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ABSTRACT

With biological immunotherapy becoming an increasingly prominent means of treating multiple
forms of carcinoma, such immunotherapies are now the focal point of ongoing research.
Traditional chemotherapeutic agents are considered cytotoxic in that they interfere with mitosis
with the objective of inducing apoptosis in rapidly dividing cells, ideally cancerous cells. Despite
the curative intent, there is a concerning lack of specificity of these agents. Healthy cells in the
body that normally display increased rates of division are likely to suffer damage consequently.
Treatments designed to treat malignant disease target DNA synthesis or replication, mitotic
spindles, inhibit protein synthesis or induce cell differentiation.! The cytotoxic actions of
traditional chemotherapies currently used may prove to be effective in some cancer cases,
however, such chemotherapeutics are notorious for causing deleterious side effects.
Myelosuppression, or reduced production of cells originating from the bone marrow such as
erythrocytes, leukocytes, and thrombocytes can manifest as a result. Anemia,
immunosuppression, and thrombocytopenia-derived coagulopathy can then respectively ensue.?
It is further documented that known chemotherapeutic agents such as mercaptopurine and
azathioprine are associated with myelosuppression, though genetic variation dictates severity.>#
Developing is an ever-expanding trend to deviate from traditional chemotherapies and pursue
more target-based therapies tailored to one’s pathology of disease. The implementation of
monoclonal antibodies in the production of antibody-drug conjugates (ADC) is an ideal means of
targeting various forms of carcinoma, with the over-arching goal to reduce systemic cell
susceptibility to cytotoxic agents. The objective of this work is to produce an ADC to target non-
small cell lung carcinoma (NSCLC), that is known to over express the surface antigen human
epidermal growth factor receptor-2 (HER2). A monoclonal antibody specific for HER2,

trastuzumab, is to be conjugated to a DNA topoisomerase | inhibitor, exatecan. Such an ADC



will be tested in vitro against HER2 positive and negative mammalian cells in order to see if this

additional element of specificity is effective in inducing cell death selectively.

CHAPTER 1: INTRODUCTION
Prevalence and Relevance of Non-Small Cell Lung Cancer

Biological therapy is an ever-expanding topic of research for various forms of disease with
growing prevalence for clinical implementation. Immunotherapy can be considered a relatively
newer approach of treating multiple forms of carcinoma with promising potential in the clinical
setting. According to the American Society of Clinical Oncology (ASCO), lung cancer is the
second most common cancer and the leading cause of cancer death for both men and women. It
is estimated that over 140,000 deaths in 2019 were associated with this disease. ASCO further
goes on to suggest that the 5-year survival rate for non-small cell lung cancer (NSCLC) is 23%,
compared to 6% for small cell lung cancer.® Efforts are being made to develop more efficacious
therapies specifically for NSCLC, which according to the American Cancer Society, accounts for
nearly 80-85% of all lung carcinoma.® Though there are several types, NSCLCs can be
generalized as any type of epithelial lung cancer apart from small cell lung cancer (SCLC).” The
US National Library of Medicine describes three particular subtypes that are most prevalent;
adenocarcinoma predominates in mucus-secreting cells, squamous cell carcinoma effects flat
squamous cells that line the inside surface barrier of the airway, while large cell carcinoma can
appear in any part of the lung.® Despite being derived from different types of lung cells, they are

associated together due to similarities in prognosis and treatment options.

Neoadjuvant or adjuvant chemotherapy are commonly implemented before or after surgical

resection respectively, however, it is noted that NSCLCs are largely insensitive to conventional



Antibody Domains

chemotherapy and radiation therapy in comparison to small cell carcinoma.”® This conclusion
heightens the prospective potential of immunotherapeutics and selective biological agents as they
are becoming more relevant in terms of cancer treatment. Despite there being many variations,
our research pertains to the utilization of monoclonal antibodies as a biologically selective means
of targeting various carcinoma depending on the expression of certain molecular markers that are

commonly over expressed in cancerous cells.
Basis of an Antibody-Drug Conjugate

The premise of an antibody drug conjugate (ADC) as a biopharmaceutical drug, is to be utilized
under the designation of targeted therapy. An ADC can be divided into 3 main constituents; the

monoclonal antibody, the cytotoxic drug, and the cross-linker molecule conjugating the two.
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Figure 1. Antibody Structure: Depiction of an antibody, as well as the orientation of functional
and structural regions of a typical antibody. Also included are the locations of the fragment
crystallizable (Fc) region, fragment antigen-binding (Fab) region, and disulfide bonds.



