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stepwise manner, they begin to unfold, leading to an increase in their ™VQ values. (C) IM-MS
data is then processed with CIUSuite 2 (v.2.3), '%° permitting a variety of different data
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function between adjacent features to determine CIUso values; the RMSD analysis of CIU data
to quantitate global differences between proteins; and the comparison of gas-phase stabilities
between proteins using CIUsg VAIUES. ........cveeiiiiieiiieciieceece e 23
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fittings for the TWQn» distributions of charge state 23*. Vertical error bars represent the s.d. in
intensities technical replicates, while horizontal error bars represent the uncertainties in
calibrated TV Qno values. (D) Top: structures of ChiLob7/4 variants highlighting an increase in
agonistic activity from red to blue. 2IgG1 and #IgG2 WT are nonagonistic and agonistic,
respectively. Bottom: peak width analysis of charge states 22" and 23", Peak width data are
plotted as mean + s.d. of peak fittings of technical replicates. ..........ccoceeveeiiniencnienienieienene 75

Figure 3-2: CIU analysis scrutinizes the effects of hinge disulfide variation on 4IgG structure
and stability. (A) Left: Averaged CIU fingerprints (n = 3) for the 24" charge state of ChiLob7/4
variants. Right: TWQ, distributions of each variant at 5 (dashed lines, open circles) and 175 V
(solid lines, closed circles) during CIU. Vertical and horizontal error bars represent s.d. of
technical replicates and calibrated "WQn, uncertainties, respectively. (B) Pairwise RMSD
comparisons of C232S kC214S with other variants. (C) Similarity scores comparing the "™V Qx,
distributions of either C232S + C233S (open circles) or C232S kC214S (closed circles) to
those of other variants. (D) Left: representative plots showing sigmodal fitting of the first CIU
transition. Right: CIUs¢ values for the first CIU transition shown as mean + s.d. (E) "™VQn
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Abstract

Monoclonal antibody (mAb)-based therapeutics have revolutionized the landscape of
contemporary medicine. By harnessing the power of the immune system in a controlled manner,
these therapeutics have drastically improved patient outcomes in the clinic, delivering more
personalized, effective treatment options compared to conventional small molecule drugs. These
therapeutics, however, possess complex higher order structure (HOS) features that can be altered
by post-translational modifications and degradation. Although high-resolution biophysical tools
exist for HOS characterization, they often require long timescales not conducive for the rapid
screening of candidate molecules. This limitation necessitates new analytical technologies that
can probe HOS with minimal sample preparation and purification. To fill this technology gap,
this dissertation presents an ion mobility-mass spectrometry (IM-MS) and collision-induced
unfolding (CIU)-based framework for evaluating the structures and stabilities of various
emerging mAb-based therapeutic modalities.

In Chapter 2, we combine IM-MS with CIU to probe the gas-phase structures and
unfolding pathways of a knob-into-hole (KiH) bispecific antibody (bsAb) and its parent mAbs.
By measuring the stabilities of mAb fragments and deglycosylated constructs, we provide a
general mechanism for the gas-phase unfolding of the KiH bsAb, where low- and high-energy
CIU transitions correspond to the unfolding of Fab and Fc domains, respectively. Specifically,
our data indicate that the low-energy Fab unfolding event is driven by the stability of the hole

Fab domain, while high-energy transitions are associated with the unfolding of the knob portion
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of the Fc. Together, these results provide a unique framework for evaluating the domain-level
stabilities of both KiH bsAbs and mAbs using CIU.

Chapter 3 leverages the sensitivity of CIU responses to alterations in hinge disulfide bond
configurations to build an assay that accurately predicts mAb flexibility for a series of anti-CD40
human(/) IgG2 cysteine to serine (C/S) variants in a manner that correlates with receptor
agonism. We find that rigid, agonistic variants, which feature a disulfide crossover within their
hinges, experience less gas-phase structural collapse and possess lower gas-phase stabilities than
flexible, nonagonistic variants. By using a CIU-based classification approach, we accurately
identify AlgG2 variants that exhibit optimal immunostimulatory activity, thus demonstrating the
ability of CIU to predict mAb structure-function relationships for the first time.

In Chapter 4, we shift our focus to probing the HOS of an Fc-Interleukin-10 (Fc-IL-10)
fusion protein engineered using flexible glycine-serine (Gly-Ser) linkers. We demonstrate that
Fc-IL-10 is highly dynamic in the gas-phase, generating more structural transitions during CIU
and broader IM profiles compared to proteins of similar size. Moreover, we elucidate the gas-
phase unfolding pathway of Fc-1L-10 using similar approaches presented in Chapter 2, where we
find that low- and high-energy transitions are associated with the unfolding of IL-10 and Fc
domains, respectively. Importantly, we observe that an increase in Gly-Ser linker length
stabilizes IL-10 dimers, highlighting the potential of CIU to inform the engineering of stable Fc-
fusion protein therapeutics.

Lastly, Chapter 5 presents a novel in vitro serum stability assay that incorporates stable
mAb-based internal standards. Our results indicate that the use of NISTmADb and its Fc fragment
as internal standards can improve the accuracy and precision of sample recovery calculations,

enabling a more confident stability assessment of mAb therapeutics in serum. Collectively, the
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methodologies presented in this dissertation underscore the utility of IM-MS and CIU in probing
the domain-level stabilities of mAb-based therapeutics and establishing connections between

mAb HOS and function.
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Chapter 1: Introduction

1.1 Antibody-Based Therapeutics: Impact and Challenges

Since the approval of the first monoclonal antibody (mAb) therapeutic, muromonab-CD3,
in 1986, the antibody therapeutic market has grown substantially.">> The development of mAbs
as therapeutic modalities was made feasible after the introduction of the hybridoma technique by
K&hler and Milstein in 1975.%* Subsequent technological and scientific advances over the past
thirty years have further enabled the successful translation of antibody therapeutics and related
products to the clinic, leading to effective treatments previously unattainable with conventional
small-molecule drugs.>”’ These advancements have led to the approval of approximately 120
antibody products by the U.S. Food and Drug Administration (FDA), and nearly 140 candidates
are currently in late-stage clinical development.> ® Collectively, mAb-based therapeutics have
become the predominant treatment modality for a plethora of serious human diseases including
cancer, autoimmunity, infectious diseases, and chronic inflammatory diseases.”!?

Classical mAb therapeutics function by specifically binding target antigens and inducing
cytotoxicity via proapoptotic or neutralizing mechanisms, as well as mediating innate immune
responses such as antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular
phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC).!* * For proper in vivo
function and potency, these biologically-derived therapeutics must have a correctly folded three-
dimensional (3-D) structure. Incorrectly folded structures and aggregation or oligomerization can

lead to undesirable immunogenicity and ultimately compromise biological activity.!> As a result,



understanding the role of higher order structure (HOS) in the function of mAb therapeutics and
related products is critical to ensure their clinical safety and efficacy. The native structures of
these biologics can be compromised at any stage during their production and administration,
which necessitates the need for reliable, structurally sensitive methodologies that can robustly

monitor their conformational integrity during drug discovery and development.

1.2 Structures of Antibody Therapeutics and Related Products

All mAb-related therapeutics are structurally intricate; therefore, their biophysical
characterization is quite challenging. Currently, the majority of recombinant therapeutic

antibodies generated use the immunoglobulin G (IgG) format.'¢

Compared to the other Ig classes
(IgA, IgD, IgE, and IgM), IgG is one of the most abundant antibodies in human serum and
exhibits the longest half-lives in circulation.!” Structurally, IgGs are tetrameric glycoproteins
consisting of two y heavy chains (Hc) and two « or A light chains (Lc) held together by a
combination of disulfide bridges and noncovalent interactions between globular domains,
resulting in molecular weights near ~150 kDa (Figure 1-1A). Each Hc is comprised of an N-
terminal variable domain (VH), three constant domains (Cul, Cu2, and Cu3), and a flexible hinge
region between Cul and Cu2. Conversely, each light chain consists of a single variable (VL) and
constant domain (Cr). The Lc interacts with the Vi and Cyul regions of the He to form the
antigen-binding fragment (Fab), while the Cu2 and Cu3 of the two HCs associate to form the
crystallizable fragment (Fc).

Functionally, antigen binding specificity is conferred by hypervariable regions within the
variable domains of Fab arms known as complementarity-determining regions (CDRs). The Fc

region, on the other hand, mediates a myriad of effector functions that influence multiple facets

of innate and adaptive immunity such as ADCC, ADCP, and CDC."® These effector functions are



A

Fab
~50 kDa

Fc
~50 kDa

«e» Light chain (Lc) (~25 kDa)
«@e—ee Heavy chain (Hc) (~100 kDa)
N-glycosylation

GO I-lq: G2F ’-lq:g
GOF Fﬂ G2Fs1 ,—.—(:ﬁ ]-Q
GIF ,—lc: o cars2 ’-l(::g:

"'._ A Fucose ll GIcNAc O Galactose @ Mannose € Sialic Acid

Cr A

YYYY

D Structural Variation in Hinge Region
A AlB B Inter Intra
‘ { ‘ ! Chain  Chain
IgG1 IgG2 IgG3 Allotypes IgG4

Disulfide Isoforms

Figure 1-1: Structures of IgG and its subclasses. (A) The conventional Y-shaped structure of IgG is made up of two
Hcs and two Lcs held together by disulfide bridges (yellow). An IgG consists of three different regions: the Fc and
two Fabs linked together by a flexible hinge region. Each Hc contains three constant domains (Cul, Cy2, Cu3, blue)
and one variable domain (Vg, light blue), whereas each Lc contains one constant domain (Cr, red) and one variable
domain (Vi, salmon). N-linked glycans of different compositions are present in the C2 domain of the Fc region. (B)
Atomic model structure of NISTmADb (IgG1x) generated in Ref.?? (C) Structures of the IgG subclasses. Structural
variations in the hinge region of each subclass are shown. Figure is partially adapted from Ref.?!

further regulated by different levels of glycosylation that occur at a highly conserved asparagine
residue (N297) in the Cn2 domain of each Hc.!”?! This site exhibits complex-type biantennary
glycans with different amounts of core fucose (Fuc), bisecting N-acetyl glucosamine (GIcNAc),

galactose (Gal), and terminal N-acetylneuraminic acid (NeuSAc or sialic acid) that fill a large



open pocket between the Cu2 domains?? (Figure 1-1B). Structurally, the removal of these N-
glycans causes a partial closure of the native open conformation of the Fc region, leading to the
subsequent loss of biological activities facilitated by Fcy receptors (FcyRI, FcyRIIa/b/c, and
FcyRIIla/b) and the complement protein, C1q.2% 23 The molecular composition of these glycans
can also affect antibody function. For example, the lack of core fucosylation boosts ADCC
activity by increasing interactions with FcyRIIA, while sialylation confers anti-inflammatory
properties by inhibiting FcyR binding.?* 2> Undeniably, N-glycosylation has a multifaceted effect
on antibody structure and function, highlighting it as a critical quality attribute (CQA) that needs
to be monitored and characterized.

The hinge region of IgGs acts as a flexible linker between Fab arms and the Fc region,
and the length, flexibility, and composition of this region exhibit high variability. As such, IgGs
can be further divided into subclasses (IgG1, 1gG2, IgG3, and 1gG4, in order of their decreasing
abundance in human serum) that display differences in their hinges and upper Cu2 domains
(Figure 1-1C). Notably, the subclasses differ in their interchain disulfide connectivities within
their hinge regions, with two interchain disulfide bridges in IgG1 and IgG4, four in IgG2, and
eleven in IgG3. Each subclass also possesses an interchain disulfide bridge that connects the
carboxy-terminal cysteine each Lc to C220 (in IgG1) or C131 (in 1gG2, 1gG3, and 1gG4) in the
Cul domain of each He.?¢

Regarding hinge length and flexibility, the hinge region of IgG1 is comprised of 15
amino acid residues, making it flexible. In contrast, IgG2 has the shortest hinge of all the
subclasses, encompassing only 12 amino acids, and contains a poly-proline helix that is
stabilized by up to four interchain disulfide bonds that make it very rigid. IgG2 can distinctively

undergo disulfide switching due to natural redox reactions that occur while circulating in the



bloostream, leading to A, A/B, and B structural isoforms that differ in Fab-Fc orientation and
flexibility (Figure 1-1D).?” IgG3, on the other hand, possesses the longest hinge out of all the
subclasses, encompassing up to 62 amino acids that vary between IgG3 allotypes.”®?° The
extended hinge of IgG3 thus permits high rotational freedom and flexibility. Lastly, the [gG4
hinge is comprised of 12 amino acids, making it shorter than the hinge of IgG1, and it possesses
an intermediate flexibility between that of IgG1 and 1gG2.>° Compared to IgG1, which contains a
rigid cysteine-proline-proline-cysteine (CPPC) motif in its hinge region, the cysteines within the
IgG4 hinge core region (cysteine-proline-serine-cysteine-proline, CPSCP) can easily form
intrachain disulfide bonds, resulting in a mixture of covalently and non-covalently linked half
molecules.’! Non-covalently linked half-molecules can then reassociate with the half-molecules
of other IgG4s in vivo through a process known as Fab-arm exchange, generating molecules that
are functionally monovalent and bispecific for antigen binding.*? ** Due to the aforementioned
differences in length and composition, the flexibility of the IgG subclasses can be represented in
the order of IgG3 > IgG1 > IgG4 > IgG2, which also closely signifies the relative binding
affinities of each for FcyRs and C1q.2% 3 Since hinge flexibility modulates the relative
movement and positioning of Fab and Fc regions, antigen-binding capacities, immune complex
formation, and other immunostimulatory activities can also be affected.?% 343

Most clinically approved recombinant therapeutic antibodies belong to the IgG1, IgG2,
and IgG4 subclasses and their variants due to favorable half-lives, and most are IgG1-based.'
Generally, when designing mAb-based therapeutics, thorough attention must be given to the
biological attributes of the targets, the cells that express these targets, and the proposed
mechanisms of action (e.g., ADCC, ADCP).?” Although IgG3 displays the highest affinity for

most FcyRs, it possesses the shortest half-life among the IgG subclasses, its purification is costly



due to the absence of binding to protein A, and its polymorphic nature increases its risk for
instability and immunogenicity.?® 37 However, recent efforts have shown that the IgG3 subclass
is associated with enhanced protection against a range of intracellular pathogens such as bacteria,
parasites, and viruses.?® *® For instance, the IgG3 hinge was shown to deliver the most potent
intracellular eradication of adenovirus among the four IgG subclasses.*

Subsequently, the fruitful clinical application of conventional IgG mAbs has inspired the
development of other antibody formats including antibody drug conjugates (ADCs),** *
antibody fusion proteins,*! bispecific/multispecific antibodies,*? and antibody fragments.** These
antibody formats have been successfully accepted as alternative therapeutic agents for a broad
range of diseases; however, their expression and manufacturing can be challenging and introduce
higher levels of molecular complexity. For example, the production of ADCs leads to a
heterogenous pool of molecules varying in drug-to-antibody ratios (DARSs) and conjugation sites.
This heterogeneity, in turn, can impact the biophysical and biochemical properties of ADCs,
which can lead to alterations in structural stability and increase their propensity to aggregate.** 4°
Additionally, bispecific antibodies (bsAbs) have garnered significant attention due to their dual
binding specificity, granting them the ability to target two different antigens simultaneously. The
expression and manufacturing of bsAbs require the appropriate pairing of light and heavy chains
for the desired specificity; however, this process is often impeded by issues arising from
increased structural complexity spanning from biophysical instability to antibody chain
mispairing.*® 7 In the same light, linking proteins (e.g., cytokines) to an IgG Fc domain when
engineering Fc-fusion proteins can lead to instability; therefore, care must be taken to ensure the

proper folding of each separate protein element during fusion protein design.*® +°



1.3 Analytical Platforms for Higher Order Structure (HOS) Characterization

Compared to small molecules, antibody therapeutics, and related products, are engineered
using recombinant DNA technology. During any stage of the manufacturing process, these
products are susceptible to microheterogeneities associated with a variety of post-translational
modifications (PTMs) (e.g., glycosylation, disulfide bond formation) and degradation pathways
(e.g., oxidation, deamidation, aggregation).’® >! These modifications, in turn, can provoke subtle
changes in HOS that can profoundly influence stability, target binding, pharmacokinetics (PK),

).52 As a result, growing concerns regarding the quality, efficacy, and

and pharmacodynamics (PD
safety of a product throughout its life cycle have steered the development of various analytical
strategies that investigate the aforementioned critical quality attributes (CQAs) at different

levels, ranging from primary structure (e.g., amino acid sequence, PTMs) to HOS (e.g., protein

folding, dynamics).>*>° In regards to the assessment of protein therapeutic HOS, both separation-

and spectroscopy-based platforms are most often used, in addition to other biophysical platforms.

1.3.1 Separation Methods

A variety of separation techniques based on either liquid chromatography (LC) or
electrophoresis have been developed to scrutinize protein therapeutics and their heterogeneity.
These orthogonal analytical methods aim to separate main protein isoforms from microvariants
and impurities, like host cell proteins (HCPs), that are generated during the manufacturing
process.>® Importantly, many separation methods operate using non-denaturing conditions that
conserve the folded, native structure of proteins during analysis. As a result, these methods are
valuable for elucidating the mechanistic details involved in the formation of protein complexes,
as well for tracking the formation of antibody-antigen complexes and monitoring the aggregation

rates of protein therapeutic agents.



Among current non-denaturing LC methods, size exclusion (SEC), hydrophobic
interaction (HIC), and ion-exchange (IEC) chromatography have been extensively utilized in the
development and characterization of biopharmaceuticals.’® >’ IEC is particularly useful in the
separation and assessment of protein charge variants (i.e., acidic and basic variants) resulting
from different chemical and enzymatic modifications; it is also useful in the removal of a wide
range of impurities such as HCPs, DNA, and endotoxins during early or late stage purification
steps.”®% SEC, which separates proteins based on their hydrodynamic radius (size), has been
extensively utilized for the evaluation of protein fragmentation and aggregation since the mild
mobile phase conditions used have minimal impact on non-covalent protein-protein interactions
and the conformational state of proteins.®! When coupled with multi-angle light scattering
(MALS), the absolute molar masses, oligomeric states, and hydrodynamic radii of native
proteins in solution can be accurately calculated, independent of the protein retention times
acquired using SEC alone.®> ® Alternatively, HIC can be used to separate proteins based on their
surface hydrophobicity. Specifically, HIC has been widely exploited in the analysis of ADCs,
particularly in the separation of different DAR species of thiol conjugated (cysteine linked)
antibodies.®* Since ADC cytotoxic payloads must penetrate the lipid membrane to properly
function, they need to be lipophilic in nature. As a result, their conjugation increases the
hydrophobicity of the resulting ADCs, leading to an increase in protein retention time.** ¢

Capillary electrophoresis (CE)-based methods have also garnered extensive use in the
analysis of biopharmaceuticals due to their high-resolution separations, high peak capacities, and
compact instrumental designs. Generally, experiments across different electrophoretic modes
apply a high electric field to separate proteins based on differences in their size, charge, and

hydrophobic properties without the need of a stationary phase that is necessary in LC-based



separations.’® Chief among these modes in capillary zone electrophoresis (CZE), which separates
proteins based their mass-to-charge ratios. This CE mode, in particular, has permitted the
detection of mAb proteoforms as well as low-abundance truncated species and aggregates when
analyzed under non-denaturing conditions.®® %" Another CE mode, capillary isoelectric focusing

(cIEF), achieves the separation of proteins based on their isoelectric points (pIs).>

Recently,
cIEF has been utilized in a narrow pH range as a sample stacking method in native CZE
separations, permitting the detection and characterization of glycol-proteoforms, variants, and
aggregates of SigmaMAb and NISTmADb.®® Importantly, all the aforementioned LC and CE
approaches have been hyphenated to mass spectrometry (MS) for the structural characterization

of mAb-based therapeutics.®”> Further implications of MS as an indispensable tool in the

characterization of protein therapeutic HOS will be discussed later in this chapter.

1.3.2 Spectroscopy and Other Biophysical Approaches

Besides separation methods, the existing toolkit for the characterization of mAb-based
therapeutics also comprises an assortment of biophysical techniques capable of providing HOS
information at various resolutions. Structural biology tools like X-ray crystallography, nuclear
magnetic resonance (NMR) spectroscopy, and cryo-electron microscopy (cryo-EM) are critical
for the production of atomically-resolved high-quality structures of proteins and protein
complexes; however, each technique has both advantages and limitations, particularly in the
context of antibody-based therapeutics.

X-ray crystallography provides a detailed structural blueprint of the arrangement of
atoms within a protein by analyzing the diffraction patterns generated when X-rays are directed
at a crystallized protein sample.” As a result, x-ray crystallography is often considered the gold

standard for epitope mapping, for it provides an atomically resolved picture of antibody-antigen



interactions.’* However, producing high-quality crystals of full-length mAbs, especially when
bound to their respective antigens, is difficult due to their large size and inherent conformational
dynamism and flexibility. Therefore, most of the structures deposited in the Protein Data Bank
(PDB) are those of antibody fragments (e.g., Fab, Fc, and F(ab’),), while only four full-length
IgG antibody crystal structures are currently publicly available.”>"8

Crystalline structures obtained from X-ray crystallography are static; therefore, they do
not fully represent the dynamic structural features of antibodies and other flexible protein
therapeutics in solution. In contrast, NMR spectroscopy can provide atomic-level insights into
protein structure and dynamics in solution.”” In NMR spectroscopy, a protein sample is placed in
a strong magnetic field and is exposed to pulses of radio waves of specific frequencies. The
behavior of the atomic nuclei within the protein is then analyzed to evaluate their local
environments within the protein structure, and such information is used in combination with
molecular dynamics (MD) simulations to produce atomic models.® However, this method is
typically limited to proteins smaller than a full-length IgG (~150 kDa), and large amounts of
purified samples are needed.®!

Although in its infancy, cryo-EM has successfully permitted the visualization of large
macromolecular complexes (>100 kDa), including antibody-antigen assemblies, at near-atomic
resolution.®>** Cryo-EM involves quickly freezing protein samples in a thin layer of vitreous ice
to perverse their native structure. Using an electron microscope, images of the frozen samples
can be captured from different angles; these images can then be combined to generate 3-D
models of proteins.®* Compared to X-ray crystallography, cryo-EM permits the generation of
countless images of flash-frozen of proteins that cannot easily form high-quality crystals. Despite

this complementary advantage, cryo-EM requires large quantities of purified protein and
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sophisticated computational methods for data analysis, making it resource-intensive, low-
throughput, and unsuitable for early-stage protein therapeutic candidate screening and
characterization.®

Collectively, the sample requirements, low-throughput, cost, and difficulty of atomic-
level techniques have limited their routine use within the biopharmaceutical pipeline. As a result,
other classical, more straightforward approaches such as ultraviolet spectroscopy (UV),% circular
dichroism (CD),¥” Fourier-transform infrared (FT-IR) spectroscopy,®® analytical
ultracentrifugation (AUC),% dynamic light scattering (DLS),”® and differential scanning
calorimetry (DSC)’! have dominated the biophysical characterization of antibody-based
therapeutics and related products. Although these techniques are sensitive and free of molecular
size limitations, they provide low-resolution structural information that is spatially averaged over
the entire protein population, and they assess a very limited number of specific moieties within a
protein structure. For example, DSC is often considered the gold standard for the thermodynamic
stability analysis of antibody therapeutics in solution.”?> Globally, DSC measures changes in heat
capacities as a function of temperature; these changes are indicative of thermal transitions
occurring within a protein, such as unfolding. However, DSC suffers from lengthy data
acquisition times, requires large amounts of purified sample, and often provides ambiguous

information for complex samples.

1.3.3 Structural Mass Spectrometry (MS)

Over the past two decades, MS has become an indispensable analytical tool in
pharmaceutical research and development, enabling the rapid assessment of protein therapeutic
primary structure, PTMs, and HOS using minimal quantities of protein sample in the presence of

microheterogeneities.’> >° As previously described, MS can be coupled to both LC- and CE-
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based separation methods, further ameliorating its ability to provide intact- and peptide-level
information from complex mixtures. Regarding MS-based structural biology, a variety of
different approaches can provide complementary information about protein HOS. Surface
labeling-based approaches, such as hydrogen deuterium-exchange (HDX) or hydroxyl radical
protein footprinting (HRPF), can robustly examine protein-protein and protein-small molecule
interactions in solution; thus, these methods have been very effective in performing antibody
epitope mapping.”>>> Despite their advancements, these technologies still predominantly rely on
peptide-centric proteomics strategies that may not provide complete sequence coverage of large
proteins that exhibit high structural dynamism, and they often generate complex datasets that
require sophisticated computational tools for accurate analysis and interpretation.”® °7

In contrast, native MS has emerged as a transformative technology in structural biology
that can capture and assess the native-like architectures of proteins and their non-covalent
complexes.’® Native MS differs from other forms of MS in that proteins are introduced into the
mass analyzer under mild conditions, typically utilizing non-denaturing solvents and volatile
salts (e.g., ammonium acetate), to preserve their native-like conformations from solution into the
gas-phase. As a result, native MS can provide valuable insights into protein size, composition,
stoichiometry, and conformational heterogeneity, as well as its interactions with ligands or other
biomolecules.”” Importantly, these measurements can be performed rapidly with high sensitivity,
and they require small quantities of sample and minimal sample preparation.'®

One of the first demonstrations of native MS for the analysis of antibodies successfully
captured an antibody-antigen complex, revealing a 1:2 antibody:antigen stoichiometry.!?! Native
MS has also been applied to the accurate quantitation of DAR values for cysteine-conjugated

ADCs by permitting the analysis of intact constructs; this type of intact analysis of thiol-drug
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ADCs is typically unachievable with conventional denaturing LC-MS approaches.'%>1% As

previously mentioned, the coupling of separation methods such as SEC, !9 106 JEC,107- 108 HjC 6%
199 and CE with native MS has also enabled the separation of various microheterogeneities and
proteoforms within therapeutic antibodies. Furthermore, commercial ion-trap-based platforms
like Orbitrap mass analyzers have been optimized for mass measurements of large
macromolecular assemblies.”® Recent Orbitrap-based mass analyzers, in particular, have
incorporated improved ion optics in the front end of the instrument that have greatly improved
ion cooling and desolvation of large macromolecular complexes.!!% ! These modifications have

enabled high-resolution native MS measurements that unravel the structural features and

111,112 111,113

heterogeneities of ribosomal particles, viral assemblies, megadalton (mDa) IgM and

114,115 116,117

antibody-antigen complexes, and heavily glycosylated protein therapeutics.
Native MS has also been coupled with ion mobility to reveal additional HOS information
regarding protein structure, dynamics, and stability.!!® The adoption of native ion mobility-mass
spectrometry (IM-MS) for industrial analytical characterization, however, has been a slow
process.'!” Nevertheless, as antibody therapeutic modalities (e.g., bsAbs, ADCs, and Fc-fusion
proteins) continue to evolve beyond the conventional IgG scaffold, there is a growing need to
study these biomacromolecules under conditions that mimic native-like, physiologically
environments. To address this need, this dissertation focuses on the development and validation
of native IM-MS-based approaches for the characterization of protein HOS across different
antibody-based therapeutic modalities. An overview of native IM-MS, as well as its applicability

in studying conformationally dynamic protein therapeutics, will be discussed in the following

section.
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1.4 Native Ion Mobility-Mass Spectrometry (IM-MS)
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Figure 1-2: Schematic of the Waters Synapt G2 quadrupole-ion mobility-time-of-flight mass spectrometer (Q-IM-
ToF-MS). The instrument is composed of four main components: a nESI source for ion generation; a modified,
high-mass (up to 32,000 m/z) quadrupole for ion selection; a tri-wave region for ion mobility separation; and a ToF
mass analyzer for ion mass detection and analysis. A closer look at the Tri-Wave region (inset) shows four major
regions: a trap (blue) and transfer ion guide (pink) pressurized with argon gas; an ion mobility separator (IMS,
orange) pressurized with nitrogen gas; and a helium cell operating as a buffer region between the low-pressure ion
trap and the high-pressure IMS, minimizing ion activation. Typical gas flow values (mL/min) are shown.

Since the release of the first commercial IM-MS instrument, the Waters Synapt, in 2006,
IM-MS has garnered much interest in the biopharmaceutical industry for its ability in analyzing
various classes of molecules ranging in size, charge, and chemical composition.'?’ When
combined with nano-electrospray ionization (nESI) and native solution conditions, IM-MS has
shown great promise in revealing HOS information of antibody-based therapeutics and related
products by means of their rotationally averaged collision cross sections (€).!'® For instance,
some of the first IM-MS measurements of therapeutic antibodies successfully captured mAbs in
complex with JAM-A, an antigenic protein overexpressed in tumor cells,'?! and resolved the
hinge disulfide structural isoforms of human IgG2s.'??> Both of these studies were conducted

using travelling-wave ion mobility (TWIM) separations on the first-generation Waters Synapt
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IM-MS platform. A second-generation rendition of this instrument, the Synapt G2 HDMS, was
released in 2009 and has demonstrated improvements in mobility resolution and Q accuracy.'?*
124 A schematic of this platform, which consists of a nESI source, a quadrupole mass analyzer, a
T-Wave IM separator, and an orthogonal time-of-flight (ToF) mass analyzer, is shown in Figure
1-2. Because the majority of the measurements presented in this dissertation were performed on
this system, the rest of this section will focus on TWIM-based separations and ToF-MS

measurements. The generation of gas-phase protein ions via nESI will first be discussed.

1.4.1 Ion Generation and Preservation of ‘Native-Like’ Structures

Since the late 1980s, ESI has enabled the generation of intact gas-phase ions from various
large biological macromolecules and their complexes in solution.'?> Considered a “soft”
ionization technique, ESI produces multiply charged (z > 1) ions with minimal activation. The
generation of multiply charged ions, in turn, permits the detection of large biomolecules (e.g.,
proteins and nucleic acids) on MS platforms with limited mass-to-charge (m/z) ranges.'?®
Subsequent discussion of the ESI process will be limited to the commonly used positive ion
mode, in which the spraying capillary is held at a positive potential. Mechanistically, ESI begins
by applying a high voltage to a conductive capillary containing analyte solution (Figure 1-3A).
Subsequently, the solution at the tip of the capillary forms into a Taylor cone that emits a fine
spray of charged droplets. These droplets are then gently dried down with the assistance of a
nebulizing gas, resulting in a reduction in droplet diameter. As a result, the charge density of the
shrinking droplets increases until the Columbic repulsion spatially separating positive charges
becomes greater than the surface tension of the droplet, leading to droplet fission. The maximum

amount of charge that can be carried by a droplet before inducing these fission events is known
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Figure 1-3: Overview of the nESI process. (A) Schematic of droplet formation and fission during ESI in positive
ion mode. (B) Representation of the charged residue model (CRM) pathway for flexible IgG-based antibodies as
proposed by Ref.!*? Droplets containing partially flexible IgG molecules gradually undergo desolvation and fission
events that force them into more compact topologies. The charges (red) of the evaporating droplets are then
transferred to the surfaces of individual IgG molecules that have collapsed around their hinge regions.

as the Rayleigh limit.'?” Multiple successive desolvation and fission events can occur, leading to
multiply charged gas-phase ions that enter the mass spectrometer.

