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ABSTRACT

Antibody-drug conjugates (ADCs) combine the cytotoxicity of traditional chemotherapy
with the site-specificity of antibodies by conjugating payloads to antibodies with immunoaffinity.
However, the conjugation alters the physicochemical properties of antibodies, increasing the risks
of various types of degradation. The effects of common risk factors such as pH, temperature, and
light on the stability of ADCs differ from their effects on monoclonal antibodies (mAb) due to
these altered physicochemical properties.

To date, ADC researchers have developed linkers with improved in vivo stability, and begun
to understand the deconjugation mechanisms in vivo. In contrast, the in vitro stability of ADCs has
not gained comparable attention. All nine of the U.S. FDA approved ADCs are lyophilized to
minimize the potential for degradation. However, there are few studies on the solid-state stability
of ADCs. To evaluate lyophilized solids, pharmaceutical development relies heavily on
accelerated stability studies, which take months to determine the best formulation.
Characterization methods that are often used orthogonally with accelerated studies include
Fourier-transform infrared spectroscopy (FT-IR), Raman spectroscopy, near-infrared
spectroscopy (NIR), differential scanning calorimetry (DSC), and x-ray powder diffraction
(XRPD). Results from these methods are often poorly correlated with stability, however. Thus,
stability evaluation of solid-state ADC products, and other recombinant protein drugs, is often a
bottleneck in their development.

To provide knowledge on how to improve the in vitro stability of lyophilized ADC
formulations, the solid-state stability of ADC formulations with varying risk factors was studied
in this dissertation project. The first study investigated interactions between an ADC and
excipients in terms of solid-state stability enhancement. The second study investigated the process-
driven instability of ADCs during lyophilization using various concentrations of ADCs. The first
two studies incorporate a new method called solid-state hydrogen/deuterium exchange coupled
with mass spectrometry (ssHDX-MS) as an analytical predictor of solid-state stability. The last
study investigated the effects of pH on the stability of labile hydrazones, as a model for common

linker chemistry used in ADCs.
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CHAPTER 1. INTRODUCTION

In recent decades, antibody-drug conjugates (ADCs) have been studied extensively as a next
generation of antibody-based therapy, and more than 80 ADCs are currently in clinical trials.!?
ADCs have been introduced to resolve issues with toxicity and selectivity of traditional
chemotherapy. In ADCs, cytotoxic payloads are attached to an antibody to ensure drug delivery to
tumor sites with a higher safety margin. The conjugation of payloads to antibody is achieved using
linkers that typically react with lysine and cysteine residues on the antibodies.® In the past,
oncology aspects and in vivo stability of ADCs have been addressed.*® The synthesis,
conjugation, and analytical challenges of ADCs also have been investigated to a similar extent.®
13 However, the in vitro stability of ADCs during formulation and storage has not received as much
attention as the former topics.

In this chapter, 1) the stability issues associated with the linker system of ADCs during
formulation and storage and 2) the benefits of lyophilization for ADC stability are addressed.

Furthermore, a new analytical method to evaluate solid-state stability of ADC is introduced.

1.1 Stability concerns in ADC components

ADCs are mainly composed of three parts: antibody, linker, and payload (Figure 1.1). Each
component exhibits distinct physicochemical properties, and the way that risk factors affect the

stability of each component also differs.

Antibody

Cytotoxic Payload

Linker

Figure 1.1. Components of ADC.
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1.1.1 Antibody component

Due to the size and complexity of the antibody molecule, various studies have been
performed to yield antibody formulations with better stability.**® Knowledge of antibody in vitro
and in vivo behavior has developed to allow the use of antibodies as carriers for chemotherapeutic
agents. Since the antibody plays an important role in the selectivity of ADCs, the antibody
component must retain its high immunoaffinity toward the target antigen after conjugation. Xie et
al. found that the biodistribution of ADCs is affected by the antibody component rather than the
linker or payload component.?® To avoid undesired immune reactions, currently ADCs are
conjugated to fully humanized or human sequenced immunoglobulin G (IgG). IgG1, 1gG4, and
IgG2 isotypes are usually used, and different isotypes exhibit various effector functions that may
be beneficial depending on the purpose and target of the ADCs.2-22 Although all the commercially
available ADCs are conjugated to intact antibodies, fragmented antibodies that have binding
affinity to Fc-gamma receptor or neonatal Fc receptor are under evaluation for use in ADC
development.?32* Recombinant fragmented antibodies with higher affinity and higher tissue
penetration abilities are expected to provide advantages by narrowing the biodistribution of
ADCs.” Yet, binding affinity over the antigens does not guarantee high efficacy because high
affinity only confers rapid internalization. In addition to binding affinity, many factors affect the
efficacy of ADCs such as bystander effect, deconjugation of payloads, and plasma clearance.*%
Unfortunately, the clearance of fragmented antibodies is much faster than that of intact IgG
isotypes.? Therefore, intact antibody molecules are often preferred due to their longer half-life in
plasma that enables prolonged dosing intervals and therapeutic effects.?!

Current conjugation methods utilize the primary amine and sulfhydryl group at lysine and
cysteine residues, respectively, on the antibody (Figure 1.2). Most current conjugation
mechanisms yield ADCs with different drug-to-antibody ratios (DAR) having various charge
variants. For example, 1gG1 has more than thirty modifiable Lys residues that may randomly
conjugate with the linker-drug moiety. A DAR of eight has been reported as the maximum for
Lys-conjugated ADCs. On the other hand, there are only four interchain disulfide bridges in 1gG1.
The theoretical maximum conjugation is eight for Cys-conjugated ADCs. However, both Lys-
conjugated and Cys-conjugated ADCs face issues with undesirable heterogeneity, which makes
scale-up and manufacturing challenging.® Heterogeneity affects the antigen-binding properties of
the antibody moiety and alters the potency, solubility, and pharmacokinetics of the ADC. To

16



minimize changes in antibody binding and function, antibodies are engineered to selectively
conjugate with a DAR of 1-2.27 ThioMab, for example, contains engineered cysteine residues
introduced into the sequence of a traditional antibody to limit the sites and number of reactive free
thiol groups. Engineered ADCs and ADCs with site-specific conjugation have reduced batch-to-
batch heterogeneity.?-2°

The factors affecting the stability of the antibody component are similar to those for
conventional antibodies: temperature, pH, light, ionic strength, and surface exposure. Yet, the
hydrophobic drug payload alters the physicochemical properties of antibodies to a great extent,
complicating the characterization of ADCs.*° Typical conjugation payloads often lead to an
increased risk of aggregation and fragmentation. An understanding of both the antibody and the

payload is required to formulate stable ADC products.?!3!

1.1.2 Linker component

ADC linkers can be categorized into two main types: cleavable linkers, and non-cleavable
linkers (Figure 1.2). Cleavable linkers are sensitive to proteases or pH, or to the environment at
the target site (Figure 1.2b-e). ADCs with non-cleavable linkers undergo lysosomal degradation
at the target site to deconjugate payloads from the parent antibodies (Figure 1.2a). Even though
cleavable linkers have a higher risk of premature cleavage than non-cleavable linkers, cleavable
linkers are widely utilized for several reasons. Cleavable linkers are used when payloads do not
have a functional group that can be substituted to the non-cleavable linkers or when substitution
may alter potency. Cleavable linkers may be used to yield faster activation.*> Some of the currently
marketed ADCs use a combination of cleavable and non-cleavable linkers to achieve the desired
release profile at the target site. Often, non-cleavable linkers such as maleimidocaproyl (MC) or
maleimidomethyl cyclohexane-1-carboxylate (MCC) are used to conjugate antibodies, and
cleavable linkers are used either to connect other linkers or to conjugate payloads.>®** Self-
immolative linkers such as para-amino benzyl alcohol (PABC) are often used to allow release of

unmodified payloads (Figure 1.2c).3*%
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Figure 1.2 continued
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The selection of linker affects both the antigen binding and the thermal stability of
ADCs.8?! The length of the linker also determines plasma stability. Furthermore, the choice of
linker defines DAR, drug load distribution, and the stability of the linkage. In Cys-conjugated
ADCs, shorter linkers may reduce the risk of reduction, whereas linkers protruding from the
antibody can be more prone to reduction.®® However, in plasma, robust chemical stability of the
linker is not always correlated with high tolerability. In maytansinoid-conjugated ADCs, clinical
data showed an inverse relationship between chemical stability and maximum tolerated dose
(MTD) among three linkers tested: SPP, SPDB, and SMCC (Figure 1.2b).3” However, during
storage, both the chemical and physical stability of the linker are crucial in assuring product quality,

safety, and efficacy.® The stability of the linker system is addressed below in greater detail.

1.1.3 Payload component

Auristatin-containing motifs, pyrrolobenzodiazepine (PBD), duocarmycin, SN-38 (a
topoisomerase | inhibitor), doxorubicin, maytansinoid, and calicheamicin are the cytotoxins that
have been widely used for ADC development. The payloads of ADCs mainly target 1) tubulin so
that the tumor cell mitotic cycle is hindered or 2) DNA of the tumor cells.*® The payloads are
typically 700-750 Da and have a log P value around 4.3 Payloads must be conjugated to the linker
without affecting their potency. Metabolites of deconjugated payloads that behave as a prodrug
may be considered as candidate payloads for ADC development.® Metabolite toxicity should be
investigated prior to development since ADC toxicity is attributed to the intrinsic toxicity of the
payloads more than to the linker-dependent distribution of the ADCs.3"%% A detailed review on the
toxicity of payloads is provided in Beck et al.®

Hydrophobic payloads affect overall ADC stability to a great extent. They affect the
physicochemical properties of the ADC molecules depending on DAR values.* If the DAR is too
low, the ADC molecule may not have the desired overall potency, whereas, if the DAR is too high,
the ADC molecule may be more susceptible to physical degradation. In Cys-conjugated ADCs,
despite no change in overall protein conformation, the conformational energy of unfolding is
reduced relative to the native mAb, so that more hydrophobic local surface is exposed to the
solvent. The hydrophobicity of payloads may induce aggregate formation.®3! Similarly,
formulation to improve the solubility of hydrophobic payloads may instead cause instability of

ADCs. The potential risks of excipients for ADC stability are further discussed below.
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1.2 Factors impacting stability of linker system

ADC molecules experience a higher risk of instability than the parent mAb due to the
introduction of the linker system. There are numerous factors that influence the stability of ADCs,
and they are somewhat interconnected. ADC molecules face different types of risks depending on
conjugation sites and/or linker type. Many reviews have introduced the various types of linkers
and their conjugation/release mechanisms.346102932 Most of the reviews focus on the in vivo
stability of ADCs. Herein, factors that may endanger the linker system before in vivo
administration are mainly addressed. It should be noted that the payloads themselves may have

susceptibilities to the factors described below and are not discussed here.

121 pH

The development of ADCs with pH-labile linkers requires special attention to maintaining
appropriate pH for both in vivo stability and in vitro stability. For example, the hydrazone linker
is pH-sensitive and cleaves in the acidic pH environment near cancer cells. Hydrazone is known
to hydrolyze into ketone and hydrazide moieties around pH 5 (Figure 1.3).34' However, the
hydrazone linker has a risk of premature release of payloads in vivo. In 2010, the hydrazone-based
ADC Mylotarg® was withdrawn temporarily due to a discrepancy between plasma stability and
buffer stability.*? Data suggest that it was quite challenging for the molecule to strictly discriminate
between pH 5 and 7.4. Like the hydrazone linker, the PABC-peptide-MC linker, also known as
CL2A, is a pH-sensitive and was used to connect the SN-38 payload.’

In addition to pH-sensitive hydrazone linkers, various linkers utilize ester or amide linkages
to conjugate the antibody and the linker, or the linker and the payload (Figure 1.2a-c, e). Since an
ester linkage is weaker than an amide linkage, many clinically available ADCs use Lys residues
to conjugate antibodies.”*® In Cys-conjugated ADCs, the functional group that connects payloads
to the linker is an amide group. MC-derivative linkers and self-stabilizing maleimide are examples
(Figure 1.2a).
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Figure 1.3. Putative mechanism of hydrazone hydrolysis. Adapted from ref. 41.

Even though most pH-sensitive linkers are acid-labile, increasing pH may not stabilize the
ADC formulation. As pH increases, the rates of Asn deamidation and succinimide hydrolysis
increase, whereas at low pH, Asp may undergo isomerization. Thus, a slightly acidic pH is
recommended to avoid such chemical degradation.** Mohamed et al. evaluated the stability of
trastuzumab and trastuzumab emtansine (T-DM1) under various pH conditions. The results
showed that the parent mAb was more stable than the conjugated ADCs at pH 4, 6, 8, and 10.
Extremes in pH led to conformational changes, especially in the Fc domain, and further induced
aggregation. Moreover, T-DM1 showed greater degradation under all pH conditions upon
incubation at 37 °C for 4 weeks. T-DM1 showed more than 40% degradation at pH values other
than pH 6. The results suggest that conjugation with the linker system increases susceptibility to

extreme pH conditions.*>4

1.2.2 Reducing agents

As shown in the Figure 1.2a-b, most linkers contain disulfide or thioether linkages that are
susceptible to nucleophilic attack from sulfhydryl groups, inducing a reversible dissociation
reaction (Figure 1.4).** A common reducing agent present in the plasma is human serum albumin
(HSA). Cross-reactivity with albumin dissociates the disulfide bond and results in increasing off-
target toxicity. Even outside the plasma, disulfide-based linkers may react with excipients or
buffers with thiol groups. Yet, susceptibility to reduction differs with the site of conjugation;

conjugation at a solvent-accessible sulfhydryl group is more prone to reduction. 44
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Most Cys-conjugated ADCs utilize succinimide to connect the antibody to the linker
(Figure 1.2a). MC, MCC, and self-stabilizing maleimide are examples. In the absence of a
reducing agent, the thioether linkage is relatively stable, whereas, in the presence of reducing agent,
it may undergo reversible dissociation (Figure 1.4a). Thus, Baldwin et al. studied the rate of the
retro-Michael reaction under reducing conditions. While observing the reaction cycle, the
hydrolysis of succinimide into the open ring form was found to positively affect the stability of the
thio-succinimide linker (Figure 1.5). Formation of the open ring stabilized the thio-succinimide
linker and reduced the retro-Michael reaction, even in the presence of a Michael donor such as
HSA.*8 Fortunately, succinimide hydrolysis is faster than the retro-Michael reaction, especially at

high pH.*® Studies on “self-hydrolyzing maleimide” linkers are under development.>
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Shen et al. further studied the effect of local charge and solvent accessibility on the stability
of the succinimide linker using an antibody conjugated at three different sites: light chain (LC),
heavy chain (HC), and Fc domain. They reported that, as the most positively charged species, LC
conjugation showed the best stability by attracting hydroxide ions around the moiety and
accelerating hydrolysis of succinimide, which minimizes the cleavage of the thio-succinimide
linker by slowing the retro-Michael reaction. Conversely, the Fc domain showed the worst stability
due to its high solvent accessibility. Therefore, controlling conjugation sites and pH environment

may reduce the risk of cleavage of the thioether linkage.**>!