The antibody is made up of two main fragments. The first being the fragment crystallizable
region, or Fc region, which is a portion of the antibody tertiary structure that is constant between
antibody classes, but variant enough to differentiate isotypes.'® This region found in the heavy
chains, normally binds to Fc receptors (FcR) on cell surfaces to elicit signal transduction or
interacts with components of the classical complement pathway to induce inflammation and
activate an immune response. The Fc-FcR interactions link the humoral and cellular immunity.t*
The other region of relevance is the fragment antigen-binding (Fab) region, which contains both
light chains and terminal portions of the heavy chains. The terminal portion of the Fab fragment
is designated as the variable region, in which the variable heavy and variable light domains (Vn
and VL, respectively) pair to form the antigen-binding site of the antibody.'? Please refer to
Figure 1 for a visual representation. The paratope, or antigen-biding site, is classified as the
variable region, and it is within the variable region of the Fab fragments where the specificity
remains in terms of antigen binding.®® The specificity offered within the paratope makes an
antibody the ideal biological element to guide a drug virtually exclusively to carcinoma that can
be differentiated by molecular targets. Variations in carcinoma are commonly characterized by
the up regulation of specific molecular markers. Such molecular markers are overexpressed as a
consequence of genomic mutations that render otherwise normal healthy cells into tumor cells.
The target-based treatment of an ADC can exploit the up regulation of molecular targets to
effectively deliver cytotoxic drugs to carcinoma. This is a significant deviation from general
chemotherapeutic agents that lack specificity, prompting systemic cell death due to their non-

selective nature.



Selecting a Molecular Target in HER2
In terms of NSCLC, it is known that HER2, or human epidermal growth factor receptor 2,
mutations and over expression are commonly associated with adenocarcinoma, as well as breast
and gastroesophageal cancers.* The HER2 receptor is coded for within the HER2 or ERBB2
(erythroblastic (erb)-b2 receptor tyrosine kinase) gene and is within the epidermal growth factor
receptor (EGFR) family, including HER1 (ERBB1), HER3, and HER4.™ The ERBB2 gene is
located on the long arm of chromosome 17 (17¢21).1* HER?2 resides on the cell surface to act as
a receptor tyrosine kinase. Please refer to Figure 2 for a visual representation of the EGFR
family, activating ligands, and subsequent pathways that then ensue.
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Figure 2. Epidermal Growth Factor Receptor (EGFR) Family: Demonstration of
heterodimerization to initiate signal transduction. Abbreviations: AR, amphiregulin; BTC,
betacellulin; EPG, epigen; EPR, epiregulin; HB-EFG, heparin-binding EGF-like ligand; NRG,
neuregulin.'® Reproduced with permission.
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HER?2 primarily exists as a monomer, but in the presence of ligands, it is known to preferentially
dimerize with other related tyrosine kinases such as HER1, HER3, and HER4." Interestingly,
HER2 does not have an identified ligand, but rather stays in the open configuration to
accommodate dimerization. Ligand exposure to the extracellular ligand-binding domains of
either HER1, HERS3, or HER4 results in the formation of a heterodimer with HER2 in which the
intracellular HER kinase domains become phosphorylated, with the exception of HER3 that does
not contain an intracellular kinase domain.'® Common ligands include epidermal growth factor
(EGF) and transforming growth factor o (TGFa). These heterodimers initiate signal transmission
responsible for controlling and regulating normal cell growth and proliferation under normal
conditions. It is also thought that heterodimers containing HER2 exhibit a higher transduction
potency when compared to other HER heterodimers or homodimers without HER2.%8 The
transmembrane glycoprotein HER2 is divided within three distinct domains: an N-terminal
extracellular domain, a single a-helix transmembrane domain, and the previously discussed
intracellular tyrosine kinase domain.'® The most prominent region of HER2, the N-terminal
extracellular domain, contains roughly 600 residues and contributes 90-110 Kda to the total
molecular weight and can be further divided into four subdomains (I-1V).1° Subdomains I and 111
interact to form a binding site for potential ligands,? though there are currently no known
endogenous ligands exclusively for the HER2 receptor. Subdomains 11 and 1V are thought to
have a heavy cysteine residue contribution and are integrally involved in homodimerization and
heterodimerization. Subdomain Il is thought to be the main contributor to dimerization, as it
contains what is termed to be a ‘dimerization arm’.?* This dimerization arm is classified as a
hairpin loop that protrudes outward to interact with the dimerization arm of a partnering HER

receptor to complete dimerization.?? Please refer to Figure 3.
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Figure 3. HER2 Extracellular Domain (ECD): (A) Locations of the four ECD subdomains.
(B) Pertuzumab binding to the dimerization arm of domain Il. (C) Trastuzumab binding to
domain 1V of the ECD of HER2.'® Reproduced with permission.

