to bolster available data

in areas such as innovator/biosimilar or biosimilar/biosimilar pharmacokinetic, immuno-

genicity and/or activity comparisons. This data can be correlated with various significant

in vitro structural and functional characterization features on the therapeutic. We believe

that this advancement can occur, but it will require collaborative work to generate novel

techniques, access state-of-the-art technologies, implement AI, and develop applicable

method systems. An overarching goal of this research is to foster relationships between

individuals in academia, the pharmaceutical industry, regulatory agencies, and clinical

practices to create robust enough methods that can be applied to many future products.

Hopefully years down the line substantive PTM guidances exist and are used regularly in

practice. Perhaps the availability of guidances and in vivo reference materials can spark

conversations around ways to minimize the long, expensive, arduous studies currently

required for FDA submissions. This research, if expanded upon and applied to related

products and processes, has the potential to initiate positive growth in the biologics field.
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