The generation of charged gas-phase analyte ions during ESI can be explained by three
different models: the ion evaporation model (IEM), the charged residue model (CRM), and the
chain ejection model (CEM).!?® The IEM applies to the desolvation of small molecules, in which
ions migrate to the surface of the charged droplet and then are ejected.!?’ The generation of gas-
phase ions for larger biomolecules, like proteins, progresses by either the CRM or CEM,
depending on the structural state of the molecule in solution. Compact, globular proteins follow
the CRM, where droplets containing a single analyte evaporate to dryness. The charge of the

droplet is then transferred to the protein, where the net charge is dependent on the available
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surface area of the protein and is often close to that of the Rayleigh limit.!3%!** In contrast,
unfolded and disordered proteins follow the CEM, where exposed hydrophobic residues cause
them to migrate toward the surface of the charged droplet.!** They are subsequently ejected from
the droplet, carrying charge with them. The rest of this section will focus on the CRM as it
pertains to the generation of native-like, folded structures of antibodies in the gas phase.
Typically, the modern implementation of ESI for native MS involves flow rates of
nL/min and capillary tips with inner diameters of 5 to 10 um. This variation of ESI, nESI,
produces smaller sized droplets (100 to 500 nm in diameter), typically from solutions of volatile
salts such as ammonium acetate, that can eliminate the need for additional heating or a
nebulizing gas to aid in desolvation, resulting in higher ionization efficiencies and tolerances to
non-volatile salts.'**> Thus, nESI is able to preserve the structures and non-covalent interactions
of proteins, generating more native-like architectures per the CRM that closely resemble those in
solution as evidenced by recent efforts in native MS coupled with soft-landing technology.!3¢ 137
However, several studies suggest that during native IM-MS experiments, globular proteins can
undergo partial structural collapse due to the self-solvation of charged and polar sidechains on
the protein surface during nESI.!* 13% This collapse is especially acute for nonglobular, flexible
proteins like IgG-based therapeutic antibodies, which experience as much as 40% structural
compaction around their hinge regions with no significant changes in secondary structure
content.'%143 Within this context, Politis et al.'*’ proposed that charge transfer per the CRM
occurs concurrently or after the partial collapse of IgG structures, leading to a distribution of
kinetically-trapped, compact conformations in the gas-phase that can be successively analyzed

with IM-MS (Figure 1-3B).

1.4.2 High-Mass Ion Selection and Detection
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All current TWIM-based platforms are hybrid mass spectrometers, consisting of both
quadrupole and orthogonal ToF mass analyzers. Importantly, these platforms exclusively utilize
a geometry where IM separation is performed after ion filtering with the quadrupole. Briefly, a
quadrupole mass filter functions by applying direct current (DC) and radiofrequency (RF)
voltages to two pairs of parallel conductive rods that are spatially perpendicular to one another.
The application of DC and RF voltages, in turn, creates static and oscillating electric fields
within the quadrupole, respectively. The interplay between these fields will then cause ions with
particular m/z ratios to undergo stable trajectories through the quadrupole, permitting them to
pass through for subsequent IM separation and ToF-MS detection. Here, the quadrupole can
serve as a narrow-band mass filter where an individual ion of a specific m/z value can be selected
via the tuning of both DC and RF voltages. Alternatively, the quadrupole can also serve as a
broad-band mass filter when using it in RF-only mode, permitting a range of ions to follow
stable trajectories and be transmitted for further analysis.'** The Synapt G2 used in this work, in
particular, possesses a modified quadrupole that operates at a reduced RF frequency, making it
capable of selecting ions up to 32,000 m/z and transmitting large macromolecular assemblies.'*
Following the quadrupole, ions can also be subjected to collision induced dissociation (CID) or
collision-induced unfolding (CIU) in the T-Wave ion trap; details covering these collisional
activation strategies, and their applicability of protein therapeutic characterization, will be
covered in detail later in this chapter.

While the quadrupole acts to filter and transmit specific ions of interest, the ToF mass
analyzer serves as a detector in hybrid mass spectrometers. In fact, ToF mass analyzers have
proven to be effective in the analysis of large macromolecular assemblies due to their high mass

range, sensitivity, fast data acquisitions, and compatibility with IM.’® Upon entering the ToF
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pusher region, ions are accelerated by an electric potential, causing them to acquire similar
kinetic energies. This acceleration is performed orthogonal to the continuous ion beam generated
via ESI in order to satisfy the pulsed nature of ToF mass analyzers.'*® When departing this
acceleration region, they enter a field-free region where they are separated according to their
velocities before reaching a detector, typically either a collision dynode or multichannel plate'’.
In this case, m/z ratios are determined by measuring the time it takes for ions to traverse through
the field-free region.'*® That is, an ion with a mass m and a total charge ¢ = ze accelerated by a

potential, Vi, will exhibit kinetic energy (Ex) that is converted from its electric potential energy

(Ee):

E, = =mv? = qV, = zeV, = E, (Equation 1-1)

N| =

where z is the ion charge; e is the elementary charge of an electron; and v is the velocity of the

ion. The velocity of the ion can then be obtained by rearranging Equation 1-1:

1/2
v = (ZzeVS) (Equation 1-2)
m

Because the time ¢ needed to traverse the drift region of length L is given by
t=— (Equation 1-3)

Equation 1-2 can be re-written by substituting v with Equation 1-3 to give:

2 =1 v Equation 1-4
=7 \2e1; (Equation 1-4)

This equation reveals that the m/z ratio of a given ion can be calculated from its measured flight
time in the drift region of the ToF mass analyzer. Moreover, it further demonstrates that the

larger the mass of the ion is, the slower it takes for it to reach the detector.

19



At times, ions of the same m/z ratio can start at different positions within the pusher and
acquire different levels of kinetic energies upon entering the flight tube, causing them to possess
different velocities. Consequently, there is a decrease in mass resolution, as these ions will have
different flight times. Therefore, a reflectron is often added to compensate for this spread in ion
arrival times and improve mass resolution. A reflection functions as an electrostatic mirror that
reflects ions back towards the detector. More energetic ions will penetrate deeper into the
reflection, causing them to travel a longer distance to the detector compared to less energetic
ions.!'*® As a result, ions of the same m/z ratio but different initial kinetic energies will reach the
detector at the same time, leading to an improvement in mass resolution. Reflectrons can also
increase the ion drift path length, which further improves ion separation and mass resolution.'#
It is important to highlight that these measurements are performed on a microsecond timescale,

making ToF mass analyzers compatible with millisecond IM separations.'>

1.4.3 IM Separation: Fundamental Principles

IM is an ever-evolving technique in gas-phase structural biology that separates ions of
proteins based on their charge, shape, and size (Figure 1-4). After ionization, ions are introduced
into an ion guide pressured with an inert neutral gas (e.g., nitrogen or helium) held under the
influence of a relatively weak electric field.!>" 152 Larger, more elongated ions will experience
more collisions with background gas neutrals, causing them to take more time (drift time, #p) to
traverse the IM chamber compared to smaller, more compact ions. Moreover, ions possessing
higher charge will experience stronger separation field strengths and drift through the IM
separator at a faster rate. Under these conditions, the measured drift time of an ion can be related

back to its Q since ions with larger Q values will demonstrate a higher propensity to collide with
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Figure 1-4: Schematic highlighting the basic principles of an IM-MS experiment. Ions generated via nESI travel
through a drift cell pressurized with a neutral gas and held under the influence of a weak electric field (top, middle).
Larger, more elongated ions (red) will collide more frequently with background gas molecules, thus taking them
longer to traverse the drift cell compared to smaller, more compact ions (blue). Following IM separation, ions are
injected into an orthogonal ToF mass analyzer for m/z analysis (bottom, middle). Both dimensions of the data can
then be plotted as a heat map (right), where ions of the same m/z can be conformationally distinguished.

the background neutral gas. Following IM separation, these ions are analyzed according to their
m/z ratios with a ToF mass analyzer.!>! 152

Over the years, various IM platforms have been developed that incorporate different
methods of IM separation. For brevity, further discussion will focus on two frequently used IM
platforms in gas-phase structural biology research: drift tube and travelling-wave separators.
Understanding both of these approaches is necessary in order to highlight how € is related to ion
mobility.

Drift tube ion mobility (DTIM) is often depicted as the classical IM model due to its
relative ease of operation and ability to directly quantify an ion’s mobility from which Q values
can be derived.'?* 1! A unique property of DTIM is the uniform electric field (E) that is applied

to a series of stacked-rings in the drift cell; this static field propagates ions through the drift

region. Here, ion velocity (v) is correlated to its mobility (K) through the following equation:
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v=KE (Equation 1-5)
Ion velocity, in this case, can be calculated using the experimentally derived drift time (zp) of the

ion and the length (L) of the drift tube:
K = L Equation 1-6
= LE (Equation 1-6)

Based on the measured K values, the PTQ value of the ion can then be derived using the Mason-

Schamp equation:

1/2
= % uinT] % (Equation 1-7)
b

where e is the charge of an electron, z is the ion charge, N is the buffer gas density; u is the
reduced mass of the ion-neutral gas pair; & is the Boltzmann constant; and 7 is the drift region
temperature, !> 154

Despite the simplicity of the DTIM platform, most applications of IM in the
characterization of proteins have been performed on TWIM platforms due to their earlier
commercialization. Similar to DTIM, TWIM devices utilize a set of stacked-ring electrodes that
propel ions through the separator; however, the electric potential applied is not uniform
throughout the cell. Instead, TWIM uses an oscillating electric field to generate a series of
voltage waves that propel ions through the drift cell.'?* 1> To create this field, DC voltages are
applied to the ring electrodes, creating a wave that is propagated through the separator as the DC
voltages move to adjacent ring electrodes at a specified velocity. Concurrently, RF voltages are
superimposed on the propelling DC voltages as a way to radially confine ions and minimize ion

diffusion. The height and velocity of this so-called ‘travelling-wave’ can be adjusted, permitting

the optimization of TWIM separations for a variety of different biological systems.!'®
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Figure 1-5: Overview of the typical CIU workflow for a Waters Synapt G2 TWIM platform. (A) Protein ions across
different charge states are subjected to collisions with background neutral gas molecules in the trap ion guide. (B)
As protein ions are collisionally activated in a stepwise manner, they begin to unfold, leading to an increase in their
T™WQ values. (C) IM-MS data is then processed with CIUSuite 2 (v.2.3), 19 permitting a variety of different data
processing modules: the smoothing of data and generation of a CIU fingerprint; the detection of feature TWQ values
for compact and unfolded conformations; the fitting of a logistic function between adjacent features to determine
CIUs, values; the RMSD analysis of CIU data to quantitate global differences between proteins; and the comparison
of gas-phase stabilities between proteins using CIUs values.

However, due to the complex nature of TWIM separations, the mobility of an ion is no
longer directly related to "WQ per Equation 1-7. Therefore, TWIM devices must be calibrated
with ions of known mobilities (TVQ values) prior to measuring the TVQ values of unknowns. !>
CCS calibrations of TWIM data were first performed using a power-law relationship.!>? Recent
efforts in TWIM calibration methodologies, however, have produced T™WQ values with high
accuracy using blend function that encompasses the effects of velocity relaxation and take into
account the radial distribution of ions.!>” These calibrations can be successfully performed using
a small set of calibrant species, eliminating the need to carefully select calibrants that match the
molecular class of the analytes being probed. As such, T™VQ values throughout this dissertation

were calculated using this new calibration approach.

1.4.4 Collision-Induced Unfolding (CIU) for HOS and Stability Assessment
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Experimentally determined Q values serve as valuable metrics for integrative structural
biology studies, for they can be combined with other biophysical and computational (e.g.,
molecular dynamics) methods to help elucidate the structures of proteins and their complexes.'®
However, 2 measurements are limited in information content when viewed alone. Despite recent
efforts in improving IM resolution, current IM platforms still face significant challenges in
adequately resolving structural differences between large, iso-cross-sectional proteins. This
limitation especially applies to large, conformationally dynamic proteins like antibodies, where
drift time distributions do not demonstrate any significant improvement in resolution (tp/Atp)
between conformers on high-resolution spectrometers like the latest cyclic IM-MS platform.!>

To address these limitations in current IM resolution, CIU technologies are continuously
being developed to leverage IM-MS in resolving subtle differences in the unfolding and
dissociation pathways of iso-cross-sectional proteins.!®® 16! In CIU, isolated gas-phase protein
ions are activated through energetic collisions with a background inert neutral gas in a stepwise
manner prior to IM separation. These collisions lead to an increase in ion internal energies and
prompts them to unfold (Figure 1-5A,B).1%% 12 Typically, large, multi-domain ions undergo
several CIU transitions that lead to changes in  values corresponding to a number of unfolded
intermediates or features that can be sampled by IM. These unfolded intermediates can then be
tracked using a two-dimensional (2-D) heatmap, known as a “CIU fingerprint,” that plots Q
values (or drift times) as a function of collision (acceleration) voltage (Figure 1-5C). Various
methods for generating these fingerprints have been described that also offer different
quantitative metrics to interpret subtle changes in protein HOS.!®3167 CIUSuite 2,'% in particular,
offers a comprehensive package of automated statistical fitting and modeling methods that can

rapidly quantity feature Q values, model transitions between adjacent features for gas-phase
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Figure 1-6: The current CIU landscape for antibody-based therapeutics. CIU has been applied to various antibody
therapeutic modalities such as conventional IgGs (subclasses),'®®1%° multi- and bispecific antibodies,!’%!7!
ADCs,!"173 and Fc-fusion proteins (discussed in Chapter 4). CQAs such as glycosylation!™ and aggregation!’ have
also been probed with CIU, especially in the context of assessing the structures of innovator biologics and their
biosimilars.!7!77 CIU has also been extended to the study of large mAb-antigen (Ag) complexes'’® and domain-
exchanged mAbs.'”

stability assessments, and compare global differences between the unfolding pathways of iso-

cross-sectional proteins (Figure 1-5C).
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The establishment of data processing and visualization tools like CIUSuite 2 have
enabled the rapid stability and structural assessment of a range of antibody-based therapeutics,
their CQAs, and their immune complexes as summarized in Figure 1-6.'%%17° Moreover, recent
advancements in the automation of CIU when coupled with online separation methods like
SEC!8% 181 and IEC!®2 have further extended its feasibility as a high-throughput tool for HOS
assessment within the biopharmaceutical pipeline. Though these online approaches can be
practical in screening the structures and stabilities of large sample libraries, the short elution
times of these techniques limit the number of voltage steps that can be performed during CIU,
requiring additional sample injections that consequently compromise throughput.

Despite the success in extracting valuable empirical HOS information from CIU
experiments, the mechanistic underpinnings of antibody gas-phase unfolding pathways remain
largely unknown. Some granularity has been afforded through correlations between gas-phase
and solution-phase unfolding pathways of mAb-biotin drug conjugates,'’? but the random
conjugation of biotin molecules made it difficult to identify domain-correlated shifts in stability.
Moreover, the utility of CIU in determining antibody function and potency has yet to be fully
considered. The ability of CIU to determine structure-function relationships of antibody
therapeutics can potentially assist in rapidly identifying clinically potent and effective mAb
candidates. This dissertation, in part, addresses these gaps in our understanding of the gas-phase
behavior of antibody therapeutics and related products, as well as further validates CIU as a

valuable HOS analytical method for early drug discovery and development efforts.

1.5 Dissertation Overview

This dissertation largely focuses on the development and establishment of native IM-MS

and CIU-based workflows for the characterization of various antibody-based therapeutic
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modalities. The scope of the work ranges from scrutinizing the gas-phase unfolding mechanisms
of antibodies to rapidly elucidating antibody structure-function relationships. In a more general
sense, CIU is presented as a powerful technique in assessing the structures and stabilities of
conformationally dynamic protein therapeutics with highly flexible regions.

Chapter 2 describes a native IM-MS and CIU-based workflow for the characterization of
engineered bsAbs constructed using knobs-into-holes (KiH) technology. Both the parent mAbs
and the KiH bsAb were assessed using these approaches, showcasing that the bsAb retains HOS
memory from its parent mAbs. Importantly, a quantitative assessment of CIU data permitted the
annotation of antibody CIU pathways for the first time using both intact and middle-level CIU
approaches, where each CIU transition could be traced back to specific regions within the KiH
bsAb. This work was done in collaboration with Bristol Myers Squibb and has been previously
published as: Villafuerte-Vega, R. C.; Li, H.W.; Slaney, T.R.; Chennamsetty, N.; Chen, G.;
Tao, L.; Ruotolo, B.T. Ion Mobility-Mass Spectrometry and Collision-Induced Unfolding of
Designed Bispecific Antibody Therapeutics. Anal. Chem. 2023, 95,17, 6962 — 6970, DOI:
10.1021/acs.analchem.3c00344.

In Chapter 3, the ability of CIU to rapidly classify a range of anti-CD40 agonist mAbs is
investigated. A series of human IgG2 cysteine to serine (C/S) exchange variants that differed in
hinge flexibility were assessed. Results across both full-length and F(ab”), fragments
demonstrated that CIU can detect subtle changes in mAb stability and gas-phase compaction in a
manner that strongly correlates with receptor agonism. These trends were consistent across two
clinically relevant anti-CD40 mAbs, ChiLob7/4 and SAP1.3. Finally, the implementation of a
ClIU-based classification algorithm permitted the identification of agonistic mAbs in an

automated fashion, highlighting the ability of CIU-based assays to determine structure-function
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relationships with high accuracy. This work is currently in preparation for publication and was
performed in collaboration with Mark S. Cragg and colleagues at the University of Southampton.

Extending beyond the conventional IgG scaffold, Chapter 4 describes the development
of IM-MS and CIU approaches for the characterization of an Fc-Interleukin-10 (Fc-IL-10) fusion
protein engineered using flexible glycine-serine linkers. IM-MS and CIU revealed that Fc-1L-10
was structurally more dynamic in the gas-phase compared to proteins of similar size as well as
large, flexible proteins like antibodies, which led to wider mobility distributions and multiple
CIU transitions. Moreover, middle-level IM-MS and CIU experiments of isolated Fc and IL-10
(dimer) domains assisted in the annotation of CIU data for the intact Fc-IL-10 fusion protein, and
they further provided insights into the effects of linker length on IL-10 dimer stability. This work
was fulfilled in collaboration with Bristol Myers Squibb, and has been published as: Villafuerte-
Vega, R. C.; Li, H.W.; Berman, A.E.; Slaney, T.R.; Chennamsetty, N.; Chen, G.; Tao, L.;
Ruotolo, B.T. Ion Mobility-Mass Spectrometry and Collision-Induced Unfolding Rapidly
Characterize the Structural Polydispersity and Stability of an Fc-Fusion Protein. Anal.
Chem. 2024, DOI: 10.1021/acs.analchem.4c01408.

Chapter 5 extends beyond native MS protein stability measurements and encompasses
the development of a routine in vitro serum stability assay for antibody therapeutics that
incorporates internal standards. The in vitro stability of 19 antibodies was assessed in the serums
of various preclinical species including mouse, rat, and cynomolgus monkey. The incorporation
of internal standards in this workflow allowed for a more confident interpretation of antibody
therapeutic stability in serum, for it accounted for any random or systemic errors that occurred
during sample preparation and instrumental analysis. This work was performed during a summer

internship at AbbVie, and a manuscript is currently being prepared for publication.
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Finally, Chapter 6 provides a summary of the main research findings presented in this

dissertation, as well as discusses their impact on the broader native MS and IM-MS

communities. Importantly, the future of IM-MS and CIU-based technologies in the development

of antibody-based therapeutics and related products will also be discussed. Future directions for

each project will also be proposed, which aim to further our structural understanding of these

protein therapeutic modalities in the gas-phase.
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Chapter 2: Ion Mobility-Mass Spectrometry and Collision-Induced
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2.3 Abstract

Bispecific antibodies (bsAbs) represent a critically important class of emerging
therapeutics capable of targeting two different antigens simultaneously. As such, bsAbs have
been developed as effective treatment agents for diseases that remain challenging for
conventional monoclonal antibody (mAb) therapeutics to access. Despite these advantages,

bsAbs are intricate molecules, requiring both the appropriate engineering and pairing of heavy
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and light chains derived from separate parent mAbs. Current analytical tools for tracking the
bsAb construction process have demonstrated a limited ability to robustly probe the higher order
structure (HOS) of bsAbs. Native ion mobility-mass spectrometry (IM-MS) and collision
induced unfolding (CIU) have proven to be useful tools in probing the HOS of mAb therapeutics.
In this report, we describe a series of detailed and quantitative IM-MS and CIU datasets that
reveal HOS details associated with a knob-into-hole (KiH) bsAb model system and its
corresponding parent mAbs. We find that quantitative analysis of CIU data indicates that global
KiH bsAb stability occupies an intermediate space between the stabilities recorded for its parent
mAbs. Furthermore, our CIU data identifies the hole-containing half of the KiH bsAb construct
to be least stable, thus driving much of the overall stability of the KiH bsAb. An analysis of both
intact bsAb and middle-level fragments allows us to associate the first and second CIU
transitions observed for the intact KiH bsAb to the unfolding Fab and Fc domains, respectively.
This result is likely general for CIU data collected for low charge state mAb ions and is
supported by data acquired for deglycosylated KiH bsAb and mAb constructs, each of which
indicate greater destabilization of the second CIU transition observed in our data. When
integrated, our CIU analysis allows us to link changes in the first CIU transition primarily to the
Fab region of the hole-containing halfmer, while the second CIU transition is likely strongly
connected to the Fc region of the knob-containing halfmer. Taken together, our results provide
an unprecedented roadmap for evaluating the domain-level stabilities and HOS of both KiH

bsAb and mAb constructs using CIU.

2.4 Introduction

Bispecific antibodies (bsAbs) have become promising therapeutic modalities since they

merge the specificities of two different monoclonal antibodies (mAbs). This unique quality of
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bsAbs not only permits the targeting of two distinct epitopes or antigens simultaneously, but it
also paves the way for innovative functionalities that are unattainable with conventional mAb-
based therapeutics. Examples of such treatment strategies include the redirection and activation
of immune effector cell cytotoxic activity to specifically eradicate tumor cells,! the selective
inhibition of enzymes across the blood brain barrier responsible for amyloid- (AB) peptide
production,* > and the dual targeting and neutralization of two independent growth factors
associated with neovascular eye diseases.® ’ These therapeutic capabilities have led to the market
approval of two bsAbs by the US Food and Drug Administration, while well over 100 bsAbs are
currently in clinical development.®

Advancements in antibody engineering and development have cultivated many different
commercialized technology platforms within pharmaceutical and biotechnology companies for
novel bsAb construction.” These technologies have led to the generation of primarily two
different architectural classes of bsAbs: 1) fragment-based formats that join various antigen-
binding moieties into one entity without a fragment crystallizable (Fc) region and 2)
immunoglobulin G (IgG)-like molecules containing two different fragment antigen-binding
(Fab) regions connected by an Fc domain. In most cases, the latter ‘IgG format’ for bsAbs
exhibits greater solubility, stability, and plasma half-life when compared to other constructs due
to its large size and resistance to catabolism by the neonatal Fc receptor, FcRn.'® However, the
production of bsAbs using this format is challenging since dual specificity is dependent on the
co-expression of variable domains from two separate light chains and two separate heavy chains.
Therefore, one of the major challenges is the chain association issue, where different chain
combinations can theoretically result in 10 different antibodies of which only one matches the

target functional bsAb.” !
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Protein engineering approaches, such as the “knobs-into-holes” (KiH) concept, have been
developed to address the bsAb chain association problem and enforce the proper
heterodimerization of engineered heavy chains. This design strategy involves the mutation of
amino acid residues at the interface between Cu3 domains of each heavy chain, where targeted
residues are replaced with bulkier amino acids in the “knob” variant and smaller amino acids in
the “hole” variant.!> However, the characterization of bsAb therapeutics extends beyond their
proper assembly. Antibody therapeutics are large (~150 kDa), exhibiting significantly more
structural complexity and heterogeneity than conventional small molecule drugs. Additionally,
changes in higher order structure (HOS) caused by KiH engineering, post-translational
modifications, or degradation can result in the inhibition of molecular binding, an increased
potential for immunogenicity, and a higher rate of aggregation.'3-!¢ Therefore, a thorough
characterization of KiH bsAb HOS is crucial not only to define bsAb structure-function
relationships but also to ensure the stability, efficacy, and safety of the final therapeutic.'” 1*

A comprehensive range of biophysical techniques have been well-established for the
characterization of mAb therapeutic HOS and stability. Tools such as circular dichroism (CD),"
differential scanning calorimetry (DSC),?° and size exclusion chromatography (SEC)*! offer a
global perspective on mAb stability and conformation, but they lack the resolution needed to
distinguish subtle conformational changes. By contrast, techniques such as nuclear magnetic
resonance (NMR) spectroscopy,?* X-ray crystallography,?* and cryogenic electron microscopy
(cryo-EM)?** provide atomically resolved structural information, but they typically require
extensive sample preparation, large quantities of homogenous sample, lengthy data acquisition
times, and complex data interpretation.?> Currently, no full-length IgG-like bsAb crystal

structures are publicly available, and only bsAb fragment structures have been reported.?® 2’

45



Recently, native ion mobility-mass spectrometry (IM-MS) has emerged as a useful structural
biology tool capable of probing the HOS of mAb therapeutics from a few micrograms of sample
in the presence of structural heterogeneity and impurities. IM separates gas-phase protein ions
based on their charge and rotationally averaged collision cross sections (CCSs) on the
millisecond timescale.?® When coupled with MS, two ions of the same mass-to-charge (m/z) ratio
but different CCSs can be readily distinguished. IM-MS measurements have been shown to
monitor the dynamics of bsAb formation resulting from Fab-arm exchange (FAE),? resolve
disulfide structural isoforms of IgG2 mAbs,*® and assess antibody-drug conjugate (ADC)
structural heterogeneity.?! Moreover, collision-induced unfolding (CIU) has enabled IM-MS to
synchronously provide both protein structure and conformational stability information.** In CIU
experiments, protein ions are collisionally heated prior to IM separation to elicit protein
unfolding in the gas-phase. CIU has discriminated differences based on disulfide patterns,>?
glycosylation levels,** 3 domain exchanging properties,*® and drug conjugation.’”3® CIU has
also probed a bsAb formed via FAE of wt-IgG4s, highlighting that such bsAb can retain
structural information from both its parent mAbs.** Despite past progress, quantitative CIU has
yet to be deployed in the HOS evaluation of engineered KiH bsAb modalities, and the individual
contributions of parent mAbs to bsAb HOS remain unclear.

In this report, we describe the first application of quantitative CIU to real-world,
engineered bsAbs. Specifically, we extend the capabilities of native IM-MS and CIU to robustly
characterize the HOS of a model KiH bsAb and its parent ‘knob’ and ‘hole’ homodimer mAbs.
We define biophysical connections between these constructs by quantifying the global
differences observed between CIU fingerprints and comparing their stabilities. We further

convert the bsAb and its parent mAbs into fragments of various types to evaluate their domain-
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level stabilities. By comparing the stabilities of isolated domains, we can localize contributions
from each parent mAb in our KiH bsAb CIU transitions, where we discover evidence of Fab
domains unfolding in lower-energy CIU transitions. After enzymatically removing N-linked
glycans from the Fc regions of our constructs, we find evidence of destabilization occurring
primarily in higher-energy CIU transitions, permitting us to pinpoint the unfolding of the Fc
region in our CIU fingerprints. We conclude by discussing the potential impact of native IM-MS

and CIU workflows on the HOS characterization of KiH bsAbs.

2.5 Experimental Section

Sample Preparation. KiH bsAb heterodimer (10 mg/mL) and ‘knob’ and ‘hole’
homodimer mAbs (2 mg/mL) were produced, purified, and formulated in their respective
formulation buffer at Bristol Myers Squibb (New Brunswick, NJ). Here, we define ‘homodimer’
as intact mAb containing either ‘knob’ or ‘hole’ mutations, ‘halfmer’ as the half-molecule of
‘knob’ and ‘hole’ homodimer mAbs, and ‘heterodimer’ as intact KiH bsAb formed from the
dimerization of ‘knob’ and ‘hole’ halfmers. All antibodies studied here were of the IgG isotype
and IgG2 subclass, where one disulfide bond in the hinge region was mutated out. Glycerol-free
PNGase F (500,000 units/mL) was purchased from New England Biolabs (Ipswich, MA). Papain
from papaya latex was supplied as a buffered aqueous suspension and acquired from Sigma
Aldrich (St. Louis, MO).

All native, unmodified samples were buffer exchanged into 200 mM ammonium acetate
(pH 6.8 — 7.0) using Micro Bio-Spin P-6 columns (Bio-Rad, Hercules, CA) and diluted to
working concentrations of 1 mg/mL (~6.7 pM) of intact homodimer or heterodimer. Removal of
N-glycans from antibody constructs was achieved using PNGase F under non-denaturing

conditions overnight per the vendor’s recommended protocol. A control without PNGase F was
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incubated concurrently. For the papain digestion of the KiH bsAb, papain was first activated with
5 mM cysteine for 30 min at 37°C. Excess cysteine was then removed by buffer exchanging the
activated papain into digestion buffer (200 mM ammonium acetate, S mM EDTA, pH 6.8 — 7.0)
using Micro Bio-Spin P-6 columns. KiH bsAb (1 mg/mL) sample was buffer exchanged into
digestion buffer followed by the addition of activated papain to achieve a 1:100 (papain:bsAb)
ratio. The digest was then incubated for 2 hr at 37°C to cleave the KiH bsAb above the hinge
region and generate intact Fab and Fc fragments. A control without papain was also incubated to
track potential disulfide bond reduction caused by any residual cysteine in the digestion buffer.
Little to no disulfide bond reduction was observed. All deglycosylated and papain-digested
samples were quenched on ice and immediately buffer exchanged into 200 mM ammonium
acetate (pH 6.8 — 7.0) using Bio-Spin P-6 columns.