1.2.3 Temperature

Molecular mobility increases with increasing temperature, and increased temperature may
accelerate the rates of various degradation pathways. During conjugation of Cys-linked ADCs,
reduction of antibodies is typically carried out at 37 °C using tris-(2-carboxyethyl)-phosphine
(TCEP). At this temperature, antibodies may undergo undesired chemical degradation reactions
such as hydrolysis, deamidation, and isomerization, and may form aggregates. Thermal
degradation of 1gG, for example, is initiated by unfolding, followed by irreversible aggregation.>?
Mohamed et al. attributed the thermal degradation of ADCs to a decreased activation energy,
increased hydrophobic interaction, increased protein diffusion, and increased molecular
collisions.*® Beckley et al. reported higher sensitivity to heat in Cys-conjugated ADCs with high
DAR compared to unconjugated and low DAR species. When stored at 40 °C for 8 weeks, ADCs
with DAR 6 formed more than 27% of high molecular weight (HMW) species while DAR 2 and

24



3.5 species formed 2-5% of HMW species. Beckley et al. also suggested that conjugation of
payloads near the Cn2 domain may cause increased thermal sensitivity of the tertiary structure of
ADCs, decreasing the melting temperature of the protein.>® Increased thermal susceptibility was
also observed for a Lys-conjugated ADC with denatured Cn2 domains.>

Changes in temperature affect not only ADCs but also the surrounding environment. For
example, buffer pH is affected by temperature variations. At high temperature, base-type buffers
such as Tris and histidine buffers generate less hydroxide ion than acid-type buffers such as acetate
buffer. Since the hydroxide concentration affects chemical degradation reactions such as
deamidation of Asn, isomerization of Asp, and hydrolysis of succinimide, buffer selection may
influence ADC stability under heat-stress.** Increased temperature may induce amino acid
isomerization in the hinge region of the antibody and may lead to aggregation.>® Conversely, at
freezing temperature, the pH of the buffer may be shifted due to crystallization of buffer
components. According to Sundaramurthi et al., crystallizing excipients such as glycine and
mannitol may induce buffer crystallization even at low buffer concentration, whereas amorphous
excipients such as sucrose and trehalose may completely inhibit buffer crystallization. In addition,
the degree of pH shift differed with the initial pH and the buffer concentrations.>¢->8

124 Light

Light is an important stability risk factor for most biologics, including ADCs.>® Especially
in mAb®%-®t and ADCs,%? some amino acids such as Trp, Tyr, Phe, His, and Cys are known to
undergo photo-oxidation. The absorption of ultraviolet (UV) light often generates not only excited
state species but also radicals by photo-ionization.®® Factors such as pH, ionic strength, and
hydrophobicity in the region near the chromophore can affect protein conformation, thereby
affecting light absorption and the degree of photo-degradation.>%3

Figure 1.6 shows the photolytic degradation pathways of tryptophan. Other light-sensitive
amino acids have similar photolytic pathways. Trp has the highest molar absorption coefficient
among other light-sensitive amino acids, thus the presence of Trp in the sequence may have a
greater effect on photo-degradation than other amino acids. As shown in Figure 1.6, initial
photolysis begins with the generation of triplet state amino acids. Excited triplet state amino acids
with chromophores further react with oxygen, forming peroxy radicals that degrade proteins.>®62

Many clinically available ADCs such as Mylotarg® and Besponsa® are light-sensitive and require
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special primary packaging to prevent photo-degradation.®® Cockrell et al. studied photo-
degradation of a Lys-conjugated ADC with DAR of 1-2. In the study, the parent mAb and the
linker alone were not susceptible to photo-degradation, whereas the conjugated ADC showed
photo-induced aggregation. Cockrell et al. also incubated the mAb and the linker without

conjugation and found no aggregated species.
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Figure 1.6. Structure of Trp and common pathways of Trp-activated photolysis. Adapted from ref. 59.

This result suggests that conjugation alters the photosensitivity of ADCs by introducing
photo-sensitive functional groups. When analyzed using MS/MS, the sequence containing Trp,
Phe, Cys, Met, His, and Tyr residues was found to be highly susceptible to photo-degradation.®?
Furthermore, Steinmann et al. investigated the susceptibility of disulfide linkages to photo-
degradation. The results suggest that ADCs conjugated with disulfide-based linkers may also be
prone to photo-induced degradation.®

1.2.5 Excipients

Excipients are typically included in ADC formulations to improve the physical and
chemical stability. The excipients are expected to be inert, but some can negatively affect the

stability of the formulation. Some buffering agents, such as histidine buffer, contain primary
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amines that may be sources of cross-reactivity with NHS-based linkers.®®> Adem et al. observed a
high degree of aggregation in auristatin E-ADCs formulated with high ionic strength buffer. In the
study, both an NaCl-containing buffer and an arginine-HCI-containing buffer showed increased
aggregate formation, although the NaCl-containing buffer showed higher aggregate levels.
Regardless of antibody isotype, ADCs with high DAR underwent aggregation to a greater extent.
Adem et al. suggested that reduced electrostatic repulsion between single molecules in high ionic
strength buffer may have induced the aggregation.®® Shifts in pH induced by changing buffer
composition caused aggregate formation in ADCs.%” During conjugation of ADCs, organic
solvents are used to resolve solubility issues with hydrophobic payloads and linkers. For
Mylotarg® , around 20% of dimethylformamide (DMF) was used as a co-solvent; exacerbated

aggregation was a result.>>8
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Figure 1.7. Main Scheme of polysorbate degradation. Adapted from ref. 69.

Polysorbates (PS), which play a role in minimizing interfacial stress, are susceptible to
ambient oxygen and light. Under light exposure, the peroxide content in PS solutions increases
and induces degradation of PS, generating more than 30 species of degradants (Figure 1.7).5° Since
commercially available PS are a mixture of chemically diverse poly(oxyethylene) (POE) species,
the presence of residual peroxides in PS raises another stability concern. The molecular

heterogeneity of PS contributes to a build-up of peroxide that can lead to auto-oxidation and
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hydrolysis of PS molecules.”® As a result, degraded PS has a reduced ability to protect the
formulation from interfacial stress. In addition, accumulation of peroxide degradants may also

cause instability of ADCs.%°

1.2.6 In-vivo components

As mentioned above, HSA is a major cause of payload loss in Cys-conjugated ADCs during
circulation. Most current ADCs utilize enzyme-labile linkers that are sensitive to cathepsin B,
serine hydrolase, glycosidase, or phosphatase (Figure 1.2e). However, unwanted encounter with
these enzymes at non-target sites may increase the toxicity of ADCs.* Hydrophobic ADCs,
especially their payloads, are good substrates for multidrug resistant (MDR) transporters such as
ATP-binding cassette (ABC) transporters. Loganzo et al. suggested that efflux by the MDR
transporter is one of the resistance mechanisms of ADCs. According to the clinical and preclinical
data, a number of ADCs have experienced reduced efficacy due to the MDR transporter. Thus, it
is likely that an ADC with high DAR has a higher clearance due to interaction with MDR
transporters. In addition, the expression of MDR transporters such as P-glycoprotein (P-gp) on the
target cell may increase as ADC treatment progresses.>’*> To minimize resistance, hydrophilic

linkers such as glucosidase-labile linker and phosphatase-labile linker are under development.*

1.3 Effect of Lyophilization on Stability

Lyophilization, also known as freeze-drying, is a widely used method to improve the stability
of both biopharmaceuticals and small molecule drugs. Lyophilization removes water molecules
from the product without using high temperature,’* producing a solid powder. The lyophilization
process per se may harm proteins in the absence of cryo-protectants or excipients,”’® and various
studies have been conducted to stabilize protein formulations during lyophilization.””"® There are
two primary hypotheses regarding the mechanisms of protein stabilization in the solid-state. The
“water replacement hypothesis” states that excipients, especially sugars, substitute for the
thermodynamic role of water molecules to maintain native-like secondary structures of proteins in
the solid state. In this hypothesis, excipients form hydrogen bonds with proteins to minimize
structural change upon dehydration. The “vitrification hypothesis” states that a glassy

lyoprotectant matrix may slow degradation processes by slowing molecular mobility. Since the
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two hypotheses are not mutually exclusive, it is difficult to definitively test and support either of
the hypotheses.”®"® Nevertheless, it has been demonstrated that a sugar-protein matrix may reduce
conformational instability of proteins upon lyophilization.”-%

All U.S FDA approved ADCs are manufactured in lyophilized form to protect the
formulation from hydrolysis and from the other risk factors described above.3! Typically, a
solution dosage form is preferred due to its simplicity and low manufacturing cost compared to
lyophilized forms. However, solution dosage forms expose the protein to various risk factors,
especially during shipping and storage. For example, during shipping, the product may be
subjected to agitation, temperature variations, and freeze/thawing. Long-term storage exposes
solution-state pharmaceutical products to greater risk of chemical and physical degradation.’ "

Solution dosage forms of proteins are prone to chemical degradation reactions such as
deamidation and oxidation, and to physical degradation processes such as aggregation and
precipitation.” Excipients in protein formulations may create a thermodynamically unfavorable
state as the chemical potentials of both excipients and proteins increase. In particular, the
hydrophobic components of ADC molecules create entropically unfavorable states while in contact
with water. Thus, ADCs are at higher risk of aggregation in an aqueous environment, and to
product loss due to adsorption to surfaces. Furthermore, solution dosage forms often are not
suitable for long-term storage. For long-term storage purposes, solution dosage forms are often
frozen until the time of administration. During freezing, proteins are excluded from the ice phase,
creating an ice/freeze-concentrate interface. Proteins are under risk of denaturation at this interface.
Although the issue with the ice/freeze-concentrate interface also applies for lyophilization, the
duration of exposure to the interface is longer for frozen solutions in long-term storage.®% In
addition, Kerwin et al. noted that lyophilized or solid suspension forms of proteins usually do not
have a precaution on light exposure, suggesting lower susceptibility to photodegradation in solids
compared to solutions.*®

ADCs are at greater risk if formulated in solution due to the risk factors associated with the
linker system.® There are numerous degradation pathways that ADCs may undergo during storage
and shipping. Lyophilization may lower the degradation rates by lowering mobility of molecules.
Limiting the mobility may reduce the rate of aggregation in ADCs formulations. Removal of water
from the product may reduce the risks of hydrolysis and oxidation near the linkers.” Furthermore,

lyophilized solids will be less susceptible to temperature variations. It is widely accepted that
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lyophilized solids are sensitive to temperatures above their glass transition temperature. Yet, glass
transition temperatures for ADCs are generally higher than typical storage temperatures.®-*"
Lyophilized ADCs may withstand long-term storage better than solution-state ADCs. However,
some concerns still remain regarding increased surface area that may contribute to protein
instability. Valliere-Douglass et al. reported covalent modification of ADCs with buffers and
excipients when heat-stressed at 50 °C. The heat-stressed covalent modification has also been
observed in parent mAbs, suggesting that the conjugation chemistry of ADCs is not a cause of the
modification. It is also not known whether such modifications affect the biological activity of the
ADCs.% Nevertheless, protection of the linker-based system from potential degradation and
aggregation is crucial since it substantially affects the efficacy and therapeutic window of the
ADCs. As noted above, unexpected or premature cleavage of the payload may result in increased
toxicity and reduced efficacy.3:%

Although all U.S. FDA approved ADC products are manufactured in lyophilized form, there
is little published literature that addresses the solid-state stability of lyophilized ADCs.8%°
Barbour et al. studied the solid-state stability of BR96-doxorubicin after lyophilization. Compared
to the intrinsic instability of BR96-doxorubicin in solution, lyophilized BR96-doxorubicin with
excipients such as lactose and sucrose showed improved long-term stability. On the other hand,
other studies have not provided deep understanding of the in vitro stability of lyophilized ADCs.&
Clavaud et al. focuses on method validation of near-infrared spectroscopy and its ability to
determine moisture content within ADC molecules, rather than stability evaluation of ADCs.%
Conversely, Jaime et al. reported preservation of biological activity of ADCs even after
lyophilization. In the study, a lyophilized formulation with 0.40 M trehalose showed the greatest
retention of immunological activity among the formulations tested.®” However, the focus of this
study was the in-vivo activity of ADCs and not the in vitro stability. A similar study was conducted
using a mouse monoclonal antibody and showed retention of bioactivity even after
lyophilization.®® Apart from these reports, the number of studies that address the in vitro stability
and solid-state stability of ADCs is limited.

1.4 Solid-state hydrogen-deuterium exchange (ssHDX-MS)

In this study, solid-state hydrogen/deuterium exchange coupled with mass spectrometry
(ssHDX-MS) is used as a short-term predictor of solid-state stability in ADC formulations. Herein,
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the fundamentals of hydrogen/deuterium exchange (HDX) and the implications of using HDX to
evaluate solids are addressed.

HDX is a high-resolution analytical method that probes the conformation and dynamics of
proteins. HDX has also been widely used to study ligand binding,%-%2 protein aggregation,®*** and
stability during formulation development.®>%® As shown in Figure 1.8, in HDX, a protein is
exposed to deuterium oxide (D20) to allow hydrogens to be exchanged with deuterons. The
location of the exchange-labile hydrogens affects the rate of exchange and their detectability.
Hydrogens on the side chains of amino acids readily undergo exchange, but are also subject to
rapid reverse reaction (“back exchange”), so that deuteration at these sites is not usually detected.
In contrast, hydrogens attached to aliphatic carbon atoms exchange very slowly, if at all, in the
time course of a typical experiment. Unlike the former two categories, amide hydrogens in the
protein backbone undergo deuterium exchange with a measurable rate. Since the rate of exchange
on the amide hydrogens depends on temperature and pH (Figure 1.9), the reaction can be quenched

by lowering temperature and pH.%’
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Figure 1.8. Site of hydrogen-deuterium exchange depicted in Factor Vlla. Taken from ref. 97.
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Figure 1.9. The chemical exchange rate, ken, as a function of (a) pH and (b) temperature (°C). Taken from
ref. 97.