The carboxyl-terminal tail resides in the intracellular region and contains the enzymatic active
site for the tyrosine kinase (TyK) domain.?® A total of six tyrosine residues are present in the
TyK domain and participate in transphosphorylation to then provide a docking site for signaling
molecules that have phosphotyrosine binding domain.?* After dimerization and
transphosphorylation have occurred on HER receptors, a signaling cascade can then undergo to
initiate activation of the mitogen-activated protein kinase (MAPK) pathway and the
phosphoinositide-3-kinase (P13K) activated protein kinase B (Akt) pathway.® The MAPK
pathway, Akt pathway, stress-activated protein kinase cascade, and protein kinase C (PKC)
pathways ultimately translate their effect with the recruitment of nuclear transcriptional factors

that can then initiate the transcription of oncogenes, or genes that can transform a conventional
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healthy cell into a tumor cell. Oncogenes include fos, jun, and myc.?® The overall effect of
signaling pathway activation is integrally related to the cells involved, the extracellular ligands
present, the constituents that make up the heterodimer, and the transduction pathways being
activated. Please refer to Figure 4 for a visual representation of HER-induced signal

transduction.
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Figure 4. HER-Mediated Signal Transduction: The HER heterodimerization is conducive to
cellular survival through multiple pathways including MAPK, PLC, and P13k.'® Reproduced
with permission.

To date, there are at least three known members of the MAPK family: the extracellular signal-
regulated kinase (ERK), Jun kinase (JNK), and the p38 kinase. A variety of extracellular
activators can transduce a signal via an elaborate network of many mediators to stimulate cell
proliferation, differentiation, apoptosis, or aid in an inflammatory response.?® The Akt pathway is

reliant on the activation of PI3K via insulin receptor substrate (IRS), an adapter molecule. IRS
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has an N-terminal phospho-tyrosine binding (PTB) domain,?” allowing it to bind to the
intracellular phosphorylated tyrosine residues on the HER heterodimers. The carboxy terminus
of IRS contains serine and tyrosine phosphorylation sites that can be bound by the PTB domains
of src-homology 2 (SH2) proteins, such as p85, where it regulates the effects of PI3K.% PI3K is
a heterodimer composed of a regulator p85 subunit and catalytic p110 subunit. The p85-p110
complex is predominately inactive in its native state. However, HER dimerization and
phosphorylation recruits PI3K, where the SH2 domain on the p85 subunit interacted with the
phosphorylated tyrosine residues on the receptor tyrosine kinase.?® This interaction removes the
regulation by the p85 subunit, granting the p110 subunit to acquire catalytic activity. Activated
PI3K then acts on lipid substrates due to now being within proximity to the plasma membrane.
More specifically, PI3K converts phosphatidylinositol 4,5-bisphosphate (PIP2) to
phosphatidylinositol (3,4,5)-trisphosphate (P1P3).3%3! PIP3 has both 3-phosphoinositide-
dependent protein kinase 1 (PDK1) and Akt binding domains. Considering PIP3 is a docking
phospholipid as it is adherent to the cell membrane, the binding domains of PIP3 not only recruit
PDK1 and Akt to the plasma membrane, but also bring them within close proximity for PDK1 to
carry out its kinase function and phosphorylate Akt for activation. The phosphorylated Akt then
relies on a multitude of downstream signaling pathways, mediators, and transcription factors to
upregulate select gene transcription and potentiate tumorigenesis via enhanced cell survival, cell
proliferation, and cell growth.®? Please refer to Figure 5 for a visual representation of the

preceding description.
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Figure 5. PI3K Activated Akt Pathway: Representation of RTK stimulation of PI3K (p85-
P110) complex, leading to the conversion of PIP2 to PIP3 to activate PDK1, which
phosphorylates Akt yielding cellular responses.?® Reproduced with permission.