Native MS Analysis. High resolution native MS experiments were performed on a
standard commercial Q Exactive Orbitrap MS with Ultra High Mass Range (UHMR) platform
(Thermo Scientific, San Jose, CA). Samples were further diluted to ~2 uM before analysis.
Sample (~3 pL) was transferred to a gold-coated borosilicate capillary needle (prepared in
house), and ions were generated via direct infusion using a commercial Thermo Fisher
Nanospray Flex lon Source (ES071) with a static nanospray ionization (NSI) probe operated in
positive ion mode. Capillary voltages were held at 1.1 — 1.2 kV, and the inlet capillary was
heated to 275°C. Nitrogen was used as the collision gas, and the trapping pressure was set to 3.
Low m/z detector optimization and high m/z transfer optics were used to optimize the
transmission of mAb homodimer and KiH bsAb heterodimer ions. In-source trapping was

enabled with the desolvation voltage fixed at -50 V for improved ion transmission and efficient
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salt adduct removal. Transient times were set at 128 ms (resolution of 25,000 at m/z 400). Mass
spectra were then processed and deconvoluted using UniDec software.*

Native IM-MS and CIU. IM-MS and CIU experiments were performed using a
quadrupole-ion mobility-time-of-flight mass spectrometer (Q-IM-ToF-MS) instrument (Synapt
G2 HDMS, Waters, Milford, MA). Sample (~3 pL) was transferred to a gold-coated borosilicate
capillary needle, and ions were generated by direct infusion utilizing a nano-electrospray
ionization (nESI) source set to the positive mode. The nESI capillary was operated at voltages of
1.1 — 1.5 kV. For intact and halfmer species, the sampling cone was operated at 40 V, while for
Fab and Fc fragments, it was operated at 20 V to prevent in-source activation. The backing
pressure was set to ~7.3 to 7.5 mbar. The helium cell flow rate was operated at 200 mL/min and
pressurized to 1.4 x 10-3 mbar. The trap travelling wave ion guide was pressurized to 4.9 x 10-2
mbar of argon gas. The travelling-wave IM separator was operated at a pressure of ~3.4 mbar,
and IM separation was achieved with a travelling wave height and velocity of 40 V and 600 m/s,
respectively. The ToF-MS was operated over an m/z range of 1000 — 12,000 at a pressure of 2.3
x 107, Tons were subjected to collisions in the travelling-wave ion trap prior to IM separation to
perform CIU. For intact KiH bsAb, knob, and hole constructs, tandem-MS was utilized to select
charge state 24". For ions corresponding to halfmer, charge state 16" was selected. The
collisional voltages were then ramped from 5 V to 200V in 5 V intervals to construct each CIU
fingerprint. For Fab and Fc fragment measurements, charge state 13" was selected, and collision
voltages were ramped from 5 V to 140 V in 5 V increments since collisional activation above
140 V resulted in fragmentation. Polyalanine ions, bovine serum albumin, and glutamate

dehydrogenase were used as CCS calibrants. All data collection was performed in triplicate.
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IM and MS data were viewed using DriftScope and Masslynx V4.1 software, respectively
(Waters, Milford, MA). Mass spectra were deconvoluted using UniDec software.*’ Drift times
were extracted at each collision voltage using TWIMExtract (v1.5).*! TCCSna calculations were
performed using IMSCal software.*? Extracted drift time data were then analyzed using a home-
built software package, CIUSuite 2 (v2.2).** CIU fingerprints were 2-D smoothed with a
Savitzky-Golay function with a smoothing window of 5 and 2 smoothing iterations. The collision
voltage axis was interpolated with an axis scaling factor of 2 for intact constructs and 4 for
halfmers and Fab and Fc fragments. Standard feature detection was performed using a minimum
feature length of 3 steps, an allowed width of 0.75 drift time axis units, and a maximum CV gap
length of 0. CIUsq values were then assigned using max centroiding mode with a transition
region padding of 15 CV and a maximum CV gap length of 0. CIUs( represents the collision
voltage at which 50% of a more compact state of the antibody transitions to a more unfolded
state, and it defines the midpoint between adjacent features. Root-mean-square-deviation
analysis (RMSD) analysis was performed using the compare function in CIUSuite 2. All CIU

fingerprints shown are the average of three replicates.

2.6 Results and Discussion

Native IM-MS and CIU of knob and hole homodimers and KiH bsAb heterodimer.
The native IM-MS spectra of knob, hole, and KiH bsAb samples reveal various ion populations
corresponding to intact homodimer and heterodimer, as well as low and high molecular weight
species (Appendix Figure B-1A). Knob and hole spectra show high abundances of halfmers,
highlighting that KiH mutations (knob: T366W, hole: T366S, L368A, Y407V) impede efficient
halfmer dimerization into homodimer. Size-exclusion chromatography with multi-angle light

scattering (SEC-MALS) data showed mass fractions of ~56% and ~43% for homodimers and
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halfmers, respectively (Appendix Figure B-2). Differences in halfmer abundances in our native
IM-MS data are likely the result of ionization efficiency differences between the two ion classes
tracked in these experiments. IM-MS data for the KiH bsAb, on the other hand, shows very
minimal halfmer populations, revealing the effective association of knob and hole halfmers into
heterodimer. All intact antibodies present narrow charge state distributions (217 to 26"),
indicating the preservation of native-like structural information in the gas-phase compared to
denatured species.***¢ Moreover, all glycosylation sites are conserved for each antibody, and
averaged deconvoluted masses include all glycoforms such as those commonly found in standard
mAbs (Appendix Figure B-1B).

To further probe the HOS of knob and hole homodimers and KiH bsAb heterodimer, we
performed CIU on a range of charge states (22 to 24"). Previous studies have indicated that ion
charge state influences the number of transitions in its CIU fingerprint, where lower charge states
produce CIU data that correlates with the number of protein domains.*”>*® As expected, the
lowest charge state, 227, requires higher acceleration voltages to unfold, giving rise to fewer CIU
intermediates when compared to more highly-charged ions (Appendix Figure B-3). We observe
three main CIU features for 23" and 24" KiH bsAb ions, where the intensity of the most unfolded
feature detected at higher collision voltages is most prominent in the latter charge state. For our
analyses described below, we chose to focus on 24" ions due to their large relative intensities and
more prominent third CIU features. Globally, our analysis reveals both similarities and
differences across the parent homodimer mAbs and the KiH bsAb studied here (Figure 2-1).

Notably, all antibodies undergo a similar number of CIU transitions. Technical replicates
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Figure 2-1: CIU experiments of native, unmodified knob (blue) and hole (orange) homodimers and KiH bsAb
heterodimer (green). (A) Averaged CIU fingerprints (n = 3) for the 24" charge state (left) with corresponding
replicate RMSD baselines (right). All fingerprints show three main features indicated by the dashed white boxes.
Normalized "WCCSy; distributions at (B) 5V, (C) 65 V, (D) 110 V. At lower activation potentials, all antibodies
adopt similar "VCCSy> distributions, which significantly diverge at higher acceleration potentials. (E) Pairwise
RMSD analysis reveals global HOS differences among antibodies compared to replicate RMSD baselines (dashed
lines). (F) CIUsp analysis illustrates how the model KiH bsAb adopts a stability between those of knob and hole
homodimers.

produce baseline RMSDs of < 6%, which indicate consistent, reproducible CIU data for all
samples (Figure 2-1A). To better quantify differences among our intact constructs, we first
utilized the classification workflow within CIUSuite 2 to select collision voltages that exhibit the
greatest differences in arrival time distributions (ATDs) between CIU fingerprints.*>4°
Conversion of IM drift times to T"CCSnz values reveal broad ™VCCSn> ensembles that are
essentially indistinguishable by IM-MS alone at 5 V (Figure 2-1B). However, "WCCSx; data
captured at collision voltages of 65 V (Figure 2-1C) and 110 V (Figure 2-1D), reveal
significantly different distributions of ™VCCSna. At these higher collision voltages, we observe

that the KiH bsAb occupies an intermediate space of TVCCSxz values between those of knob and

hole homodimer mAbs, which agrees with previous CIU findings of a bsAb formed via FAE.*
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Interestingly, the "WCCSn; distributions recorded for the KiH bsAb at 65 V are similar to those
produced by knob homodimer CIU data. At 110 V, however, KiH bsAb CIU data switches to
produce ™WCCSna distributions like those of hole homodimer CIU data. These observations
provide early evidence suggesting bsAb stability is discreetly connected to both parent
homodimer mAbs for the KiH model studied here.

To build upon these observations, we performed pairwise RMSD analyses between CIU
data recorded for all antibodies in order to probe global conformational differences (Figure
2-1E). A comparison of knob and hole homodimers yields an RMSD of 16.45 4+ 0.19%,
indicating significant differences in global homodimer mAb HOS. When CIU data collected for
knob and hole homodimers are compared to KiH bsAb data, however, we observe decreased
RMSD values. Specifically, a comparison between knob homodimer and the KiH bsAb CIU
fingerprints produces an RMSD of 12.25 + 0.48%, while a comparison between hole homodimer
and the KiH bsAb produces an RMSD of 7.98 + 0.96% (Appendix Figure B-4). These
comparisons reveal that the KiH bsAb CIU data, and by extension bsAb global stability, most
closely resembles that of the hole homodimer for the model system studied here. Next, we
shifted our focus to evaluating differences in CIUso-based stability values between knob, hole,
and KiH bsAb. CIUs analyses of knob, hole, and KiH bsAb constructs indicate that KiH bsAb
stability can indeed be characterized as intermediate between its parent homodimers if initial
protein unfolding is used as the primary method of evaluating protein stability. Specifically,
ClIUso-1 values, which correspond to the first CIU transition recorded in our fingerprints, indicate
that the hole homodimer (61.36 = 0.42 V) is less stable than both the knob homodimer (64.88 +
0.23 V) and the KiH bsAb (64.16 & 0.62 V) (Figure 2-1F). Conversely, CIUso-2 values, which

are linked to the second, higher-energy CIU transition detected in our experiments, reveal that
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Figure 2-2: CIU data recorded for knob and hole halfmers. for CIUso-1 and 46.3% knob and 53.7%

(A) Averaged CIU fingerprints (n = 3) for 16 charge states.
(B) Pairwise RMSD analyses reveal significant differences ~ hole for CIUso-2. We quantified these
between halfmer HOSs. (C) CIUs analysis shows significant
differences (**** p < 0.0001) in protein stabilities. stability contributions by summing each
ClIUsq value of knob and hole together for each transition then divided each measured CIUso by
this total. Taken together, these results suggest that the CIUso-1 and CIUs0-2 values recorded in
our fingerprints are likely reporting on the local stabilities of different domains within the KiH
bsAb and mAb constructs studied here.

Middle-level CIU reveals knob and hole domain contributions to KiH bsAb HOS.
To better assign regions of the KiH bsAb to specific CIU features, we performed CIU
experiments targeting antibody fragment ions generated under native conditions. First, we
recorded CIU data for 16" knob and hole halfmers (Figure 2-2A) present in our homodimer mAb
IM-MS spectra (Appendix Figure B-1A). In these fingerprints, we observe four main CIU
features across both constructs, but RMSD analysis reveals significant differences in their native-
like structures (31.30 + 0.40%) when compared to baseline RMSD values recorded for technical

replicates (3.02 + 0.54% and 1.48 £+ 0.23% for knob and hole halfmers, respectively) (Figure

2-2B). CIUs analysis further reveals that knob halfmer is significantly more stable than the hole
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Figure 2-3: CIU data recorded for Fab and Fc fragments. (A) Averaged CIU fingerprints (n = 3) for 13" charge
states. (B) Pairwise RMSD analysis reveals significant differences between knob and hole Fab fragments. (C) CIUs
analysis indicates significant differences (** p <0.01, **** p <(0.0001) in fragment stabilities.

halfmer across the first two unfolding transitions observed (Figure 2-2C). These differences in
stability correlate strongly with our prior measurements of intact hole and knob homodimer
CIUso-1 values. We note that knob and hole halfmers differ in experimental mass by ~2%.
Previous studies have demonstrated that protein primary structure can influence CIU patterns.*’
Therefore, it is likely that the differences we observe in knob and hole halfmer stability are
connected, in part, to the sequence differences associated with each halfmer. We hypothesize that
the Fab regions, which contain hypervariable complementarity-determining regions (CDRs) that

determine specific antigen binding, are the main contributors to the differences in CIU detected

in our data.
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To continue our efforts in assigning CIU features observed in the KiH bsAb to specific
domains or regions within its structure, we performed CIU on the Fab and Fc fragments
generated via papain digestion. Here, papain cleaves above the hinge region to produce a knob
Fab, a hole Fab, and a chimeric Fc held together by hinge disulfides and non-covalent
interactions (Appendix Figure B-5). CIU fingerprints for Fab fragments reveal three CIU
features for both knob and hole Fabs (Figure 2-3A). The CIU fingerprint of the chimeric Fc
domain, on the other hand, shows four CIU features. Although IM-MS and CIU of middle-level
fragments of mAbs have been performed previously, most involved F(ab”), and non-covalent Fc
produced via IdeS digestion.>* 3¢ 3% Botzanowski and coworkers, in particular, described a
compaction phase in non-covalent Fc CIU data at higher collision voltages.>® Notably, we do not
observe a compaction phase in our Fc CIU fingerprint, indicating that the fragments studied here
are not directly comparable to those previously reported in the literature. As such, these CIU
experiments provide new insights into individual Fab and Fc HOS and stability for KiH bsAbs.
Technical replicates recorded for knob Fab, hole Fab, and chimeric Fc¢ fragments yield RMSD
baselines of 2.08 = 0.28%, 1.41 + 0.21%, and 4.85 + 0.70%, respectively. Although knob and
hole Fabs share qualitatively similar CIU fingerprints, difference analysis reveals an RMSD of
15.59 £ 0.55%, indicating that these fragments differ greatly in terms of their HOS (Figure
2-3B). Like our halfmer data, we note that the Fabs studied here differ in mass by ~2%. Thus, the
differences in HOS that we observe are most likely connected to the hypervariable regions of the
CDRs of each Fab. Furthermore, a stability assessment of these fragments quantitatively shows
that the knob Fab is significantly more stable than the Hole Fab across both CIUso-1 and CIUs50-2
values recorded (Figure 2-3C). Interestingly, our data also indicate that the Fc domain is

significantly more stable than both knob and hole Fab domains. This difference in stability is
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most likely related to the strong non-covalent interactions that exist between the Cy3 domains
within each heavy chain, as well as the knob and hole mutations promoting heavy chain
dimerization.>!->

Removal of N-glycans impact knob and hole homodimer and KiH bsAb heterodimer
conformation and stability. Previous work has demonstrated that CIU is sensitive to different
levels of mAb glycosylation, where the removal of sugars leads to the destabilization of mAb
HOS.3*-% Furthermore, the removal of glycans has been shown to decrease the thermal stability
of Cu2 domains within the mAb Fc region.>* Therefore, to better assign CIU transitions
corresponding to the unfolding of the Fc domain of our model KiH bsAb, we removed N-linked
glycans from the Cu2 domains of knob, hole, and KiH bsAb constructs and probed their resulting
stabilities using CIU.

To better track the progress of our deglycosylation reactions, we performed high-
resolution native orbitrap MS experiments to resolve individual homodimer mAb and KiH bsAb
glycoforms both prior to and after the addition of PNGase F. Our results provide evidence for a
wide range of glycoforms for knob, hole, and KiH bsAb constructs. Notably, the KiH bsAb
exhibits high glycan heterogeneity, containing at least 12 different glycoforms (Appendix Figure
B-6). This observation is most likely attributed to the unique glycan populations present on each
separate knob and hole heavy chain in the assembled KiH bsAb, further increasing its
complexity. Specifically, we not only observe mass shifts of 162 Da, corresponding to a hexose,
but also shifts of 291 Da, corresponding to either a N-acetyl neuraminic acid (NeuSAc) or a sialic
acid. In contrast, knob and hole homodimer glycoforms differ primarily by 162 Da, with the
knob homodimer native MS containing a single 291 Da shift in the mAb glycoforms detected.

Glycan removal results in average mass shifts of 4362.4 + 336.8, 2121.8 £210.6, and 3854.7 +
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654.0 Da for knob, hole, and KiH bsAb constructs, respectively, all in line with expectations for
PNGase F deglycosylation.* The variability observed in the homodimer mAb or KiH bsAb mass
lost following PNGase F treatment is a reflection of the unique glycosylation patterns observed
for each antibody studied here.

CIU experiments for both control and deglycosylated antibodies reveal the same number
of features as those observed in our initial CIU data, alongside clear shifts in protein stability.
RMSD analysis reveals significant differences between control and deglycosylated forms (~17 —
20%) compared to baseline RMSDs of < 4% (Figure 2-4A). Pre-CIU IM drift times for our
deglycosylated homodimer mAbs and KiH bsAb are universally shorter than those produced by

control (glycosylated) antibodies and thus produce CIU intermediates that are similarly shifted.
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Interestingly, an RMSD analysis comparing deglycosylated knob, hole, and KiH bsAb constructs
reveals that the deglycosylated bsAb most closely resembles the deglycosylated hole homodimer
(Appendix Figure B-7), a result that agrees well with our initial CIU experiments on the
glycosylated forms of these antibodies discussed above (Figure 2-1).

A quantitative analysis of CIUso data reveals an asymmetric effect on protein stability
upon the removal of glycans from each antibody (Figure 2-4B,C). CIUs0-1 values point to a
significant decrease in gas-phase stability for deglycosylated knob homodimer (65.65 = 0.28 V)
and KiH bsAb (62.65 = 0.37 V) when compared to controls (73.35 + 0.36 V and 66.15 £+ 0.28 for
knob homodimer and KiH bsAb, respectively). Deglycosylated hole homodimer, on the other
hand, shows no detectable change in CIUso-1. In comparison, our CIUso-2 results point to a
significant decrease in stability for deglycosylated hole homodimer (120.50 &+ 1.53 V) and KiH
bsAb (111.94 £ 1.46 V) compared to controls (143.73 +£2.44 V and 124.41 + 1.49 V for hole
homodimer and KiH bsAb, respectively), with no change observed in knob CIUso-2. By plotting
the differences in CIUs recorded between our control and deglycosylated antibodies, we can
delineate which CIU transition is most affected by deglycosylation (Figure 2-4D). Overall, we
observe greater differences in CIUs0-2 when compared to CIUso-1, with the latter transition
shifting < 5V (maximally ~6%) across all applicable constructs and the former generating shifts
of 10 — 25 V (maximally ~17%). We note that the knob homodimer exhibits a destabilized
ClIUs0-2 when compared with both bsAb and hole constructs even before deglycoyslation as
discussed above. Previously, the resolved structure of another model knob-knob Fc has shown
that knob-knob Fc is destabilized due to a change in the relative orientation of Cy3 domains

provoked by the knob point mutation.> Therefore, it is possible that the T366W mutation in the
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Cu3 domains of knob heavy chains is affecting the non-covalent interactions at the Cy3- Cu3

interface of the knob homodimer, permitting flexibility and leading to lower CIUs0-2 values.

2.7 Conclusions

Here, we demonstrate the capabilities of IM-MS in combination with CIU to establish
HOS connections between a model KiH bsAb and its parent homodimer mAbs. We found CCS
alone to be insufficient to resolve the subtle HOS differences between the antibodies studied
here. In contrast, CIU fingerprints permitted us to resolve and differentiate each iso-cross-
sectional antibody. Overall, our findings indicate that our model KiH bsAb adopts an
intermediate cross-sectional and stability profile between those of its parent knob and hole
homodimer mAbs, an observation driven by stability contributions of each parent halfmer to KiH
bsAb stability.

Importantly, our analysis of a model KiH bsAb and its parent mAbs has enabled us to
assign many details surrounding the CIU of a model KiH bsAb for the first time. By studying
mADb and bsAb fragments, alongside deglycosylated constructs, our data strongly point to the
first and second CIU transitions of the KiH bsAb and the parent mAbs in this work to be related
to Fab and Fc domains unfolding, respectively. In particular, the CIU profiles recorded for Fab
fragments in comparison to liberated chimeric Fc domains indicated lesser stabilities for the Fab
domains in a manner that reflected their relative stabilities in larger constructs (e.g., halfmers and
homodimers). The larger stability of the Fc, in combination with the larger influence of
deglycosylation on CIUs0-2, supports the notion that higher-energy CIU transitions in the KiH
bsAb are related to Fc CIU, while lower energy transitions are connected to Fab CIU. A greater
degree of granularity can be assigned to KiH bsAb CIU than the generalities detailed above,

which we argue are likely applicable to all mAb CIU collected for ions having sufficiently lower
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charge states. For this work’s model KiH bsAb, our results indicate that the lower energy, Fab
dominated, unfolding event is likely driven by the stability of the hole Fab domain, which all of
our CIU data indicates is the least stable element of the KiH bsAb construct, and subsequent
higher-energy CIU transitions are related to the unfolding of Cy2 and Cy3 domains within the
knob-containing portion of the Fc. However, we acknowledge that these findings offer a simple
explanation of the gas-phase unfolding mechanism of a model KiH bsAb. Future work will target
the thorough evaluation of bsAb and mAb CIU pathways. Comparisons of KiH bsAbs
constructed using different IgG subclasses, for instance, would provide further information
regarding KiH bsAb stability.

Our ability to interpret the details of bsAb CIU, coupled with our enhanced understanding
of the biophysical underpinnings of a model KiH bsAb’s stability, has the potential to provide
critical information in support of KiH bsAb discovery and development. Future work in our
group aims to further develop IM-MS and CIU workflows to rapidly probe the suitability and
HOS details of KiH bsAb construction. For example, we foresee combined native MS, IM-MS
and CIU, available in a high-throughput mode, to reveal variations in KiH bsAb conformational
dynamics and stability provoked by changes in protein sequence, enabling us to relate HOS

changes to overall KiH bsAb fitness for subsequent development efforts.
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3.3 Abstract

Antagonistic monoclonal antibodies (mAbs) have been converted into powerful agonists
by isotype switching from human (4)IgG1 or A1gG4 into AIgG2. Such epitope-independent
modulation in agonistic activity is leveraged by the ability of 21gG2 to undergo disulfide
shuffling within its hinge region, creating various disulfide patterns that directly impact mAb
conformation and flexibility. Structural analyses of these disulfide-switched constructs, however,
have been limited due to the intrinsic dynamism of full-length 41gG. Herein, we describe a
collision-induced unfolding (CIU)-based assay that rapidly probes the structures and stabilities of
a series of #1gG2 variants with different cysteine to serine (C/S) exchanges in their hinge
regions. Changes in collision cross section (Q2) and gas-phase stability are observed in a manner
that correlates with levels of receptor agonism across full-length 4IgG and F(ab’), fragments.
These differences are attributed to the patterns of disulfide crossovers present in agonistic mAbs
that dictate their conformationally dynamic ensembles. Our CIU results assist us in classifying
C/S variants into categories having predicted levels of receptor agonism, and they further
highlight the significance of hinge engineering in tuning structure-function relationships of

antibodies.

3.4 Introduction

Monoclonal antibodies (mAbs) have emerged as powerful therapeutic modalities that
offer targeted remedies for a myriad of diseases. They have revolutionized the therapeutic
landscape as applied to cancer therapy, autoimmune disorders, and infectious diseases due to
their bifunctional ability to specifically bind various targets and effectively harness potent
immune effector functions.!” These unique properties have led to the approval of approximately

120 antibody therapies by the U.S. Food and Drug Administration, while nearly 140 are
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currently in late-stage clinical development.* ° Target recognition is facilitated by two identical
antigen-binding fragment (Fab) domains linked via a flexible hinge to a fragment crystallizable
(Fc) domain that mediates various cellular effector functions such as the activation of the
classical complement pathway.% ” Antibody Fab domains can also elicit powerful effector
mechanisms by mimicking endogenous ligands of immune cell surface receptors. This unique
property has guided the design and development of agonist antibodies targeting immune
checkpoint co-stimulatory receptors that lead to the activation of downstream signaling
pathways.® Prominent costimulatory targets of these immunomodulatory mAbs include those of
the tumor necrosis factor receptor (TNFR) superfamily such as CD40, 4-1BB, and OX40, which
have offered a molecular adjuvant for antitumor immunity.51°

Previous studies have demonstrated that immunomodulatory antibodies stimulate
immune receptors in an isotype- or epitope-dependent manner.!'"'* For example, anti-human(/)
CD40 mAbs that target the membrane-distal cysteine-rich domain 1 (CRD1) are highly
agonistic, while those that bind CRD2-4 act as potent antagonists by blocking interactions with
CD40L.!! Specifically, agonistic anti-CD40 mAbs of the human immunoglobulin G (h1gG)
isotype 1 (hlgG1) typically require the inhibitory FcyRIIB to promote CD40 crosslinking and
impart an immune response. Alternatively, switching the mAb to an 4#1gG2 isotype has been
shown to confer FcyR-independent agonism to various anti-CD40 mAbs, such as ChiLob7/4,
SGN40, and 341G2, by promoting CD40 receptor clustering within the membrane that leads to
enhanced downstream intracellular signaling.'* '* The exceptional ability of #11gG2 to optimize
receptor agonism is driven, in part, by its ability to undergo disulfide switching within its Cyul
and hinge regions, resulting in two major disulfide structural isoforms: a flexible A-form

(hlgG2A) and a rigid B-form (h1gG2B).!> 1® These structural isoforms have demonstrated highly
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opposing immunostimulatory activity in murine models, where AIgGA lacks immunostimulatory
activity and #IgGB exhibits strong agonism.!!"> '* Building upon these observations, agonistic
hlgG2B cysteine to serine (C/S) variants of ChiLob7/4 were shown to be less flexible and adopt
the fewest conformations in solution due to a disulfide crossover between opposing heavy and
light chains.!” Therefore, the mechanistic underpinnings of #1gG2B agonism can be partly
explained by its ability to confine receptor mobility, leading to enhanced receptor clustering and
immune activation.!°

However, establishing a quantitative molecular explanation for the structural effects of
C/S hinge engineering on AIgG2 agonism has been limited to a single antibody series. Moreover,
only F(ab’), fragments have been structurally probed due to the inherent dynamism of full-length
hlgGs, a fact that complicates conventional X-ray crystallography measurements as described
previously.!” I8 These limitations necessitate the development and validation of new
methodologies capable of rapidly probing the structure-function relationships of full-length,
hinge-engineered agonist mAbs. Recently, native ion mobility-mass spectrometry (IM-MS) has
become a useful tool for investigating the higher order structures (HOSs) of flexible proteins that
possess a broad range of conformational states.!® IM separates gas-phase protein ions by their
charge and rotationally averaged collision cross section (€), the latter which is calculated based
on the molecular architecture and size of the proteins being investigated.?® 2! Recent efforts in
IM-MS have been successful in distinguishing IgG2 disulfide isoforms, but standard IM
separation is challenging to use alone to distinguish these closely-related mAb conformations.?*
23 Alternatively, collision-induced unfolding (CIU) has enabled IM-MS to provide more refined
structural and stability information based on the collisional heating of native-like proteins in the

gas-phase, where the unfolded intermediates generated often reflect the intrinsic architectures of
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the proteins being probed.?* Although CIU has been shown to be sensitive to the disulfide-bond

structures of IgG isotypes,?*2*

a clear understanding of how hinge disulfides impact the gas-
phase stabilities of IgGs is also lacking, especially in the context of disulfide isoforms of 21gG2
and their relation to agonistic function.

Herein, we describe a methodology that rapidly probes the impact of C/S hinge
engineering on the structures of agonist mAbs in the gas-phase. Specifically, we combine both
IM-MS and CIU measurements to demonstrate that hinge disulfide modifications in ChiLob7/4
C/S variants influence the gas-phase structural collapse and stabilities of full-length 4IgG and
F(ab’), scaffolds in a manner that strongly correlates with hinge flexibility and receptor agonism.
We then extend these structural studies to C/S variants of the anti-4-1BB (CD137) mAb,
SAP1.3, where we observed comparable shifts in gas-phase structural compaction and stability.
Finally, we applied our CIU approach in probing the gas-phase structures and stabilities of two
novel C/S variants of ChiLob7/4 and SAP1.3 that possess unconventional hinge disulfide
patterns. Taken together, our findings represent the first example that highlights the robustness of

IM-MS and CIU-based assays in establishing structure-function relationships of potent agonist

mAbs, thus enabling future high-throughput hinge disulfide engineering efforts.

3.5 Experimental Section

Antibody Production and Purification. Kabat numbering is utilized throughout the
report. Anti-human(/) #CD40 ChiLob7/4 hlgG2 cysteine to serine (C/S) exchange variants
C232S + C2338, C233S kC2148S, C239S, C232S «C214S, C232S + T222C kE123C + C2148S,
and C232S + K228C «(C214S were generated by site directed mutagenesis in Chinese hamster
ovary cells. They were subsequently purified by protein A affinity chromatography using a

HiTrap MabSelect SuRe protein A column (Cytiva) and confirmed to be endotoxin low (<10
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EU/mg) using an Endosafe PTS device (Charles River Laboratories) and aggregate-free (<1%)
via high-performance liquid chromatography (HPLC) as described previously'*!” Anti-ZCD137
SAP1.3 C/S exchange variants C232S + C233S, C232S, C233S, C233S kC214S, C239S, C232S
kC2148S, C232S + T222C kE123C + C2148, and C232S + K228C «C214S were produced in a
similar manner. To generate F(ab’)> fragments, each antibody was digested with IdeS
(FabRICATOR, Genovis) at a 1 unit IdeS per 1 ug IgG ratio for 1 hour in TRIS NaCl buffer at
37°C. Full-length IgG and F(ab’), fragments were then desalted into 500 mM ammonium acetate
(pH ~7.0) followed by another round of desalting into 200 mM ammonium acetate (pH ~7.0)
using Micro Bio-Spin P-6 columns (Bio-Rad). Final concentrations were then measured by UV
absorbance using a NanoDrop 2000c¢ spectrophotometer (Thermo Fisher Scientific). Prior to MS
analysis, samples were further diluted with 200 mM ammonium acetate to a final concentration
of 3to 5 uM.

NFkB Assay and Small-angle X-ray scattering (SAXS). The NF«kB assay was
performed as previously described using the Jurkat NF-kB GFP reporter cell line (System
Biosciences, USA).!3 SAXS experiments were performed as previously described.'’

Native Ion Mobility-Mass Spectrometry (IM-MS). IM-MS experiments were
performed on a quadrupole-ion mobility-time-of-flight mass spectrometer (Q-IM-ToF-MS)
(Synapt G2 HDMS, Waters). Samples (3 puL) were transferred to gold-coated borosilicate
capillaries (5-10 um inner diameter, Harvard Apparatus) prepared in-house with a Sutter P-97
Micropipette Puller (Sutter Instrument) and Quorum SC7620 Mini Sputter Coater (Quorum
Technologies), and ions were generated via static nano-electrospray ionization (nESI) using a
NanoLockSpray source operated in positive mode. Settings throughout the instrument were

adjusted to improve the desolvation and transmission of native-like protein ions without
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significant activation prior to IM separation: capillary voltage, 1.1 to 1.3 kV; source temperature,
25°C; sample cone, 25 to 50 V; extraction cone, 0 V; trap collision voltage (CV), 4 to 10 V; trap
DC bias, 40 to 50 V; helium cell DC: 45 V; and IMS bias, 5 V. The backing pressure was set
between 7.3 to 7.9 mbar for improved ion transmission for all samples. The trap traveling-wave
(TW) ion guide was pressurized to 5.2 x 10 mbar of argon gas. The helium cell flow rate was
operated at 200 mL/min and pressurized to 1.4 x 10> mbar. The TWIM cell (a length of 0.254
m) was operated at 90 mL/min of nitrogen gas and pressurized to ~3.4 mbar. TWIM separation
was achieved with a TW height and velocity of 40 V and 600 V, respectively. The ToF-MS was
operated in the 1,000 to 12,000 m/z range in sensitivity mode at a pressure of 2.4 x 10°® mbar.
Mass calibration of the instrument from 100 to 10,000 m/z was performed using a solution of
cesium iodide (100 mg/mL in 30% isopropanol). D, L polyalanine (PolyA), bovine serum
albumin (BSA), and alcohol dehydrogenase (ADH) were prepared and used as collision cross
section (TVQn») calibrants to convert IgG and F(ab’), drift times into "WVQx; values as described
previously.?’ All data was collected over 200 drift bins with a scan time of 0.5 s for 1 min. Three
technical IM-MS measurements were acquired for each sample. IM-MS spectra shown in this
work were visualized with MassLynx v4.2 and DriftScope v3.0 software (Waters) and assembled
into figures using Adobe Illustrator.