Unlike conventional HDX studies performed in solution, this study utilizes HDX in the
solid-state. Figure 1.10 shows schematics of the HDX workflow in solution-state and in the solid-
state.® Regardless of the phase, the workflow involves D,O exposure, incubation, reaction
quenching, and MS analysis. In solution HDX, a protein is diluted directly into the D>O solution
to initiate exchange, whereas solid-state HDX exposes a lyophilized protein to a D.O vapor in a
desiccator with controlled D-O activity (i.e., relative humidity, RH in D2O) and temperature. The
RH inside the desiccator is controlled by saturating D,O solution with various salts.®® The
temperature for incubation may vary from 4 °C to 70 °C. Typically, the upper limit of the
incubation temperature is recommended not to exceed the glass transition temperature (T) of the
product, and the lower limit of the incubation temperature is recommended around 4 °C to allow
a detectable rate of exchange. After incubation, the exchange reaction is quenched by flash freezing
with liquid nitrogen, after which the samples are stored at -80 °C. Prior to MS analysis, the reaction
is further quenched by diluting with low pH buffer to minimize back-exchange. The mass
difference between hydrogen (H) and deuterium (D) detected by MS allows measurement of the
number of exchanged deuterons, which serves as a measure of the inter- and intra-molecular
hydrogen bond network of the protein in the solid sample. The extent of deuterium incorporation
has been shown to be correlated with stability on storage for a number of proteins.1%-1% ssHDX
can be used to screen protein formulations and select those most likely to be stable. The method
offers the advantage that it only takes days to weeks to distinguish stability differences among

formulations, rather than the months typically required for stability studies. Furthermore, mass
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spectrometric analysis (MS) coupled with ssHDX also provides high resolution information on the
protein and its solid environment, and allows simultaneous analysis of various molecular species
such as adducts or degradants. To date, ssHDX has shown its applicability in evaluating stability
in various therapeutic proteins such as myoglobin,1921% a monoclonal antibody,'® and a
therapeutic fragment antigen-binding (Fab) protein.’%® The study presented here extends ssHDX-
MS to ADCs and provides knowledge on solid-state stability of ADCs.
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Figure 1.10. Experimental scheme of (a) solution-state and (b) solid-state HDX-MS. Partially taken from
ref. 98.

1.5 Specific aims

The overall objective of the studies presented in this dissertation is to provide a deeper
understanding of the solid-state stability of ADCs and their linker systems, in order to aid in
formulating ADCs with improved stability and reduced off-target toxicity.

Compared to mADbs, conjugation with a linker system affects the ADC in its susceptibility
to various degradation pathways.>3’ In the past, studies have been conducted 1) to develop linkers
with improved in vivo stability,®®” and 2) to understand the deconjugation mechanisms in
vivo.4446:49 In contrast, in vitro stability has received little attention in the published literature.
Although all nine of the U.S. approved ADCs are lyophilized to minimize degradation, there is
little published information on solid-state stability of ADCs.88 To evaluate lyophilized solids,

pharmaceutical development scientists rely heavily on long-term stability studies to select the best
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formulation, which take months to complete. Furthermore, characterization methods that are used
orthogonally with accelerated stability studies such as FT-IR, Raman spectroscopy, NIR, DSC,
XRPD are often poorly correlated with stability.® Thus, stability evaluation of solid-state products
is often a bottleneck in their development.

The long-term goal of this study is to characterize lyophilized ADC formulations to improve
their in vitro stability. The solid-state stability of ADC formulations will be investigated on
exposure to varying risk factors. The work will investigate the applicability of ssHDX as a short-
term predictor for solid-state stability of ADC formulations, as compared to accelerated stability
studies.

The study consists of the following specific aims:

Aim 1: Compare solid-state stability of ADC formulations with commonly used
lyoprotectants using ssHDX and accelerated stability studies.

Aim 2: Compare solid-state stability of the parent mAb and ADCs in varying protein
concentrations and interfacial stress.

Aim 3: Compare the stability of a model hydrazone linker in solution-state and solid-state

at varying pre-lyophilization pH.
Successful completion of these Aims is expected to significantly reduce the time required for
formulation development of ADCs. Furthermore, improved understanding of the solid-state
stability of ADCs will improve their safety and efficacy, reducing the risks of undesired toxicity

on patients and of potential recall of the product.
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CHAPTER 2. STABILITY OF ADC FORMULATIONS EVALUATED
USING SSHDX-MS

This chapter is a slightly modified version of the research article published in the Journal
of Pharmaceutical Sciences and has been reproduced here with the permission of the copyright
holder.

2.1 Abstract

Antibody-drug conjugates (ADCs) have been at the forefront in cancer therapy due to their
target specificity. All the FDA approved ADCs are developed in lyophilized form to minimize
instability associated with the linker that connects the cytotoxic drug and the antibody during
shipping and storage. We present here solid-state hydrogen-deuterium exchange with mass
spectrometric analysis (ssSHDX-MS) as a tool to analyze protein structure and matrix interactions
for formulations of an ADC with and without commonly used excipients. We compared results of
the ssHDX-MS with accelerated stability results using size-exclusion chromatography and
determined that the former technique was able to successfully identify the destabilizing effects of
mannitol and polysorbate 80. In comparison, Fourier-transform infrared spectroscopy results were
inconclusive. The agreement between ssHDX-MS and stressed stability studies supports the
potential of ssHDX-MS as a method of predicting relative stability of different formulations.

2.2 Introduction

ADCs provide both potency and target specificity by conjugating chemotherapeutic drugs to
an antibody. An ADC is an antibody, such as 1gG, attached to a linker system. The linker system
is used to attach one or more individual molecules of a chemotherapeutic agent to the antibody.
The chemotherapeutic agent is delivered directly to a cancer cell that expresses an antigen specific
to the antibody. In cancer therapy, ADCs have lower side effects and toxicity than conventional
anti-cancer agents because of the substantially lower dose of chemotherapeutic agent needed for
treatment.! Formulation and processing of ADCs follow similar approaches used for other
biological molecules. The goal is to improve stability by decreasing the potential for unfolding and

aggregation.? Furthermore, because the drug portion of an ADC is highly toxic in its free form, it
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is crucial to minimize premature cleavage of the linker, which is often hydrolytically labile. This
is often achieved through lyophilization of the formulation.®*

Lyophilization has been widely used to stabilize protein drug formulations. Various
excipients are used to ensure stability not only during lyophilization but also during storage.®
Numerous characterization methods have been used to examine the properties of lyophilized
protein formulations. Spectroscopic techniques such as Fourier-transform infrared spectroscopy
(FT-IR), Raman spectroscopy, or near-infrared spectroscopy (NIR) are used to assess protein
structure. Physical properties of the solid are often assessed by measuring moisture content,
crystallinity (e.g., using x-ray powder diffraction, XRPD) and glass transition temperature (Tg)
(e.g., using differential scanning calorimetry, DSC). While these methods provide information
about the physical and chemical properties of the solid, they are often weakly correlated to the
stability of the proteins during shelf storage.® As a result, the development and regulation of protein
drug products relies heavily on accelerated stability studies to assess the performance of candidate
formulations and to develop lyophilization cycles, rather than on robust analytical methods that
characterize the product and allow rapid prediction of storage stability.”® Nevertheless, accelerated
stability studies have their own limitations. Since they can require months to complete, they can
slow formulation development. For lyophilized products, the storage temperature for accelerated
stability studies cannot exceed the glass transition temperature of the product without
compromising the relevance of the results to the intended storage temperature. As a result, there is
a limit to how much these studies can be ‘“accelerated” by increased storage temperature. In
addition, accelerated stability studies are coupled with various characterization methods such as
size-exclusion chromatography (SEC), ion exchange chromatography (iEC), and methods of
particle sizing and counting to further measure physical and chemical stability of the candidate
formulations. Therefore, accelerated studies are a time consuming and painstaking process during
formulation development. Thus, there is a need for new analytical methods that provide a
comprehensive characterization of protein conformation and of the reactive environment in
lyophilized solids, allowing real time stability to be predicted with some confidence within a
reasonable measurement time. %0

Hydrogen-deuterium exchange (HDX) has been used to probe protein conformation and
dynamics in solution with high resolution.!* HDX detects conformational changes and solvent

exposure by measuring the number of deuterons exchanged with amide hydrogens on the amide
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backbone. In pharmaceutical development, HDX-MS has been used to probe protein structure as
well as the interaction of the protein with ligands or other proteins.*?® Over the past decade, our
group has developed solid-state hydrogen-deuterium exchange with mass spectrometric analysis
(ssHDX-MS) as an adaptation of solution HDX for solid samples. In ssHDX-MS, a lyophilized
powder containing a protein of interest is exposed to D>O vapor at controlled temperature and
relative humidity. At various times, samples are withdrawn, reconstituted in a quench buffer, and
analyzed as in solution HDX. Often, ssHDX detects differences in formulations within days or
weeks of D20 exposure, rather than the months or years that can be required for stability studies.
ssHDX has been shown to be sensitive to formulation and process changes, and the extent of
deuteration in various formulations has been correlated with storage stability for myoglobin,*"® a
monoclonal antibody,'® and various therapeutic proteins.?%?! The usefulness of HDX has been
demonstrated for analysis of ADCs in solution.?>> However, to date there have been no reports
of ssHDX-MS analysis and stability of an ADC in a lyophilized solid.

In the studies reported here, ssHDX-MS was used together with other biophysical methods
to characterize an ADC in lyophilized samples, and ssHDX-MS metrics were related to ADC

storage stability under accelerated conditions.

2.3 Materials and methods

2.3.1 Materials

The ADC is hazardous and should be handled carefully. Personal protective equipment (PPE)
was used when handling samples of the ADC and bulk sample handling was performed in a laminar
flow hood. All ADC containing samples were treated as hazardous waste, and hazardous waste
was disposed of separately from non-hazardous waste.

The ADC under development at Baxter BioPharma Solutions (Bloomington IN) was used.
L-histidine, USP (Thermo Fisher Scientific, Pittsburgh PA) and 5 N HCI (VWR Chemicals,
Radnor PA) were used to prepare the histidine buffer solution. Sucrose (Sigma Aldrich, St. Louis
MO), mannitol (Sigma Aldrich, St. Louis MO), trehalose (Pfanstiehl, Waukegan IL), and super-
refined polysorbate 80 (Croda, Edison NJ) were used as excipients. Amicon Ultra filters,
regenerated cellulose 10k MWCO (Millipore Sigma, Burlington MA), were used for buffer
exchange using centrifugal filtration. Syringe filters with 0.2 uM nominal pore size, surfactant-
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free cellulose acetate (SFCA, Thermo Fisher Scientific) were used to filter formulations.
Lyophilization vials (3 mL) were obtained from Ompi (Padua, Italy) with 16 x 1 x 35 mm

dimensions.

2.3.2 Sample preparation

The frozen ADC stock solution was thawed and exchanged into a 50 mM histidine buffer
(pH 6.0) using 10,000 MWCO centrifugal filtration (VWR, Radnor PA). The ADC solution was
formulated with different excipients (Table 2.1) and filtered using vacuum filtration. The filtered
formulations were filled using a 1 mL fill volume into 3 mL Ompi vials and stoppers (West Pharma,
Exton PA) were partially seated. The filled vials were lyophilized in a LyoStar 11 freeze-dryer (SP
Scientific, Warminster PA). Mannitol containing formulations and non-mannitol containing
formulations were freeze-dried separately using different lyophilization cycles. Mannitol
containing formulations were frozen at -40 °C with a ramp rate of 1 °C/min for 180 min at
atmospheric pressure. They then were annealed at -15 °C with a ramp rate of 0.5 °C/min at
atmospheric pressure for 180 min. Primary drying was performed at -15 °C at 50 mTorr until the
difference between pirani and capacitance manometer (CM) gauge readings was 5 mTorr or less.
Secondary drying was carried out at 40 °C with a ramp rate of 0.5 °C/min for 420 min. Non-
mannitol containing formulations were frozen at -40 °C with a ramp rate of 1 °C/min for 220 min
at atmospheric pressure. They then were dried at -20 °C with a ramp rate of 0.5 °C/min at 50 mTorr.
When the pirani/CM gauge difference reached 5 mTorr or less, the formulations were further dried
at 40 °C with a ramp rate of 0.5 °C/min for 360 min. After secondary drying, the shelf temperature
was set at 5 °C and remained under vacuum for both mannitol containing formulations and non-
mannitol containing formulations until stoppering and storage. Lyophilization in-process data are
provided in supplemental information (Figure A. 1).
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Table 2.1. Composition and physical properties of lyophilized formulations.

Formulation =~ Components® T, (°C)" Average Residual
Moisture (%)°
Excipient-free ADC alone 93.0 1.824+0.18
Sucrose ADC+sucrose (1:5 w/w) 84.1 1.35+0.30
Trehalose ADC+trehalose (1:5 wjw) 91.0 1.44+0.04
Mannitol ADC+mannitol (1:5 w/w) 75.5 1.64+0.09
PS80 ADC+PS80 (1:0.02%) 92.1 1.32+0.11
Suc+mann ADC+sucrose+mannitol 57.8 1.00+0.06
(1:5:5) (w/w)
Tre+mann ADC+trehalose+mannitol 58.2 1.07+0.02

(1:5:5) (w/w)

4 ADC concentration: 2 mg/mL.
® Thermally modulated differential scanning calorimetry; see text for details.
¢ Karl Fisher coulometry, n = 6 +/- SD; see text for details.

2.3.3 Determination of protein concentration

Protein concentration was measured on an Agilent Cary 60 UV—Vis spectrophotometer
(Agilent Technologies, Santa Clara CA) equipped with a C-Technologies variable pathlength
system (Bridgewater Township NJ). Slope spectroscopy collects multiple absorbance data points
at several pathlengths to create an absorbance versus pathlength plot. Absorbance values in the
linear region of the curve are directly proportional to sample protein concentration based upon a
previously determined sample extinction coefficient. No sample preparation or dilution was
required. Fibrettes and UV disposable vessels were both purchased from C-Technologies

(Bridgewater Township NJ).