Having provided the background of the potential physiological cellular responses to HER
receptor dimerization, one can gain the intuitive inclination that excessive stimulation through
ligand-mediated dimerization of members within the epidermal growth factor receptor (EGFR)
family, including HER1 (ERBB1), HER2, HER3, and HER4, can lead to tumorigenesis and
mitogenesis. Publications argue that the most transforming combination of HER dimers is the
formation of the HER2-HERS3 heterodimer. Considering HER-2 has no currently identified
extracellular ligand for activation, and HER3 is absent of an intracellular kinase domain,
homodimers of HER2 or HER3 alone lack the ability to elicit signal transduction.® Yet, the
HER2-HER3 heterodimer is claimed to be the most mitogenic receptor complex.®* It has also
been suggested that HER1-HER2 dimerization complexes greatly potentiates mitogenesis in the

presence of EGF ligand.*® Previous publications analyzing the transformation capacity of HER
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proteins conclude that the co-existence of HER1 and HER2 proteins undergo more effective
transformation with either HER1 alone, or HER1 and HER3 co-existence.*® The HER receptors
are normally internalized at varying rates in which they are degraded and recycled within
intracellular endosomes and lysosomes. This internalization can be triggered by ligand-binding,
dimerization, signal termination, or normal recycling at a basal rate. Furthermore, HERL1 is
known to have a considerably higher rate of internalization and downregulation compared to
other EGFR family members, while HER3 is constitutively recycled.*” It is worthy of
acknowledging that in comparison, HERZ2 is known to be less expeditiously internalized due to a
reduced rate of endocytosis.® One theory correlating HER2 overexpression with carcinogenesis
is that heterodimer formations involving HER2 with other HER proteins reduces the frequency
in which the other receptors are endocytosed and recycled assuming ligand binding and
dimerization occurs. This could prolong the duration of HER1 and HER3 being on the cell
surface and extend the time in which signal transduction is occurring as instances of
internalization and deactivation maybe less frequent when HER2 participates in the dimerization.
Not only does HER2 exhibit a slower rate of internalization, it is also said to contribute to
cellular proliferation in an oncogenic capacity due to a presumptive increase in basal tyrosine
kinase activity compared to other HER proteins, perhaps contributing to a more intense signaling
response.® Existing publications also support the claim that HER2 coupling to the MAPK
pathway is extremely efficient, further prompting mitogenesis through signal transduction.*® As
previously alluded to earlier, HER2 is a preferred partner within other EGFR members. This
implies that HER2 functions as an amplifier of signaling initiated by EGF-like ligands.*! With all
considered, one can surmise that HER2 over expression via mutation or overactivation can

manifest in overwhelming signaling for cellular proliferation and growth, ultimately associated
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with carcinoma. Publications within Clinical Cancer Research suggests that HER2 protein is
overexpressed in approximately 10-15% of NSCLC, with reported prevalence as high as 30% in
adenocarcinoma, another form of NSCLC.*>*® As previously mentioned, NSCLC makes up
approximately 80% of all lung carcinoma. Therefore, HER2 overexpression affects a substantial
portion of those affected with lung cancers. A study published within the British Journal of
Cancer investigated 238 non-small cell lung cancer cases for the prevalence of HER2
overexpression by the utilization of immunohistochemistry. Of those included within the study,
35% of those with adenocarcinomas, 20% of those with large cell carcinoma, and only 1% of
those with squamous cell carcinoma were considered to have substantial overexpression of
HER2.** Though not all cases of lung carcinoma are HER?2 positive, this tyrosine kinase receptor
still has prevalence in the disease and can be considered a distinguishing molecular target for a
target-based therapy. In addition, HER2 positive carcinoma is associated with poorer prognosis
and linked to shortened survival.*® This emphasizes the significance of a targeted therapy

specific for HER2 overexpression.
Trastuzumab as the ADC Selective Element

With an ideal molecular target of interest, the basis is provided for the development of an
antibody-drug conjugate (ADC) specific for HER2 proteins. This would involve using a
monoclonal antibody, trastuzumab, specific for HER2 receptors. Trastuzumab, or also referred to
by the brand name Herceptin, is an already existing therapy used for HER2 positive breast and
gastroesophageal cancers. As previously alluded to earlier, HER2 positive tumors are associated
with a significant increase in growth rate as well as cellular proliferation.*® Trastuzumab can be
used for either adjuvant or neoadjuvant therapy towards these tumors. Adjuvant therapy can be

considered treatments provided in conjunction with the primary therapy, either surgical
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interventions or initial chemotherapeutics, in the efforts to maximize the disease-free duration.
For instance, an example of a primary chemotherapy treatment regimen for various forms of
cancers involves chemotherapeutic agents Adriamycin and Cytoxan as a combination, then
administration of Taxol and Herceptin also in combination (AC-TH).*" Neoadjuvant therapy is
classified as treatments prior to primary therapy with the intent of enhancing the effectiveness of
the primary intervention or aiding in the chances of disease-free survival. In this capacity,
Herceptin or pertuzumab monoclonal antibodies can be administered in conjunction with

chemotherapeutic agent Taxotere (docetaxel) pre-operatively.*®

As previously emphasized the HER2 receptor is composed of extracellular, transmembrane, and
intracellular kinase regions. The extracellular region contains an L-domain, which includes
domains I and 111 (~190 amino acids each), and a cysteine-rich domain, which includes domains