Collision-Induced Unfolding (CIU). CIU experiments were performed using static
spray nESI. Tons corresponding to a single charge state were selected using the high m/z
quadrupole then subjected to collisions with argon gas in the trap TW ion guide prior to TWIM
separation. Here, the trap CV was ramped from either 5 to 200 V in 5 V increments for full-
length IgG or 4 to 140 V in 4 V increments for F(ab’), fragments to produce CIU data. The dwell

time for each CV step was 12 s, and the scan time was 0.5 s. CIU method files and sample lists
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were automatically generated using an in-house python script (MethodEditor). Up to 20
functions (CV steps) were combined into a single .raw file, and three technical CIU replicates
were acquired for each sample.

IM-MS and CIU Data Processing and Analysis. Deconvolution of mass spectra was
achieved using UniDec software.’® IM and CIU .raw files were processed using a modified beta
version of CIUSuite 2 (v2.3),*! which encodes both TWIMExtract (v1.6)*? and IMSCal (v1.0)*
for semi-automated drift time extractions and T™WQn» calibrations, respectively. Specifically, drift
time distributions were extracted over an m/z range that covers a single protein charge state, and
T™WQn: values were determined using a calibration function that incorporates the operating
conditions (TW height and velocity; TWIM cell length, pressure, and temperature) of the Synapt
G2 instrument. Importantly, no unfolded protein calibrants were utilized to perform T™WQx,
calibrations.

Distributions of TWQn-calibrated IM data for individual charge states were fitted with a
gaussian function to calculate centroid "WQn; and full width at half maximum (FWHM) values
using Fityk curve fitting software.>* Since IMSCal produces calibrated TWQn; values with a level
of uncertainty, we estimated the total centroid T™VQxz error (in nm?) associated with three

technical replicate measurements using the following equation:

error = /62 + Qy,_error? + cal_rmse? (Equation 3-1)
where o is the standard deviation of technical replicate values, Qv>_error? is the uncertainty of
calibrated IgG or F(ab’), ™WQn, values, and cal_rmse’ is the TVQx, calibration root-mean-
squared error (RMSE). Generally, we observed a % ™WQx; calibration RMSE of less than 0.7%,
and % uncertainties in IgG and F(ab’), T™WQx, values were approximately 0.6 and 0.4%,

respectively.
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WO, calibrated CIU files were further processed using CIUSuite 2 (v2.3). Data was 2D
smoothed using a Savitzky-Golay filter with a window size of 5 and 2 smooth iterations. CIU
fingerprints were cropped in both ™V Qx and CV axes for better visualization. Standard feature
detection was performed using minimum feature length of 3 steps, an allowed width of 2.5 to 2.8
nm? in "WQn; axis units, and a maximum CV gap length of 2. CIUs values were then calculated
using max centroiding mode with a transition padding of 15 V and a maximum CV gap length of
2. Root-mean-square deviation (RMSD) analysis was performed using the compare function
within CIUSuite 2. All CIU fingerprints shown are the average of three technical CIU replicates
with replicate RMSD values of less than 8%. The classification algorithm within CIUSuite 2 was
used to assemble and classify training and test (unknown) data sets, respectively.3! 34 Classifiers
were built in A// Data mode using three replicates for each class. Cross-validation was
performed using a score tolerance of 0.02, and the cross-validation accuracy metric was used to
choose the optimal classifier.

Similarity scores, defined here as one minus the square root of the Jensen-Shannon
divergence,* were calculated as described previously.?’ Briefly, scores were calculated at every
voltage step between CIU replicates using the package philentropy (v. 0.8.0) in R (v. 4.3.1).3
The ™ Qn; distribution at each CIU voltage was interpolated to 1000 points across a common
WO\ axis and normalized to a sum of one prior to each similarity score calculation. Graphing of
all data shown was performed using GraphPad Prism (v.10.2.0). All plots were then compiled

into figures using Adobe Illustrator.

3.6 Results and Discussion

Disulfide hinge variation influences the gas-phase collapse of agonist mAbs. Prior

reports have detailed the structural collapse of antibodies upon transitioning into the gas-phase
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Figure 3-1: Native IM-MS measurements of ChiLob7/4 variants. (A) Representative IM-MS spectra of C232S +
C2338S and C232S «C214S variants reveal native-like charge state distributions. Masses + mass error of the charge
states sampled for mass deconvolution are shown. (B) TWQx; values as a function of charge state. ™WQn; errors
shown were obtained by propagating uncertainties associated with n = 3 technical replicates, calibrated TWQy; values
of hlgGs, and experimental TVQx, values of the calibrants used (see Methods). (C) Gaussian peak fittings for the
TWQn, distributions of charge state 23*. Vertical error bars represent the s.d. in intensities technical replicates, while
horizontal error bars represent the uncertainties in calibrated ™VQx; values. (D) Top: structures of ChiLob7/4
variants highlighting an increase in agonistic activity from red to blue. #1gG1 and #1gG2 WT are nonagonistic and
agonistic, respectively. Bottom: peak width analysis of charge states 22" and 23*. Peak width data are plotted as
mean + s.d. of peak fittings of technical replicates.

from solution, as evidenced by a ~40% discrepancy between experimental Q values and those
calculated from crystal structures.>’** This collapse is, in part, is facilitated by the capacity of the

IgG hinge to provide the necessary steric freedom for Fab and Fc domains to seamlessly form

75



into more compact structures during the nano-electrospray ionization (nESI) process.*’ Building
upon these previous findings, we hypothesized that different disulfide bonding configurations
within the IgG2 hinge region would impart different levels of gas-phase compaction, thus
enabling the ability of IM-MS and CIU to differentiate IgG2A and IgG2B forms. To explore this,
we performed native IM-MS experiments across a series of six anti-ZCD40 ChiLob7/4 variants
that have been described previously.!” Here, cysteines in the hinge region suggested to
participate in disulfide shuffling were exchanged with serine, generating “locked” AlgG2A
(C232S + C233S) and AlgG2B (C233S «C214S, C239S, and C232S kC214S) states with varied
of levels of flexibility and receptor agonism. Both wild type (WT) AlgG1 and #1gG2 ChiLob7/4
isotypes were also generated, which served as both negative and positive controls in developing
our CIU-based agonistic activity assay, respectively.

By employing soft nESI conditions to avoid artifactual activation of each h1gG,* *° we
successfully captured compact, native-like ions as evidenced by narrow charge state distributions
(Figure 3-1A, Appendix Figure C-1A). We assessed the gas-phase compaction of each variant by
converting the arrival time distributions observed in our IM data to TVQx; values across all
charge states (22" to 26") observed. Qualitatively, variants that feature a disulfide crossover
exhibit broader ™VQx; distributions, highlighting their wider range of structures (Appendix
Figure C-1B). Comparing centroid "VQx> values further revealed variations in mAb gas-phase
compaction across all #1gGs sampled (Figure 3-1B). For example, WT hlgG1, which has

1114 adopted lower TVQo values than

previously been shown to have minimal agonistic activity,
the more rigid, agonistic WT hlgG2. The C232S + C233S ™Qn; values we recorded were also

lower, akin to those of the 2IgG1 negative control, while the ™VQxa values obtained for variants

featuring a disulfide crossover (C233S kC2148S, C239S, and C232S kC214S) approached those
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of the agonistic #1gG2 control. To better quantitate the structural collapse of these variants, we
used Gaussian fitting to precisely evaluate the widths of their TWQx; distributions (Figure 3-1C).
For the data shown, we inspected widths recorded for mAb charge states 22" and 23", since the
WO\, distributions for these charge states showed stronger evidence of normal, symmetric
Gaussian distributions and are also expected to better reflect native protein configurations.*!
Here, the agonistic crossover variants C233S kC214S, C239S, and C232S kC2148S, as well as
the 1lgG2 WT, had larger peak widths compared to those of the nonagonistic C232S + C233S
variant and #IgG1 WT (Figure 3-1D). These differences in peak widths showcase that more
flexible mAbs adopt a narrower, more compact distribution of conformations in the gas-phase,
reflective of their more pliable hinge regions. Furthermore, the trends that we observe in centroid
WO and peak width values correlate with an increase in agonistic activity in the order of
C232S + C233S < (2338 kC214S < C239S = C232S kC214S as described previously.!”
Additionally, we detected similar trends in the gas-phase compaction for the F(ab’)2
fragments of ChiLob7/4 variants generated via IdeS digestion (Appendix Figure C-2A). Variants
with a disulfide crossover occupied a bimodal distribution of ™WQx; values across charge states
(19" to 217), while the more flexible C232S + C233S variant and 2IgG1 WT showed more
unimodal distributions, especially for lower charge states (Appendix Figure C-2B). Centroid
TWON, values for the more compact distributions in each C/S variant further revealed an increase
in ™VQn» values in the order of C232S + C233S < C233S kC214S < C239S = C232S kC214S
(Appendix Figure C-2C), which agree with our "W Q2 measurements of full-length 4IgGs. Since
F(ab’), fragments of #1gG2 have been shown to elicit the same activity as full length A1gG2,'* 17

our IM-MS results across all full-length #1gGs and F(ab’), fragments further support that
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variations in hinge flexibility modulate the gas-phase collapse of 42IgG2 antibodies in a manner
that correlates with agonistic activity.

Disulfide crossover in the 2IgG2 hinge induces changes in full-length mAb CIU
pathways. Previous reports have detailed the potential of CIU-based assays to scrutinize the
structures and stabilities of various mAb modalities.**** In CIU, protein ions generated via nESI
are subjected to collisions with background inert gas prior to IM separation. The activated ions
then undergo structural changes, leading to changes in TV Qx> representative of different
conformational states or features.* Studies have shown that the extent of unfolding induced by
these collisions is dependent on charge state, where lower charge states require more energy to
initiate unfolding and higher charge states access more highly extended conformations.*"*#* Since
we observed that hinge flexibility modulates the gas-phase compaction of ChiLob7/4 C/S
variants, we speculated that the underlying architecture of such collapsed structures would
produce different unfolded intermediates during CIU.

When subjecting the most abundant ChiLob7/4 variant ions (23" to 25") to CIU, we
observed remarkably different unfolding patterns for suspected #I1gG2A and #IgG2B forms,
allowing them to be distinguished (Appendix Figure C-3). Immediate differences in conformer
families are evident at CVs above 100 V, where agonistic variants access unfolded structures
with higher T™WQn; values than those of nonagonistic variants. These distinctions are especially
evident at higher charge states. For our analyses described below, we chose to further investigate
24" ions due to the higher intensities of these extended conformations compared to 23" ions, as
well as their more compact, native-like structures relative to 25" ions (Figure 3-2).

A closer examination of individual CIU fingerprints revealed that all antibodies undergo

a transition between 60 to 75 V to a second feature with a TWQx» value ranging from 87.0 to 91.0
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nm? before further unfolding to extended states that differed significantly between mAbs (Figure
3-2A). For example, the agonistic 2lgG2 WT first transitions to an intermediate third feature
with a TWQn, of 94.50 + 0.48 nm? before unfolding to a more elongated fourth feature with a
T™WQn, of 100.46 + 0.3 nm?. In contrast, the nonagonistic £IgG1 WT transitions to a third feature
with a TWQn, 0f 95.60 + 0.39 nm? without any subsequent unfolding. We attributed these
differences in CIU features to the mixture of different disulfide isoforms within #IgG2 WT,
where the 2IgG2A and 4IgGB forms predominately give rise to the third and fourth features
observed in the A1gG2 WT, respectively. Within this scope, the highly agonistic C232S kC214S
unfolds to produce a more extended fourth feature with a T™WQx of 101.40 + 0.39 nm? without
transitioning through a discrete intermediate third feature like 21gG2 WT. The modestly
agonistic C233S kC214S variant behaves similarly, unfolding to a fourth feature with a ™VQno of
101.32 + 0.42 nm?. Like the A1gG1 WT, the nonagonistic C232S + C233S variant predominately
transitions to a third feature with a ™VQno 0f 97.59 + 0.39 nm?. Combined, these results confirm
that the disulfide isoforms of #1gG2 give rise to the different CIU transitions that we observe at
higher CVs. Interestingly, the highly agonistic C239S variant undergoes CIU transitions similar
to those of the A1gG2 WT, with the third and fourth features having "WQn, values of 94.46 + 0.48
nm? and 100.46 + 0.39 nm?, respectively. Therefore, the C239S variant likely exhibits both
hlgG2 disulfide isoforms, as evidenced by minimal full light chain ejection upon collisional
activation, which supports the possible existence of an interchain disulfide bond between heavy

and light chains (Appendix Figure C-4).
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To better quantify the relative differences between ChiLob7/4 C/S variants, we
performed a total difference analysis of CIU data utilizing a root-mean-square deviation (RMSD)
approach. We specifically compared the CIU fingerprints of each antibody to that of the highly
agonistic C232S «C214S variant (Figure 3-2B). Comparisons to the nonagonistic 2IgG1 WT and
(C232S + C2338S variant yielded RMSD values greater than ~32% compared to replicate RMSD
baselines of less than 5% (Appendix Figure C-3). Comparisons to other agonistic variants,
however, produced RSMDs values lower than ~22%, emphasizing that the presence of a
disulfide crossover causes 4IgG2B variants to exhibit somewhat similar TWQx; distributions
along their respective CIU pathways. Visually, some regions of differences are more pronounced
than others across RMSD plots, indicating that the differences observed between the C232S
kC214S variant and other mAbs vary significantly at each CV recorded. Therefore, we employed
a Jensen-Shannon divergence metric to measure the similarity between Q2 distributions at each
individual CV step. This similarity metric has been previously implemented in the differentiation
of IgG1x and IgG4x antibodies.?’

In this work, we calculated the similarity of each antibody to either the nonagonistic
(C232S + C233S or the highly agonistic C232S kC214S variant (Figure 3-2C). As expected, both
the nonagonistic 21gG1 WT and C232S + C233S variant had higher similarity scores across
multiple CVs since a similar number of features are observed in their CIU fingerprints. Higher
similarity scores are observed from 50 to 80 V across all comparisons since all antibodies share a
common second feature within this CIU fingerprint region. Globally, the agonistic 2lgG2 WT
mostly scored higher in similarity with the C232S «C214S variant, where lower scores are the
direct result of 2IgG2A isoforms being present within the 2IgG2 WT. The C239S variant, on the

other hand, scored higher in similarity with the C232S «C214S variant across all CVs,
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underscoring that C239S is agonistic and more #IgG2B-like. Interestingly, the C233S «C214S
scored higher in similarity to the C232S kC214S variant at higher CVs. The lower scores at
voltages below 50 V are likely the result of the more compact structures adopted by the C233S
kC214S variant as shown by the corresponding RMSD plot in Figure 3-2B.

Since the magnitude of gas-phase compaction influences the energy barriers required for
proteins to unfold,*' we shifted our focus to evaluating the energy levels required to initially
unfold each antibody. Specifically, we determined quantitative stability values from our CIU
data sets by fitting the transition region between the first two features in each antibody variant
with a sigmoid function (Figure 3-2D). The midpoint voltage of this transition, which we term
the “CIUso” value, can then be obtained and used as a quantitative metric for gas-phase
stability.>! A comparison of CIUso values for the first transition revealed that the 4IgG1 isotype
of ChiLob7/4 is more stable than its #IgG2 analogue. This difference is likely driven by the
variations in hinge disulfide connectivity between 4IgG isotypes and is further supported by the
trends we observed in the C/S variants. Here, the nonagonistic C232S + C233S variant is more
stable than the #IgGB variants, highlighting that the presence of a disulfide crossover and the
lack of a disulfide bond between heavy and light chains destabilize the #1gG2B isoforms.
Regarding the #IgGB variants studied here, we noticed a decrease in CIUsq values in a manner
that correlates with an increase in agonism in the order of C233S kC214S < C239S = C232S
kC2148.7 These variations in gas-phase stability are influenced by the differing degrees of
compaction experienced by each variant, which can either increase or decrease the energy
barriers required for unfolding (Figure 3-2E). As observed previously, the level of structural
collapse experienced by each variant decreases as agonistic activity increases, where the highly

agonistic C232S kC214S requires less collisional activation to unfold due to a less compact gas-
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phase structure. Together, these data emphasize the broad applicability of CIU for identifying
potentially agonistic antibodies based on quantifiable shifts in gas-phase stability.

Hinge variation produces comparable shifts in the CIU pathways of F(ab’)2
fragments. Previous studies have reported the potential of middle-level CIU in improving the
differentiation of #1gG isotypes based on the unfolding pathways of F(ab’), fragments.2* % To
build on these studies, we subjected F(ab’), fragments of all ChiLob7/4 variants to CIU, each
producing unique unfolding patterns across different charge states (Appendix Figure C-5). As
expected, higher charge states produce more transitions during CIU, while lower charge states
require higher acceleration voltages to unfold. We chose to further investigate the 21" charge
state due to the emergence of discrete CIU features at higher CVs that varied between variants
(Figure 3-3).

We observed up to five CIU features that varied in intensity across variants. As
highlighted by our IM-MS analysis described above, F(ab’), fragments of agonistic variants
display bimodal T™WQn; distributions at lower CVs (Figure 3-3A). Interestingly, the first feature
in these variants is highly unstable, as it readily transitions to a second feature at voltages below
20 V. CIUsp analysis further revealed that agonistic variants transition to a third CIU feature at
lower voltages when compared to those detected for nonagonistic variants (Figure 3-3B). These
variations in gas-phase stability are partially driven by the structural collapse of F(ab’)>
fragments, as we observe an increase in T Qn; values for agonistic variants that corresponds to a
decrease in compaction and an increase in receptor agonism (Figure 3-3C). Since we observed
similar trends in gas-phase compaction and stability for full-length 21gGs, we can further
confirm that variations in hinge disulfides directly modulate the CIU pathways of the antibodies

studied here.
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Figure 3-3: CIU detects comparable changes in the structures and stabilities of F(ab’), fragments. (A) Left:
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Though all variants share a common third feature, agonistic variants do not transition

through a discrete intermediate fourth feature, but rather unfold to a more extended fifth feature
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at lower voltages than those detected for nonagonistic variants. As shown by the ™VQx»
distributions of each variant at 120 V (Figure 3-3A), nonagonistic variants adopt a trimodal
distribution of unfolded structures, while agonistic variants preferentially unfold to a population
of more extended features with TWQn; centered around 82.30 nm?. These differences in CIU
features are reminiscent of our CIU results for full-length 4IgG constructs, where variants
possessed highly distinct CIU features at higher voltages. A pairwise RMSD analysis of F(ab’)>
fragments further revealed similar trends to those observed for full-length 4IgGs. When
comparing the highly agonistic C232S kC214S to the nonagonistic variants, we obtain RMSD
values greater than 30% (Figure 3-3D). In contrast, comparisons to the C233S «C214S and
C239S yielded RMSD values below ~ 10%, underscoring their structural similarity to the C232S
kC214S variant during CIU. Similarity scoring further illustrated that these agonistic variants are
highly similar to the C232S kC214S variant across all CVs (Figure 3-3E). Specifically, the
hlgG1 WT is highly similar to the C232S + C233S variant across all voltages, whereas the
hlgG2 WT varied in similarity due to the coexistence of disulfide isoforms. Together, our full-
length 4IgG2 and F(ab’), data are strongly correlated and both predictive of mAb hinge
flexibility and agonism. Most importantly, the comparable trends in our CIU data for full-length
hlgG2 and F(ab’), constructs eliminate the need for F(ab”), fragment generation that is often
needed to perform other structurally-informative measurements.!”

Hinge disulfide engineering induces comparable shifts in CIU data of other full-
length antibodies. Next, we leveraged our CIU approach to study the structural effects of hinge

disulfide variation in the clinically relevant anti-4-1BB (CD137) mAb, SAP1.3. Two extra
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single C/S variants (C232S and C233S), which are h1gG2A-like, were generated for this
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analysis. Data recorded for the 24" charge state of SAP1.3 C/S and WT variants revealed CIU
features that were comparable to those of the ChiLob7/4 variants, where variants featuring a
disulfide crossover readily transitioned to CIU features with TWQx» values above 101 nm? at
higher CVs (Figure 3-4A). As expected, an assessment of gas-phase stability further revealed a
decrease in CIUsq values for the first CIU transition in a manner that correlates with an increase
in the first feature’s T™VQn; values (Figure 3-4B,C). Importantly, these results are comparable to
the trends we observed in our ChiLob7/4 variants described above, highlighting that C/S
engineering leads to generalizable changes in mAb structure and stability across constructs that
have different receptor targets.

Since we observed that different #1gG2 disulfide isoforms give rise to specific CIU
features that are diagnostic of agonistic activity, we developed an automated classification
algorithm and built a two-state classifier capable of predicting antibody function based on CIU
data alone (Figure 3-4D). Briefly, our classification approach starts with providing the CIUSuite
23! classification algorithm with training data sets from the C232S + C233S and C232S kC214S
variants, as they represent the “locked” #1gG2A and #IgG2B isoforms of SAP1.3, respectively
(Figure 3-4D, 1). Next, a univariate feature selection (UFS) method based on an analysis of
variance (ANOVA) F-test is implemented to identify collision voltages that generate the greatest
differences between the CIU fingerprints of each variant (Figure 3-4D, ii). A “leave-one-out”
cross-validation analysis of the training data is then performed to scrutinize the accuracy of the
classification scheme generated (Figure 3-4D, iii). The top five scoring voltages were then
utilized to construct a classification scheme, allowing for the clear distinction of C232S + C233S
and C232S kC214S data sets when plotted in linear discriminant (LD) space (Figure 3-4D, iv).

Using this classification scheme, we were able to correctly identify both 21gG2A and 4#1gGB
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isoforms with probability values greater than 80% (Figure 3-4D, v). Our classification results

underscore the ability of CIU-based assays to rapidly identify potentially agonistic AZ1gG2 C/S
variants in an automated, high-throughput mode of operation that culminates hundreds of CIU
datapoints.

CIU of novel C/S hlgG2 variants reveal unique gas-phase unfolding pathways. We
proceeded with assessing the capability of CIU to rapidly probe the structures and stabilities of
two novel C/S variants of ChiLob7/4 and SAP1.3, C232S + T222C xE123C + C214S and C232S
+ K228C kC2148S. These variants contain unconventional hinge disulfides that aim to further
restrict antibody flexibility and conformational freedom (Figure 3-5A). Both of these variants
possess a disulfide crossover unique to #1gG2B isoforms as well as new disulfide linkages
between different chains. The C232S + T222C kE123C + C214S variant exhibits two disulfides
linking opposing heavy and light chains outside of the hinge, while the C232S + K228C «C214S
variant contains disulfides further up the hinge that link opposing heavy chains.

When 24" ions for these variants are subjected to CIU, they produce two discrete
unfolding events (Figure 3-5B). Interestingly, the C232S + T222C xE123C + C214S variant of
both ChiLob7/4 and SAP1.3 unfolded to produce a third feature that occupied a similar ™V Qx
space to that of C232S + C233S variants. In contrast, the C232S + K228C k(C214S variant
unfolded to generate a fourth feature similar in T™WQx, to that of C232S kC214S variants. A more
quantitative comparison of CIU fingerprints revealed that C232S + T222C «E123C + C214S
variants scored higher in similarity to the nonagonistic C232S + C233S variant for both
ChiLob7/4 and SAP1.3 at high voltages, while the C232S + K228C «(C214S variants scored
higher in similarity to the agonistic C232S kC214S across all voltages (Figure 3-5C).

Interestingly, the C232S + T222C kE123C + C2148S variant of ChiLob7/4 scored higher in
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similarity to the C232S «C214S variant at voltages less than 100 V, while the variant of SAP1.3
scored poorly with its respective C232S kC214S variant overall. Together, our similarity scoring
trends suggest that the C232S + T222C «E123C + C214S variant of ChiLob7/4 and SAP1.3
exhibit different activity profiles as confirmed by NFkB assay results (Appendix Figure C-6).

A closer examination of the first feature in our CIU fingerprints revealed that the C232S

+T222C kE123C + C214S variant of each antibody adopted structures with "WQn; values
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similar to the structures of the each corresponding C232S + C233S variant (Figure 3-5D). In
contrast, the first features of the C232S + K228C kC214S and C232S «C214S variants were
comparable across both antibodies. On the other hand, an assessment of CIUs¢ values for the first
CIU transition showed that both the C232S + T222C kE123C + C214S and C232S + K228C
kC214S unfolded at CVs similar to those of the C232S k(C214S variant for both ChiLob7/4 and
SAP1.3 (Figure 3-5D). In a sense, our results indicate that both of these new variants share
similar stability profiles when compared with other agonistic variants despite the differences in
WO\, values that we observe across CIU features in each C232S + T222C xE123C + C214S
variant. These differences are likely due to the presence of a disulfide bond between opposing
heavy and light chains within this variant that is commonly observed in ZIgG2A isoforms.
However, SAXS data showed that both of these variants showed smaller Dmax values than
nonagonistic variants, demonstrating that the interchain disulfides in the C232S + T222C
kE123C + C214S variants lead to more compact, rigid structures in solution (Appendix Figure
C-6). Therefore, although both C232S + T222C kE123C + C214S and C232S + C233S variants
have gas-phase structures with similar TWQx;, values, it is highly possible that their overall
topologies are intrinsically distinct, leading to the differences in gas-phase stability that we

observe.

3.7 Conclusions

In this study, we introduce a workflow that presents strong evidence indicating a
correlation between the gas-phase unfolding of hinge disulfide engineered antibodies and their
known levels of agonistic activity. Importantly, our assay incorporates elements of IM-MS and

CIU for the first time to determine antibody structure-function relationships. This is especially
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exciting, as CIU data can be collected in less than 30s and analyzed in an automated manner to
enable mAb engineering campaigns.’®>! Our results indicate that hinge disulfides mitigate the
collapse experienced by mAbs that typically occurs during the nESI process. In a general sense,
agonistic, rigid 4#1g2B disulfide isoforms experience less structural collapse towards the hinge
compared to nonagonistic, flexible #ZIgG2A isoforms. These differences in gas-phase collapse, in
turn, modulate antibody stability as highlighted by our CIUs¢ analysis, where more compact
hlgG2 variants require more collisional activation to initially unfold. These differences in
structure and stability are comparable between full-length 421gG2 and F(ab’), scaffolds of the
anti-CD40 mAb, ChiLob7/4, and a combination of RMSD analysis and similarity scoring further
revealed topological similarities among agonistic variants during CIU.

An extension of our CIU-based assay to C/S variants of the anti-4-1BB (CD137) mAb,
SAP1.3, reveals that the effects of hinge disulfide engineering on antibody structure and function
are generalizable across different receptor targets. By building a CIU-based classification
scheme, we are able to confidently identify agonistic, #/IgGB-like variants of SAP1.3, further
highlighting the robustness of our CIU approach in accelerating agonistic candidate selection for
the first time. The ability of CIU to rapidly classify full-length #1gG2 C/S variants of SAP1.3, in
turn, eliminates the need for F(ab’), fragment generation that is often necessary to perform
classical high-resolution structural analyses from solution.

Finally, we assessed the ability of CIU to probe the structures and stabilities of two novel
C/S variants of ChiLob7/4 and SAP1.3. We find that these new variants, which feature new
hinge disulfides linking different opposing chains, possess gas-phase stability profiles similar to
those of conventional agonistic 2IgG2B isoforms, identifying them as potentially agonistic

candidates with different activity profiles between ChiLob7/4 and SAP1.3 as confirmed by
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biological activity assays. We envision that the future incorporation of these novel variants in our

CIU classification workflow would permit the construction of more robust classifiers, permitting

the identification of other potentially agonistic variants with different hinge disulfides that aim to

further limit antibody conformation and flexibility. Overall, our CIU-based approach

demonstrates an alternative approach to establish connections between antibody structure and

function without the need for extensive preparation protocols and lengthy data acquisition and

processing.
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Chapter 4: Ion Mobility-Mass Spectrometry and Collision-Induced
Unfolding Rapidly Characterize the Structural Polydispersity and

Stability of an Fc-Fusion Protein

4.1 Original Publication

This chapter is originally published as: Rosendo C. Villafuerte-Vega, Henry W. Li,

Addison E. Bergman, Thomas R. Slaney, Naresh Chennamsetty, Guodong Chen, Li Tao, and
Brandon T. Ruotolo. “Ion Mobility-Mass Spectrometry and Collision-Induced Unfolding
Rapidly Characterize the Structural Polydispersity and Stability of an Fc-Fusion Protein.” Anal.

Chem. 2024, DOI: 10.1021/acs.analchem.4c01408.

4.2 Author Contributions
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experiments described. R.C.V. collected and analyzed all data and drafted the manuscript.
H.W.L. assisted in collecting and analyzing Synapt G2 data. A.E.B. led cIM-MS method
development and assisted in cIM-MS and CIU data collection and analysis. T.R.S., N.C., G.G.,

and L.T. provided the Fc-fusion protein characterized in this work.

4.3 Abstract

Fc-fusion proteins are an emerging class of protein therapeutics that combine the
properties of biological ligands with the unique properties of the fragment crystallizable (Fc)

domain of an immunoglobulin G (IgG). Due to their diverse higher-order structures (HOSs), Fc-
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fusion proteins remain challenging characterization targets within biopharmaceutical pipelines.
While high-resolution biophysical tools are available for HOS characterization, they frequently
demand extended timeframes and substantial quantities of purified samples, rendering them
impractical for swiftly screening candidate molecules. Herein, we describe the development of
ion mobility-mass spectrometry (IM-MS) and collision-induced unfolding (CIU) workflows that
aim to fill this technology gap, where we focus on probing the HOS of a model Fc-Interleukin-10
(Fc-IL-10) fusion protein engineered using flexible glycine-serine linkers. We evaluate the
ability of these techniques to probe the flexibility of Fc-IL-10 in the absence of bulk solvent
relative to other proteins of similar size, as well as localize structural changes of low charge state
Fc-IL-10 ions to specific Fc and IL-10 unfolding events during CIU. We subsequently apply
these tools to probe the local effects of glycine-serine linkers on the HOS and stability of IL-10
homodimer, which is the biologically active form of IL-10. Our data reveals that Fc-IL-10
produces significantly more structural transitions during CIU and broader IM profiles when
compared to a wide range of model proteins, indicative of its exceptional structural dynamism.
Furthermore, we use a combination of deglycosylation and domain-level approaches to annotate
these intricate CIU data and localize specific transitions to the unfolding of domains within Fc-
IL-10. Finally, we detect a strong positive, quadratic relationship between average linker mass
and fusion protein stability, suggesting a cooperative influence between glycine-serine linkers
and overall fusion protein stability. Overall, this is the first reported study on the use of IM-MS
and CIU to characterize HOS of Fc-fusion proteins, illustrating the practical applicability of this

approach.
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4.4 Introduction

Fc-fusion proteins constitute an emerging class of protein therapeutics that have
demonstrated great efficacy across a broad range of pathologies due to their diverse
compositions and mechanisms of action.!” Such therapeutic modalities combine the
pharmacological properties of a broad range of biomolecules with the distinctive biological
functions of the fragment crystallizable (Fc) region of an immunoglobulin G (IgG).* > The active
components of Fc-fusion proteins can be peptides,®’ cytokine traps,’ recombinant enzymes,® ° or

10,11 where most are attached to both chains of the

the extracellular domains (ECDs) of receptors,
disulfide-linked, dimeric Fc domain. Most notably, Fc-fusion proteins possess increased serum
half-life owing to their reduced renal clearance and neonatal Fc-receptor (FcRn)-mediated
recycling from endosomes.!> !> Apart from half-life extension, the Fc domain can also greatly
improve the solubility and stability of hydrophobic biomolecules, increase expression and
secretion rates during production, enable facile purification via affinity for Protein A, and elicit
Fc-mediated effector functions.!* !> Combined, these advantages have led to the approval of
thirteen Fc-fusion proteins by the FDA to date, and approximately forty therapeutics are
currently in clinical development.'® 17

The successful engineering of recombinant Fc-fusion proteins generally necessitates a
suitable protein linker since the direct fusion of the Fc with protein domains can compromise
appropriate folding and bioactivity.'® Flexible linkers, which typically consist of glycine (Gly)
and serine (Ser) repeats, are most widely utilized due to their tunable length and composition. An
increase in Gly residues has been correlated with a decrease in linker rigidity, while an increase

in polar residues like Ser has been shown to improve the stability of the linker in aqueous

environments by promoting hydrogen bonds with surrounding water.'®-2° This increase in
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hydrophilicity prevents the formation of secondary structures and minimizes the likelihood of the
linker disrupting the proper folding and function of the fusion protein. Within this context, a
(Gly4Ser), linker is most commonly used, where #n can be adjusted to alter the structural
flexibility of Fc-fusion proteins and the spatial mobility of protein domains. Thus, the optimal
separation of adjacent domains can be achieved, or important interdomain non-covalent
interactions can be preserved.?!??