2.3.4 Karl Fischer coulometry (KF)

The moisture content of the freeze-dried solids was measured by Mettler DL37 Karl
Fischer coulometry (Mettler Toledo, Columbus OH). The headspace of the vials was vented
through a syringe containing desiccant in the barrel to avoid introduction of ambient humidity. The
vials, cakes, and stoppers were then weighed, and the freeze-dried solids were suspended in
anhydrous methanol. Triplicate measurements were performed for each vial and the results for two

vials were averaged. Vials and stoppers were rinsed with water and acetone and dried overnight.
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Vials and stoppers were re-weighed after drying. The percentage residual water content was

calculated using Eq. (2.1):

(%HZO soln.)(WV; — WV, + WD) — (WD)(%H,0 MeOH)

k20 = WV, — WV,

Eqg. (2.1)
where, WV is the weight of the filled vial and the stopper and WV? is the weight of the filled vial,
the stopper, and the diluent. The weight of the diluent WD is calculated from WV1 and WV2.

2.3.5 X-ray powder diffraction (XRPD)

XRPD experiments were performed on a Bruker D2 Phaser diffractometer (Bruker AXS,
Madison WI) set in Bragg-Brentano geometry between 7 and 35° 26 at a scan increment of 0.02°
20 every 0.2 s. The sample was rotated at 5 rpm. The equipment contained a powder holder
comprising a Plexiglass disc with a sample well in the center. The freeze-dried solid was crushed
using a spatula and the powder was placed in the well. The powder was leveled using a microscope

slide such that the sample made a uniform layer on the disc.

2.3.6 Size-exclusion chromatography (SEC)

SEC was used to assess changes in ADC mass during storage, which may be due to
aggregation, loss of conjugated drug and/or fragmentation. In SEC, separation was performed
using an Agilent 1110 or 1200 series HPLC on a TOSOH Bioscience TSKgel SuperSW3000, 4.6
mm x 30 cm, 4 um (King of Prussia, PA). The mobile phase was 0.1 M phosphate buffer, 0.1 M
sodium sulfate, 7.5% isopropyl alcohol at pH 7.2 with a flow rate of 0.2 mL/min. Samples were
controlled at 5 °C and the column was maintained at 30 °C throughout the sequence. Detection
was performed at 280 nm. System suitability was checked using a comparative standard and a
molecular weight standard prior to sample analysis. Standards and samples were reconstituted or
diluted with purified water prior to analysis. A variable injection volume (between 10 and 50 pL)
was used to ensure that a constant sample load of about 50 pg was used for both standards and
samples. The reported value of % high molecular weight species (%oHMW) was calculated using
Eq. (2.2).
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Area under the curve of HMW peak « 100%

AHMW = Total area under the curve of all peaks Eqg. (2.2)

2.3.7 Differential scanning calorimetry (DSC)

The freeze-dried solids were examined using a Thermo Q2000 series high temperature
Differential Scanning Calorimetry (Thermo Fisher Scientific, Waltham MA) for examination of
thermal behavior. Samples were prepared in a glove box purged with nitrogen. Powder compacts
were prepared from freeze dried solids (5 — 15 mg) using a stainless-steel rod tamped into a brass
tube, forming a compact mass. The powder compacts were sealed in aluminum Tzro pans, and an
empty pan and lid were used as the thermally inert reference. Samples were analyzed by
equilibrating at 25 °C, then initiating a modulation of +1.0 °C every 120 s. The samples were held

isothermally for 5 min, then were ramped to 120 °C at a rate of 0.5 °C/min.

2.3.8 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR was used to assess changes in the secondary structure in solid ADC samples.
Lyophilized samples stored at 4 °C were compressed into pellets using KBr (Alfa Aesar, Thermo
Fisher Scientific, Haverhill MA) and analyzed using the ABB FTLA2000 FT-IR instrument (ABB,
Warminster PA). The amide | region was selected for peak fitting. The resulting FT-IR spectra
were deconvoluted to assign corresponding secondary structures to each peak.?®3° A total of 16

peaks were detected consistently throughout the analysis in each formulation.

2.3.9 Accelerated stability study

Vials containing the lyophilized solids were crimped with flip-off seals and stored in stability
chambers at 40 °C (75%RH) for up to 12 weeks and at 50 °C (ambient RH) for up to 8 weeks. At
each time point (1, 2, 4, 8 and 12 weeks), samples were retrieved from the stability chambers and

stored at 2—8 °C prior to SEC analysis.

2.3.10 Solid-state hydrogen-deuterium exchange (ssHDX-MS)

ssHDX-MS was performed on lyophilized ADC samples to assess protein conformation and

matrix interactions. The lyophilized ADC formulations were deuterated in a desiccator at 23%
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relative humidity (RH) in D2O at room temperature. The RH was maintained using a saturated
solution of potassium acetate. Vials containing lyophilized solids of the ADC formulation were
placed inside the desiccator, without the stoppers, to allow H/D exchange to take place. At specific
time points, vials were retrieved from the desiccator, flash-frozen using liquid nitrogen, sealed,
and stored at 80 °C until MS analysis.

MS analysis was performed at the intact protein level using a quadrupole time-of-flight mass
spectrometer (Agilent 6530 QTOF-LC/MS, Santa Clara CA) with a dual Agilent Jet Stream
Electrospray lonization (AJS ESI) source. For gradient elution, 0.1% formic acid in MS grade
water was used as solvent A, and 0.1% formic acid in acetonitrile was used as solvent B. Detailed
mass spectrometry parameters are provided in supplemental information (Table A. 1). Prior to
analyzing deuterated samples, an undeuterated excipient-free ADC as received was directly
injected into the MS instrument as a control.

Frozen deuterated ADC samples were thawed at room temperature prior to analysis, then
reconstituted and further diluted using 0.1% formic acid in MS grade water, pH 2.0. Agilent
MassHunter software was used to deconvolute the extracted mass spectra. The number of
deuterons incorporated was then calculated by subtracting the mass of undeuterated protein from
the deuterated mass. Deuterium incorporation was not corrected for back exchange. Since the
extent of back exchange during MS analysis generally is protein-dependent, and since a single
protein was used in these studies, a back exchange correction is unlikely to affect the overall rank
order of the candidate formulations.

2.3.11 Statistical analysis

GraphPad Prism 7.02 was used to perform statistical analysis. Both one-way and two-way
ANOVA tests, accompanied with Tukey test, were used to compare multiple measurements and
test for significant differences among the formulations. Adjusted P-values for each comparison
were reported at 95% confidence. In ssHDX-MS studies, deuterium incorporation kinetics were
fitted using a one-phase exponential association model after comparing multiple fit-models (Eq.
(2.3)). In Eq. (2.3), Dmax is the plateau value, k is the rate constant for deuterium exchange, and t

is the time in hours.

# of Exchanged Deuterons = Dy (l - e("“))
Eqg. (2.3)
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2.4 Results and discussion

2.4.1 Physical and chemical properties of ADC formulations

Seven formulations were prepared with the ADC alone, with a single excipient, and using
mixtures of an amorphous sugar and a crystallizing sugar (mannitol) (Table 2.1). Samples of the
formulations were lyophilized and examined using Karl Fischer Coulometry (KF) and high
temperature DSC. Tg4 values were determined in the reversing heat flow thermogram (Figure A.
2a), and only Ty values are reported. Crystallization of mannitol in mannitol-containing
formulations at temperatures greater than 110 °C was observed in the non-reversing heat flow
thermograms (Figure A. 2b-d). The lowest midpoint T4 values were approximately 57.8 °C and
58.2 °C for the formulations containing mannitol. All glass transition temperatures were greater
than the accelerated stability storage temperature evaluated in this investigation, and all solids are
thus expected to be in the glassy state during storage. The average residual moisture content varied
from 1.00% to 1.82%; differences in moisture levels greater than 0.75% are considered significant
according to the ANOVA result. Formulations with multiple excipients had moisture levels that
were significantly different from the excipient-free formulation. Initial appearance of the
lyophilized solids was a white dense cake without any cosmetic defect for all formulations,
however shrinkage of the cakes was observed after both stressed stability testing and D20 exposure.

The crystallinity of lyophilized solids containing ADCs was determined using XRPD
(Figure 2.1). All formulations that did not contain mannitol (“non-mannitol containing”) showed
a halo pattern consistent with amorphous solids (Figure 2.1a). The diffractograms of mannitol-
containing formulations indicated partial crystallization of mannitol (Figure 2.1b) despite the
annealing step during lyophilization. A formulation containing partially crystalline mannitol may
promote degradation of the protein followed by continued crystallization and phase separation of
mannitol during storage. This may be due to release of associated moisture3? and/or loss of

stabilizing interactions between the matrix and the ADC.
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Figure 2.1. X-Ray Powder Diffraction of (a) non-mannitol containing formulations and (b) mannitol
containing formulations after lyophilization (t = 0).

As a detection method coupled with HDX, ESI-QTOF mass spectrometry was used to
measure the mass of ADC molecules in the formulations. To verify the composition of the ADC
samples, pre-treated excipient-free ADC samples were directly injected into the mass spectrometer.
ESI-QTOF mass spectrometry detected ADC variants with one conjugated drug molecule (DAR1,
148,364 Da) and four conjugated drug molecules (DAR4, 152,033 Da) as the most abundant
species (Figure 2.2a). When the extracted mass spectra were deconvoluted using the mass range
of fragments, the drug-conjugated light chain (L:T) and drug-conjugated heavy chain-light chain
(H:L:2T) were also observed (Figure 2.2b). These four species were observed consistently
throughout the MS analysis of the deuterated samples. Although other DAR species may be present

in the sample, they were not detected with significant abundance during MS analysis for any of
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the samples studied here. Moreover, each fragment of ADC detected was detected conjugated with
the toxin, indicating that the linker is stable under the experimental conditions, at least in the DAR1

and DAR4 conjugates.
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Figure 2.2. Deconvoluted mass spectra of excipient-free ADC as received using the mass range of
(@) intact ADC (145kDa-165kDa) and (b) ADC/antibody fragments (4kDa-145kDa). H=heavy chain,
L=light chain, T=toxin (drug), L:T = light chain with one conjugated toxin (drug) molecule,
H:L:2T = heavy chain plus light chain with two conjugated toxin (drug) molecules, DAR1 = antibody
with 1 conjugated toxin (drug) molecule, DAR4 = antibody with 4 conjugated toxin (drug) molecules.

2.4.2 Accelerated stability studies and ssHDX-MS

Figure 2.3 shows the formation of HMW species during ADC storage at 50 °C, as measured
by SEC. The high molecular weight percentage was calculated using the peak area measurement
on the chromatograms shown in Figure A. 3. The mannitol formulation exceeded 5% HMW after
2 weeks of storage and the PS80 formulation exceeded 5% HMW after 4 weeks of storage.
Although the PS80 formulation was not significantly different from the other formulations, it
showed an increase in aggregation after 4 weeks of storage. The remaining formulations showed
little to no HMW content up to 8 weeks of storage. Among the seven formulations, the mannitol

and PS80 formulations showed the highest HMW species. Similar results were obtained when the
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samples were stored at 40 °C (Figure A. 4). Thus, the results of accelerated stability studies
suggest that the PS80 and mannitol formulations are the least stable and have the greatest aggregate
formation. HMW levels for the other formulations were not significantly different from one
another at either condition at the end of the study (Table A. 2, Table A. 3).

%HMW at 50°C
20+ g
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15- -+~ Sucrose
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T
3® - PS80
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Figure 2.3. Formation of HMWs during storage, as measured by SEC for samples stored at 50 °C. ** =
significant different by 2-way ANOVA at tested p<0.01. n=1.

In ssHDX-MS, greater deuterium incorporation indicates greater exposure of the protein
amide groups that may lead to instability. Figure 2.4a shows ssHDX-MS Kkinetics for the seven
formulations for DAR4, the most abundant species in the sample. The mannitol formulation
showed the greatest deuterium uptake throughout the time course, followed by the PS80
formulation (Figure 2.4a-b). This result is in agreement with the SEC data, which indicated the
destabilizing effects of mannitol and PS80 among the excipients evaluated. Instability due to
mannitol crystallization has been reported previously.?’ Degradation of PS80 leading to oxidation
and aggregation of lyophilized biopharmaceuticals has also been reported.3*** It is interesting to
note that mannitol and PS80 showed destabilizing effects on the ADC that seemed to be stable
enough to formulate without any excipients. PS80, in particular, has been known to have a
protective effect against instability caused by protein sorption at the ice/freeze concentrate
interface during freezing.® However, in this study, the accelerated stability data and HDX data
both showed destabilization by PS80.
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Figure 2.4. Solid-state hydrogen-deuterium exchange (ssHDX-MS) of lyophilized ADC samples after
D0 exposure at 23%RH and room temperature (n = 2+SD) showing (a) deuterium incorporation Kinetics
among the various formulations and (b) maximum deuterium uptake values (Dmax) determined by
nonlinear regression. Differences among groups in (b) by one-way ANOVA: ns = not significant, ** =
significant difference at tested p<0.0021, *=significant difference at p<0.0332.

The formulations containing both mannitol and amorphous sugars also showed high
deuterium incorporation, following PS80 and mannitol formulations. Despite partial crystallinity,
formulations co-formulated with amorphous sugar showed greater stability than those with
mannitol alone, suggesting that the amorphous sugar still provides some stabilizing effect. The
formulation containing both trehalose and mannitol showed high deuterium incorporation
throughout the entire period of deuterium exposure, whereas the sucrose-mannitol formulation was
relatively protected at early times then showed rapid deuterium incorporation after 92 h of D>O
exposure. A decrease in deuteration at later time points was also observed in the excipient-free
formulation. These decreases are unexpected and may reflect physical changes in the sample
during deuteration (e.g., crystallization of excipient). SEC data for the excipient-free and sucrose
formulations did not show high levels of aggregation (Figure 2.3), suggesting that ssHDX-MS
results are not indicative of stability for these samples, perhaps due to physical changes during
deuterium incorporation. Though the overall degrees of deuteration for the other DAR species,
namely DARL1 and heavy chain-light chain complex conjugated with two drug molecules (H:L:2T)
differed, the rank order of deuteration among the formulations was identical (Figure A. 5).

The maximum level of deuterium incorporation (Dmax, EQ. (2.3)) differed among the various
formulations (Figure 2.4b, Table A. 4). ssHDX-MS results were consistent with the results of the

stability studies, in that the formulations with the highest deuterium incorporation on ssHDX-MS
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(mannitol and PS80, Figure 2.4b) also showed the highest HMW levels in accelerated stability
studies (Figure 2.3). That the ssHDX-MS studies were completed in 168 h (1 week) as opposed
to the 8 —12 weeks of the accelerated stability studies suggests that ssHDX-MS can be used to
identify the poorest performing ADC formulations more rapidly. Because most formulations
showed little or no HMW formation (Figure 2.3), however, correlation of deuterium incorporation
with HMW formation was not possible. Longer storage of these formulations in accelerated

conditions may be required in order to observe appreciable degradation.