Il and 1V (~120 amino acids each). Please refer to Figure 6.
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Figure 6. Trastuzumab and Pertuzumab Binding Locations on HER2 Receptor: A)
Trastuzumab binds to domain IV while Pertuzumab binds to domain 11, both preventing
dimerization and signal transduction. B) Trastuzumab ADC with a cytotoxic payload. C) ZW25
produced antibody display dual-paratopes for recognizing two different epitopes of the HER2
receptor.*® Reproduced with permission.
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The variable regions of Trastuzumab (VL and VH) bind to domain IV of HER2, or also known
as the juxtamembrane trastuzumab-binding domain, which is normally occupied by the
extending fingers of domain 11 of adjacent HER proteins upon dimerization.>®%! Three distinct
locations within the c-terminal end of domain IV of HER2 are recognized by the antigen-binding
site of trastuzumab via electrostatic and hydrophobic interactions: HER2 residues 557-561, 570-

573, and 593-603.°"

The stand-alone trastuzumab monoclonal antibody displays anti-tumor effects by several
proposed mechanisms, such as antibody-dependent cellular cytotoxicity.>? Other phenotypic
changes that are observed upon trastuzumab binding to HER2 include downmodulation of HER2
receptors, inhibition of tumor cell growth, reversed cytokine resistance, restored E-cadherins
expression levels correlative to tumor suppression, and reduced production of vascular
endothelial growth factor.>® Other hypothesized anti-tumorigenesis mechanisms of interest
include prevention of HER2-containing heterodimer formation, initiation of cell cycle G1 stage
arrest, inhibition of angiogenesis, and indication of immune mechanisms with the potential of
targeting tumor cells.>* The prevention of HER2-HER3 dimerization is also said to be key to
significantly decrease downstream signaling.> With respect to immune-based tumor
suppression, trastuzumab binds to hyper-proliferating cells via the overexpressed HER2 receptor.
The Fc region of the antibody is recognized by immune cells, typically natural Killer cells, to

induce lysis of the cancer.>

Despite trastuzumab being FDA-approved for chemotherapy, it is emphasized that before the
initiation of trastuzumab for treatment, HER2 protein overexpression or gene amplification must
be confirmed, ideally by further FDA-approved diagnostic assays specific for tumor type

identification.*® The rational for this confirmation is correlated to the claim that trastuzumab is
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only effective in tumors that are deemed HER2 positive. However, deleterious side effects of
trastuzumab are possible during the utilization of any form of therapy and are worthy of
consideration. Infusion reactions, pulmonary toxicity, cardiomyopathy, and even embryo-fetal

toxicity can manifest as unintended effects during therapy.®

The premise of an ADC is to integrate an antibody that selectively binds a molecular target that
is ideally upregulated, overexpressed, or exclusive to a particular carcinoma of interest. The
monoclonal antibody is to be covalently bound to a cytotoxic agent via a cleavable or non-
cleavable crosslinker molecule. The selectivity of the antibody and cytotoxicity of the drug
underscores the significance of an ADC used as therapy to achieve disease free survival >’
Considering the specificity of trastuzumab for HER2 receptors, an ADC containing trastuzumab
would be ideal for HER2 positive carcinoma, more specifically for HER2 positive NSCLC. The
crosslinker of choice to conjugate the antibody to the drug plays an integral role in terms of the
functionality of the ADC. Non-cleavable crosslinkers are incorporated in conjugation with the
intent of the ADC binding to the cell of interest via binding of cell-specific surface receptors,
becoming internalized into an endosome by binding-mediated endocytosis, and subsequent
fusion of the endosomal vesicle with a lysosome. Lysosomal degradation metabolites include
intact drug compounds and linkers attached to select amino acid functional groups such as
amines or thiols. Much of the immunoglobulin is degraded due lysosomal proteolytic activity,
yielding cytotoxic metabolites to carry out their intended function.>® The chemotherapeutic agent
primarily acts on the cell for which they were internalized and have low probability of affecting
neighboring cells. Because many drugs are charged species, they have a low probability of
crossing the cellular membranes of other cells with a lack of fascination. Furthermore, ADC with