Indeed, controlling the ultimate structural flexibility of Fc-fusion proteins through
alterations to their amino acid sequence represents a critical objective in their design and
development as therapeutics. Furthermore, the higher-order structures (HOSs) of Fc-fusion
protein constructs can be significantly influenced by post-translational modifications (PTMs) and
chemical modifications produced under stress conditions, further complicating fusion protein
engineering efforts. These alterations in HOS can significantly influence aggregation propensity,
immunogenicity, serum half-life, and molecular binding.>*-?® Thus, discovering optimal Fc-
fusion protein designs necessitates analytical methodologies capable of quantifying the structural
contributions of individual protein domains to overall protein HOS and measuring the local
effects of linker length and composition on Fc-fusion protein stability and conformational
dynamics. Within this context, conventional high-resolution technologies for protein HOS
characterization often require long timescales and complex sample preparation requirements that
are not conducive for the rapid screening of candidate molecules, and they often fail to fully
capture the diverse conformational ensembles adopted by highly dynamic Fc-fusion proteins.

Over the past two decades, mass spectrometry (MS)-based approaches have emerged as
powerful orthogonal tools for the characterization of protein therapeutic HOS and stability in the

gas-phase.?”> 28 For example, ion mobility combined with native mass spectrometry (IM-MS) has
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been shown to be a valuable technology for the structural analyses of proteins and protein
complexes, providing information regarding topologies, stoichiometries, sizes and shapes, with
the latter two properties evaluated primarily through the measurement of rotationally-averaged
collision cross sections (Qs).2% 3 Briefly, IM separates gas-phase protein ions based on their
charge and Q on the millisecond timescale, allowing for the separation of two conformationally
different ions that share the same mass-to-charge (m/z) ratio. Furthermore, collision-induced
unfolding (CIU) has enabled IM-MS to simultaneously probe the HOSs and stabilities of iso-
cross-sectional proteins by collisionally activating ions to induce unique gas-phase unfolding
profiles prior to IM separation.’! Ongoing efforts in the development of native IM-MS and CIU-
based workflows for the characterization of protein therapeutics have been successful in
classifying IgG subclasses using both intact monoclonal antibodies (mAbs) and large

fragments,*> 3 detecting subtle differences between innovator and biosimilar therapeutics,**-3¢

probing the complex structures of engineered multi-specific mAbs,*” 38

and assessing stability
shifts associated with conjugating small molecules to mAb sequences.’” ** However, the utility
of native IM-MS and CIU in probing the highly dynamic structures of Fc-fusion proteins with
flexible linkers remains largely unexplored.

Herein, we describe the first series of gas-phase measurements that leverage IM-MS and
CIU to investigate the structural dynamics and stabilities of Fc-fusion proteins engineered with
flexible linkers. Specifically, we characterize the HOS and stability of a model Fc-interleukin-10
(Fc-IL-10) fusion protein that links the C-termini of an IgG1 Fc domain with the N-termini of
individual monomer units of human IL-10, which biologically exists as homodimer, via a

flexible Gly-Ser linker (Appendix Figure D-1). We observe broadened IM peak widths for Fc-

IL-10 ions and compare these data to a series of protein standards ranging from 36 to 150 kDa to
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quantify the elevated conformational polydispersity of Fc-IL-10. In addition, our CIU data
recorded for Fc-IL-10 reveal up to five gas-phase unfolding events, a value that is larger than
what is typically observed for larger native protein ions, providing further evidence of the
intricate structural ensemble adopted by Fc-IL-10 when compared to model proteins. Our
findings allow us to isolate and evaluate HOS contributions from the Fc, IL-10, and Gly-Ser
linker units to the overall gas-phase stability of the intact fusion protein. Here, we determined
gas-phase stability by quantifying the relative collisional energy required to induce protein
unfolding. Specifically, we find that the Fc region of the protein is sustainability more stable than
the IL-10 dimer, a result that is strongly correlated with other biophysical measurements. In
addition, we use a combination of deglycosylation steps to facilitate the modification or complete
removal of Fc-localized N-linked glycans. These experiments produced fusion proteins of
decreased stabilities, as expected, but stability shifts were observed to unequally influence the
CIU transitions, which allowed us to annotate those features most associated with the Fc portion
of the model fusion proteins studied here. Finally, we discern a positive, quadratic relationship
between average linker length and IL-10 homodimer stability. We conclude our report by
discussing the analytical implications of IM-MS and CIU methodologies for delineating the
multifaceted biophysical underpinnings of Fc-fusion protein function and advancing future

discovery and development efforts within the biopharmaceutical pipeline.

4.5 Experimental Section

Materials and Sample Preparation. Fc-IL-10 fusion protein (10 mg/mL) was produced,
purified, and formulated at Bristol Myers Squibb (New Brunswick, NJ). Glycerol-free PNGase F
(500,000 units/mL) was purchased from New England Labs (Ipswich, MA). EndoS2

(GlyCINATORP™), IdeS (FabRICATOR®), IgdE (FabALACTICA®), and GlySERIAS™ were
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purchased from Genovis, Inc. (Cambridge, MA). D, L polyalanine (PolyA) (P9003), 3-
lactoglobulin (B-Lac) (L7880), bovine serum albumin (BSA) (P7656), concanavalin A (ConA)
(C2010), alcohol dehydrogenase (ADH) (A7011), and dithiothreitol (DTT) were purchased from
Sigma-Aldrich (St. Louis, MO). Humanized IgG1x mAb reference material 8671 (NISTmAD)
was purchased from the National Institute of Standards and Technology (NIST) (Gaithersburg,
MD).

Native, unmodified Fc-IL-10 and protein standards were buffer exchanged into 200 mM
ammonium acetate (pH ~7.0) using Micro Bio-Spin P-6 columns (Bio-Rad, Hercules, CA) and
diluted to a final concentration ranging from 5 to 20 uM prior to IM and MS measurements.
PolyA was prepared at a concentration of 1 mg/mL in a solution of acetonitrile/water/acetic acid
(49%/49%/1%). For the generation of F(ab’)?, Fab, and Fc fragments, NISTmAb was first buffer
exchanged into 150 mM sodium phosphate (pH 7.0), diluted to a working concentration of 1
mg/mL (~6.7 uM), then subsequently digested with either IdeS or IgdE (1 unit per 1 ng mAb) at
37°C overnight (16 to 18 h). Fragments were then separated and purified using Nab™ Protein A
spin columns (Thermo Fisher Scientific, Waltham, MA) per the vendor’s recommended protocol.
Fc-IL-10 deglycosylation was achieved in its original formulation buffer with either PNGase F
or EndoS2 under non-denaturing conditions overnight (16 to 18 h) at 37°C per each vendor’s
suggested mAb:enzyme ratios. To generate individual Fc and IL-10 domains, Fc-IL-10 was first
buffer exchanged into PBS buffer (0.1 M sodium phosphate, 0.15 M sodium chloride, pH 7.2),
diluted to a working concentration of 2 mg/mL (~22 uM), then digested with GlySERIAS™ (1
unit per 1 pg Fc-IL-10) at 37°C for 1 h. Deglycosylation of Fc fragments was achieved by
concurrently adding EndoS2 (1 unit per 1 pg Fc-IL-10) to the GlySERIAS™ reaction. All

digests were then buffer exchanged twice into 200 mM ammonium acetate using Micro Bio-Spin
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P-6 columns. GlySERIAS™ digests were further diluted to ~5 uM of starting Fc-IL-10 prior to
MS analysis. Partial reduction of Fc fragments from GlySERIAS™ digests was achieved by
incubation in a solution of 0.5 mM DTT in 200 mM ammonium acetate for 1 h at room
temperature. These non-denaturing conditions ensured that only interchain disulfide bonds were
reduced, while intrachain disulfide bonds remained intact. No subsequent desalting steps were
performed for reduced samples prior to MS analysis.

High-Resolution Native MS. Prepared intact and digested Fc-IL-10 samples (3 to 5 uL)
were directly infused into a standard commercial Q Exactive Orbitrap MS with Ultra High Mass
Range (QE-UHMR) platform (Thermo Fisher Scientific, San Jose, CA) via nano-electrospray
ionization (nESI) in positive ion mode using gold-coated borosilicate capillaries (5 — 10 pm i.d.,
Harvard Apparatus, Holliston, MA) prepared in-house with a Sutter P-97 Micropipette Puller
(Sutter Instrument, Novato, CA) and Quorum SC7620 Mini Sputter Coater (Quorum
Technologies, Lewes, UK). Source settings were as follows: capillary voltage, 1.2 to 1.4 kV;
source temperature, 250°C; S-lens RF level, 45 to 80. Nitrogen was used as the collision gas, and
the trapping pressure was set between 2 and 4. Low m/z detector optimization and high m/z
transfer optics were used. In-source trapping was enabled with desolvation voltages ranging from
-20 and -100 V. Additional removal of non-specific salt adducts was achieved with the
application of in-source collision induced dissociation (CID) that ranged from 0 to 25 V. For
higher-energy collisional dissociation (HCD) of IL-10 homodimer, charge state 13" was first
isolated in the quadrupole with an isolation window of 50 m/z. Dissociation of IL-10 homodimer
into monomer was then achieved by applying 60 V of collision energy (CE). For partially
reduced Fc samples, charge state 17" was isolated in the quadrupole with an isolation window of

50 m/z then dissociated into Fc/2 fragments with 100 V of CE. All QE-UHMR spectra were
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collected with a noise threshold of 4.64, a resolution of 12,500 at m/z 400, AGC target of 2e5,
and a maximum injection time of 200 ms. Five microscans were combined into a single scan, and
between 50 and 100 scans were averaged for each spectrum. All data were then processed and
deconvoluted using UniDec.*! The NIST Mass and Fragment Calculator was utilized to calculate
theoretical masses using International Union of Pure and Applied Chemistry (IUPAC) average
elemental atomic masses.*?

Native IM-MS and CIU. Synapt G2 HDMS. Piloting IM-MS and CIU experiments were
performed on a quadrupole-ion mobility-time-of-flight mass spectrometer (Q-IM-ToF-MS)
(Synapt G2 HDMS, Waters, Milford, MA). Samples (3 to 5 uL) were loaded into in-house gold
coated borosilicate capillaries, and ions were generated by direct infusion using a nESI source in
positive ion mode. Settings throughout the instrument were optimized to improve the desolvation
and transmission of native-like protein ions prior to IM separation: capillary voltage, 1.2 to 1.4
kV; source temperature, 25°C; sample cone, 20 to 40 V; extraction cone, 0 V; trap collision
voltage (CV), 5 V; and trap DC bias, 35 to 45 V. The capillary tip was positioned 5 — 10 mm
from the cone orifice for all MS experiments, depending on the capillary voltage used.*
Backing pressure was set to ~ 7 mbar for improved ion transmission for all samples. Gas flows
(mL/min) were as follows: source, 50; trap, 10; helium cell, 200; and travelling wave ion
mobility (TWIM) separator, 90. The trap travelling-wave ion guide was pressurized to 4.96 x 10
2 mbar of argon gas, and the TWIM separator was pressured to ~3.43 mbar of nitrogen gas.
TWIM separation was achieved with a traveling wave height and velocity of 40 V and 600 m/s,
respectively. The ToF-MS was operated in the 1000 to 12,000 m/z range in sensitivity mode at a
pressure of 2.4 x 10 mbar. CIU experiments were performed for intact Fc-IL-10 and NISTmAb

samples by subjecting ions to collisions in the travelling-wave ion trap prior to IM separation.
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Here, CVs were ramped from 5 to 200 V in 5 V intervals. PolyA, BSA, and ADH ions were used
as T™WQ; calibrants.**

SELECT SERIES Cyclic IMS. IM-MS and CIU experiments for the GlySERIAS™
digests of Fc-IL-10 were performed on a quadrupole-cyclic ion mobility-time-of-flight mass
spectrometer (Q-cIM-ToF-MS) (SELECT SERIES Cyclic IMS, Waters, Milford, MA) to better
resolve linker length populations that remained attached to IL-10 and Fc domains. Details of this
instrumentation and its operation have been described previously.*>4® Samples (3 to 5 uL) were
loaded into in-house gold coated borosilicate capillaries, and ions were generated via nESI in
positive ion mode. The quadrupole profile was set to manual and tuned to improve the
transmission of IL-10 homodimer and Fc ions. As in our Synapt G2 experiments, cIM-MS
settings were optimized to transmit ions without excessive activation prior to cIM separation:
capillary voltage, 1.2 to 1.3 kV; source temperature, 25°C; sample cone, 0 V; source offset, 0 V;
trap CV, 5 V; and post-trap bias, 35 V. These soft ionization parameters were essential to prevent
significant activation of IL-10 homodimer. Gas flows (mL/min) were as follows: ion guide, 35;
trap, 7; helium cell, 150; and cIM separator, 45. The backing pressure was 2.53 mbar. The trap
travelling-wave ion guide was pressured to 3.95 x 102 mbar of nitrogen gas. The cIM separator
was pressured to ~1.76 mbar with nitrogen gas, and cIM separation was achieved using a single
pass with a wave height and velocity of 30 V and 375 m/s, respectively. A full list of settings for
the multi-function array region is given in Appendix Table D-1. The ToF-MS was operated in
the 50 to 8,000 m/z range in V-mode at a pressure of 4.9 x 10”" mbar. CIU experiments were
performed by ramping the CVs in the trap region from 4 to 160 V in 4 V intervals prior to cIM

separation. PolyA and BSA ions were used as TVQn» calibrants.*
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Data Processing and Analysis. IM and MS spectra were viewed using Driftscope v3.0
and Masslynx v4.2 software, respectively (Waters, Milford, MA). Mass spectra were
deconvoluted using UniDec.*! Arrival time distributions (ATDs) were extracted and converted

to TWQ n2 using a modified version of CIUSuite 2 (v2.3),*” which encodes both TWIMExtract*®

and IMSCal* for semi-automated drift time extractions and TWQx; calibrations, respectively.
When comparing the relative stabilities of Fc and IL-10 homodimer subunits generated using
GlySERIAS™, we need to account for the higher energy collisions experienced by higher charge
states. Therefore, we converted the CV axes of applicable CIU files to laboratory frame energies
(Eiab) as previously described.*’ All data were then further processed using the modified
CIUSuite 2 software discussed above. CIU fingerprints were subjected to 2-D smoothing using a
Savitzky-Golay function with a smoothing window of 5 and 2 smoothing iterations. The CV axis
was interpolated with a scaling factor of 4 for Fc CIU data, while no interpolation was performed
for intact Fc-IL-10 and IL-10 homodimer CIU data. Standard feature detection was performed
using a minimum feature length of 2 steps and an allowed width of 1 to 1.5 nm? in "WQx; axis
units. CIUso values were then computed using max centroiding mode with a transition padding of
15 V and a maximum CV gap length of 0. Root-mean-square-deviation (RMSD) analysis was
performed using the compare function within CIUSuite 2, and RMSD factor differences, where
applicable, were calculated as previously described.’® All CIU fingerprints shown are the average
of three technical replicates with baseline RMSDs of < 5%. We define a technical replicate as a
repeated measurement using the same sample and/or capillary taken on the same day of an
experiment. TV Qx» distributions of IM-MS data, where applicable, were fitted with a gaussian
function using Fityk curve fitting software.’! Data visualization and statistical analyses of IM-
MS and CIU quantitative data were performed using GraphPad Prism (San Diego, CA). For
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statistical analyses, we specifically used a one-way ordinary ANOVA with Tukey correction for
multiple comparisons to analyze differences between three or more experimental datasets using
an alpha value of 0.05. When comparing only two datasets, we performed a simple t-test using
an alpha value of 0.05. All error bars correspond to the standard deviation of three technical

replicates unless otherwise stated.

4.6 Results and Discussion

Native IM-MS and CIU Probe the Structural Dynamics of Fc-1L-10 in the Gas-
Phase. IL-10 is a potent immunoregulatory cytokine that plays a critical role in modulating
inflammatory responses and preserving cell homeostasis.’> > Structurally, its biologically active
form is a domain-swapped, noncovalent 37 kDa homodimer made of two intertwining
monomers, each consisting of six a-helices (A-F) stabilized by two intrachain disulfide bonds.>*
> The domain-swapped dimeric nature of IL-10, which involves helices E and F from one
monomer penetrating into the hydrophobic cleft of helices A-D of the other monomer, is pivotal
for proper receptor binding.>® However, IL-10 homodimer is known to be unstable owing to its
short half-life and facile degradation in vivo, limiting its clinical applications.’”->® The Fc-IL-10
fusion protein in this work addresses this limitation by extending the half-life of IL-10 through
FcRn-mediated recycling from endosomes. Importantly, the use of a flexible Gly-Ser linker
permits the spatial mobility of IL-10 monomeric units, increasing their likelihood to interact and
form the biologically active homodimer (Appendix Figure D-1). Within this scope,
characterizing the HOS of Fc-1L-10 with current measurement technologies remains a major
challenge, as its unique engineering complicates its structure and dynamics. Although there is no
full-length Fc-IL-10 structure derived from X-ray crystallography, NMR, or Cryo-EM, we

successfully leverage IM-MS and CIU to rapidly extract structural information of Fc-IL-10 by
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Figure 4-1: Native IM-MS measurements of Fc-IL-10
and a series of protein standards on a Waters Synapt G2
HDMS IM-MS platform. (A) Representative IM-MS
spectrum of Fe-IL-10 reveals a narrow charge state
distribution ranging from 16 to 22*. (B). ™WQxa values
for native Fc-IL-10 and protein standards as a function
of charge state. Corresponding RSDs (< 0.3%) are
shown for technical replicates (n = 3). (C) Rp (Q/AQ) of
Fc-IL-10 and protein standards. IM Rp values extracted
from the three most prominent charge states observed
for each protein in triplicate (n = 9).

monitoring its conformational ensemble and
stability in the gas-phase. We first generated
Fc-IL-10 ions via nESI under conditions that
typically preserve compact, native-like ions that
closely resemble the structural states in
solution.’®* Under these conditions, Fc-I1L-10
adopted a narrow charge state distribution (16"
to 227), allowing us to measure an intact
molecular weight (MW) of ~94 kDa (Figure
4-1A). We also observed noncovalent dimeric
Fc-IL-10 aggregates that are likely
representative of those found in solution.>
Our measurements indicate that these dimers
are present in low abundance (1.79 = 0.08% of
total monomer and dimer signal), and are likely
dependent upon the solution conditions used to
prepare our Fc-IL-10 samples prior to native
IM-MS measurements.5!

To benchmark our native IM-MS
measurements of Fc-IL-10, we compared its
TWON, values to those obtained for a series of
native protein standards ranging from 36 to 150

kDa in molecular mass (Figure 4-1B). The
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average relative standard error (RSD) for technical replicates of these measurements was 0.06 +
0.05%, and comparisons to reported "W Qnp literature values (excluding NISTmAb fragments)
yielded an average difference of -0.28 = 1.68% (abs. Avg diff. of 1.28 + 1.13%) (Appendix
Figure D-2 and Appendix Table D-2). For Fc-IL-10, we observed an average "WQn, of 55.2 +
2.0 nm? across all charge states, which is similar to the TWQn» values obtained for proteins of
similar MW (F(ab’)2, ~98 kDa and ConA tetramer, ~103 kDa) as observed previously.*
However, when we considered the IM resolving power (R;) of our "WQx; distributions, we
noticed drastic differences between Fc-1L-10 and other proteins (Figure 4-1C). Here, we define
R, as the centroid T™VQx; of our IM distributions divided by their full width at half maximum
(FWHM), Ry = O/AQ. We found that the average R, for the three most abundant charge states of
Fc-IL-10 (19 to 21%) was approximately 50% and 66% less than that of F(ab’), and ConA
tetramer, respectively. These differences, which result from the wider TVQn. distributions of Fc-
IL-10 (Appendix Figure D-3), suggest that Fc-IL-10 is likely trapped in a wider array of solution
conformations during nESI than the equivalently sized proteins measured in our survey.
Interestingly, the Ry, of Fe-IL-10 is also lower than that of NISTmADb (IgG1x), differing by
approximately 40%. Previous studies have shown that mAbs are inherently more flexible and
dynamic than comparably sized protein complexes in terms of MW.%% % Our results are
consistent with these previously reported observations, as NISTmAb adopts a wider range of
conformations than ADH, which is similar in MW (~148 kDa) and "™WQx». We propose that the
Gly-Ser linker, combined with the HOSs of individual Fc and IL-10 domains, significantly
contribute to the overall flexibility of Fc-IL-10 compared to NISTmADb, as evidenced by its

lower IM Rp and wider "WQn» distributions.
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Figure 4-2: CIU experiments of Fc-IL-10 before and after treatment with EndoS2 or PNGase F. (A) CIU
fingerprints for charge state 17", Features are detected by CIUSuite 2 (v2.3) (left) and subsequently utilized for
ClIUsy stability quantitation (right). Feature three (F3*) in native Fc-IL-10 is labeled but omitted during the fitting of
ClIUs, data. (B) ™WQu; distributions of native and deglycosylated Fc-IL-10 at different trap collision voltages. More
extended conformations increase in intensity with sequential removal of sugar moieties. (C) CIUso analyses (n = 3)
of each transition reveal significant destabilization of Fc-IL-10 after deglycosylation (**p < 0.01, **** < (0.0001).
(D) Plots of mean differences in CIUsq values. Error bars of these mean differences are given in SEM obtained using
a one-way ordinary ANOVA with Tukey correction for multiple comparisons within GraphPad Prism.

To further probe the conformational dynamics of Fc-IL-10, we performed CIU on charge

states 17" to 21" (Appendix Figure D-4). Compared to previously reported CIU data acquired for

ConA tetramer

64, 65

and F(ab’), fragment ions,

66, 67

which collectively only adopt up to four

features during CIU, our CIU data for Fc-IL-10 qualitatively reveal three to six prominent

features, further indicating the increased level of dynamism in Fc-IL-10 when compared to

model proteins of similar MW. The ultimate number of CIU transitions we observe Fc-IL-10 is

also higher than that of NISTmAb (Appendix Figure D-5), further underscoring the relatively

diverse structural ensemble adopted by Fc-IL-10. Previous studies have established a strong,
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positive correlation between the number of domains within a protein structure and the number of
CIU transitions observed.®® % Given this correlation, it is likely that Fc-IL-10 supersedes such a
trend and produces sub-domain correlated unfolding in many of our CIU datasets.

Deglycosylation and Domain-Level Approaches Assist in the Annotation of Fc-1L-10
CIU Pathways. To establish a mechanistic understanding of Fc-IL-10 CIU, we designed a series
of experiments aimed at evaluating its domain-level stabilities and assigning protein domains or
regions to specific CIU transitions. First, we enzymatically removed the N-glycans attached
within the Cu2 regions of the Fc domain of Fc-IL-10, as these regions have been shown to
become destabilized after N-glycan removal.’®’ Deglycosylation was achieved using either
EndoS2, which leaves the core N-acetylglucosamine (GIcNAc) intact, or PNGase F, which
completely hydrolyzes all N- glycans and deamidates the asparagine residue to produce aspartic
acid. To monitor the progress of our deglycosylation reactions, we performed native orbitrap MS
measurements to resolve individual glycoforms of Fc-IL-10 before and after the addition of each
respective endoglycosidase (Appendix Figure D-6 and Appendix Table D-3). Our results for
fully glycosylated Fc-1L-10 demonstrate the presence of various expected glycoforms (GOF,
GI1F, and G2F) that are commonly located in the Fc portion of therapeutic antibodies, as well as
a small amount of afucosylated sugar structures (Appendix Figure D-6A).”* Upon EndoS2
treatment, we successfully achieved the hydrolysis of the glycan structures after the core GIcNAc
with or without the core fucose (Fuc) (Appendix Figure D-6B). Incubation with PNGase F, on
the other hand, efficiently removed all N-glycans (Appendix Figure D-6C).

We proceeded with CIU experiments of Fc-IL-10 before and after endoglycosidase
treatment. In general, we observe that lower charge states generate CIU transitions that strongly

correlate with domain-specific unfolding. °® % In contrast, higher charge states experience
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Figure 4-3: Representative MS spectra of Fc-1L-10
digested with GlySERTIAS™ with or without EndoS2.
Zoomed-in spectra of non-reduced Fc subunits show

different glycoforms and linker variants (A) before and (B)

after treatment with EndoS2. Zoomed-in spectra of IL-10
homodimer show comparable linker variants across both
sample prep conditions.

increased Coulombic strain in the gas-phase,
leading to more unfolding transitions upon
collisional heating.”> As such, we chose to
focus on charge state 17" due to its relatively
compact low-energy structure, more
pronounced extended conformations, and
easily quantifiable CIUsg transitions (Figure
4-2A). CIU fingerprints for native and
deglycosylated Fc-IL-10 show the presence of
three or four prominent conformational
intermediates corresponding to two or three
unfolding events, respectively. We detect a
minor CIU feature with a ™VQnx, of ~66.5 nm?
for the native, fully glycosylated Fc-1L-10.

However, given the relatively low intensity of

this feature, we have focused on the more intense feature with a "WQnz of ~69.5 nm? (feature

four). We notice the greatest differences in the "WQn; distributions of native and deglycosylated

Fc-IL-10 at higher trap collision voltages, where more extended conformations increase in

intensity upon glycan removal (Figure 4-2B). We also observe prominent shifts in CIUso-2 and

CIUs0-3 values upon deglycosylation, suggesting a connection between these stability values and

the Fc region of the fusion protein. This trend was general across the other Fc-IL-10 charge

states detected (Appendix Figure D-7). A quantitative analysis of CIUso values further supports

these qualitative observations for 17" ions, where CIUso-1 values of EndoS2 (75.05 + 0.10 V)

112



and PNGase F (74.93 £ 0.16 V) treated samples were less than those of native Fc-1L-10 (79.45 £
0.74 V) (Figure 4-2C). When we compare the CIUso-1 stabilities between EndoS2 and PNGase F
treated samples, however, we see no statistically significant changes in the CIUs0-1 values
recorded, indicating that the PNGase F-driven removal of core GlcNAc and Fuc residues, which
are conserved with EndoS2, do not induce stability shifts associated with this CIU transition.
Conversely, removal of these core sugars greatly destabilizes the structures adopted by Fc-1L-10
at higher collision energies. We measure significant shifts in CIUs0-2 values that decrease with
the successive removal of N-glycans (Native, 147.50 £ 0.01 V; EndoS2, 119.00 £ 2.93 V;
PNGase F, 112.40 £ 0.10 V). The features that define CIUs0-3 exclusively appear in
deglycosylated samples, where comparable decreases in stability are observed after the removal
of core GlcNAc and Fuc sugars using PNGase F. By plotting the mean differences in CIUs
values recorded across all transitions observed in our dataset (Figure 4-2D), we are able to
achieve a clearer annotation of our Fc-IL-10 CIU data. In brief, we quantify the greatest shifts in
CIUs values at higher-energy transitions, where CIUs0-2 and CIUso-3 values shift by ~35% and
~21% after complete N-glycan removal, respectively. CIUso-1 values, on the other hand, only
shift by ~5%. Taken together, these results permit us to confidently assign CIUs-2 and CIUs0-3
transitions for Fc-IL-10 as related to the unfolding of the Fc.

We continued our efforts to annotate Fc-IL-10 CIU transitions by enzymatically digesting
the fusion protein into Fc and IL-10 fragments using GlySERIAS™, a unique enzyme that
specifically cleaves flexible linkers rich in Gly and Ser residues. Analysis of these digests by
native orbitrap MS showed that the enzymatic reaction liberates the IL-10 homodimer from the
Fc (Figure 4-3). The Gly-Ser linker in this work contains many potential cleavage sites for

GlySERIAS™, which generated several variants of Fc and IL-10 with different numbers of Gly
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and Ser residues attached. Specifically, we observed IL-10 homodimers in five main variant
forms, where each monomer possessed one of three main linker tails: S, SG3, or SG4S. These
assignments were confirmed by dissociating IL-10 homodimer ions to monomers using HCD,
where we are able to confidently detect each monomeric variant with S, SG3, or SG4S linker tails
(Appendix Figure D-8). The native MS data collected reveals primarily homodimer signals, as
expected for IL-10.>* We also observed linker polydispersity following GlySERIAS™ treatment
within the Fc subunit, but the presence of different glycoforms complicated GS linker
identification (Figure 4-3A). To reduce sample complexity, Fc glycans were removed using
EndoS2, permitting us to detect two main linker tails: G3 and G4 (Figure 4-3B). These findings
assisted us in assigning our mass spectra for fully glycosylated Fc, where we identified similar
linker variants to those observed after EndoS2 treatment. To confirm our assignment of GS
linker variants attached to the Fc subunit, we subjected partially reduced Fc, where only hinge
disulfide bonds were reduced, to HCD (Appendix Figure D-9). Upon dissociation, we were
successfully able to detect Fc/2 ions attached to both Gz and G4 linker tails, which matched our
native MS results for non-reduced Fc fragments. Deconvoluted masses of all species detected
during these experiments are summarized in Appendix Table D-4. We attribute the differences
between theoretical and experimental masses observed to insufficient removal of PBS buffer
salts used for GlySERIAS™ digestion, as both sodium and potassium adducts are evident in our
native MS spectra.