2.4.3 Evaluation of structural changes using FT-IR

In addition to the accelerated studies and ssHDX-MS, the lyophilized solids were examined
using FT-IR to assess changes in secondary structure (Figure 2.5). Figure 2.5a shows structural
changes in the amide I region, 1610—1700cm™. Since the intensity was normalized, shifts in overall
peak position relative to the excipient-free formulation were considered rather than changes in
peak height. The sucrose formulation showed minimal changes in secondary structure when
compared to the excipient-free formulation. The trehalose, mannitol, and PS80 formulations
showed nearly superimposable peaks in the turn regions (1670—1700 cm™), yet showed a decrease
in band frequencies in the alpha-helix region (1648—1660 cm™) and beta-sheet regions (1625—1640
cmt). Moreover, formulations with multiple excipients also showed decreased frequencies in the
alpha-helix and beta-sheet regions. Decreases in FT-IR band frequency have been attributed to
increases in hydrogen bond (H-bond) strength resulting from decreased electron densities in amide
C = O groups.?® With the exception of the sucrose formulation, the formulations showed increased
intermolecular hydrogen bond strength in alpha-helix and beta-sheet structures compared to the
excipient-free formulation.

Since the secondary structure of ADC molecules is primarily beta-sheet, Figure 2.5b focuses
on FT-IR peaks in the beta-sheet region (1625—1640 cm™). In the beta-sheet region, the band
frequencies of the sucrose formulations were shifted to higher wavenumber compared to the
excipient-free formulation. With the exception of the sucrose formulation, the remaining
formulations showed decreased band frequencies in the peaks corresponding to beta-sheets
compared to the excipient-free formulation. The band frequencies of the peaks between 1620 and
1630 cm™ decreased the most in the sucrose-mannitol, and trehalose-mannitol formulations.

Trehalose, mannitol, and PS80 showed similar decreases in band frequencies in the beta-sheet
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regions. Thus, compared to the excipient-free formulation, only sucrose formulations showed

decreased H-bond strength, while the remaining formulations showed increased H-bond strength.
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Figure 2.5. Normalized second-derivative FT-IR spectra for lyophilized formulations
in (a) amide I region (1610—1700 cm™) and (b) beta-sheet region (1625—1640 cm™).

Figure 2.6 shows that the SEC results and FT-IR results are poorly correlated. Moreover,
FT-IR did not show clear differences among formulations, and thus it was difficult to rank order

the formulations on the basis of FT-IR peak position alone.
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Figure 2.6. Scatter plot of peak shift and %HMW with 95% confidence interval bands and regression line.
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2.5 Conclusions

An ADC was lyophilized with various excipients and placed on accelerated stability at 40 °C

or 50 °C for up to 12 or 8 weeks, respectively. The samples were analyzed after lyophilization by

ssHDX-MS and other physicochemical methods, and the stability samples were analyzed by SEC

to determine the extent of protein aggregation. The mannitol and PS80 containing formulations

showed the greatest deuterium incorp oration on ssHDX-MS and the highest levels of HMW

aggregates, even though the ADC alone does not seem to require a stabilizing excipient. Thus,

ssHDX-MS correctly identified the poorest performing ADC formulations in considerably less

time than the accelerated stability study. Peak shifts on FT-IR were not predictive of HMW

formation in stability studies.
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CHAPTER 3. STABILITY COMPARISON BETWEEN PARENT
ANTIBODY AND ADC UNDER INTERFACIAL STRESS

3.1 Abstract

Lyophilization, which is used in all currently marketed ADCs, may induce instability during
freezing via unfolding of proteins at the ice/freeze-concentrate interface. In this study, the level of
aggregation in parent mAb and ADC formulations after lyophilization was compared. Both mAb
and ADCs were formulated at protein concentrations from 1 to 10 mg/mL, in the absence/presence
of PS80. During storage at 50 °C, ADC formulations showed lower levels of aggregates than low-
concentration mAb formulations. Regardless of concentration, both mAb and ADC formulations
showed higher aggregate content in the presence of PS80. ssHDX-MS detected significant
differences in the extent of maximum deuterium uptake in mAb and ADC formulations, although
differences among formulations were not detected for either mAb or ADC.

3.2 Introduction

Currently, all nine of the U.S. FDA approved antibody-drug conjugates (ADCs) are
marketed in lyophilized form. Regardless of the linker types, lyophilization is used to ensure the
in vitro stability of ADC formulations. Yet, the lyophilization process per se may induce instability.
Freezing, in particular, may cause low temperature stress, increased ionic strength, phase
separation, and change in pH followed by selective solute crystallization.! The cause of instability
is thought to be more than a thermal destabilization effect.? According to Franks et al., freezing
drastically increases the solute concentration, which leads to further chemical degradation
reactions.® Furthermore, freezing creates an ice/freeze-concentrate interface, which can result in
surface-induced partial unfolding of the proteins.}* Chang et al. found a good correlation between
the freeze-induced denaturation and surface-induced denaturation.*

In pharmaceutical development, surfactants are often included as excipients in protein
formulation, in an attempt to reduce surface-induced instability. Polysorbate 80 (PS80), also
known as Tween 80, is a common surfactant used for alleviating interfacial stress. Due to its
relatively low critical micelle concentration (CMC), a PS80 concentration as low as 0.005% to
0.01% has shown a protective effect against freezing denaturation.>® PS80 is thought to exert its
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effects at the ice/freeze-concentrate interface, and not in the interstitial space distant from the
surface of ice crystals.! Kendrick et al. studied the effect of PS80 on freeze denaturation using
various proteins: tumor necrosis factor binding protein (TNFbp), interleukin-1 receptor antagonist
(IL-1ra), basic fibroblast growth factor (bFGF), malate dehydrogenase (MDH), aldolase, and
phosphofructokinase (PFK).® Chang et al. conducted a similar study using ciliary neurotropic
factor (CNTF), lactate dehydrogenase (LDH), glutamate dehydrogenase (GDH), PFK, 1L-1ra, and
TNFbp.*

Unlike natural proteins or the parent monoclonal antibodies (mAb), ADCs have been
modified to exhibit hydrophobic payloads and linkers on the protein surface.’-® Due to conjugation,
the physicochemical properties of ADCs have been altered compared to the parent mAbs.® This
change in properties increases the susceptibility of ADCs against various stresses such as pH,%13
temperature,'1® light,1-2% and excipients.?2?® In the studies reported here, the in vitro stability of
ADCs was compared to that of the parent mAb after lyophilization. The primary instability was
aggregation and was measured in both the ADC and mAb using size-exclusion chromatography
(SEC). PS80 was used as an excipient to vary the interfacial stress at the ice/freeze-concentrate
interface. The effect of protein concentration on the stability was also investigated.

3.3 Materials and methods

3.3.1 Materials

The antibody-drug conjugate (ADC) is hazardous and must be handled carefully. Personal
protective equipment (PPE) was used when handling samples of the ADC and bulk sample
handling was performed in a laminar flow hood. All ADC containing samples were treated as
hazardous waste and were disposed of separately from non-hazardous waste.

The parent monoclonal antibody and ADC were provided by Baxter BioPharma Solutions
(Bloomington IN). L-histidine, USP (J.T. Baker, Phillipsburg, NJ) and 1 N HCI (VWR Chemicals,
Radnor PA) were used to prepare the histidine buffer solution. Polysorbate 80 (J.T. Baker) was
used as an excipient. Amicon Ultra filters, regenerated cellulose 10k MWCO (Millipore Sigma,
Burlington MA), were used for buffer exchange using centrifugal filtration. Syringe filters with

0.2 uM nominal pore size, surfactant-free cellulose acetate (SFCA, Thermo Fisher Scientific,
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Waltham MA) were used to filter the formulations. Lyophilization vials (3 mL; 16 x 1 x 35 mm)

were obtained from Ompi (Padua, Italy).

3.3.2 Sample preparation

The frozen parent mAb and ADC were thawed and exchanged into a 50 mM histidine buffer
(pH 6.0) using 10,000 MWCO centrifugal filtration (VWR, Radnor PA). The mAb and ADC were
formulated separately in various concentrations (Table 3.1). To eliminate confounding excipient
effects, cryoprotectants such as amorphous sugars or bulking agents were excluded from the
formulation; formulations included only buffer salts and PS80 as excipients. An Agilent Cary 60
UV—Vis spectrophotometer (Agilent Technologies, Santa Clara CA) equipped with a C-
Technologies variable pathlength system (Bridgewater Township NJ) was used to measure protein
concentrations in the stock solutions. A 1% (w/v) PS80 stock solution was prepared in a 50 mM
histidine buffer (pH 6.0) to further dilute the PS80-containing formulations. The formulated
solutions were filtered using syringe filters (Thermo Scientific, Waltham MA) and filled using a
0.25 mL fill volume into 3 mL Ompi vials and stoppers (West Pharma, Exton PA) and partially
seated. The filled vials were lyophilized in a LyoStar 1l freeze-dryer (SP Scientific, Warminster
PA). Both the mAb and ADC formulations were frozen at -40 °C with a ramp rate of 1 °C/min for
3 h at atmospheric pressure. The temperature was then ramped to -20 °C at 0.5 °C/min and 50
mTorr for primary drying. The end point of primary drying was determined using the difference
in pirani and capacitance manometer (CM) gauge readings; primary drying was judged to be
complete when the difference was 5 mTorr or less. The formulations were further dried at 40 °C
with a ramp rate of 0.5 °C/min for 6 h. After secondary drying, the shelf temperature was set at
5 °C and samples remained under vacuum until stoppering and storage. Lyophilization in-process
data are provided in supplemental information (Figure B. 1).
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Table 3.1. Composition of the formulations.

Formulation Protein concentration (mAb or ADC) PS80
(Wiv%)
A -
10 mg/mL —_—
B 0.02%
C -
5 mg/mL
D g 0.02%
E 2.5 mg/mL -
F > Mg 0.02%
G 1 mg/mL _
H 0.02%

3.3.3 Accelerated stability study

Vials containing the lyophilized solids were crimped with flip-off seals and stored in stability
chambers at 50 °C (ambient RH) for up to 12 weeks. At each time point, samples were retrieved

from the stability chambers and stored at 2—8 °C prior to analysis.

3.3.4 Size exclusion chromatography (SEC)

Size exclusion chromatography was used to measure the percent high molecular weight
(HMW) species in the solids after accelerated stability storage. For separation, an Agilent 1110 or
1200 series HPLC on a TOSOH Bioscience TSKgel SuperSW3000, 4.6 mm x 30 cm, 4 um (King
of Prussia, PA) was used. 0.1 M phosphate buffer, 0.1 M sodium sulfate, 7.5% isopropy! alcohol
at pH 7.2 were used as a mobile phase with a flow rate of 0.2 mL/min. Additional details regarding

the SEC method were reported previously.?®

3.3.5 Solid-state hydrogen-deuterium exchange (ssHDX-MS)

The lyophilized solids in unstoppered vials were deuterated in a desiccator at 23% relative
humidity (RH) in D20 at room temperature. The RH was controlled by saturating the D>O solution
with potassium acetate. At each time point, vials were retrieved from the desiccator, flash-frozen
using liquid nitrogen, sealed, and stored at -80 °C until MS analysis. ssHDX-MS analysis was
conducted as described previously.?® MS analysis was performed using a quadrupole time-of-flight
mass spectrometer (Agilent 6530 QTOF -LC/MS, Santa Clara CA) with a dual Agilent Jet Stream

Electrospray lonization (AJS ESI) source was used.
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3.3.6 Statistical analysis

GraphPad Prism 9.1.1 was used to perform statistical analysis. Both one-way and two-way
ANOVA tests, accompanied with Tukey test, were used to compare multiple measurements and
test for significant differences among the formulations. Adjusted P-values for each comparison
were reported at 95% confidence. In ssHDX-MS studies, deuterium incorporation kinetics were
fitted using a one-phase exponential association model after comparing and evaluating other
models (Eg. (3.1)). In EqQ. (3.1), Dmax is the plateau value, k is the rate constant for deuterium

exchange, and t is the time in hours.

# of Exchanged Deuterons = Dpgy (l - e("“))
Eq. (3.1)

3.4 Results and discussion

3.4.1 Accelerated stability difference between parent mAb and ADC

Accelerated stability studies were conducted using a conventional method to monitor in
vitro stability of drug products. High molecular weight (HMW) species in the lyophilized solids
after storage under accelerated conditions were measured using size-exclusion chromatography
(SEC) (Figure 3.1).

As shown in Figure 3.1a, low-concentration mAb formulations, ranging from 1 mg/mL to
2.5 mg/mL, exceeded an aggregation level of 20% by 4 weeks of storage. The 5 mg/mL mAb
formulation in the absence of PS80 remained under 5% HMW up to 18 weeks of storage, whereas
that in the presence of PS80 began to form aggregated species after 4 weeks of storage. In contrast
to mAb formulations, ADC formulations showed less than 6% HMW throughout the 12-week
storage period (Figure 3.1b). According to ANOVA, regardless of the presence of PS80, HMW
levels in the 5 mg/mL ADC formulation were statistically different from those in the 1 mg/mL
formulation containing PS80. A higher level of statistical difference was found between
formulations at 2.5 mg/mL without PS80 and at 1 mg/mL containing PS80 (Figure 3.1b, Table B.
2). The high level of aggregated species at the initial time points for the 1 mg/mL ADC formulation

in the absence of PS80 was also observed in a repeated stability study, suggesting that reversible
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aggregation may occur in the early time course, though measurement errors cannot be ruled out

(data not shown).

(a) mAb (b) ADC
80~ 8-

10mg/mL

6 -~ 10mg/mL+0.02%PS80
= } - 5mg/mL

) E 4- [ = 5mg/mL+0.02%PS80
iR 4_.%’ 2.5mg/mL

24 = —A—"0 2.5mg/mL+0.02%PS80

1mg/mL
1mg/mL+0.02%PS80

t o

Figure 3.1. Aggregated species in (a) mAb up to 18 weeks of storage and (b) ADC up to 12 weeks of
storage at 50°C measured by SEC. ****= significantly different at p<0.0001, ** = significantly different
at p<0.0021, * = significantly different at p<0.0332.