non-cleavable crosslinkers and charged drug species can be said to exhibit more selective cell
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targeting and would be ideal for carcinoma that express a more homogenous population of target
molecules.*® The alternative method of ADC production involves the utilization of a cleavable
crosslinker that can undergo autocleavage at a certain pH or becomes cleaved by a specific
protease that detaches the drug from the monoclonal antibody. Although most cleaving of the
ADC linker has been shown to occur intracellularly, the liberated drug compounds can leave the
cytoplasm of one cell and cross the membrane of a neighboring cells assuming the compound is
relatively nonpolar and has increased membrane permeability. Other studies indicate that
extracellular tumor microenvironments can provide a reducing environment for cleavable
disulfide linkers, or increased acidity for pH-dependent cleavable linkers, suggesting that ADC
containing cleavable crosslinker are less stable and more susceptible to extracellular dissociation,
further enhancing the ‘bystander effect’ where neighboring cells are vulnerable.®%®! The
significance of this named ‘bystander effect’ is that antibody-facilitated internalization is not

62

required for drug entrance assuming the ADC payload has increased membrane permeability.

Please refer to Figure 7 for a depiction of ADC mechanisms of action.

Classical ADC Antibody-drug Bystander killing effect
mode of action  niugate (ADC)

Drug payload
7 g pay

Release of drug payload from the antibody
after antigen binding before internalization

Release of drug payload into the
intercellular space due to a high
drug membrane permeability

ADC binding to
HER2 receptor

Internalization
by endocytosis

Drug payload release after linker
cleavage by lysosomal enzymes

A high drug-to-antibody ratio
increases antitumoral efficacy
despite a low HER2 antigen
density on tumor cells

Cytotoxic effect
induced by drug payload

Figure 7. ADC Mechanism of Action: Classical ADC mode of action requiring internalization,
as well as the bystander killing mechanism that potentiate the extracellular liberation of the
chemotherapeutic agent.®® Creative Commons Attribution 4.0 International License.
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Existing Trastuzumab Antibody Drug Conjugates; T-DM1

To date, T-DM1, or Kadcyla is the only approved ADC for the treatment of advanced HER?2
positive breast cancer.®® T-DML1 is a second-generation ADC containing an IgG1 monoclonal
antibody specific for HER2 proteins, trastuzumab. The drug DM1, or mertansine, is derived from
its parent compound maytansine, and is differentiated by the addition of a thiol group to a
terminal amide functional group. DM1 and maytansinoid compounds displays high affinities to
soluble tubulin and have the ability to inhibit microtubular polymerization, leading to mitotic
arrest.% This potent inhibition of microtubule assembly not only revealed mitotic catastrophe by
the discovery of aberrant mitotic states, but also is associated with cellular apoptosis.® The
prevention of microtubule elongation hinders the formation of functional mitotic spindles,
unattachment to kinetochores on sister chromatids at the centromeric region, and ultimately
limits the ability to transition from metaphase to anaphase of the mitotic cycle resulting in

multinucleated cell.% Please refer to Figure 8.
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Figure 8. Cellular Replication Visuals: Centromeric region of replicated sister chromatids
contain the kinetochore in which non-elongating microtubules cannot attached due to the
inhibitory binding of DM1. Metaphase arrest manifests as a result.®”% Creative Commons
Attribution 4.0 International License.

Trastuzumab and DML is conjugated together via the non-cleavable crosslinker SMCC, or

succinimidyl trans-4-(maleimidylmethyl) cyclohexane-1-carboxylate. A free thiol or sulfthydryl
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group from DML1 acts on the maleimide group on SMCC to form a stable thioether bond. This
DM1-SMCC conjugated compound is termed emtansine. A primary amine functional group from
lysine residues within the immunoglobulin structure can act as a nucleophile by attacking the
electrophilic carbon atom of the ester group of emtansine SMCC to transform the ester into an
amide. This results in the dissociation of the succinimide group of SMCC, rendering the
maleimidomethyl cyclohexane-1-carboxylate (MCC) thioether linker conjugating trastuzumab

with DM1.% Please refer to Figure 9 for a visual representation of the described conjugation.