Next, we leveraged the higher ToF MS resolution of the SELECT SERIES Q-cIM-ToF-
MS platform to better resolve the Fc and IL-10 linker variants detected in our orbitrap native MS
data. Despite lower baseline resolution, cIM-MS analysis generates comparable MS spectra,

where we are able to delineate all linker variants for both Fc and IL-10 subunits (Figure 4-4A
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Figure 4-4: IM-MS and CIU measurements of Fc-IL-10 GlySERIAS digests on a Waters SELECT SERIES cIM-
MS platform. (A) Representative cIM-MS spectrum of Fc-IL-10 digested with GlySERIAS™ and EndoS2 at 5V of
trap CE. Zoomed-in spectra show the linker and glycoform polydispersity present in non-reduced Fc and IL-10
homodimer subunits. CIU fingerprints of (B) native Fc, (C) deglycosylated Fc, and (D) IL-10 homodimer subunits.
Dashed blue, red, and yellow lines correspond to CIU transitions for native Fc, deglycosylated Fc, and IL-10
homodimer, respectively.

and Appendix Figure D-10). Collectively, the "™WQn; distributions of IL-10 homodimer revealed
at least two conformational families, while cIM-MS detects only one IM feature for Fc, including
for samples subjected to deglycosylation with EndoS2 (Appendix Figure D-11). These
differences in TVQx; distributions underscore that the IL-10 homodimer exhibits a
conformational ensemble of greater polydispersity when compared to the Fc. These results, in
part, suggest that the conformational ensemble of the IL-10 homodimer strongly contributes to
the structural polydispersity of native, intact Fc-IL-10. Interestingly, the relative intensity of the
most extended conformer for IL-10 homodimer increases as we approach higher charge states.
This trend is likely the result of the higher local Coulombic strain experienced by the protein ions
occupying higher charge states, leading to partial unfolding even under gentle conditions.
However, the inter-domain connection between helices D and E of IL-10 has been shown to be
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potentially flexible.* Therefore, the existence of two conformers of IL-10 homodimer in our IM
data could be the direct result of this inherent flexibility. The flexibility of IL-10 homodimer is
further reflected in our CIU data, where IL-10 ions readily unfold at considerably lower Eiab
values (< 700 eV) when compared with Fc subunit ions (Figure 4-4B-D). Interestingly, we
observe a bimodal distribution of unfolded intermediates for IL-10 homodimer ions just below
650 eV. We suspect that the IL-10 homodimer precursors shown in Figure S11 undergo unique
CIU pathways that lead to different unfolded intermediates that vary across charge states, and a
portion of these intermediates readily dissociate into IL-10 monomer. Regarding Fc subunits, we
observe shifts in gas-phase stability after glycan removal with EndoS2 across all CIUs5
transitions as expected. Despite these shifts in stability, a quantitative analysis of the first
transition (CIUso-1) reveals that IL-10 homodimer initially unfolds at significantly lower Eiap
values (Av. 372.52 + 168.25 ¢V) than Fc domains (Native, Av. 942.56 £ 156.03; EndoS2 treated,
Av. 815.99 £ 82.05 eV) when accounting for data acquired across all charge states (Appendix
Figure D-12). Collectively, these results indicate that lower energy CIU transitions observed in
intact Fc-IL-10 ions are most likely related to unfolding within the IL-10 homodimer upon
collisional heating.

Flexible Linkers of Different Lengths Induce Subtle Changes in IL-10 Homodimer
CIU. Flexible Gly-Ser linkers have been shown to improve the folding and stability of fusion
proteins.?! To probe local changes in Fc-IL-10 subunit stability as a function of linker length, we
extracted the TWQn» distributions generated during CIU for each Fc and IL-10 homodimer linker
variant observed in our cIM-MS spectra by utilizing a narrower m/z extraction window within
TWIMExtract. Using the cIM-MS platform was crucial for this analysis, as linker variants could

not be sufficiently resolved on our linear TWIM platform. Here, we only conducted our analysis

116



targeting Fc subunits that had been
deglycosylated with EndoS2, as native Fc
subunits yielded poorly resolved linker
variant populations on our cIM-MS platform.
Importantly, we saw no changes in Fc subunit
stability as the length of the linker tail
increased. In contrast, we noticed significant
differences in global IL-10 homodimer HOS
and stability as the length of the GS linker tail
on each IL-10 monomer increased (Figure
4-5). We performed our analyses on 11" IL-
10 homodimer ions due to their more compact
structure compared to higher charge states
observed and to avoid overlap with IL-10
monomer ions (Appendix Figure D-11).

When comparing the CIU fingerprints
for two of the linker variants detected, we
observed a transitional CIU feature (Figure
4-5A) that is irreproducible across different
fingerprints recorded for linker variants. As
such, we have implemented a feature-skipping
approach to enable the robust and

reproduceable assessment of CIUso values
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Figure 4-5: CIU of different Gly-Ser linker variants of
IL-10 homodimer. (A) Representative CIU fingerprints of
charge state 11" demonstrating the transitional state
omitted using the feature skipping function deployed
within our version of CIUSuite 2 (v2.3). Subsequent
CIUso-1 sigmoidal curve fitting reveals subtle shifts in
stability between linker variants. (B) Plot of CIUs0-1 as a
function of average linker mass. Averaged CIUso-1 values
(n =3) were fitted with a quadratic function. (C) Plot of
RMSD Factor Difference as a function of average linker
mass. Averaged factor differences (n = 3) were fitted with
a linear function. 95% confidence intervals (dashed lines)
are displayed.
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available in the remainder of the CIU datasets acquired.”® By implementing this procedure, we
detect shifts in CIUso-1 values across linker variants, where an increase in linker length produces
a stabilization in IL-10 dimers. By plotting CIUso-1 values as a function of average linker mass,
which encompasses all Gly and Ser residues on both IL-10 monomers, we are able to discern a
strong, positive quadratic relationship (R? = 0.9819) between CIUso-1 values and linker mass
(Figure 4-5B). This trend is most likely related to cooperative interactions between linkers of
increased length in a manner that increases overall dimer stability and induces changes in IL-10
dimer HOS, in addition to the larger number of degrees of freedom available to IL-10 dimers
bearing longer remaining linker sequences. To build upon these observations, we executed a
series of pairwise RMSD analyses between the CIU fingerprints recorded for each linker variant
as a way to quantify global conformational differences in IL-10 dimers as a function of attached
linker length (Figure 4-5C and Appendix Figure D-13). The RMSD factor differences shown
here were calculated by dividing the RMSD values of each replicate by the average RMSD
baseline obtained for technical replicates of IL-10 homodimer variants that contained one Ser
residue on each monomer. Overall, we obtain a strong positive linear relationship (R? = 0.9923)
when plotting RMSD factor differences as a function of average linker mass. We attribute these
observed RMSD factor differences to the same factors as discussed above in our CIUso-1 data.
Although these trends in stability represent global shifts in IL-10 dimer HOS and stability as a
product of an incomplete enzymatic digestion of GS linkers within the intact Fc-IL-10 construct,
we are able to reproduce them with other GlySERIAS™ digests performed using similar reaction
conditions (Appendix Figure D-14). We interpret the small differences in CIUso-1 values
recorded between datasets as resulting from different levels of desolvation experienced by ions

prior to cIM-MS and CIU analysis. To the best of our knowledge, these studies constitute the
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first time that the effects of flexible linker lengths on biotherapeutic stability have been probed at

the level of molecular specificity enabled by MS.

4.7 Conclusions

In this report, we describe a series of IM-MS and CIU measurements that, for the first
time, thoroughly probe the HOS and stability of a model Fc-IL-10 fusion protein engineered
using flexible Gly-Ser linkers. We find that Fc-IL-10 is substantially more flexible and
conformationally dynamic when compared to a series of protein standards and IgG fragments.
This high degree of flexibility is partly due to the increased mobility induced by flexible Gly-Ser
linkers as well as the conformational polydispersity of IL-10 dimers. The intricate HOS of Fc-IL-
10 is further probed using CIU, where we observe a broad range of features that result from
structural changes within Fc and IL-10 subunits upon collisional activation. By using a
combination of approaches that alter glycosylation patterns and isolate individual Fc and IL-10
domains, we are able to assign lower- and higher-energy CIU transitions of Fc-IL-10 to the
unfolding of the IL-10 homodimer and Fc regions of the fusion protein, respectively.

Importantly, we extend the capabilities of IM-MS and CIU to probe the local effects of
Gly-Ser linkers on the HOS and stability of IL-10 homodimer, which is the biologically active
form of IL-10. Our results reveal a strong positive, quadratic relationship between average linker
mass and gas-phase stability, revealing that Gly-Ser linkers cooperatively impact IL-10
homodimer HOS and stability. However, we acknowledge that the CIUs¢ values shown in Figure
4-5 and Appendix Figure D-14 for IL-10 homodimer might have a higher degree of uncertainty
than the errors reported. In this case, performing these experiments across different days and
capillaries would be beneficial. Taken together, our results further validate the usefulness of IM-

MS and CIU in performing fast, information-rich HOS measurements within the
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biopharmaceutical pipeline. Ongoing efforts in our group are leveraging the multi-pass and
mobility selection functionalities of the cIM platform to gain further insights into the structural
polydispersity of Fc-IL-10. Leveraging IM-selected-CIU (IM-CIU), for example, would provide
further insights regarding the CIU pathways of different IL-10 homodimer ion precursors. Future
efforts in our research group aim to extend these technologies to the characterization of other Fc-
fusion protein formats, including those engineered with rigid and cleavable linkers, as well as
establish connections between gas-phase and solution-phase unfolding pathways. Finally, we
anticipate developing computational approaches to better interpret and predict the CIU pathways
of this diverse class of protein therapeutics. Overall, we envision that the workflows
demonstrated here will further enable the characterization of novel Fc-fusion proteins and
promote the optimization of engineering methods for improved biomolecular stability and

efficacy.
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Chapter 5: A Novel In Vitro Serum Stability Assay for Antibody

Therapeutics Incorporating Internal Standards

5.1 Original Publication

The work in this chapter was performed during a summer internship at AbbVie and is

being prepared for publication as: Yihan Li, Rosendo C. Villafuerte-Vega, Gary J. Jenkins, and

Hetal Sarvaiya. “A Novel In Vitro Serum Stability Assay for Antibody Therapeutics

Incorporating Internal Standards.” 2024.

5.2 Author Contributions

Y.L. and H.S. conceptualized the project and designed the experiments and LC-MS
methods. R.C.V. designed and executed experiments as well as collected and analyzed LC-MS
data. Y.L. optimized protocol designed by R.C.V. to generate and purify Fc fragments, leading to
Figures 5-1B, 5-4, and 5-5, as well as Appendix Figures E-1, E-4, and E-5. H.S and G.J.J.
provided project guidance and supervision. Y.L. and R.C.V. contributed equally to the work

presented in this chapter.

5.3 Abstract

In vitro stability assessments play a pivotal role in identifying potential liabilities of
antibody therapeutics prior to animal studies. However, current workflows do not account for
any random or systemic errors that can occur during sample preparation and instrumental

analysis. These uncompensated errors can lead to inaccurate sample percent (%) recoveries,
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leading to erroneous assessments of in vitro therapeutic antibody stability. To address these
limitations, we describe the development of a liquid chromatography-mass spectrometry (LC-
MS)-based in vitro serum stability assay that incorporates NISTmADb and its Fc fragment as
internal standards (ISs). We show that NISTmAD and its Fc fragment demonstrate excellent
stability profiles across different animal serums, underscoring their potential use as ISs in the
absence of aggregation or biotransformation. When assessing the in vitro stability of 19
antibodies in the serums of various preclinical species, we find the accuracy and precision of %
sample recoveries improved from a range of 75 — 125% to 90 — 110% after the incorporation of
either NISTmAD or its Fc fragment as ISs. Combined, our results suggest that this in vitro
stability assay can be utilized as a routine screening tool in the early stages of antibody

therapeutic drug discovery.

5.4 Introduction

Monoclonal antibody (mAb) therapeutics have proven to achieve powerful therapeutic
responses that were previously unattainable with conventional small molecule drugs.'-> However,
they are susceptible to a variety of biotransformations and degradation events in vivo, which may
affect their half-life, safety, efficacy, and pharmacokinetic/pharmacodynamic (PK/PD) profiles.*
6 Examples of such biotransformation that occur while in circulation include deamidation,
isomerization, oxidation, glycation, Fab-arm exchange, and disulfide shuffling, in addition to
degradation pathways such as fragmentation, aggregation, and precipitation.®® These
modifications in structure and function are mediated by rapid changes in temperature, pH,
pressure, and salt concentrations in the absence of stabilizers from formulation buffer.*°

Probing the stability of antibody therapeutics in vivo using animal and human models is

not routinely feasible during drug discovery.!” Therefore, an in vitro stability assessment is often
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used to identify potential liabilities and prioritize candidates for in vivo studies.!’ > Successful
translation of stability outcomes from in vitro to in vivo can lead to a substantial reduction of
unnecessary animal studies, improving efficiency at the early discovery stage. To develop an in
vitro model that would mimic and simulate in vivo conditions, key parameters should be similar
to those of in vivo study designs, such as drug exposure post-dose, duration of drug exposure,
types of body fluid or surrogate, and animal models.'? !* Importantly, these in vitro studies
necessitate robust analytical methodologies that can accurately characterize biotransformation
and degradation profiles.

In the last two decades, intact high-resolution protein mass-spectrometry (HRMS)-based
approaches and improved sample preparation strategies have enabled the characterization and
quantitation of antibody therapeutics from biological matrices.'*!” In this regard, liquid
chromatography-mass spectrometry (LC-MS)-based in vitro stability assays have been
developed and adopted in the biopharmaceutical industry to qualitatively and quantitatively
monitor a wide range of biotransformations and degradation products with great sensitivity.'$!
These stability assays typically involve three main steps: the incubation of antibody therapeutics
in biological matrices, affinity purification, and LC-MS analysis. However, current
methodologies do not fully account for operational errors during sample preparation and
instrument operation, as well as variations in sample evaporation or protein precipitation, sample
recovery after affinity purification, and matrix effects during LC-MS analysis. These limitations,
in turn, can lead to inaccurate stability quantitation at the intact protein level. The use of a
reference standard or quality control can address these limitations, but the only documented
study to pursue such an approach incorporated standards that are not readily available and

applicable to other antibody modalities.®
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The National Institute of Standards and Technology monoclonal antibody (NISTmADb) is
a recombinant humanized IgG1x expressed in murine suspension culture.?> NISTmAb has been
extensively described in the literature, and it has been utilized as a reference standard in the
development and assessment of biochemical and biophysical methods for the characterization of
antibody therapeutics.?*?’ In general, NISTmAb has demonstrated a favorable developability
profile, and its stability and aggregation propensity has been characterized across different buffer
conditions.?* 2% As a result, this commercially available antibody and its subunits can potentially
serve as stable internal standards (ISs) to monitor the in vitro stability of antibody therapeutics
across different biological matrices. However, its utility and effectiveness as an IS has not been
explored.

Herein, we present an in vitro serum stability assay that incorporates both NISTmAb and
its fragment crystallizable (Fc) region as internal standards to compensate for variations in
sample recoveries and correct for any random or systematic errors that occur during sample
preparation and instrumental analysis. The stability of 19 biologics, either in current clinical use
or clinical development, were assessed in the serums of preclinical species such as mouse, rat
and cynomolgus monkey. We find that the accuracy and precision of percent (%) recovery
calculations are improved after the incorporation of NISTmADb and its Fc fragment as internal
standards, enabling a more confident stability assessment in the absence of biotransformation or
aggregation. Taken together, our results demonstrate that this in vitro assay can serve as a routine
screening tool to select and advance stable antibody therapeutic candidates for subsequent in vivo

studies and PK/PD analysis in the biopharmaceutical pipeline.
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5.5 Experimental Section

Reagents and Materials. All antibody therapeutics except NISTmADb (Appendix Table
E-1) were produced in-house with publicly available amino acid sequence information.
Therefore, the modifications and stability of each antibody may not represent the antibody
therapeutics that are in clinical use or trials.

NISTmAb humanized IgG1x was purchased from National Institute of Standards and
Technology (Gaitherburg, MD). IgdE was purchased from Genovis (Cambridge, MA).
MabSelect PrismA protein A resin was purchased from Cytiva (Marlborough, MA). Biotinylated
goat anti-human IgG was purchased from SouthernBiotech (Birmingham, AL). CD-1 (ICR)
Mouse serum, Sprague Dawley rat serum, and cynomolgus monkey serum were purchased from
BiolVT (Dallas, TX). AssayMAP 5 pL streptavidin cartridges were purchased from Agilent
(Santa Clara, CA). Tris buffered saline (TBS) was purchased from Bio-Rad (Hercules, CA).
Phosphate buffered saline (PBS, pH 7.4 & 0.1) was purchased from Corning (Corning, NY).
Sodium azide was purchased from Teknova (Hollister, CA). Sodium phosphate monobasic
monohydrate, sodium phosphate dibasic dihydrate, and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich (St. Louis, MO). IgG elution buffer, 0.1% formic acid (FA) in
acetonitrile, and 0.1% FA in water were purchased from Thermo Fisher Scientific (Pittsburg,
PA).

Generation of NISTmAD Fc Fragment. Lyophilized IgdE was suspended in deionized
water at a concentration of 20 units/puL. NISTmAb (10 mg/mL) was diluted with 150 mM
sodium phosphate buffer to 1 mg/mL. 4 mg of NISTmAb was digested with 4000 units of IgdE
at 37°C for 30 hours. 200 uL of protein A resin slurry was washed with 1 mL of PBS buffer

twice, and the supernatant was discarded after centrifugation at 1000xg for 1 min. The digest
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was mixed with protein A resin and incubated on a rotator for 15 min at room temperature for the
immunocapture of Fc fragment. The supernatant was discarded after centrifugation at 1000xg for
1 min. The protein A resin was washed with 1 mL of PBS buffer three times to remove residual
Fab fragment, and the supernatant was discarded after centrifugation at 1000xg for 1 min. 1 mL
of IgG elution buffer was added to the protein A resin for Fc fragment elution, and the mixture
was incubated on a rotator for 10 min at room temperature. The supernatant was collected after
centrifugation at 1000xg for 1 min then neutralized with 50 pL of 2 M ammonium bicarbonate.
This neutralized solution was characterized by LC-MS and liquid chromatography-
ultraviolet/visible absorbance (LC-UV/Vis). It contained approximately 92.2% of Fc fragment,
3.5% of partially digested NISTmADb without one Fab fragment, and 4.3% of NISTmAD (Figure
S1). The total protein concentration was estimated as 1.1 mg/mL.

In vitro Serum Incubation. Tidutamab, INBRX-105, Zanidatamab, CTX-009,
Tarlatamab, Glofitamab, and TNB-738 were spiked into mouse serum at 0.1 mg/mL, with 0.01%
(w/v) sodium azide and 0.1 mg/mL NISTmAb. Tibulizumab and Erfonrilimab were spiked into
mouse, rat, and cynomolgus serum at 0.1 mg/mL, with 0.01% (w/v) sodium azide and 0.1
mg/mL NISTmADb. All these in vitro serum samples were incubated at 37°C and collected after
10 min, 1, 4, and 7 days. Tidutamab, INBRX-105, Zanidatamab, CTX-009, Tarlatamab,
Glofitamab, TNB-738, Tibulizumab, and Erfonrilimab were spiked into PBS at 0.1 mg/mL, with
0.01% (w/v) sodium azide, 0.1 mg/mL NISTmADb, and 0.5% (w/v) BSA. Samples spiked in PBS
served as buffer controls. Blank serum was prepared with 0.01% (w/v) sodium azide and 0.1
mg/mL NISTmADb. Blank PBS buffer was prepared with 0.01% (w/v) sodium azide, 0.1 mg/mL

NISTmADb, and 0.5% (w/v) BSA. The PBS buffer controls, blank serum, and blank PBS buffer
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were incubated at 37°C and collected after 10 min and 7 days. All the samples were stored in a -
80°C freezer right after collection until analysis.

Palivizumab, Faricimab, Ixekizumab, Evolocumab, Denosumab, Emicizumab,
Amivantamab, Teclistamab, Erfonrilimab, and Glofitamab were spiked into mouse serum at 0.1
mg/mL, with 0.01% (w/v) sodium azide and 0.05 mg/mL Fc fragment. Bevacizumab and
Dupilumab were spiked into mouse, rat, and cynomolgus serum at 0.1 mg/mL, with 0.01% (w/v)
sodium azide and 0.05 mg/mL Fc fragment. All these in vitro serum samples were incubated at
37°C and collected after 10 min, 1, 4, and 7 days. Bevacizumab, Dupilumab, Palivizumab,
Faricimab, Ixekizumab, Evolocumab, Denosumab, Emicizumab, Amivantamab, Teclistamab,
Erfonrilimab, and Glofitamab were spiked into PBS at 0.1 mg/mL, with 0.01% (w/v) sodium
azide, 0.05 mg/mL Fc fragment, and 0.5% (w/v) BSA. Blank serum was prepared with 0.01%
(w/v) sodium azide and 0.05 mg/mL Fc fragment. Blank PBS buffer was prepared with 0.01%
(w/v) sodium azide, 0.05 mg/mL Fc fragment, and 0.5% (w/v) BSA. The PBS buffer controls,
blank serum, and blank PBS buffer were incubated at 37°C and collected after 10 min and 7
days. All the samples were stored in a -80°C freezer right after collection until analysis.

Immunoaffinity Purification and LC-MS Analysis. All in vitro samples and controls
were affinity purified using a Bravo AssayMAP platform (Agilent Technologies, Santa Clara,
CA). 25 ug of biotinylated goat anti-human IgG (anti-Fc) was immobilized onto the streptavidin
cartridges followed by two washes with TBS. 50 uL of each sample or control was diluted to 100
uL with TBS then loaded onto streptavidin cartridges at a flow rate of 5 uLL/min. After two
washes with TBS, the captured antibodies and internal standards were eluted with 50 uL of

0.25% formic acid (v/v) at a flow rate of 5 pL/min.
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The eluted samples were subjected to LC-MS analysis on a 1290 Infinity II LC system
coupled to a 6545xt qTOF mass spectrometer (Agilent Technologies, Santa Clara, CA). 0.5 ug of
each antibody was loaded along with the internal standard onto a PLRP-S column (1000 A, 2.1 x
50 mm, 5 um, Agilent Technologies, Santa Clara, CA) maintained at 80°C. The separation
gradient was delivered at a flow rate of 0.2 mL/min with 0.1% formic acid (v/v) in water as
mobile phase A and 0.1% formic acid (v/v) in acetonitrile as mobile phase B: mobile phase B
was held at 20% from 0 to 2 min; ramped up to 75% from 2 to 10 min; ramped up 95% by 10.5
min; held at 95% from 10.5 to 13.2 min; returned to 20% by 13.3 min; then held at 20% from
13.3 to 15 min. MS data was acquired in positive electrospray ionization mode with an
acquisition range of 500 to 5000 m/z, with the gas temperature at 350°C, gas flow at 12 L/min,
nebulizer gas at 60 psi, sheath gas temperature at 400°C, sheath gas flow at 12 L/min, VCap
voltage at 5500 V, nozzle voltage at 2000 V, fragmentor voltage at 380 V, skimmerl voltage at
140 V, and Octopole RF voltage at 750 V.

Data Processing and Analysis. Deconvolution of mass spectra was performed with Byos
software, version 4.5 (Protein Metrics, Cupertino, CA). MS spectra from 5 to 8§ min were
averaged and deconvoluted. The input mass range was set as 800 to 5000, output mass range as
20000 to 200000, charge vectors spacing as 1, baseline radius as 15, smoothing sigma as 0.02,
spacing as 0.04, mass smoothing sigma as 3, mass spacing as 0.5, iteration max as 25, charge
range as 5 to 200, blur skewness as 1.10, range as 8.00, and blur type as gaussian. Integration of
deconvoluted mass area was performed by computing the areas of the mass peaks with a mass
area width of 1000 Da. The mass peak area ratio of antibody and internal standard was calculated

with (Equation 5-1.
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Antibody Mass Peak Area

(Equation 5-1)
Internal Standard Mass Peak Area

Mass Peak Area Ratio =

Percent recoveries were calculated with (Equation 5-2 by normalizing the mass peak area ratios

of samples collected on Day 1, Day 4 and Day 7 to samples collected on Day 0.

p £ (%) R Mass Peak Area Ratio on Day X 100% Equation 5.2
= X -
ereent L) Recovery Mass Peak Area Ratio on Day 0 0 (Equation 5-2)

5.6 Results and Discussion

Assessing the in vitro serum stabilities of NISTmADb and its Fc Fragment. Although
NISTmADb has demonstrated to have a favorable developability profile, there is a lack of studies
that have evaluated its stability across complex biological matrices. To establish NISTmAD as an
appropriate IS for in vitro serum stability assays, we assessed its stability in the serums of mouse,
rat, and cynomolgus monkey. The % recoveries of NISTmAD over the seven-day incubation
period ranged between 92.9% to 102.1% across animal serums and the PBS buffer control
(Figure 5-1A). We evaluated these results using previously recommended acceptance criteria for
hybrid immunoaffinity-LC-MS/MS quantitative assays, where the accuracy should be + 20% of
Day 0 % recoveries and the precision should be + 20% between replicate injections.?’ Accuracy
and precision values of these stability assays are summarized in Appendix Table E-2 to E-4. The
precision (0.3% to 1.9%) and accuracy (-7.2% to 2.1%) of NISTmADb fell well within the
acceptance criteria, highlighting that NISTmADb exhibits favorable stability profiles in the serums
of preclinical species.

Next, we evaluated the serum stability of Fc fragment in the same fashion as NISTmAb
in order to assess its potential as a stable IS (Figure 5-1B). We generated Fc fragments of
NISTmADb via an IgdE digestion, which cleaves NISTmAD at a specific site above the hinge

(KSCDKT / HTCPPC). Here, the Fc fragment’s binding capacity for goat anti-human IgG (anti-
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Figure 5-1: The stabilities of (A) NISTmADb and (B) NISTmADb Fc fragment in PBS buffer and serum of three
different species: mouse, rat and cynomolgus monkey.

Fc) is retained, allowing it to be incubated, purified, and analyzed using our immunoaffinity
purification workflow. Our data for the isolated Fc fragment showed optimal % recoveries over
the seven-day incubation period, ranging between 97.5% and 109.2% across all serum and PBS
buffer control conditions. The precision (0.3% to 10.2%) and accuracy (-7.2% to 11.3%) of the
Fc fragment were also within the acceptable range (Appendix Table E-5 to E-7). Though these
results do not compensate for any systemic or random errors during sample preparation and
instrumental analysis, our % recoveries are well within acceptance criteria, demonstrating that
NISTmAD has a favorable stability profile at the intact and Fc level across all serums studied.
NISTmAD as an IS compensates for variations in % sample recoveries. To assess the
suitability of NISTmAD as an IS in in vitro stability assays, we incubated it alongside nine
bispecific antibodies (bsAbs) in mouse serum (Figure 5-2). All nine bsAbs exhibited favorable

stability profiles in mouse serum, with % precision values between 0.1% and 6.3% and %
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Figure 5-2: The stabilities of (A) Tibulizumab, (B) Tidutamab, (C) Erfonrilimab, (D) INBRX-105, (E)
Zanidatamab, (F) CTX-009, (G) Tarlatamab, (H) Glofitamab, and (I) TNB-738 in mouse serum with NISTmAb as
internal standard.

accuracies within = 10.0% except for Tidutamab (-10.4% to 7.7%) and Zanidatamab (-11.0% to
3.3%) when NISTmAb was incorporated as an IS. Evidently, we achieved % recoveries within +
10% of Day 0 values across both serum and PBS buffer conditions, further supporting that these

antibodies are stable in the presence of degradants within mouse serum. In contrast, the %



accuracies of these nine antibodies ranged from -22.5% to 3.1% when NISTmADb was not used as
an IS, while the precision of replicate % recoveries remained in the same range (0.3% to 4.3%).
As shown in Appendix Figure E-2, the data quality of Tibulizumab, Tidutamab, INBRX-105,
Zanidatamab, CTX-009, Tarlatamab, and Glofitamab was improved after the incorporation of
NISTmAD as an IS. In comparison, the % accuracies of Erfonrilimab and TNB-738 were well
within + 10.0% even without the inclusion of NISTmADb as an IS. These data suggest that there
are cases where systemic and random errors occur less frequently during sample preparation and
instrumental analysis. In the case of Erfonrilimab and TNB-738, the data quality was not
impacted by the addition of an IS, further demonstrating that NISTmAb qualifies as an
appropriate internal standard in in vitro stability assays. Clearly, our results are well within the
recommended + 20% criteria established in the literature, indicating that the inclusion of
NISTmAD as an IS greatly addresses variations in % sample recoveries generated during sample
preparation and instrumental analysis.

Since other preclinical species can be utilized for in vitro stability assays outside of mice,
we assessed the stabilities of two representative antibodies, Tibulizumab and Erfonrilimab, in
both rat and cynomolgus monkey serums alongside NISTmAD as an IS. Our stability results
show comparable trends in mouse, rat, and cynomolgus monkey serums, where both antibodies
exhibited favorable stability profiles (Appendix Figure E-3). These results were well within an
acceptance criteria of + 10.0% of Day 0 recoveries like those of PBS buffer controls. Taken
together, our results indicate that NISTmAD can serve as a suitable internal standard for in vitro
serum stability assays across different preclinical animal serums.

NISTmADb Fc fragment as an alternate IS for stability assessment. Since the mass

peak areas of deconvoluted masses are utilized for % recovery calculations, it is critical that the
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masses of both IS and antibody
samples do not overlap substantially in
order to ensure the accurate integration
of mass peak areas. Thus, NISTmAb
was not an ideal IS for antibodies of
similar molecular weight as illustrated
by the case of Amivantamab (Figure
5-3). In this case, NISTmADb coeluted
with Amivantamab during LC
separation (Figure 5-3A), which
resulted in overlapping mass spectra
(Figure 5-3B). A closer examination at
the mass deconvoluted spectra of co-
eluted NISTmAb and Amivantamab
showed indistinguishable mass
distributions (Figure 5-3C). Therefore,
accurately integrating the mass peak
areas of either NISTmAD or
Amivantamab became difficult to
perform.

To address the limitations of
full-length NISTmAD as an IS, we

probed the suitability of its Fc
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Figure 5-3: (A) NISTmADb and Amivantamab were not baseline
resolved during LC separation. (B) NISTmAb and Amivantamab
had overlapped protein envelops in raw MS1 spectra extracted
from 6 to 7 min. (C) The deconvoluted mass data of raw MS1
spectra in B (solid black line) was a combination of NISTmAb and
Amivantamab. The deconvoluted mass data of NISTmAD standard
(dashed red line) and Amivantamab standard (dashed blue line)
analyzed individually in LC-MS were provided as a comparison.
Mass peak area was integrated between 147,367.5 and 149,367.5
Da (solid pink lines).
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Figure 5-4: The stabilities of (A) Bevacizumab, (B) Dupilumab, (C) Palivizumab, (D) Faricimab, (E) Ixekizumab,
(F) Evolocumab, (G) Denosumab, (H) Emicizumab, (I) Amivantamab, (J) Teclistamab, (K) Erfonrilimab, (L)
Glofitamab in mouse serum with Fc fragment as internal standard.

fragment (~50 kDa) as an alternative IS. In this case, we assessed the stabilities of six mAbs and
six bsAbs in mouse serum alongside NISTmADb Fc fragment as the IS (Figure 5-4). All 12
molecules exhibited favorable stability profiles in mouse serum, with replicate precisions
between 0.3% and 5.5% and accuracies of % recoveries well within the recommended + 20.0%
acceptance criteria across the seven-day incubation time. When qualitatively comparing stability
data with or without the Fc fragment as an IS, we observed an increase in data quality for

Palivizumab, Faricimab, Evolocumab, Emicizumab, Amivantamab, and Erfonrilimab, while the

139



A Erfonrilimab B Glofitamab

= with Fc in Mouse Serum = with Fc in Mouse Serum

= with Fc in PBS = with Fc in PBS

= with NISTmADb in Mouse Serum = with NISTmAb in Mouse Serum
= with NISTmAb in PBS = with NISTmADb in PBS

Figure 5-5: Mouse serum stability of (A) Erfonrilimab and (B) Glofitamab with NISTmADb and Fc fragment as
internal standards.

data quality for the remaining molecules was not significantly impacted (Appendix Figure E-4).
When the Fc fragment was not utilized as an IS, replicate precision values ranged between 0.2%
and 10.0%, while the accuracies of % recoveries were all within + 10.0% of Day 0 values with
the exception of Palivizumab (-11.0% to -2.9%). These results indicated that % sample
recoveries were not significantly affected by any errors that occurred during sample preparation
and instrumental analysis.