Interestingly, conjugation to payloads and linkers greatly enhanced the in vitro stability of
the mAD, particularly at low concentrations. ADC conjugation is generally thought to perturb the
native structure of mAbs, increasing aggregation propensity.?” Thus, that the stability of the ADC
formulations was better than that of the corresponding mAb formulations was unexpected. Prior
to storage, mAb formulations showed 0.66% * 0.52% HMWs on average (n = 8; Figure 3.1a) and
ADC formulations showed 1.93% HMWs + 0.59% on average (n = 8; Figure 3.1b). The initial
levels of aggregates in the mAb and ADC formulations were significantly different (p = 0.0004, t-
test). Despite higher initial aggregate content, ADC formulations formed aggregates at a distinctly
slower rate than low-concentration mAb formulations.

Both mAb and ADC formulations showed higher levels of aggregates in the presence of
PS80. An adverse effect of PS80 on ADC formulations has been reported previously, though the
structure of the ADC in the present study differs from that in the previous report.?® The presence
of peroxide in PS80 may attribute to the instability in PS80-containing formulations.?® In general,
aggregation in mAb formulations was more sensitive to decreases in concentration than to the
presence of surfactant (Figure 3.1a, Table B. 1). Conversely, ADC formulations were less
sensitive to either a decrease in concentration or the presence of surfactant than the mAb
formulations (Figure 3.1b, Table B. 2).
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3.4.2 Solid characterization using ssHDX-MS

In a previous study, the extent of deuterium incorporation measured in sSHDX-MS was
correlated with the stability of ADC formulations containing various excipients.?® Here, the ADC
formulations did not contain any cryoprotectants to allow instability driven by the lyophilization
process per se to be evaluated. Figure 3.2a-b shows ssHDX-MS kinetics after D2O exposure for
the mAb and ADC formulations of Figure 3.1. While SEC analysis showing effects of formulation
on aggregation for both mAb and ADC formulations, neither mAb nor ADC showed significant
differences among formulations on ssHDX-MS. In the past studies, ssHDX-MS showed good
correlation with long-term stability studies when formulated with sugars, which incorporate
protein-matrix hydrogen bonding.?52%-% Figure 3.2c compares the maximum deuterium uptake in
mADb and ADC formulations. In the ADC formulations, drug-to-antibody ratios (DAR) of 1, 4, and
5 were detected consistently throughout the MS analysis. The different DAR species did not show
significant differences in deuterium incorporation, whereas mAb and ADCs did show significant
differences (Figure 3.2c). This may be due to the conjugation process, by which the native
structure of mAD is partially disrupted to expose the sites of conjugation. Therefore, the backbone

amide groups of ADCs may be less protected from exchange than in the mAbs.
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Figure 3.2. ssHDX-MS kinetics of (a) mAb and (b) DAR4 species after D,O exposure at 23%RH at room
temperature (n=2+SD); and (c) maximum deuterium uptake determined by nonlinear regression.

3.5 Conclusions

Accelerated stability studies on mAb formulations and ADC formulations with varying
concentrations in the absence/presence of PS80 were conducted to monitor instability driven by
the lyophilization process. Regardless of the concentration, PS80 had an adverse effect on the in
vitro stability of both mAb formulations and ADC formulations. At low concentrations, ADC
formulations showed less aggregate formation than mAb formulations, suggesting the in vitro
stability enhancement by conjugation to payloads and linkers. ssHDX-MS also detected a
significant difference of maximum deuterium uptake level between mAb formulations and ADC
formulations. With different physicochemical properties, the parent mAb and ADCs showed

different propensities for aggregation.
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CHAPTER 4. LINKER STABILITY COMPARISON BETWEEN
SOLUTION-STATE AND SOLID-STATE HYDRAZONE COMPOUND

4.1 Abstract

Hydrazone linkers in antibody-drug conjugates (ADCs) may undergo in vitro cleavage
during shelf storage. Since maintaining the stability of the linker is crucial to assuring the safety
and efficacy of ADCs, understanding the conditions that promote in vitro cleavage of the
hydrazone linker is also critical. In this study, the chemical degradation of hydrazone linkers in
solution and lyophilized solid samples at various pre-lyophilization pH was compared using three
model compounds that resemble the linker hydrazone moiety. Nevertheless, poor aqueous
solubility and rapid degradation at room temperature were the challenges with these model

compounds.

4.2 Introduction

In recent decades, growing technology has enabled the synthesis of antibody-drug
conjugates (ADCs) with various linker types. ADC linkers are often categorized into two main
types: cleavable and non-cleavable. Cleavable linkers include enzyme-labile and pH-labile linkers,
which are sensitive to proteases or pH at the target site. Non-cleavable linkers are designed to
undergo lysosomal degradation at the target site to release the payload from the parent antibody.!-
2 Cleavable linkers and non-cleavable linkers can be used in combination to achieve the desired
plasma stability and release profile at the target site.>** There are ongoing efforts to develop new
types of linkers to lower pre-mature release of the payload and overcome current analytical and
formulation challenges associated with ADCs.?®

Since ADC payloads are highly toxic in their free form, the in vitro and in vivo stability of
linkers is crucial in assuring the safety and efficacy of ADCs. Thus, linker stability has been studied
extensively in the past to understand the susceptibility of the linkers to degradation under various
conditions, and various in vivo deconjugation/degradation mechanisms of different linker types
have been reported.>2%-° However, there have been few studies on the in vitro stability of ADC

linkers under conditions relevant for the shipping and storage of the drug product.1%-1
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There are several challenges associated with studying the in vitro stability of linkers using
the intact ADC. First, the deconjugated payload species is extremely toxic and may endanger the
researcher when it is produced during the experiments. The non-selective conjugation process
during manufacturing yields a mixture of ADCs with various drug-to-antibody ratio (DAR) species
conjugated at random sites.X”*® Thus, the heterogeneous nature of ADC batches complicates
analysis. Deconjugation from the parent antibody drastically decreases the aqueous solubility of
the payload. As a result, the deconjugated species may not be detected, or may clog analytical
instruments such as mass spectrometers and chromatography columns.

In this study, instead of using an intact ADC, model compounds that resemble the
hydrazone-based linker and the drug moiety were selected to minimize the challenges stated above.
A hydrazone-based linker has been utilized in the ADC products Mylotarg® and Besponsa® as a
pH-labile linker, which deconjugates at pH 5 and is stable at physiological pH.2® Unlike other
cleavable linkers, pH-labile linkers are at risk of in vitro cleavage due to their deconjugation
mechanism,® and require greater care in formulation than other linker types. Barbour et al. studied
the solid-state stability of a hydrazone-based ADC (BR96- doxorubicin) at a pre-lyophilization pH
of 7.5 using various excipients.’® They reported that an optimal pH and temperature could not
assure long-term stability of a solution-state hydrazone-based ADC, whereas lyophilization in the
presence of sugars improved long-term stability. Yet, the susceptibility of hydrazone linkers to
degradation at varying pH conditions during lyophilization® is still not known. In this study, a pre-
lyophilization pH ranging from 5 to 9 in various types of buffers was used to compare linker

stability in solution-state and in the solid-state for hydrazone model compounds.

4.3 Materials and methods

4.3.1 Materials

Methyl 2-[(E)-phenylmethylidene]-1-hydrazinecarboxylate (MolPort, Beacon NY); 2,3-
piperidinedione 3-((4-methyl-2-nitrophenyl) hydrazone) (Sigma Aldrich, St. Louis MO); and 2,3-
butanedione mono (phenyl hydrazone) (Sigma Aldrich) were tested as hydrazone model
compounds. Benzaldehyde (Sigma Aldrich) and phenylhydrazine (Enamine, Monmouth Jct. NJ)

were used as analysis standards of expected degradant species.
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Potassium phosphate monobasic (Sigma Aldrich) and potassium phosphate dibasic (Sigma
Aldrich) were used to prepare 50 mM potassium phosphate buffer with pH 6 and 7. Trizma® base
(Sigma Aldrich) and Trizma® hydrochloride (Sigma Aldrich) were used to prepare 50 mM tris
buffer with pH 9. Sodium citrate dihydrate (Sigma Aldrich) and citric acid (Sigma Aldrich) were
used to prepare 50 mM citrate buffer with pH 5 and 6. Sucrose (Sigma Aldrich) with purity greater
than 99.5% was used as a cryoprotectant during lyophilization. 1 N hydrochloric acid (Fisher
Scientific, Hampton NH) was used to adjust pH of the buffers. Nylon membrane disc filters (PALL
Life Sciences, Port Washington NY) with 0.2 pM nominal pore size and 47 mm diameter were
used to filter buffer solutions. Syringe filters (Millipore, Tullagreen Ireland), low protein binding
durapore (PVDF), with 0.22 uM nominal pore size and 33 mm diameter were used to filter final
formulations. 2 mL-lyophilization vials (DWK life sciences, Rockwood TN) with stoppers (DWK
Life Sciences) were used to store both solution-state and solid-state formulations.

4.3.2 Solubility Testing

A 3-5 mg sample of the model compound was weighed on a weighing boat using a balance
(Mettler Toledo, Model# AE240, Columbus OH). The weighed compounds were dissolved in USP
grade ethanol (KOPTEC, King of Prussia PA) (1% v/v of the final volume). The dissolved solution
was further diluted into various concentrations using each buffer: 50mM citrate buffer (pH 5, 6),
50 mM potassium phosphate buffer (pH 6, 7), and 50 mM tris buffer (pH 9). The diluted solutions
were manually agitated to promote dissolution of the model compounds. After agitation, the
presence of solid contents in the solution was observed visually to monitor complete dissolution

of the model compounds.

4.3.3 UV standard curve

Standard curves for both the model compounds and degradant standards were determined
using a UV-Vis (Agilent 89090A, Santa Clara CA) coupled spectrophotometer (Agilent 8453).
The spectra were obtained from 200 nm to 400 nm, regardless of compound. For each UV analysis,
200 pL of analyte solution was filled into a 10 mm pathlength cuvette (Starna cells, Atascadero
CA).
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4.3.4 Sample Preparation

Each hydrazone model compound was dissolved in ethanol (1% v/v of the final volume).
The dissolved solutions were further diluted with each of the five formulation buffers to achieve a
final concentration of 0.15 mg/mL. The formulation buffers contained 1:10 (w/w) sucrose as a
cryoprotectant for lyophilization. Sucrose containing formulation buffers were also used to prepare
solution-state samples to maintain the same composition as solid-state samples. Each final
formulation was filtered using a PVDF syringe filter and filled into 2 mL-lyophilization vials using
a 0.5 mL fill volume. Half of the prepared samples were stored in the solution-state at 4 °C prior
to stability studies, and the rest of the samples were lyophilized in a LyoStar 1l freeze-dryer (SP

Scientific, Warminster PA) using the conservative cycle described in Table 4.1.

Table 4.1. Lyophilization cycle used for solid-state sample preparation

Stage Set Temp (°C) Pressure (mTorr) | Ramp Rate (°C/min) Duration (min)
Freezing -40 atm.pressure 1 180
Primary Drying -20 50 0.5| Pirani/CM diff=10mT
Secondary Drying 40 50 0.5 240
Stoppering 5 50 N/A N/A

4.3.5 Preliminary stability study

Solution-state model compounds 1 and 3 were prepared at a concentration of 0.1 mg/mL
in various buffers without sucrose. The vials were stoppered and sealed using parafilm (Bemis,
Neenah WI). The vials were stored at room temperature and in a 50 °C oven (Fisher Scientific),
protected from light. At each time point, the samples were analyzed using UV spectrophotometry

immediately after retrieval.

4.3.6 Accelerated stability study

Both solid-state and solution-state samples were sealed using parafilm over the stoppers to
prevent evaporation. The sealed vials were placed in a cryo box and then stored at room
temperature and in a 50 °C oven, protected from light. At each time point, the samples were
retrieved from the stored cryo box and flash-frozen using liquid nitrogen. The quenched samples

were stored at -80 °C prior to analysis.
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4.3.7 Aldehyde colorimetric assay

An aldehyde colorimetric assay kit (Sigma Aldrich) was used to measure the amount of
benzaldehyde present in the samples after stability storage. Prior to analysis, the samples stored at
-80 °C were thawed and treated with the reagents on a 96 well-plate (BD Falcon, Franklin Lakes
NJ). During the incubation, the 96 well-plate was protected from light. After incubation,
absorbance was measured at wavelength between 620 nm and 660 nm using a Synergy 4 plate
reader (BioTek, Winooski, VT).

4.4 Results and discussion

4.4.1 Selection of hydrazone model compounds

Figure 4.1 shows the structures of hydrazone-based linkers utilized in ADCs. ADCs use a
hydrazone linker in a combination with other non-cleavable linkers. In Figure 4.1a, hydrazone is
coupled with a maleimidomethyl cyclohexane-1-carboxylate (MCC) linker, and Figure 4.1b
shows a hydrazone linker coupled with a maleimidocaproyl (MC) linker. In both ADCs, the
hydrazone linker is stabilized by the adjacent carbonyl group by electron delocalization (Figure
4.1, Figure 4.2).%*

a " b.
I ~
Anlibody/ \GN O ﬁ
N\ "y 2O 4
(o] /\/\//\/N“\ = Drug
HN/\/ Antibody/ \C/N | i
I N, 0
Drug

Figure 4.1. Structures of hydrazone linkers in the (a) milatuzumab-doxorubicin® and (b) MMAE
conjugated mAb.*°
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Figure 4.2. Resonance structures of hydrazones with neighboring carbonyl group. Adapted from ref. 21

In selecting model compounds for this study, several criteria were taken into consideration.
First, the hydrazone should have an adjacent carbonyl group to resemble the linker chemistry in
ADC:s. In addition, the compound should contain an aromatic ring-structure to enable UV analysis.
Lastly, the Log P of the compound should not exceed 3.0 to minimize challenges associated with
aqueous solubility. According to the criteria stated above, three model compounds were selected
(Figure 4.3). Since the non-cleavable linker moiety is highly hydrophobic, model compounds that
represent only the hydrazone linker moiety were selected. For convenience, each model compound

is denoted by number hereinafter (i.e., model compound 1).

a. b. o%N/o’ C. ” )\/
0
| . //O "~
N N I [
N (0] 5 0
H

Figure 4.3. Structures of hydrazone model compounds. a. methyl 2-[(E)-phenylmethylidene]- 1-
hydrazinecarboxylate; b. 2,3-piperidinedione 3-((4-methyl-2-nitrophenyl) hydrazone); c. 2,3- butanedione
mono (phenyl hydrazone)

Since the model compounds were selected from commercially available products, they do
not fully represent the linker chemistry in ADCs. Model compound 1 contains an ester group
instead of a carbonyl alone, which may undergo ester hydrolysis. Model compound 2 contains a
carbonyl group on the opposite side of the intended position, and not directly adjacent to the
hydrazone. In addition, a nitro group on the benzene may influence electron delocalization. Model
compound 3 contains a carbonyl group, not directly adjacent to the hydrazone, attached to the
opposite side of the hydrazone moiety. Thus, each model compound has slightly different electron

delocalization environment compared to that of ADCs.
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4.4.2 Determination of aqueous solubility and detectability

The model compounds were hydrophobic, having log P values of 1.7, 2.4, and 2.0,
respectively. Therefore, ethanol was used as a co-solvent to increase the aqueous solubility of the
model compounds and ensure dissolution. The volume of ethanol was limited to 1% (v/v) to avoid
complications during lyophilization. Based on the log P values of the model compounds, the
desired solubility was set to 0.1 mg/mL with 1% ethanol (v/v). When aqueous solubility was tested,
model compound 2 failed to meet the desired solubility, and thus was excluded from the study.
Model compound 3 in 50 mM potassium phosphate buffer at pH 7 also did not meet the desired

solubility, yet a 0.02 mg/mL was deemed an acceptable solubility for analysis.