Succinimide
0 . 0

Tz mAb-Lys-NH, E‘é,‘_(}@_\ 4
07/\j

O
[éN_OH
O

n-Hydroxysuccinimide

Maleimide

Trastuzumab MCC linker DM1
Figure 9. T-DM1 Constituents: T-DM1 is composed of the trastuzumab monoclonal antibody,
non-cleavable SMCC linker, and DM1 maytansinoid. The final MCC linker of the ADC, after
the loss of n-hydroxysuccinimide, is covalently bound to DM1 via a thioether bond, and
covalently bound to trastuzumab via an amide bond with the amine provided by immunoglobulin
lysine residues.%%°7° Note: This figure is not intended to portray a chemical reaction, but merely
a depiction of the T-DM1 constituents and to which molecular structures they bind. Components
reproduced with permission.
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T-DML is considered an effective antitumor agent by its involvement in at least three
mechanisms. The first mechanism involves the simple inhibition of HER receptor dimerization
with the binding of trastuzumab to the domain IV of the HER2 receptor, a favored dimer partner
proven to elicit greater downstream signaling. The second mechanism involves the prevention of
the extracellular HER2 domain shedding upon antibody binding. This prolongs the duration for
which the molecular target for T-DML1 is presented by the tumor cells and increases the ability of
innate immune effector cells to recognize the Fc region of trastuzumab. In this aspect, the
patient’s own immune system can aid in the efforts to reduce the tumor viability.”* The last
mechanism discussed pertains to the conventional functions of an ADC with a non-cleavable
crosslinker. This involves the internalization of T-DML1 via receptor-mediated endocytosis.®®

Please refer to Figure 10 for a visual representation of the three discussed mechanisms.
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Figure 10. T-DM1 Mechanisms of Action via HER?2 Receptor Binding: A) Trastuzumab of
T-DM1 binding HERZ2, preventing extracellular shedding of the receptor and preventing
dimerization. B) The Fc region provided by T-DM1 can elicit the activation of immune effector
cells. C) T-DML1 receptor-mediated internalization.®® Reproduced with permission.
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After receptor-mediated endocytosis, the endocytic vesicles fuse with lysosomes to permit the
lysosomal degradation of antibody component of the ADC. The liberated metabolites contain
lysine-N*-MCC-DML1 products. These compounds are considered charged cytotoxic metabolites
at physiological pH ranges due to the presence of charged amino and carboxyl groups of the
lysine residues, making them largely impermeable to plasma membranes.” It is also suggested
that this charged lysine and crosslinker-yielding metabolite is considerably less cytotoxic than
the DM1 (mertansine) drug alone, potentially contributing to a beneficial effect in terms of
tolerable doses.” Interestingly, the charged nature of these metabolites are said to necessitate
active transport in order to exit the lysosomal membrane, which strengthens the claim that these
charged metabolites have lower probability of freely crossing the cellular plasma membrane.
This lessens the risk of the ‘bystander effect’” in which neighboring HER2 negative cell could be
subjected to cytotoxic T-DM1 metabolites.”* Once in the cytoplasm, the maytansinoid-containing
metabolite can then execute its intended function of microtubule polymerization inhibition,
ultimately leading to decreased intracellular trafficking required for normal cell functions and

metaphase arrest of dividing cells causing death of ideally cancerous cells.”

Despite HER2-targeted therapies being standard in breast and gastric cancer, with T-DM1 being
the only approved ADC for the treatment of HER2 positive breast cancer, there currently are no
standard therapies specific for the targeting of HER2 proteins in NSCLC. However, there are
growing ambitions to test the efficacy in HER2 positive NSCLC patients by the initiation of
undergoing clinical trials. A publication within Clinical Cancer Research medical journal from
January 2019, described a phase Il study analyzing the effect of HER2-targeted ADC
trastuzumab emtansine (T-DM1) on HER2 positive NSCLC. Subjects within the study were

divided by HER2 positive status, either immunohistochemistry (IHC) 2+ or 3+. A total of 49
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patients (29 IHC 2+, 20 IHC 3+) were eligible to participate in the study, in which all patients
received T-DM1 (3.6 mg/kg intravenously every 3 weeks) until investigator-assessed disease
progression, detection of unmanageable toxicity, or study termination. Survival status was
assessed every 3 months, while radiographic evaluations of tumor assessment were conducted
every 6 weeks. Of those involved in the study, no treatment responses were observed in the IHC
2+ group, however, four of the 20 IHC 3+ patients were said to reveal responses to T-DM1
treatment, resulting in a 20% overall response rate (ORR).”® T-DM1 is also said to display potent
inhibition of in vitro growth of HER2 positive IHC 3+ Calu3 and H2170 NSCLC cells and IHC
2+ H1781 NSCLC cells.”” Mouse xenograft tumor models of Calu3 and H1781 cells also
revealed robust antitumor activity when treated with T-DM1.7® These results suggest that the
potentiation for a HER2-targeted therapy, such as an ADC, is very relevant for the treatment of

NSCLC and should be pursued further.