We further assessed the suitability of the Fc fragment as an IS in the serums of different
preclinical species. In this case, we chose to assess the stabilities of two antibodies, Bevacizumab
and Dupilumab, in rat and cynomolgus monkey serums. As expected, both antibodies showed
favorable stability profiles across all animal serums and PBS buffer controls, where we observed

% recoveries within + 10.0% of Day 0 values (Appendix Figure E-5). Taken together, these
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results demonstrate that the Fc fragment is a highly versatile IS that can be utilized across
different preclinical animal serums.

Finally, we examined the capacity of the Fc fragment to serve as a universal IS for in
vitro serum stability assays. In this case, we examined the stability profiles of Erfonrilimab and
Glofitamab using either NISTmADb or the Fc fragment as an IS in mouse serum (Figure 5-5). We
observed comparable trends in stability when using either molecule as an IS, highlighting that
the Fc fragment can be utilized as a universal IS since its mass does not overlap with the masses
of all antibody therapeutics tested. However, the in-house bulk generation of Fc fragment via
IgdE digestion is a costly, time-consuming process. To our knowledge, there is not a
commercially available recombinant IgG1 Fc fragment with good in vitro serum stability that
can be utilized in our current workflow. Therefore, full-length NISTmAD remains the best option
as an IS for antibody therapeutics that are < 140 kDa and > 160 kDa in molecular weight when
an Fc fragment is not needed. Nevertheless, our combined results have demonstrated that both
NISTmADb and its Fc fragment are suitable ISs for the in vitro serum stability assessment of

antibody therapeutics.

5.7 Conclusions

In this work, we have established an in vitro serum stability assay workflow
incorporating ISs that has improved assay data quality across 19 different antibody therapeutics.
We have previously noticed that the biotransformation and aggregation of antibody therapeutics
in serum often lead to poor serum stability outcomes. As such, molecules undergoing
biotransformation or aggregation might not be captured during our immunoaffinity purification
workflow. With the absence of detectable biotransformation or aggregation in our MS analysis,

the assessment of serum stability has relied on calculating % recoveries of intact molecules
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across the incubation period. However, the accuracy and precision of these % recoveries are
sensitive to systematic and random errors that arise during sample preparation (i.e., sample
evaporation during incubation) or instrumental analysis (i.e., improper column loading), leading
to potential misinterpretations of serum stability. To address this, we utilized both full-length
NISTmADb and its Fc fragment, which showed favorable stability profiles across different animal
serums, as ISs for a more confident in vitro assessment of antibody therapeutic stability in serum.

Prior to the incorporation of ISs, broad acceptance criteria (£ 20.0% for both accuracies
of % recoveries and precisions of technical replicates) were used to identify stable molecules
during routine screening and advance them as candidates in the biopharmaceutical pipeline.
However, these broad criteria made the interpretation of stability profiles challenging. For
example, in the case of CTX-009, the % recoveries of individual replicates on day seven of
incubation in mouse serum were 84.0%, 79.0% and 77.5% without the utilization of NISTmAb
as an IS (Appendix Figure E-2F). Here, it would be misleading if CTX-009 was classified as an
unstable molecule due to % recoveries of < 80.0% for two of these replicates since these
recoveries might be underestimated due to uncompensated discrepancies in the workflow.
Although CTX-009 can be recognized as a stable molecule using a broad acceptance criteria, the
average 19.9% loss of intact CTX-009 molecule after a seven-day incubation period necessitates
further interpretation. Moreover, discrepancies were seen between these results and those of
other developability screening assays, further emphasizing that the in vitro serum results of
CTX-009 acquired without an IS do not accurately depict its stability profile. In turn, the
incorporation of NISTmAD as an IS resulted in a narrower range of % recoveries for CTX-009
over the seven-day incubation, allowing us to designate this antibody more confidently as a

stable candidate.
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Combined, our results showcase that the incorporation of stable ISs in in vitro serum

stability assays leads to a narrower range of % recoveries (90 to 110%) across the majority of the

antibodies tested with good precision between replicates. As a result, all 19 antibodies described

in this work were determined to have favorable stability profiles with high confidence. In this

case, a ~10.0% or lower loss of intact molecule in serum after a seven-day incubation was

deemed indicative of a stable molecule. We also observed similar trends in % recoveries across

the serums of different preclinical species, further highlighting the suitability of NISTmAb and

its Fc fragment as ISs in these assays. We envision this improved stability screening strategy to

be applied to any molecule that can be affinity captured and subsequently analyzed via LC-MS.

Importantly, we anticipate this workflow to enable the identification and advancement of

therapeutic antibody candidates that exhibit excellent stability for subsequent in vivo studies and

PK/PD analysis, expanding its utility in significantly reducing costs associated with preclinical

animal studies.
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Chapter 6: Conclusions and Future Directions

6.1 Conclusions

The HOS of antibody-based therapeutics greatly influences their function, and even a
minor deviation from their native conformation can diminish their clinical effectiveness and
safety. Structural integrity can be compromised at any stage during their discovery and
development, underscoring the need for robust, sensitive, and reliable analytical methods to
monitor the coherence of protein therapeutic HOS.!? While advanced structural biology tools
exist that can offer atomic-level resolution regarding protein HOS, they are not well-suited for
the routine biophysical characterization of conformationally intricate antibody therapeutics and
related products.® Recently, CIU has enabled native IM-MS to detect subtle changes in antibody
HOS and stability induced by PTMs* ® and degradation.®® However, the adoption of IM-MS and
CIU within the biopharmaceutical industry has been a slow process and is still considered
niche.” '° From a technical perspective, the analytical methodologies presented in this
dissertation aim to further expand and validate the applicability of IM-MS and CIU technologies
within the biopharmaceutical pipeline. Taken holistically, this work presents a basic mechanistic
understanding of the compaction and unfolding pathways of antibodies and their derivatives in
the gas-phase, as well as reveals structure-function relationships that can assist in therapeutic
candidate screening and selection.

In Chapter 2, we leveraged IM-MS and CIU to scrutinize HOS correlations between an

engineered KiH bsAb and its parent mAbs, permitting the annotation of antibody CIU pathways

146



for the first time. In a general sense, our analysis suggested that the KiH bsAb adopts an
intermediate conformational and stability profile between those of its parent mAbs. This
intermediate behavior stemmed from the supposition that each parent halfmer contributes to the
overall stability of the bsAb. Using a combination of enzymatic approaches that generated a pool
of middle-level fragments and deglycosylated constructs, we found evidence that lower- and
high-energy CIU transitions of the KiH bsAb relate to the unfolding of Fab and Fc domains,
respectively. A thorough quantitative analysis of CIU data further indicated that the lower-
energy unfolding event is driven by the stability of the hole Fab domain, while the higher-energy
CIU transition is modulated by the Ch2 and Cu3 domains of the knob portion of the Fc. Taken
together, these results underscore the ability of CIU to improve our understanding of KiH bsAb
structure and stability, providing crucial information in support of bsAb engineering efforts.
Chapter 3 introduced an IM-MS and CIU-based assay that, for the first time, can
accurately determine the function of therapeutic mAbs. Using a series of anti-CD40 AlgG2 C/S
exchange variants, we showed that hinge disulfides modulate the gas-phase collapse and stability
of agonist antibodies in a manner that correlates with agonistic activity. Here, rigid, agonistic
mADbs underwent less gas-phase structural collapse than flexible, less agonistic mAbs, leading to
lower gas-phase stabilities across both full-length IgG and F(ab’), scaffolds. These shifts in gas-
phase structure and stability were then utilized to build a CIU-based classification scheme that
can rapidly identify agonistic variants with high precision and accuracy. In a broader sense, this
work presented concrete evidence of how hinge flexibility mitigates the collapse of antibodies in
the gas-phase, and it provides an experimental dataset that can assist in the gas-phase modeling

of these constructs in future molecular dynamics efforts.
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Extending beyond the conventional IgG scaffold, Chapter 4 demonstrated the ability of
IM-MS and CIU to probe the structural polydispersity and stability of an Fc-IL-10 fusion protein
engineered using a flexible Gly-Ser linker. Compared to a range of protein standards that differ
in mass and flexibility, the Fc-IL-10 adopted a wider range of gas-phase conformations as
evidenced by an assessment of TVQx» values and IM peak widths. The gas-phase structural
dynamism of Fc-IL-10, in turn, led to significantly more structural transitions during CIU,
highlighting that the Fc, IL-10, and linker components contribute to the stability of the intact
fusion protein. By employing middle-level approaches reminiscent of those presented in Chapter
2, we assigned lower- and higher-energy CIU transitions of intact Fc-IL-10 to the unfolding of
the IL-10 homodimer and Fc regions, respectively. Finally, we leveraged CIU to show that Gly-
Ser linkers cooperatively impact the gas-phase structure and stability of isolated IL-10
homodimers. These studies constitute the first instance that CIU has probed these emerging class
of therapeutics, further highlighting its applicability to other antibody-based modalities.

In addition to IM-MS-based approaches, Chapter 5 presented a new in vitro serum
stability assay that incorporates NISTmADb as an internal standard that compensates for any
discrepancies in sample recoveries during immunoaffinity purification and LC-MS analysis.
Using this assay, we probed the serum stabilities of 19 clinically relevant antibodies, where we
achieved sample recoveries that more accurately represent in vitro serum stability. This
workflow has the potential to facilitate the discovery and progression of therapeutic antibody
candidates with optimal stability profiles for subsequent in vivo studies and PK/PD analyses, thus
significantly lowering costs associated with preclinical animal studies. Current efforts in this area
aim to draw correlations between in vitro and in vivo studies in order to further establish the

validity of this assay.
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6.2 Future Directions

6.2.1 Expanding CIU beyond Knob-into-Hole Bispecific Antibodies

IgG-like Formats (with Fc) Fragments (no Fc)

NN @ﬁ =

Common light

YT

Figure 6-1: Schematic representations of various IgG-like and fragment-based formats for bsAbs. IgG-like formats
include KiH, CrossMADb, IgG-scFv, DVD-IgG, Duobody, kA-body, and formats with common light chains.
Fragment-based formats include BiTE, DART, Diabody, TandAbs, and F(ab’),. Heavy chains are shown in blue and
yellow. Light chains are shown in light blue and yellow. Abbreviations: KiH, knobs-into-holes; scFv, single-chain
variable fragment; DVD-Ig, dual-variable-domain immunoglobulin; BiTE, bispecific T-cell engager; DART, dual-
affinity-retargeting; TandAb, tandem diabody.

Over the past two decades, advances in genetic engineering have transformed the
development of bsAbs, generating a diverse pool of molecular structures beyond KiH scaffold
studied in Chapter 2 that offer different benefits and drawbacks (Figure 6-1).!: 2 For example,
fragment-based formats circumvent the chain association issue encountered during the
production of heterodimeric IgG scaffolds, as well as exhibit better tissue-penetrating abilities,
minimal immunogenicity, and less nonspecific activation of the innate immune system.'!- 12
However, these Fc-deficient formats possess a shorter in vivo half-life, as they lack the ability to
bind to FcRn. To extend the half-life of these formats, most strategies aim to increase their
molecular weight and increase their stability while in circulation via the multimerization of

fragments with peptide linkers (e.g., a tandem diabody, TandAb) and covalent attachment to

other molecules such as polyethylene glycol (PEG) and human serum albumin (HSA).!? These
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approaches can potentially impact the HOS of these fragments, leading to potential aggregation
issues that would necessitate re-engineering of the final product. In this case, IM-MS and CIU-
based approaches can be valuable in delineating the implications of these approaches on the HOS
of fragment-based bsAbs, especially when choosing appropriate peptide linkers during the
assembly of multi-fragment constructs that exhibit minimal aggregation propensity.

IgG-like formats, on the other hand, employ various approaches to ensure the proper
heterodimerization of heavy and light chains. The different molecular architectures of these
formats, in turn, can have a significant effect on bsAb potency and efficacy. For instance, a dual-
variable domain immunoglobulin (DVD-Ig) has been shown to have a stronger binding affinity
and antitumor activity than a KiH bsAb, even though they targeted the same antigens (EGFR and
PD-L1)."* These differences in activity were attributed to the flexibility of the DVD-Ig molecule
and its capacity to bind two molecules of each antigen simultaneously. As shown in Chapters 3
and 4, flexibility can greatly impact the gas-phase structures and unfolding pathways of
antibody-based therapeutics during CIU; therefore, IM-MS and CIU can potentially reveal more
structural insights into these promising IgG-like bispecific formats and their respective antigen-
binding mechanisms. Moreover, various strategies using either steric or electrostatic steering
effects have been developed to produce a complementary interface favoring heterodimerization
of heavy chains as exemplified by the KiH platform.'* Within this context, CIU would be useful
in rapidly identifying the best heterodimerization approach that would generate the most stable
bsAb candidates. In a more general sense, the plethora of different bsAb formats poses a major
challenge in engineering stable bsAb molecules, and we aim to further develop CIU as a tool that
can systematically identify bsAbs formats with favorable developability profiles in a high-

throughput fashion.
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6.2.2 Isotype Switching and Its Implications on IgG Gas-Phase Structure and

Stability
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Figure 6-2: CIU (charge state 27") of hinge-swapped antibody variants with or without (GS); linker insertions. (A)
Fingerprints across all variants show four main features that differ across variants, where the appearance of feature
three is more prevalent in flexible variants. Feature four is more prevalent in rigid #1gG2 variants. (B) Fitting of
CIUs values for the first and last CIU transitions (left). A1gG2-like variants possessed lower stability values
compared to more flexible variants across both transitions (right).

In Chapter 3, we showed that rigid, #/1gG2B isoforms underwent less structural
compaction and exhibited lower gas-phase stability than nonagonistic, flexible 2IgG2A isoforms.
These results underscored that the IgG hinge greatly impacts the gas-phase structures and
stabilities of antibody ions in a manner that correlates with receptor agonism. Previous studies
have shown that inserting a short flexible Gly-Ser linker (“GSGSGS”) into the hinge region of a
hlgG2 reduces its immunostimulatory activity compared to control 2IgG2 antibodies.'®> Our
collaborators at the University of Southampton have also shown that isotype switching to AZ1gG2

converts antagonist antibodies to powerful agonists.!®
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To further support our claims presented in Chapter 3, we aim to apply our IM-MS and
CIU-based assay to monitor HOS changes provoked by isotype hinge-swapping and the insertion
of flexible Gly-Ser linkers within the IgG hinge. Our preliminary experiments in this area probed
hlgG1(antagonist) and ~IgG2 (agonist) forms of an antagonistic anti-CD40 mAb, 341G2, as well
as hinge-swapped #lgG1/2 (hlgG1 Cul + hinge and 2lgG2 Cu2 + Cu3) and AlgG2/1 (h1gG2 Cul
+ hinge and Cu2 + Cu3) variants (Figure 6-2). A qualitative assessment of CIU features revealed
that increasing the flexibility of these antibodies greatly influenced higher-energy CIU features
(Figure 6-2A). Moreover, hinge swapping from AIgG1 to AlgG2 or A1gG2 to hlgGl1 resulted in
CIU profiles similar to wild type AlgG2 and hIgG1, respectively. In terms of stability, flexible
variants exhibited greater gas-phase stabilities than rigid variants in the first and last CIU
transitions (Figure 6-2B). Interestingly, the insertion of a (GS)3 linker in the hinge regions of
hlgG2 WT and the hinge 2/1 variant led to a decrease in CIU stability for the first transition, as
well as stabilized the third feature from unfolding to feature four. These shifts in stability skewed
towards the stability profiles of 2lgG1 variants, further confirming that hinge dynamics greatly
impact gas-phase structure and stability.

Our results indicate that hinge disulfides modulate the structural collapse of mAbs that
typically occurs during the nESI process, though a clear mechanistic understanding of how hinge
disulfides mitigate this collapse in a way that correlates with agonism is still lacking. Ongoing
efforts in this project space aim to employ charge reducing strategies to screen a wider range of
charge states that would help us better understand the gas-phase compaction and unfolding
mechanisms of antibodies as a whole. We also anticipate to support our experimental IM-MS
findings with molecular dynamics simulations of these IgG scaffolds in the absence of bulk

solvent, which can provide further insights into these compaction events. Results from these
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experiments can then be compared to differential scanning calorimetry (DSC) and differential
scanning fluorimetry (DSF) measurements, which can subsequently be used to establish more
direct correlations between solution- and gas-phase stability measurements of therapeutically

relevant antibodies.

6.2.3 Exploring the Effects of Linker Type, Length, and Composition on the HOS

of Fe-Fusion Proteins

Flexible Rigid Cleavable
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¢ Permits spatial mobility of I
domains * Keeps fixed distance between ¢ Permits in vivo separation of
« Rich in hydrophilic or small domains domains
amino acids (e.g., glycine, ¢ Rich in proline residues or ¢ Contains disulfides or
serine) helical in structure protease-sensitive sequences

Figure 6-3: Summary of linker types used in fusion protein construction. Created with BioRender.com.

In Chapter 4, we explored a model Fc-IL-10 fusion protein assembled using flexible Gly-
Ser linkers. Yet, other linker types exist beyond flexible linkers, and each are employed to
achieve specific functionalities (Figure 6-3). While flexible linkers permit the spatial mobility of
protein domains, rigid linkers aim to achieve an optimal distance between domains and prevent
unfavorable interactions.!” Rigid linkers are often chosen when the spatial separation of domains
is needed to preserve the stability and activity of the fusion protein. In contrast, cleavable linkers

are utilized to release functional domains in the presence of in vivo reducing agents or proteases.

153



This linker design is often necessitated when the isolation of active protein moieties is needed to
achieve a desirable pharmacokinetic (PK) profile and biodistribution in vivo.'®

Notably, the composition and length of these linkers can greatly impact bioactivity,
modulate expression levels, alter pharmacokinetic profiles, and mitigate the in vivo targeting of
Fc-fusion proteins.'®2° While numerous examples of different linker types exists, the systemic
design of linkers for constructing stable and functional fusion proteins is still relatively new.
Therefore, there is a clear need for analytical technologies that can deepen our understanding of
the relationship between linker composition and Fc-fusion protein structure and function. We
anticipate CIU to be sensitive to these differences in linker length and composition, as well as

inform the construction of biologically active and stable recombinant Fc-fusion proteins for drug

delivery applications.

6.2.4 Development of Automated Native MS Approaches to Measure In Vitro

Serum Stability of Antibody Therapeutics

A

—

Sample incubation in serum. Affinity purification. Native SEC-IM-MS & CIU Analysis

Figure 6-4: In vitro serum stability assay workflow. (A) #IgG samples are spiked into mouse, rat, or cynomolgus
monkey serum and incubated at 37°C for 0, 1, 4, and 7 days. (B) Samples are then purified using an Agilent
AssayMAP Bravo affinity purification system, where biotinylated anti-human IgG is immobilized on streptavidin
resin and used to capture and purify #IgG samples. This purification step needs to be amended to preserve the folded
structures of the antibodies being characterized. (C) Purified samples will then be introduced into an Agilent 6560C
IM-Q-ToF system using online sample introduction and desalting via the coupling of an Agilent RapidFire system
or an alternative SEC platform. Created with BioRender.com

In Chapter 6, we presented an in vitro serum stability assay that employed automated

immunoaffinity purification and online LC-MS separations. However, this approach solely relied

154



on sample recoveries as a metric to assess antibody therapeutic stability in serum across different
preclinical species. Since the separations in this assay were performed using denaturing
conditions, noncovalent aggregates captured during purification steps are compromised, and
changes in the HOS and stability of constructs are overlooked. To address this limitation, we
anticipate to optimize this workflow for native IM-MS and CIU measurements using an Agilent
6560C IM-Q-ToF platform, which would permit us to perform a more accurate assessment of
antibody stability based on shifts in collision cross section distributions and gas-phase stabilities
(Figure 6-4).2! This endeavor implies that immunoaffinity purifications must be amended to
preserve the folded structures of the antibodies being purified. Recently, our group has
developed an automated, high-throughput workflow coupling the Agilent RapidFire 400
platform with the Agilent 6560 to perform online native IM-MS and CIU measurements.?
Incorporating this technology into our IM-MS and CIU workflow would make online sample
introduction and desalting possible, which can potentially increase the usage of IM-MS and CIU

in performing routine in vitro stability assessments within the biopharmaceutical industry.
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Appendix A: The Ruminococcus bromii amylosome protein Sas6

binds single and double helical a-glucan structures in starch

A.1 Original Publication

This work is partially adapted from: Amanda L. Photenhauer, Rosendo C. Villafuerte-

Vega, Filipe M. Cerqueira, Krista M. Armbruster, Filip Marecek, Tiantian Chen, Zdzislaw
Wawrzak, Jesse B. Hopkins, Craig W. Vander Kooi, Stefan Janeéek, Brandon T. Ruotolo, and
Nicole M. Koropatkin. “The Ruminococcus bromii amylosome protein Sas6 binds single and

double helical a-glucan structures in starch.” Nat. Struct. Mol. Bio. 2024, 21, 255 — 265.

A.2 Overview

Resistant starch, defined as starch that is resistant to digestion in the upper
gastrointestinal tract, is a prebiotic fiber accessed by gut bacteria with specialized amylases and
starch-binding proteins.! The human gut symbiont Ruminococcus bromii is a Gram-positive
anaerobe that is able to degrade resistant potato or corn starch.>* In particular, R. bromii
synthesizes multi-protein starch degrading complexes, known as amylosomes, through protein-
protein interactions between dockerin and complementary cohesion domains.”” As many as 32
R.bromii proteins have predicted cohesion or dockerin domains, and many have carbohydrate-
binding modules (CBMs) that presumably assist in binding starch and tether the bacterium to its
food source.>®? The R. bromii starch adherence system protein 6 (Sas6), in particular, is a

secreted protein that consists of five discrete domains: an amino-terminal CBM26 (RbCBM?26), a

159



CMB74 (RbCBM74) flanked by bacterial immunoglobulin-like (BIg) domains, and a C-terminal
type I dockerin.!-12

The Koropatkin Group at the University of Michigan’s Department of Microbiology and
Immunology successfully captured the crystal structures of Sas6 and isolated RbCBM74.
Interestingly, the crystal structure of RbCBM74 showed a bound double helical dimer of
maltodecaose (G10), which mimics the architecture of double helical amylopectin in starch
granules. As such, the RbCBM74 starch-binding groove complements the double helical a-
glucan geometry of amylopectin, suggesting that this module selects this feature in starch
granules. However, isothermal calorimetry (ITC) experiments revealed a binding stoichiometry
of 1:1 between RbCBM74 and G10, even though the co-crystal structure demonstrated that two
molecules of G10 are accommodated. To better determine stoichiometry and the proportion of
single versus double helical maltooligosaccharide in solution, we employed native mass

spectrometry (MS) in the presence of varying concentrations of G10 or maltotetradecaose (G14),

which further permitted us to calculate dissociation constants (Kq) that agreed with ITC data.

A.3 Experimental Section

Native Mass Spectrometry (MS). Stock solutions of Blg-RbCBM74-Blg and truncated
Sas6 (Sas6T, residues 31 — 665) were provided by the Koropatkin Group were desalted and
solvent exchanged into 200 mM ammonium acetate (pH 6.8 — 7.0) using Amicon Ultra-0.5 ml
centrifugal filters (MilliporeSigma) with a 10 kDa molecular weight cutoff. Ten consecutive
washing steps were performed to achieve sufficient desalting. The final concentrations of each
protein stock solution after desalting were estimated by UV absorbance at 280 nm. A stock
solution of G10 was prepared by dissolving a known mass in 200 mM ammonium acetate to

achieve a final concentration of 200 uM. For native MS titration experiments used to
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quantify K4 values, the concentration of protein was fixed at 5 uM, and enough G10 was added
to achieve final concentrations of 0, 5, 25, 50, 100 and 150 uM. Protein—G10 mixtures were then
incubated at 4 °C overnight to achieve equilibration before native MS analysis.

All native binding experiments were performed using a Q Exactive Orbitrap MS with
Ultra High Mass Range (UHMR) platform (ThermoFisher Scientific).!* Each sample (~3 uM)
was transferred to a gold-coated borosilicate capillary needle (prepared in-house), and ions were
generated by direct infusion using an nESI source operated in positive mode. The capillary
voltage was held at 1.2 kV, the inlet capillary was heated to 250 °C and the S-lens RF level was
kept at 80. Low m/z detector optimization and high m/z transfer optics were used, and the
trapping gas pressure was set to two. In-source trapping was enabled with the desolvation
voltage fixed at —25 V for improved ion transmission and efficient salt adduct removal. Transient
times were set at 128 ms (resolution of 25,000 at m/z 400), and five microscans were combined
into a single scan. A total of ~50 scans were averaged to produce the presented mass spectra. All
full scan data were acquired using a noise threshold of zero to avoid pre-processing of mass
spectra. A total of three measurements for each ligand concentration were performed. Data were
then processed and deconvoluted using UniDec software.'*

K. Measurements by Native MS. We performed titration experiments for both Blg—
RbCBM74-Blg and Sas6T using G10 and acquired modeled titration curves. Each bound state
differed by ~1,639 Da, which agrees with the theoretical mass of G10. To obtain the binding
constants, we summed the peak intensities of all abundant charge states in our mass spectra. Kd
values were calculated using the relative intensities of unbound protein and each ligand-bound

species from the mass spectra as previously described.!® In brief, the protein-ligand binding

161



equilibrium of BIg-RbCBM74-Blg with G10 in solution can be described by equation Appendix

Equation A-11:

L
P = PL Appendix Equation A-1
WL 1L
Pl PLI

where L is the ligand and P and PL are the free protein and protein with one specifically bound
ligand, respectively. As the concentration of ligand is increased, ligand molecules can bind
nonspecifically during the nESI process, generating artifactual peaks in the mass spectra
corresponding to a two-ligand-bound complex. Here, we presume that nonspecific binding arises
equally for free protein and that which possesses one specifically bound ligand, represented

by Pl and PLI in equation (Appendix Equation A-11). Based on these assumptions, the equations
of mass balance and binding states can be described by equations Appendix Equation A-2 to A-

5:
¢, = [P1+ ([PL] + [P1]) + [PL] Appendix Equation A-2
¢, = [L] + ([PL] + [PI]) + 2[PLI] Appendix Equation A-3
K; = _] Appendix Equation A-4
PL][L]

[PL]
= [1[31]35?] = [[PLl] Appendix Equation A-5

where Cp and CL represent the total concentrations of protein and ligand, respectively, and
concentrations in brackets represent those at equilibrium. Kq and K, represent the dissociation
constants for specific and nonspecific binding steps, respectively. If the peak intensities of free

protein and ligand-bound complexes are proportional to the abundances of those in solution and
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the spray and detection efficiency of all species is the same, then the fractional intensities of each

species can be determined by equation Appendix Equation A-11:

S IPLY/n
L X Ya(PL)/n

Appendix Equation A-6

Here, the fractional intensities are calculated as the sum of the intensities of main peak ions at all
charge states. Since a Fourier transform MS method is used, signal intensities are proportional to
both ion abundance and charge state. Therefore, ion intensities are normalized for each charge
state, n.'® ! These fractional intensities can be calculated from the titration experiment at each
ligand concentration and can then be related to the equilibrium constants by equations Appendix

Equation A-7 to A-9:

F, = Kakn Appendix Equation A-7

" KgK, + [L1(Kg + Kp) + [L]?

F, = LLICKq + Kn) Appendix Equation A-8

KaKy + [L1(Kq + Kp) + [L]?

L] : :
F, = Appendix Equation A-9

 KgK, + [L1(Kg + K, + [L]?

[L] can also be determined from nESI-MS titration data:

[L] = ¢, — cp(F; + 2F,) Appendix Equation A-10

[L] was then obtained at each ligand concentration and applied to Appendix Equation A-7 to A-
9. Appendix Equation A-7 to A-9 were then fitted to experimental fractional intensities using
nonlinear least-squares curve fitting using the Isqnonlin.m. function in MATLAB. A more
detailed derivation of these equations is provided elsewhere,'* along with the approach used for
Sas6, which possesses two sites for specific binding (RbCBM74 and RbCBM26) and exhibits a

third nonspecific bound state as shown in equation Appendix Equation A-11:
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L L

P = PL = PL, Appendix Equation A-11
WL 1L 1L

Pl = PLL= PL,l
These calculations were performed in a similar fashion for experiments performed using G14.

High-Resolution MS. Stocks of G10 or G14 were diluted to 5, 25, 50, 100, 150 and
300 uM with 200 mM ammonium acetate. Tuning parameters similar to those in native MS
experiments were used with a few exceptions. All experiments were performed in negative
mode, and low m/z detector optimization and low m/z transfer optics were used. The negative
mode was selected, as positive mode spectra were heavily adducted with common cations
present in solution. In-source trapping was 0 and —25 V for G10 and G14, respectively. G14
required more activation to assist in sufficient desolvation. We noticed that higher energies
would generate excessive fragments of both G10 and G14. Transient times were set at 1,024 ms
(resolution of 200,000 at m/z 400), and approximately six scans were averaged to produce the
presented mass spectra.

An overlap of monoisotopic m/z peaks corresponding to single, double, and triple helices
was observed at high concentrations. To approximate the relative abundance of each oligomeric
state, we first simulated the isotopic distribution of each state using enviPat and then calculated
the theoretical proportion of the monoisotopic species with respect to the proceeding peak that
corresponds to a difference in carbon-13 composition.'® We then manually used these proportion
factors to approximate the intensities of each oligomeric state in our experimental data.

Calculations were performed for six individual scans and averaged.
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A.4 Results and Discussion
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Appendix Figure A-1: Spectra of (A) Blg-RbCBM74-Blg or (B) Sas6T in equilibrium with G10. Charge states for
unbound protein are annotated with an orange dashed line. Peaks corresponding to different bound states are
observed after each charge state of the unbound protein.

Appendix Table A-1: Average masses assigned to native MS peaks in equilibrium with G10 across all
concentrations of G10 probed.

P 0 bound (Da) 1 bound (Da) 2bound(Da) 3 bound (Da) Av Diff. (Da)?
Blg-RbCBM74-Big 57635.3+0.8 59274.7+0.6 60913.8+0.2 N/A 1639.4 £ 0.8
Sas6T 69064.9+0.6 70704.3+0.5 72343.8+1.8 73982.1+06 1639.3+£1.0

2Average difference between bound states across all ligand concentrations.