Table 4.2. Aqueous solubility testing results of hydrazone model compounds with 1% (v/v) ethanol.

Model Model Model
Compound1 Compound2 Compound 3

Citrate pH 5 0.1 mg/mL Failed 0.1 mg/mL
Citrate pH 6 0.1 mg/mL Failed 0.1 mg/mL
Phopsogﬁsaf(iau:H 6 0.1 mg/mL Failed 0.1 mg/mL
Phss;ﬁZf;“:H 0.1 mgmL Falled  0.02 mg/mL
TRIS pH 9 0.1 mg/mL Failed 0.1 mg/mL

The model compounds that passed solubility testing were then formulated in various
buffers, and their detectability was tested using a UV spectrophotometer. For the UV analysis,
predicted degradation products that contain benzene in their structures were purchased and used
to generate standard curves of the cleaved products (Figure 4.4). However, the ester hydrolysis
degradation product with the ring structure was not commercially available. Figure 4.5 shows UV
spectra of the parent model compounds and the corresponding degradation products scanned in a
range of 250-400 nm. Both model compound 1 and model compound 3 had overlapping bands
with their degradation products, especially model compound 1. Compared to model compound 1,
UV analysis of the model compound 3 may be less complicated because the absorbances at Amax
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(345 nm) of model compound 3 are merely overlapping with a band of the degradation product,
phenylhydrazine. Although model compound 1 has overlapping bands, generation of ratio spectra

of the model compound and the degradation product may enable concentration measurement in a
binary mixture.?
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Figure 4.5. UV spectra of the model compounds and predicted degradation products.
C1: the model compound 1, D1: benzaldehyde, C3: the model compound 3, and D3: phenylhydrazine.

81



Although the UV spectra were acquired in the range of 200-400 nm, the Amax Of each
compound was used to determine linearity of the standard curves in various buffers (Figure 4.6).
The linearity of the standard curves generated using the model compound 1 were good, having r?
values greater than 0.97 (Table C. 1). Similarly, the standard curves generated using a
benzaldehyde, which is a predicted degradation of model compound 1, had a good linearity
regardless of buffer type (Table C. 2). Yet, benzaldehyde was more sensitive to changes in buffer
type than the parent molecule during UV analysis. Regardless of buffer type, model compound 3
showed an inconsistency in absorbance readings during UV analysis, and thus failed to generate

acceptable standard curves (data not shown).

a. Model compound 1 b. Benzaldehyde
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Figure 4.6. UV standard curve of a) the model compound 1 at 280 nm and b) benzaldehyde at 245 nm in
various buffers and pH. (n = 2+SD)

4.4.3 ldentification of degradation products

To identify degradation products, the model compounds were formulated in 50 mM citrate
buffer with pH 5, which is a deconjugation pH of the hydrazone linker, and stored in solution-state
at RT and 50 °C for a week (Figure 4.7). Model compound 1 showed a decrease in the parent
molecule peak after 40 h at 50 °C, and the spectra were superimposed for formulations stored at
RT and 50 °C for a week. Thus, a storage period of 1 week was considered sufficient to observe
degradation of model compound 1 in solution under these conditions. To visualize the amount of
degraded parent molecule after 1 wk of storage, an equimolar spectrum of the benzaldehyde
standard was plotted in green (Figure 4.7a). Yet, increased absorbance at a Amax Of benzaldehyde
(245 nm) in the 1 wk samples was not clearly observed at RT and 50 °C. As shown in Figure 4.4,

model compound 1 has two potential degradation pathways: hydrazone and ester hydrolysis. Using

82



UV analysis, the degradation products of the model compound 1 could not be clearly identified.
Model compound 3 showed higher absorbance when stored at 50 °C compared to RT, suggesting
incomplete dissolution of the model compound 3 at RT (Figure 4.7b). The inconsistent absorbance
readings observed during UV analysis may also be attributed to incomplete dissolution of model
compound 3 at RT. Therefore, model compound 3 was excluded from the study.

To elucidate the degradation pathways that the model compound 1 undergoes, an aldehyde
colorimetric assay was performed on a solution-state formulation in 50 mM citrate buffer pH 5
stored at 50 °C for 2 weeks (data not shown). The assay did not detect any aldehyde from either
the benzaldehyde control or the solution-state formulation after 2 wk storage. Negative readings
on the benzaldehyde control may indicate a limitation of the assay rather than absence of
benzaldehyde in the solution-state formulation.
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Figure 4.7. UV spectra of a) the model compound 1 and b) the model compound 3 after stability storage
at RT and 50°C.

4.4.4 Comparison of solution-state and solid-state stability of the model compound

To compare the solution-state and solid-state stability of model compound 1, formulations
were stored at RT and 50 °C for up to 47 days. The samples were then analyzed using UV

spectrophotometry, and the percent loss of the parent molecule was calculated using the standard
curves obtained at 280 nm (Figure 4.6, Figure C. 2).
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Figure 4.8. Stability kinetics of the model compound 1 in solution-state and solid-state stored at a) RT and
b) 50 °C.

As shown in Figure 4.8, the rank order of the stability is similar at RT and 50 °C. At both
temperatures, the solid-state formulations showed higher percent loss of the parent molecule than
solution-state formulations. However, regardless of phases and buffer types, the initial percent loss
was greater than 60%. Pre-storage degradation was observed in both solid-state and solution-state
formulation in Tris buffer with parent molecule loss of 71.20% and 60.06%, respectively (data not
shown). According to Barbour et al., the lyophilization process causes minimal hydrolysis of the
hydrazone, but the rate of hydrazone linker cleavage for solution-state BR96-DOX was greater at
room temperature than at 2-8 °C or -15 °C.1° The initial degradation shown in Figure 4.8 may also
be attributed to the rapid degradation at RT, considering that the duration of sample preparation
was 4-5 hours. The greater instability shown in the solid-state formulation may also be due to
longer exposure to RT while transferring the samples to a different facility. Based on the duration
of exposure at RT, model compound 1 had a faster degradation rate than BR96-DOX investigated
by Barbour et al.° Due to the issues stated above, comparison between the solution-state and the
solid-state model compound 1 using Figure 4.8 may not be valid.

45 Conclusions

To study the stability of pH-labile hydrazone linker in model compounds, various
approaches were made in this study. Due to the hydrophobic nature of the linker, solubility was
one of most significant challenges encountered; two model compounds were excluded due to this

issue. Only model compound 1 overcame the solubility issue by using ethanol as a co-solvent.
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However, compound 1 contains both hydrazone and ester groups in its structure, and thus has two
potential degradation pathways. In this study, elucidation of the degradation pathways could not
be performed due to limitations in time and instruments. In future studies, high performance liquid
chromatography (HPLC) or mass spectrometry may be used to clearly identify the degradation
products. Synthesis of a model compound that represents the linker chemistry of the hydrazone
linker in ADC may better depict resonances formed by electron delocalization.

The stability study results showed rapid degradation of solution-state model compound 1 at
room temperature, hindering a robust comparison between the solution-state and the solid-state
model compound formulations. In the future, discontinuous sample preparation with smaller batch

sizes may prevent extensive pre-storage degradation.

4.6 References

1. Jain N, Smith SW, Ghone S, Tomczuk B 2015. Current ADC Linker Chemistry.
Pharmaceutical Research 32(11):3526-3540.

2. Bargh JD, Isidro-Llobet A, Parker JS, Spring DR 2019. Cleavable linkers in antibody-drug
conjugates. Chemical Society Reviews 48(16):4361-4374.

3. Beck A, Goetsch L, Dumontet C, Corvaia N 2017. Strategies and challenges for the next
generation of antibody drug conjugates. Nature Reviews Drug Discovery 16(5):315-337.

4. Phillips GDL, Li GM, Dugger DL, Crocker LM, Parsons KL, Mai E, Blattler WA, Lambert
JM, Chari RVJ, Lutz RJ, Wong WLT, Jacobson FS, Koeppen H, Schwall RH, Kenkare-
Mitra SR, Spencer SD, Sliwkowski MX 2008. Targeting HER2-Positive Breast Cancer
with Trastuzumab-DM1, an Antibody-Cytotoxic Drug Conjugate. Cancer Research
68(22):9280- 9290.

5. Yao HZ, Jiang F, Lu AP, Zhang G 2016. Methods to Design and Synthesize Antibody-
Drug Conjugates (ADCs). International Journal of Molecular Sciences 17(2):16.

6. Carter PJ, Lazar GA 2018. Next generation antibody drugs: pursuit of the 'high-hanging
fruit'. Nature Reviews Drug Discovery 17(3):197-223.

7. Kommineni N, Pandi P, Chella N, Domb AJ, Khan W Antibody drug conjugates:

Development, characterization, and regulatory considerations. Polymers for Advanced
Technologies:17.

85



10.

11.

12.

13.

14.

15.

16.

17.

18.

Hoffmann RM, Coumbe BGT, Josephs DH, Mele S, llieva KM, Cheung A, Tutt AN, Spicer
JF, Thurston DE, Crescioli S, Karagiannis SN 2018. Antibody structure and engineering
considerations for the design and function of Antibody Drug Conjugates (ADCs).
Oncoimmunology 7(3):11.

Birrer MJ, Moore KN, Betella I, Bates RC 2019. Antibody-Drug Conjugate-Based
Therapeutics: State of the Science. Jnci-Journal of the National Cancer Institute
111(6):538- 549.

Barbour NP, Paborji M, Alexander TC, Coppola WP, Bogardus JB 1995.
STABILIZATION OF CHIMERIC BR96-DOXORUBICIN IMMUNOCONJUGATE.
Pharmaceutical Research 12(2):215-222.

Duddu SP, DalMonte PR 1997. Effect of glass transition temperature on the stability of
lyophilized formulations containing a chimeric therapeutic monoclonal antibody.
Pharmaceutical Research 14(5):591-595.

Valliere-Douglass JF, Lewis P, Salas-Solano O, Jiang S 2015. Solid-State mAbs and ADCs
Subjected to Heat-Stress Stability Conditions can be Covalently Modified with Buffer and
Excipient Molecules. Journal of Pharmaceutical Sciences 104(2):652-665.

Clavaud M, Roggo Y, Degardin K, Sacre PY, Hubert P, Ziemons E 2016. Moisture content
determination in an antibody-drug conjugate freeze-dried medicine by near-infrared
spectroscopy: A case study for release testing. Journal of Pharmaceutical and Biomedical
Analysis 131:380-390.

Jaime J, Page M 2004. Paclitaxel antibody conjugates and trehalose for preserving the
immunulogical activity after freeze-drying. Current Medicinal Chemistry 11(4):439-446.

Ramos JR, Taniwaki L, Mendonca R, Ribeiro JAS, Scott 1U, Cunha AS, Jorge R 2010.
Effect of Lyophilization on the in vitro Biological Activity of Bevacizumab. Investigative
Ophthalmology & Visual Science 51(13):2.

Rowland AJ, Pietersz GA, McKenzie IFC 1993. PRECLINICAL INVESTIGATION OF
THE ANTITUMOR EFFECTS OF ANTI-CD19-IDARUBICIN
IMMUNOCONJUGATES. Cancer Immunology Immunotherapy 37(3):195-202.

Singh SK, Luisi DL, Pak RH 2015. Antibody-Drug Conjugates: Design, Formulation and
Physicochemical Stability. Pharmaceutical Research 32(11):3541-3571.

Neupane R, Bergquist J 2017. Analytical techniques for the characterization of Antibody

Drug Conjugates: Challenges and prospects. European Journal of Mass Spectrometry
23(6):417-426.

86



19.

20.

21.

22.

Doronina SO, Toki BE, Torgov MY, Mendelsohn BA, Cerveny CG, Chace DF, DeBlanc
RL, Gearing RP, Bovee TD, Siegall CB, Francisco JA, Wahl AF, Meyer DL, Senter PD
2003. Development of potent monoclonal antibody auristatin conjugates for cancer therapy.
Nature Biotechnology 21(7):778-784.

Sundaramurthi P, Shalaev E, Suryanarayanan R 2010. "pH Swing" in Frozen Solutions -
Consequence of Sequential Crystallization of Buffer Components. Journal of Physical
Chemistry Letters 1(1):265-268.

Kalia J, Raines RT 2008. Hydrolytic stability of hydrazones and oximes. Angewandte
Chemie-International Edition 47(39):7523-7526.

Belal TS, Daabees HG, Abdel-Khalek MM, Mahrous MS, Khamis MM 2013. New simple
spectrophotometric method for determination of the binary mixtures (atorvastatin calcium
and ezetimibe; candesartan cilexetil and hydrochlorothiazide) in tablets. Journal of
Pharmaceutical Analysis 3(2):118-126.

87



CHAPTERSS. CONCLUSIONS

Due to the complexity and toxicity of antibody-drug conjugates (ADCs), stability is more
critical than for the parent monoclonal antibody (mADb). Introduction of a linker system leads to
changes in physicochemical properties of ADC molecules relative to the parent mAb, hence
increasing the risks of instability induced by various factors such as pH, temperature, and
interaction with excipients.® Although all the currently marketed ADCs are manufactured in a
lyophilized form, the solid-state stability of ADCs, especially during shelf storage, is not fully
understood. Therefore, this dissertation has incorporated novel approaches to address the
knowledge gap on solid-state stability of ADCs.