Native MS experiments for experiments of Blg-RbCBM74-Blg and G10 revealed a

number of bound states (Appendix Figure A-1A). Each observed state differed by ~1,639 Da,

165



A G10

P Charge States Kat (uM) Kez (/M) Kn (1M)? SSR?
Blg- RbCBM74-Big 12+ t0 14+ 2.16 +0.53 N/A 922.73+259.93  0.0375
Sas6 14+ 10 16+ 2.30 + 0.25 104.64 +8.63  737.48+14257  0.0094

K, - dissociation constant for nonspecific binding step during nESI. Values reported with 95% confidence interval. ’SSR -
sum of squared residuals
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P Charge States Ka1 (uM) Ko (/M) Kn (uM)? SSR”
Blg-RbCBM74-Big 12+to 14+ 1.29£0.10 N/A 125.50 +£5.13 0.0030
Sas6 14+t0 16+ 0.17 £0.03 64.44 +4.83 494.80 +63.10 0.0083

2Kn - dissociation constant for nonspecific binding step during nESI. Values reported with 95% confidence interval. ’SSR -
sum of squared residuals
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Appendix Figure A-2: Native MS of 5 uM protein and ligand. Intensities of each species, combined across multiple
charge states, were extracted from the mass spectra and used to calculate the fractional abundance of unbound and
bound states at equilibrium. (A) Binding affinities (Kq) calculated from the fractional intensity of each species for
G10. N/A, not available. (B,C) Nonlinear least-squares fitting of fractional abundance of unbound and bound states
for 0-300 uM G10 with Blg-RhCBM74-Blg (B) and Sas6T (C). Error bars represent standard deviation of three
technical replicates. (B), Mean of isotopic distribution of single, double, and triple helices over different
concentrations of G10. Error bars represent standard deviation of six scans. (E) Kq4 calculated from the fractional
intensity of each species for G14. (F,G) Nonlinear least-squares fitting of fractional abundance of unbound and
bound states for 0-300 uM G14 with Blg—-RhCBM74-Blg (F) and Sas6T (G). Error bars represent standard
deviation of three technical replicates. (H), Mean of isotopic distribution of single, double, and triple helices over
different concentrations of G14. Error bars represent standard deviation of six scans. CL, concentration of the
ligand; P, protein; PL, protein—ligand.

the theoretical mass of G10 (Appendix Table A-1). To obtain binding affinities, we summed the
peak intensities of all abundant charge states in our spectra and analyzed these intensity values as

described previously.!” The K4 for Blg—RbCBM74-Blg was determined to be 2.16 £ 0.53 uM,
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which agrees with our ITC data (Appendix Figure A-1A and Appendix Figure A-2A,B). As the
concentration of ligand is increased, ligand molecules can bind nonspecifically during the nano-
electrospray ionization (nESI) process, generating artifactual peaks in the mass spectra
corresponding to a two-ligand-bound complex. This step is given by K, which corresponds to
the dissociation constant for the nonspecific binding step during the nESI process; this variable
also captures multimers of the ligand itself or nESI artifacts that encompass high concentrations
of ligand trapped within individual droplets. Our K, of 922.7 +259.9 uM suggests that an
additional binding site on Blg—RbCBM74-Blg is highly unlikely (Appendix Figure A-2A).

For Sas6T, the binding state distribution was markedly different (Appendix Figure A-1B
and Appendix Figure A-2A,C). At low G10 concentrations, there is a mix of one-bound and two-
bound states, and as G10 increases, the two-bound fraction dominates. Kq values for 1:1 and 1:2
protein:ligand complexes were calculated to be 2.30 £0.25 uM and 104.64 + 8.63 uM,
respectively, in reasonable agreement with ITC data for Big—RbCBM74-Blg and RbCBM?26
alone (Appendix Figure A-2A). These data best support a model whereby RPCBM26
and RbCBM74 each bind one molecule of G10 independently.

Longer maltooligosaccharides form double helices in solution, and high-resolution MS
with G10 showed a wide range of charged state distributions corresponding to single, double and
triple helical structures depending on concentration (Appendix Figure A-2D and Appendix
Figure A-3). G10 forms double and triple helices at high concentrations (300 uM), the latter of
which may be an artifact of the ESI process, or by double helix formation from overlapping G10
molecules (Appendix Figure A-3). Although we could not resolve peaks from higher
concentrations of G10, we can conclude that at 1 mM, the concentration used for crystallization,

most of the ligand forms double helices. However, as RbCBM74 does not absolutely require a
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Appendix Figure A-3: High-resolution MS experiments of G10 alone at (A) 5 uM and (B) 150 uM. A zoomed-in
mass spectrum (right) shows the isotopic distributions of oligomeric states at each respective concentration.

double helix but rather a-glucan that adopts the correct geometry, it is not surprising to see our
high-affinity binding site saturated by a single G10 by both ITC and native MS, as this is the
more abundant species at low concentrations.

Given that this protein binds solubilized potato amylopectin with ~tenfold better affinity
than G10, we performed native MS with maltotetradecaose (G14). Each observed state differed
by the expected theoretical mass of G14 (~2288 Da) (Appendix Table A-2). Blg—RbCBM74-BIg
exhibits a modestly higher affinity for G14 (Kq=1.29+0.10 uM) than G10
(Ka=2.16+0.53 uM) (Appendix Figure A-2E,F). The binding state distribution for Blg—
RbCBM74-Blg demonstrated that the two-bound state becomes the dominant species at higher
G14 concentrations (Appendix Figure A-4A). For Sas6T, we observed a binding state

distribution similar to that with G10 (Appendix Figure A-2G). Notably, we observed higher
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Appendix Table A-2: Average masses assigned to native MS peaks in equilibrium with G14 across all

concentrations of G14 probed.

P 0 bound (Da) 1 bound (Da) 2bound (Da) 3bound (Da) Av Diff. (Da)?
Blg-RbCBM74-Big 57635.8+0.9 59923.5+0.9 62211.2+0.5 N/A 2287.6+0.9
Sas6T 69064.1+ 0.2 713525+0.7 73640.5+04 75928.2+0.2 2288.1+0.9

@Average difference between bound states across all ligand concentrations.

A 1.0 "3+

0 uM
eP eoPL,
14+ ePL,ePL,
T |12+
[ ]
0 |
1.0 5 uM [ 100 pM
[ LX)
[ ]
]
=
- [ ] [ ]
7)) ]
£1.07 25 m 150 uMi | %4
o o
] °
n
(4]
4
[}
) (]
0 2?30 Slelele
1.0 *
50 uM 300 uM °

0 l IT? 7. J Jn

3500 4500 5500 3500 4500 5500
m/z

B 10

Relative Intensity

0 uM
eP e@ePL
¢ ePL,oPL,
16+
I
5 uM ° 100 uM
(<)
[
.. ) R
ol o [ ilfTe
? 25 uyM 150 uM
0.
®l e
[ ° ) X J
1le o [[jP]e
) )
50 uM 300 uM
(]
[}
%le
|| @
)
dsle | Lfae

4000 5000 6000 4000 5000 6000
m/z

Appendix Figure A-4: Spectra of (A) Blg-RbCBM74-Blg or (B) Sas6T in equilibrium with G14. Charge states for
unbound protein are annotated with an orange dashed line. Peaks corresponding to different bound states are

observed after each charge state of the unbound protein.

affinities for G14 for both one-bound and two-bound states (K4 values of 0.17 £0.03 uM and

64.44 £4.83 uM, respectively) (Appendix Figure A-2E). This suggests that the RbCBM74

binding platform extends beyond what we see in our crystal structure. Our lower K, for both
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Appendix Figure A-5: High-resolution MS experiments of G14 alone at (A) 5 pM and (B) 150 puM. A zoomed-in
mass spectrum (right) shows the isotopic distributions of oligomeric states at each respective concentration.

constructs with G14 may be an artifact of the nESI process, as described above, rather than an
additional binding site, although we cannot completely rule out this possibility. The higher
affinity observed for Sas6T over the RbCBM74 may be because binding by the longer ligand is
aided by the juxtaposition of the CBM26, which then becomes saturated at higher
concentrations. It is possible that there is some synergy in binding at the two sites with longer
ligands, although further work is needed to investigate this possibility. High-resolution MS of
G14 alone demonstrates both single and double helical populations, with more than half of the
ligand forming double helices at 150 pM (Appendix Figure A-2H and Appendix Figure A-5). As
these states are in equilibrium, we cannot test binding to a single versus a double helical
structure. However, the RbOCBM74 site clearly selects maltooligosaccharides that adopt the

geometry found in double helical al,4-linked glucose. Taken together, our native MS results
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suggest that both single and double helical a-glucans that adopt the geometry of double helical

amylopectin are recognized by RbCBM74.
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Appendix B: Supporting Information for Chapter 2
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Appendix Figure B-1: (A) Native IM-MS spectra of knob, hole, and KiH bsAb constructs at a collision voltage of 5
V. Intact homodimer and heterodimer are observed, as well as low and high molecular weight species. Here, ‘dimer’
refers to a dimer of homodimer or heterodimer. (B) Theoretical average masses of glycoforms typically observed in
antibodies. All native intact masses are non-reduced and include the cyclization of all N-terminal glutamines to
pyroglutamate forms.
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Appendix Figure B-2: SEC-MALS for Knob and Hole samples. (A) SEC-MALS profile of Knob and Hole
homodimers and halfmers. (B) Calculated masses of homodimer and halfmer species for both Knob and Hole
samples.
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Appendix Figure B-3: CIU fingerprints of knob (A) and hole (B) homodimers and KiH bsAb heterodimer (C) for
charge states 227 to 24"
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Appendix Figure B-4: RMSD plots of the 24" charge state of knob and hole homodimers and KiH bsAb
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Appendix Figure B-5: Papain digestion of KiH bsAb. (A) Proposed cleavage site of papain above the hinge region,
generating Fab and Fc fragments. (B) IM-MS spectra of KiH bsAb papain digest and (C) comparison of
experimental and average theoretical masses. Differences observed between experimental and theoretical masses of
F(ab’), are attributed to non-specific cleavage of the bsAb by papain. The theoretical mass for Fc accounts for two
GOF glycosylation sites and cyclization of all N-terminal glutamines to pyroglutamate forms. The experimental mass

of the Fc domain accounts all possible glycoforms.
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Appendix Figure B-6: Native Orbitrap MS of (A) knob and (B) hole homodimers and (C) KiH bsAb heterodimer
before and after treatment with PNGase F. Each antibody exhibits different levels of heterogeneity resulting from

glycosylation. The increased intensities of homodimer ions compared to halfmer ions is the result of utilizing high
m/z transfer optics. Neighboring peaks correspond to unresolved adducts, where mass differences range from 18 —

40 Da. (D) Deconvoluted masses of control and deglycosylated knob and hole homodimers and KiH bsAb

heterodimer.
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Appendix Figure B-7: CIU fingerprints of native, deglycosylated knob and hole homodimers and KiH bsAb
heterodimer. (A) Averaged CIU fingerprints (n = 3) for the 24" charge state (left) with corresponding replicate
RMSD baselines (right). (B) Pairwise RMSD analysis comparing deglycosylated knob and hole homodimers and
KiH bsAb heterodimer.
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Appendix C: Supporting Information for Chapter 3
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Appendix Figure C-1: IM-MS analysis of ChiLob7/4 variants. (A) Representative IM-MS spectra of variants.
Corresponding masses + mass error of the charge states sampled for mass deconvolution are shown. (B) ™WQn;
distributions of variants across charge states. Vertical and horizontal error bars represent s.d. of technical replicates
(n = 3) and T™WQx;, uncertainties, respectively.
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Appendix Figure C-2: IM-MS analysis of F(ab’), fragments of ChiLob7/4 variants generated via IdeS digestion.
(A) Representative IM-MS spectra of IdeS digests across variants indicate presence and separation of F(ab’), and Fc
fragments. Corresponding masses + mass error of the charge states sampled for mass deconvolution are shown. (B)
TWQn, distributions of variants across different charge states. Vertical and horizontal error bars represent s.d. of
technical replicates (n = 3) and TWQ, uncertainties, respectively. ¢. TWQn, values as a function of charge state for
the most compact feature in (C) Propagated Qn; errors are shown.
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Appendix Figure C-3: Averaged CIU fingerprints for charge states 237 to 25% of ChiLob7/4 full-length variants.
RMSDs values shown as mean + s.d. from comparisons performed between technical replicates (n = 3).
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Appendix Figure C-4: Light chain is dissociated upon collisional activation during CIU. (A) Representative
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Appendix Figure C-5: Averaged CIU fingerprints for charge states 19* to 217 of ChiLob7/4 F(ab’), fragments.
RMSDs values shown as mean + s.d. from comparisons performed between technical replicates (n = 3).
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Appendix Figure C-6: Relative activity and size of (A) ChiLob7/4 and (B) SAP1.3 variants. Activity was assessed
using the NFkB GFP Jurkat reporter assay. Relative size represents the maximum intramolecular distance (Dmax)
determined from SAXS experiments.
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Appendix D: Supporting Information for Chapter 4
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Appendix Figure D-1: Design and corresponding amino acid sequence of Fc-IL-10. Fc-IL-10 is a ~90 kDa Fc-
fusion protein that consists of wild-type human IL-10 connected to the C-terminus of a human IgG1 Fc domain via a
flexible Gly-Ser linker. An N-glycosylation site is present on the Fc polypeptide chain, which increases the mass of
the Fc-fusion protein to ~94 kDa. Adapted from patent W0O/2021/158938.!
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Appendix Figure D-2: Comparison of experimental measurements versus the measurements reported by Bush et
al.2 and Campuzano et al.’ These measurements from the literature were performed with a modified Synapt G1
HDMS instrument with an RF-confining drift cell and a commercial Synapt G2 HDMS instrument, respectively.
Error bars represent the standard deviation of three comparisons (n = 3) between our experimental data and literature
values.
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Appendix Figure D-3: Peak widths at half maximum of TWQx; distributions of Fc-IL-10 and protein standards on a
Waters Synapt G2 HDMS. Peak widths are calculated from the three most prominent charge states in triplicate (n =
9). Error bars represent the standard deviation of these measurements.
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Appendix Figure D-4: CIU fingerprints of Fc-IL-10 for charge states 17" to 21" performed on a Waters Synapt G2
HDMS. Three to six features are qualitatively evident across charge states, highlighting that Fc-IL-10 adopts
complex structural ensembles along its gas-phase unfolding pathway.
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Appendix Figure D-5: CIU fingerprints of NISTmADb for charge states 20" to 25 performed on a Waters Synapt
G2 HDMS. Two to four features are qualitatively observed across charge states.
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Appendix Figure D-6: Representative MS spectra of Fc-IL-10 prior to (A) and after the addition of either EndoS2
(B) or PNGase F (C). Zoomed-in spectra of charge state 18" reveal the presence different glycoforms.
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Appendix Figure D-7: CIU analyses of Fc-IL-10 after treatment with EndoS2 or PNGase F for charge states 17" to
20*. For the sake of clarity, only regions corresponding to the greatest shifts in gas-phase stability are shown in
orange. Dashed and solid lines correspond to the CIU transitions of native and deglycosylated Fc-IL-10,

respectively.
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Appendix Figure D-8: Representative HCD MS/MS spectrum of IL-10 homodimer (charge state 13%). The
zoomed-in spectrum reveals the presence of three major Gly-Ser linker variants of IL-10 monomer at 60 CE.
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Appendix Figure D-9: Representative HCD MS/MS spectra of partially reduced Fc subunits. Both native (A,B) and
EndoS2-treated (C,D) digests showed both Fc/2 subunits as well as noncovalent dimeric Fc subunits. Dissociation of
noncovalent dimeric Fc (charge state 17") was achieved using 100 CE, where zoomed-in spectra reveal the presence

of two major Gly-Ser linker variants.
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Appendix Figure D-10: Representative cIM-MS spectrum of native Fc-IL-10 digested with only GlySERTAS™,
Zoomed-in spectra highlight the linker and glycoform polydispersity present in non-reduced Fc and IL-10
homodimer subunits. Spectrum was collected at 5 V of trap CE.
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Appendix Figure D-11: Cyclic TWQx; distributions of non-reduced native Fc (A), EndoS2-treated Fc (B), and IL-10
homodimer (C) at 4 V of trap CE across different charge states.
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Appendix Figure D-12: CIUs(-1 analysis of non-reduced Fc and IL-10 homodimer subunits. (A) IL-10 homodimer
unfolds at significantly lower E values (n = 3) than Fc subunits across all detectable charge states. (B) Combined
Ej., values of all charge states (n = 9) for Fc and IL-10 homodimer subunits.
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Appendix Figure D-13: Representative CIU fingerprints of different Gly-Ser linker variants of IL-10 homodimer.
A qualitative comparison of CIU fingerprints (left) show no immediate differences between linker variants. By
performing pairwise RMSD comparisons (right) of these variants, global conformational differences can be detected
and quantified. RMSD baseline values are shown for each CIU fingerprint (left).
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Appendix Figure D-14: Effects of linker length on stability and global conformational differences between linker
variants of IL-10 homodimer. Plot of (A) CIUso-1 and (B) RMSD Factor Difference as a function of linker mass.
Quadratic and linear functions were fitted to each plot, respectively. Averaged values are shown (n =3) with errors
bars shown as standard deviation. 95% confidence intervals of each fit are shown (dashed lines).

196



Appendix Table D-1: Optimized cIM sequence settings for native cIM and CIU experiments.

Parameter Inject Separate Eject and Acquire
Time 10.0 2.0 69.6
Time Abs 10.0 12.0 81.6
Pre Array Gradient 85.0 85.0 85.0
Pre Array Bias 70.0 70.0 70.0
Array Entrance 10.0 30.0 50.0
Array TW Height 3.0 0.0 25.0
Array Offset 60.0 70.0 45.0

Array Mode Forward Sideways Forward Eject

Array Exit 50.0 30.0 2.0
Post Array Gradient 35.0 35.0 35.0
Post Array Bias 10.0 10.0 10.0
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Appendix Table D-2: Comparisons of averaged experimental and literature ™VQx;, values of protein standards.

Avg. Exp.

Lit.

%

Species Name (m:‘,’:) Oligomer Ch(il)‘ge TWQrzlz -err2l2 Differencs-;‘ TW%':f_Lit.
(nm?) (nm?)  Exp. vs. Lit.
11 32.2 32.3 -0.3
B-lactoglobulin 37 2 12 33.2 33.1 0.2 Bush et al.2
13 34.6 34.3 0.7
14 43.7 44.9 -2.8
Serum albumin 66 1 10 4 449 7 Bush et al.2
16 447 447 0.1
17 45.8 44.9 2.0
19 58.5 60.6 -3.6
C°"°a£a"a"“ 103 4 20 58.9 60.8 3.3 Bush et al.2
21 59.4 60.9 -2.5
23 74.0 74.2 -0.3
deh:c::ggglzase 148 4 2: :jz :ji -;): Bush et al.2
26 75.2 75.0 0.2
21 72.4 731 -0.9
22 731 731 0.0
IgG1K 148 1 23 73.4 73.0 0.6 Campuzano
24 73.7 72.8 1.2 etal?
25 73.8 72.5 1.8
26 74.5 72.5 2.7
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Appendix Table D-3: Deconvoluted masses of Fc-IL-10 before and after treatment with EndoS2 or PNGase F.

Theoretical Experimental

Condition Glycoform Avg. Mass Avg. Mass ST LB Erel

(Da) (Da) (Da)? (ppm)°
GO/GOF 93558.2 93560.3 + 2.4 24 221
GOF/GOF 93704.4 93703.7 £ 0.5 0.5 -7.1
. GOF/G1F 93866.5 93867.1 £ 0.9 0.9 6.3
Native G1F/G1F or GOF/G2F 94028.7 94029.1+1.9 1.9 4.8
G1F/G2F 94190.8 941916 £1.7 1.7 8.6
G2F/G2F 94352.9 94357.4 + 11.3 11.3 47.3
+ EngoS? GlcNACc/GlcNAc+Fuc 91366.2 91367.9+ 0.8 0.8 18.2
GlcNAc+Fuc/GlcNAc+Fuc 915124 91513.5+£0.7 0.7 12.3
+ PNGase F Deglycosylated 90815.7 90814.7 £ 0.4 0.4 -10.8

aMass error of the charge states sampled for mass deconvolution. ? Mass difference between
theoretical and experimental average masses.
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Appendix Table D-4: Deconvoluted masses of Fc and IL-10 subunits generated via GlySERIAS™ digestion

Experimenta

Oligomer Linker Variant Thent;;tslc(elx;:)«vg. | Av(glsé\;lass S(gi‘;;’ M?:::,;lraor
IL-10 S 18,730.3 18,730.3 0.3 -0.6
1mer’ SGGG 18,901.5 18,901.2 0.1 -14.1

SGGGGS 19,045.6 19,045.2 0.2 -20.8
S/S 37,460.6 37,460.6 0.1 -0.5
IL-10 S/SGGG 37,631.8 37,631.9 0.3 2.9
2mer’ S/SGGGGS 37,775.9 37,775.9 0.3 -0.3
SGGG/SGGGGS 37,947 1 37,947.3 0.2 6.4
SGGGGS/SGGGGS 38,091.2 38,091.4 0.3 5.5
GOF+GGG 27,051.9 27,051.9 0.5 -1.0
GOF+GGGG 27,109.0 27,109.1 0.4 4.5
Fc/2 G1F+GGG 27,2141 27,214.0 0.4 -2.5
G1F+GGGG 27,2711 27,271.2 0.3 2.9
G2F+GGG 27,376.2 27,376.0 0.6 -8.0
G2F+GGGG 27,433.3 27,433.5 0.7 8.8
Fc/2 + GIcNAc+Fuc+GGG 25,955.9 25,956.4 0.4 18.1
EndoS2  GIcNAc+Fuc+GGGG 26,013.0 26,013.5 0.5 20.0
2x(GOF+GGG) 54,099.8 54,100.0 0.6 3.3
GOF+GGG/GOF+GGGG 54,156.9 54,158.3 0.2 26.4
2x(GOF+GGGG) 54,213.9 54,218.1 0.4 771
GOF+GGG/G1F+GGG 54,262.0 54,263.0 0.6 19.2
GOF+GGGG/G1F+GGG or
GOF+GGG/G1F+GGGG 54,319.0 54,320.8 0.4 33.0
GOF+GGGG/G1F+GGGG 54,376.1 54,378.7 0.4 48.6
2x(G1F+GGG) or
e GOF+GGG/G2F+GGG 54,424 1 54,424.5 0.4 7.4
G1F+GGGG/G1F+GGG or
GOF+GGGG/G2F+GGG or 54,481.2 54,482.0 0.1 15.6
GOF+GGG/G2F+GGGG
2x(G1F+GGGG) or
GOF+GGGG/G2F+GGGG 54,538.2 54,540.1 0.6 34.8
G1F+GGG/G2F+GGG 54,586.2 54,585.6 5.5 -11.7
G1F+GGGG/G2F+GGG or
G1F+GGG/G2F+GGGG 54,643.3 54,643.8 0.5 9.3
G1F+GGGG/G2F+GGGG 54,700.3 54,702.9 1.5 46.6
2x(GIcNAc+Fuc+GGG) 51,907.8 51,909.2 0.7 26.6
Fc + GIcNAc+Fuc+GGGG/GlcNAc+
EndoS?  FuctGGG 51,964.9 51,966.3 0.2 27.3
2x(GIcNAc+Fuc+GGGG) 52,021.9 52,024.9 0.9 57.1

aMass error of the charge states sampled for mass deconvolution. ? Mass difference between
theoretical and experimental average masses.
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Appendix E: Supporting Information for Chapter 5
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Appendix Figure E-1: Total ion chromatography (TIC) of Fc fragment. Both NISTmADb and partially digested
NISTmADb without one Fab arm were observed with low intensities.
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Appendix Figure E-2: Stability analysis of (A) Tibulizumab, (B) Tidutamab, (C) Erfonrilimab, (D) INBRX-105,
(E) Zanidatamab, (F) CTX-009, (G) Tarlatamab, (H) Glofitamab, and (I) TNB-738 with or without NISTmAb as

internal standard.
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A Tibulizumab B Erfonrilimab
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Appendix Figure E-3: Serum stabilities of (A) Tibulizumab and (B) Erfonrilimab with NISTmADb as internal
standard in serum of three different species: mouse, rat and cynomolgus monkey.
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Appendix Figure E-4: Stability results of (A) Bevacizumab, (B) Dupilumab, (C) Palivizumab, (D) Faricimab, (E)
Ixekizumab, (F) Evolocumab, (G) Denosumab, (H) Emicizumab, (I) Amivantamab, (J) Teclistamab, (K)
Erfonrilimab, (L) Glofitamab with or without Fc fragment as internal standard.
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Appendix Figure E-5: Serum stabilities of (A) Bevacizumab and (B) Dupilumab with Fc fragment as internal
standard in serums of three different species: mouse, rat and cynomolgus monkey.
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Appendix Table E-1: International Nonproprietary Names (INNs) of antibodies assessed in this work.

Average Mass

INN Target Phase Format (Da)*
Bevacizumab VEGF-A Approved mAb 146563.24
Dupilumab IL-4/1L-13 Approved mAb 147154.04
Palivizumab RSV protein F Approved mAb 145296.94
Ixekizumab IL-17A Approved mAb 146191.05
Evolocumab PCSK9 Approved mAb 141789.71
Denosumab RANKL Approved mAb 144717.51
Amivantamab cMET/EGFR Approved Bispecific 145900.86
Emicizumab FX/FIXa Approved Bispecific 145637.74
Teclistamab BCMA/CD3 Approved Bispecific 143660.97
Faricimab Ang-2/VEGF-A Approved Bispecific 146428.7
Glofitamab CD20/CD3 Approved Bispecific 194342.69
Tibulizumab IL17A/BAFF 2/3 Bispecific 201421.4
CTX-009 VEGF-A/DLL4 2/3 Bispecific 199632.87
Zanidatamab HER2/HER2 3 Bispecific 124647.84
Tidutamab SSTR2/CD3 . lb/?’ Bispecific 126509.18
discontinued

Erfonrilimab PD-L1/CTLA4 3 Bispecific 107420.2
INBRX-105 PD-L1/4-1BB 1/2 Bispecific 101881.98
Tarlatamab DLL3/CD3 2 Bispecific 105201.89
TNB-738 CD38 1 Bispecific 111200.93

*Includes all possible disulfide bonds. No other modifications included.
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Appendix Table E-2: /n vitro serum results for NISTmAb in mouse serum.

Replicate 1 Replicate 2 Replicate 3
Time ]l\’/lezslf Recovery  Accuracy ]l\’/lezslf Recovery  Accuracy ]l\’/lezslf Recovery Accuracy Precision
o, o, o, o, o, o, 0,
®ay) (%) (%) Area (%) (%) Area (%) (%) (%CV)
Defined Defined Defined
0 2.29E+07 as 100.0 N/A 2.27E+07 as 100.0 N/A 2.22E+07 as 100.0 N/A 1.7
1 2.28E+07 99.4 -0.6 2.29E+07 100.8 0.8 2.26E+07 102.1 2.1 0.5
4 2.27E+07 99 -1 2.22E+07 98.1 -1.9 2.24E+07 100.9 0.9 1.1
7 2.17E+07 94.4 -5.6 2.17E+07 95.8 -4.2 2.16E+07 97.4 -2.6 0.3
Appendix Table E-3: /n vitro serum results for NISTmAb in rat serum.
Replicate 1 Replicate 2 Replicate 3
Time ]l\’/lezslf Recovery  Accuracy ]l\’/lezslf Recovery  Accuracy ]l\’/lezslf Recovery Accuracy Precision
o, o, o, o, o, o, 0,
(Day) Area (%) (%) Area (%) (%) Area (%) (%) (%CV)
Defined Defined Defined
0 2.39E+07 as 100.0 N/A 2.35E+07 as 100.0 N/A 2.33E+07 as 100.0 N/A 1.2
1 2.28E+07 95.6 -4.4 2.28E+07 97.1 -2.9 2.26E+07 97 -3 0.6
4 2.27E+07 95 -5 2.24E+07 95.3 -4.7 2.21E+07 94.8 -5.2 1.3
7 2.22E+07 92.9 -7.1 2.18E+07 93.1 -6.9 2.20E+07 94.4 -5.6 0.7
Appendix Table E-4: In vitro serum results for NISTmAD in cynomolgus monkey serum.
Replicate 1 Replicate 2 Replicate 3
. Mass Mass Mass -
Time Peak Recovery  Accuracy Peak Recovery  Accuracy Peak Recovery Accuracy Precision
(Day) - (%) (%) - (%) (%) - (%) (%) (%CV)
Defined Defined Defined
0 2.08E+07 as 100.0 N/A 2.05E+07 as 100.0 N/A 2.03E+07 as 100.0 N/A 1.4
1 2.01E+07 96.5 -3.5 2.01E+07 98.2 -1.8 1.98E+07 97.7 2.3 0.9
4 1.98E+07 95.2 -4.8 2.00E+07 97.5 -2.5 1.96E+07 96.9 -3.1 0.9
7 1.95E+07 93.8 -6.2 1.93E+07 94 -6 1.88E+07 92.8 -71.2 1.9
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Appendix Table E-5: /n vitro serum results for NISTmAb Fc fragment in mouse serum.

Replicate 1 Replicate 2 Replicate 3
Time ]l\’/lezslf Recovery  Accuracy ]l\’/lezslf Recovery  Accuracy ]l\’/lezslf Recovery Accuracy Precision
o, o, o, o, o, o, 0,
(Day) Area (%) (%) Area (%) (%) Area (%) (%) (%CV)
Defined Defined Defined
0 3.41E+06 as 100.0 N/A 3.13E+06 as 100.0 N/A 3.13E+06 as 100.0 N/A 5
1 3.43E+06 100.6 0.6 3.25E+06 103.8 3.8 3.12E+06 99.7 -0.3 4.8
4 3.73E+06 109.4 9.4 3.27E+06 104.5 4.5 3.06E+06 97.8 2.2 10.2
7 3.55E+06 104.1 4.1 3.24E+06 103.5 35 3.22E+06 102.9 29 55
Appendix Table E-6: /n vitro serum results for NISTmAb Fc fragment in rat serum.
Replicate 1 Replicate 2 Replicate 3
Time ]l\’/lezslf Recovery  Accuracy ]l\’/lezslf Recovery  Accuracy ]l\’/lezslf Recovery Accuracy Precision
o, o, o, o, o, o, 0,
(Day) Area (%) (%) Area (%) (%) Area (%) (%) (%CV)
0  3.20E+06 aD:f‘Ong‘é N/A 3.20E+06 aD:fglg‘é N/A 3.15E+06 aD:fglg‘é N/A 0.9
1 3.39E+06 105.9 59 3.43E+06 107.2 72 3.40E+06 107.9 7.9 0.6
4 3.39E+06 105.9 59 3.35E+06 104.7 4.7 3.40E+06 107.9 7.9 0.8
7 3.11E+06 97.2 -2.8 3.12E+06 97.5 -2.5 3.08E+06 97.8 2.2 0.7
Appendix Table E-7: In vitro serum results for NISTmAD Fc fragment in cynomolgus monkey serum.
Replicate 1 Replicate 2 Replicate 3
. Mass Mass Mass -
Time Peak Recovery  Accuracy Peak Recovery  Accuracy Peak Recovery Accuracy Precision
(Day) - (%) (%) - (%) (%) - (%) (%) (%CV)
0  429E+06 aD:f‘Ong‘é N/A 4.17E+06 aD:fglg‘é N/A 4.06E+06 aD:fglg‘é N/A 27
1 4.71E+06 109.8 9.8 4.55E+06 109.2 92 4.52E+06 111.3 11.3 22
4 4.33E+06 100.9 0.9 4.44E+06 106.6 6.6 4.35E+06 107 7 1.4
7 4.30E+06 100.4 0.4 4.31E+06 103.5 35 4.33E+06 106.5 6.5 0.3
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