The first two studies presented in Chapters 2-3 introduced solid-state hydrogen/deuterium
exchange coupled with mass spectrometry (ssHDX-MS) as a short-term predictor of solid-state
stability in ADC formulations. The study showed the capability of sSHDX-MS to analyze complex
molecules such as ADCs; previously, mAb was the largest molecule analyzed using this method.
In both chapters, the ssHDX-MS results were compared to the percent aggregates formed in
accelerated stability studies. In Chapter 2, ssHDX-MS was used to analyze matrix interactions
between the ADCs and commonly used excipients: sucrose, trehalose, mannitol, and polysorbate
80 (PS80). In Chapter 3, conformational changes of ADCs after lyophilization were monitored
using ssHDX-MS. In this study, PS80 and buffer salts were the only excipients included in the
formulations. The results from these chapters showed better correlation between the ssHDX-MS
and the accelerated stability studies in the presence of sugars. That suggests that excipients with
protein-matrix H-bonding capability increase the predictability of ssHDX-MS when analyzing
solid-state  ADCs. Moreover, the two studies showed the capability of ssHDX-MS to
simultaneously analyze ADCs with different drug-to-antibody ratio (DAR) without purification.
Unlike the accelerated stability studies, ssHDX-MS may detect conformational changes in few
weeks. Understanding the correlation between ssHDX-MS and long-term stability studies may
accelerate the development of solid-state ADC products.

In Chapter 4, the in vitro stability of a pH-labile hydrazone linker was investigated using
three model compounds. Selection of model compounds from commercially available products
was difficult due to structural differences from the hydrazone linker in ADCs. The difference in

neighboring organic groups led to a slightly different electron delocalization, which may not
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represent the actual hydrazone linker. In addition, the hydrophobic nature of the linker with poor
aqueous solubility complicated both formulation and analysis throughout the study. Although one
of the model compounds overcame the solubility issue by formulating with ethanol, the model
compound had a high rate of degradation at room temperature. As a result, an extensive amount of
the parent molecule was degraded even before accelerated stability storage. Despite the challenges,
ongoing efforts to understand the solid-state linker stability of ADCs are crucial to avoid in vitro
cleavage of the linkers. In future studies, other pH-labile linkers such as carbonate linker could be
studied using an approach similar to that presented in this study.?

As the use of lyophilization increases for biologics, knowledge of the solid-state chemistry
of these complex molecules will also be in greater demand. With the growing ADC market, various
types of linkers are already under development and will be utilized in the future.2 Thus, analytical
methods will have to adapt rapidly to enable stability evaluation of ADCs with novel linkers. Since
the ADCs used in this dissertation was limited to one type of linker, different types of ADCs may
be used to investigate the capability of the ssHDX-MS for predicting stability. In the future studies,
it will be interesting to employ ssHDX-MS to study molecules with even greater complexity such

as freeze-dried vaccines.®*
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APPENDIX A. CHAPTER 2 SUPPLEMENTARY INFORMATION

Table A. 1. Mass spectrometry parameters

Source Dual AJS ESI

Gas Temp 350°C \Vcap 5500V
Drying Gas 8L/min | Nozzle Voltage 1000V
Nebulizer 35psig Fragmentor 380V
Sheath Gas Temp 400°C Skimmer 65V
Sheath Gas Flow 11L/min RF Vpp 750V

I Positive

3200- Acquisition '
Mass Range 20000m/z ?\/Iode Extended Mass

Range
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Table A. 2. Tukey multiple comparison analysis results for accelerated studies at 40°C after 12 weeks of
storage. 0=0.05; number of families=6; number of comparisons per family=21.

12wks at 40°C Mgan 95% CI of Diff. Significant? Summary Adjusted P
Diff. Value
Excipient-free vs. 03 22 25 t0 21.65 No ns >0.9999
Sucrose
Excipient-free vs. 0.2 2215 t0 21.75 No ns >0.9999
Trehalose
Excipient-free vs. | 14 4 -36.35 t0 7.552 No ns 0.3946
Mannitol
Excipient-free vs. o
e30 -27.4 -49.35 to -5.448 Yes 0.0073
Excipient-free vs. 06 2255 t0 21.35 No ns >0.9999
Suc+mann
Excipient-free vs.
Tetrmanr -0.9 -22.85 10 21.05 No ns >0.9999
Sucrose vs. 0.1 -21.85 t0 22.05 No ns >0.9999
Trehalose
Sucrose vs. -14.1 -36.05 to 7.852 No ns 0.4193
Mannitol
Sucrose vs. PS80 | -27.1 -49.05 to -5.148 Yes ** 0.0082
Sucrose vs. 03 -22.25 t0 21.65 No ns >0.9999
Suc+mann
Sucrose vs. 0.6 -22.55 t0 21.35 No ns >0.9999
Tre+mann
Trehalose vs. | 145 | .36.15107.752 No ns 0.411
Mannitol
Trehalose vs. i
PS80 -27.2 -49.15 to -5.248 Yes 0.0079
Trehalose vs. | 4 4 -22.35 t0 21.55 No ns >0.9999
Suc+mann
Trehalose vs. | 4 -22.65 10 21.25 No ns >0.9999
Tre+mann
Mannitol vs. PS80 -13 -34.95 to 8.952 No ns 0.5147
Mannitol vs. 13.8 -8.152 t0 35.75 No ns 0.4446
Suc+mann
Mannitol vs. 135 8.452 t0 35.45 No ns 0.4705
Tre+mann
PS80 vs. 26.8 4.848 10 48.75 Yes = 0.0092
Suc+mann
PS80 vs. 26.5 4,548 t0 48.45 Yes * 0.0102
Tre+mann
Suctmannvs. |- g 3 -22.25 10 21.65 No ns >0.9999

Tre+mann




Table A. 3. Tukey multiple comparison analysis results for accelerated studies at 50°C after 8 weeks of

storage. 0=0.05; number of families=5; number of comparisons per family=21.

8wks at 50°C | Mean 95% Cl of Diff. | Significant? | Summary | AdiustedP
Diff. Value
Excipient-free 03 -10.24 t0 9.642 No ns >0.9999
Vvs. Sucrose
Excipientfree | 4 g -10.44 t0 9.442 No ns >0.9999
vs. Trehalose
Excipientfree |14 4 | .24.3410-4.458 Yes > 0.0017
vs. Mannitol
Bxcpienee | 71 -17.04 t0 2.842 No ns 0.2873
Excipientfree | 4 g -10.44 to 9.442 No ns >0.9999
Vs. Suc+mann
Excipient-free | 7 -10.64 to 9.242 No ns >0.9999
vs. Tre+mann
Sucrosevs. | 45 -10.14 t0 9.742 No ns >0.9999
Trehalose
Sucrosevs. | 441 | 24.041t0-4.158 Yes - 0.0022
Mannitol
SuGOSeVs: | 68 -16.74 t0 3.142 No ns 0.3337
Sucrosevs. |, -10.14 t0 9.742 No ns >0.9999
Suc+mann
Sucrose vs. | 4 -10.34 t0 9.542 No ns >0.9999
Tre+mann
Trehalose vs. | 139 | .238410-3.958 Yes > 0.0025
Mannitol
Trefelosevs. | 66 -16.54 t0 3.342 No ns 0.3669
Trehalose vs. | -9.942 10 9.942 No ns >0.9999
Suc+mann
Trehalose vs. | 45 -10.14 10 9.742 No ns >0.9999
Tre+mann
Manniolvs | 7.3 2.6421017.24 No ns 0.2588
Mannitol vs. |5 3.958 t0 23.84 Yes > 0.0025
Suc+mann
Mannitol vs. |5 7 3.758 t0 23.64 Yes - 0.003
Tre+mann
PS80 vs. 6.6 -3.342 10 16.54 No ns 0.3669
Suc+mann
PS80 vs. 6.4 -3.542 10 16.34 No ns 0.402
Tre+mann
Suctmannvs. | 4, -10.14 t0 9.742 No ns >0.9999
Tre+mann
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Table A. 4. Tukey multiple comparison analysis results for Dmax Values derived from HDX studies.

0=0.05; number of families=1; number of comparisons per family=21.

Mean 95.% ClI of Sianificant? | Summar Adjusted P

Diff. Diff. 9 ; y Value

Excipient-free vs. Sucrose 51.57 '8i71359t0 No ns 0.0993
Excipient-free vs. Trehalose | 48.43 '111(')%48t0 No ns 0.1272
Excipient-free vs. Mannitol | -71.2 '1?1%)'%;0 i Yes * 0.0223
Excipient-free vs. PS80 -62.8 _12234"%,20 i Yes * 0.0415

Excipient-free vs. -79.67 to

Suc+mann -19.3 41.07 No ns 0.8475
Excipient-free vs. Tre+mann -44 '1%1';;0 No ns 0.1802
Sucrose vs. Trehalose -3.14 '6,;521;0 No ns >0.9999

Sucrose vs. Mannitol -122.8 '18§él4to ) Yes i 0.001
Sucrose vs. PS80 -114.4 | -174.7 to -54 Yes *k 0.0015
Sucrose vs. Suc+mann -70.87 '1311(')2;0 ) Yes * 0.0228
Sucrose vs. Tre+mann -95.57 '155’59;0 ) Yes ok 0.0044
Trehalose vs. Mannitol -119.6 '158902'{8 ) Yes ok 0.0011
Trehalose vs. PS80 -111.2 '12%)'68(;0 i Yes i 0.0018
Trehalose vs. Suc+mann -67.73 '1278:'3%3? ) Yes * 0.0287
Trehalose vs. Tre+mann -92.43 _15322'%é0 ) Yes * 0.0053
Mannitol vs. PS80 8.4 '5612';977;0 No ns 0.9966
Mannitol vs. Suc+mann 51.9 _8i1253t0 No ns 0.0967
Mannitol vs. Tre+mann 27.2 '3;157;0 No ns 0.5916
PS80 vs. Suc+mann 435 '116(')279t0 No ns 0.1874
PS80 vs. Tre+mann 18.8 '4719',517;0 No ns 0.861
Suc+mann vs. Tre+mann -24.7 '8??5067;0 No ns 0.6768

93




(@)

Non-Mannitol Formulations

604 - 100
— Shelf Temp (°C)

) 407 - 80 ‘? — TC Average (°C)
o 207 |0 & — Chamber CM (mTorr)
= S
® 04 ® — Chamber Pirani (mTorr)
o 40 3
& -20- §|
(1)) L5 3
h _40_ 0 g

-60 T T T 0

0 10 20 30
Time (hr)
(b)
Mannitol Containing Formulations
60 - 100
— Shelf Temp (°C)

o 407 - 80 E — TC Average (°C)
o 207 g0 & — Chamber CM (mTom)
= S
® Oqp ® — Chamber Pirani (mTorr)
Q 40 3
& -20- 3,
: 20 3
F _40- 20 2

'60 1 1 1 ] 0

0 10 20 30 40
Time (hr)

Figure A. 1. Lyophilization process data of (a) non-mannitol formulations and (b) mannitol containing
formulations.
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Figure A. 2. Differential Scanning Calorimetry (a) Reversing heat flow thermogram of excipient-free
formulation; and non-reversing heat flow thermogram of (b) mannitol, (c) sucrose-mannitol, and (d)
trehalose-mannitol formulations.
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Figure A. 3. Size Exclusion Chromatogram of trehalose formulation at t=0, presented as a representative

chromatogram.
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Figure A. 4. Formation of HMWs during storage, as measured by SEC for samples stored at 40°C.

= significant different by 2-way ANOVA p <0.01. n=1.
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Figure B. 1. Lyophilization process data of (a) parent mAb and (b) ADC.
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Table B. 1. Tukey multiple comparison analysis results for mAb accelerated studies at 50°C after 18 weeks of storage. 0=0.05; number of

10 mg/mL

5 mg/mL

2.5 mg/mL
1 mg/mL

10 mg/mL+PS80

5 mg/mL+PS80
2.5 mg/mL+PS80

1 mg/mL+PS80

10 mg/mL

2.5 mg/mL

families=1; number of comparisons per family=28.

10 mg/mL+PS80

ns

5 mg/mL+PS80

2.5 mg/mL+PS80 1 mg/mL+PS80

Table B. 2. Tukey multiple comparison analysis results for ADC accelerated studies at 50°C after 12 weeks of storage. 0=0.05; number of

10 mg/mL

5 mg/mL

2.5 mg/mL

families=1; number of comparisons per family=28.

1 mg/mL

10 mg/mL+PS80

5 mg/mL+PS80

2.5 mg/mL+PS80

ns

1 mg/mL+PS80

*

10 mg/mL

5 mg/mL

2.5 mg/mL

1 mg/mL

10 mg/mL+PS80

5 mg/mL+PS80

2.5 mg/mL+PS80 1 mg/mL+PS80




APPENDIX C. CHAPTER 4 SUPPLEMENTARY INFORMATION

Table C. 1. Simple linear regression data of the UV standard curves measured using the model compound
1 in various buffers and pH obtained at 280 nm.

EtOH Citrate pH 5 Citrate pH 6 Ph::;i:i":’H 6 Phs:;’:‘:f;":’H 7 Tris pH
Slope 60.86 49.34 55.26 54.72 56.27 5316
Y-intercept 0.00 -0.01 0.00 -0.01 -0.05 -0.01
R squared 0.998 0.999 0.999 0.999 0979 0.994

Table C. 2. Simple linear regression data of the UV standard curves measured using a benzaldehyde in
various buffers and pH obtained at 245 nm.

Potassium Potassium

EtOH Citrate pH 5 Citrate pH 6 Phosphate pH 6 Phosphate pH 7 Tris pH 9
Slope 50.41 40.64 41.09 38.01 37.00 28.30
Y-intercept 0.00 0.04 -0.21 0.00 0.01 0.05
R squared 0.998 0.990 0.996 0.999 0.996 0.972
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Figure C. 1. UV standard curves of the hydrazone model compound 1 formulated in a. ethanol, b. 50 mM
citrate buffer pH 5, c. 50 mM citrate buffer pH 6, d. 50 mM potassium phosphate pH 6, e. 50 mM
potassium phosphate pH 7, and 50 mM tris buffer pH 9, obtained at 280 nm. (n=2)
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Figure C. 2. UV spectra of solution-state model compound 1 in 50mM potassium phosphate buffer with
pH 7 stored at 50 °C.

101