Despite the known beneficial therapeutic effects of T-DML1 in the treatment of advanced HER2
positive breast cancers, it is reported that patients can eventually develop T-DML1 resistance
where the anti-tumorigenesis effect becomes lost.”® A study published within the International
Journal of Cancer analyzed the effects of T-DM1 against T-DM1-resistent gastric cancer cell line
N87-TDMR. It was noted that N87-TDMR cells acquired upregulated ATP-binding cassette
(ABC) transporters ABCC2 and ABCG2. However, the addition of MK-571, a leukotriene D4
antagonist and is also said to be a multidrug resistance protein 1 (MDR1) inhibitor, caused N87-
TDMR to regain T-DML1 sensitivity. This observation suggests that ABC transporter expression
has a direct correlation with T-DM1 resistance. This assumption correlates with other
publications stating that maytansinoids, such as DM1, among other cytotoxic compounds are

substrates for MDR1 or ABC transporters, thus may exhibit reduced efficacy due to cellular
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efflux.”® It was noted that T-DM1 mediated cytotoxicity can be considered a threshold event. In
other words, a given intracellular concentration threshold of Lys-MCC-DM1 must be achieved to
elicit cell death.®’ The upregulation of efflux transporters such as MDR1 can prevent normal
ADC therapeutic doses from achieving the intracellular threshold. Furthermore, an exatecan-
derived topoisomerase inhibiting compound, deruxtecan (Dxd), was able to inhibit the growth of
T-DM1 resistant cell line N87-TDMR.”® The suggestion was made that the Dxd compound may
be a less effective substrate for ABC transporters and other efflux proteins. T-DM1 resistance
can also arise from impaired lysosomal release mechanisms. The lysosomal degradation product
of T-DM1 after internalization is Lys-MCC-DML1, which is charged and largely membrane
impermeable. A functional genomic screen of transporter genes identified SLC46A3 which
encodes for a lysosomal membrane protein capable of transporting maytansine-derived drug
linker metabolites from the lysosome to the cytoplasm in order to avert the inability to passively
diffuse across the lysosomal membrane.8! The decreased expression of SLC46A3 reduces the
potency of T-DML, as the drug linker complex is not readily released from the lysosome.
Interestingly, it was noted that ADCs with alternative payloads were not affected by the
expression levels of SLC46A3, suggesting DML is the primary substrate for this lysosomal
membrane transport protein.®® SLC46A3 expression levels have been proposed as a selection
biomarker for those who should receive T-DM1 as a cancer therapy, or those who should not due

to low expression causing reduced lysosomal efflux and subpar therapeutic effects.®?

Another mechanism in which cancer cells can become resistant to DM1 and other maytansinoid
derivatives is through the reduced expression of cellular cyclin B1 which is required for the
progression into the M-phase, or mitosis, of the cell cycle via the activation of cyclin-dependent

kinase 1 (CDK1).% Normally, cyclin B1/CDK1 becomes degraded, promoting the exit of mitosis
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to enter the next phase of the cell cycle, G1 phase. Cellular checkpoints during mitosis requires
all kinetochores on each sister chromatid be attached to microtubule. The cyclin B1- cyclin-
dependent kinase 1 (CDK1) acts as the checkpoint regulator, and only upon its degradation can
progression into anaphase and thus mitosis exit occur.®* Reduced induction of cyclin B1/CDK1
not only results in the malfunction of mitotic spindles, but lower levels also simulate the
physiological stimulus to exit mitosis, hindering the ability to halt cell cycle progression. Mitotic
exit and cytokinesis, or division of cellular cytoplasm occurs, resulting in the avoidance of
mitotic catastrophe-mediated apoptosis. The products resulting from the atypical mitotic event
manifest in altered daughter cell karyotype inheritance due to improper chromosome separation,
leading to genetically instable progeny.®® 8 Though some cells may ultimately be inviable,
others may contribute to a greater magnitude of malignancy all the while avoiding the cytotoxic

effect of DML.
Potential of Exatecan-Based Antibody Drug Conjugates

Even though approved ADCs containing tubulin polymerization inhibiting-based payloads are
considered effective in terms of reducing cancer cell proliferation, there are other preclinical
antitumor drug candidates currently under development that show extraordinary promise. One of
the novel drug candidates under current research are exatecan-derived agents. In particular, DS-
8201a is a promising HER2 selective ADC that contains a human monoclonal 1gG1 produced
with reference to the same amino acid sequence as trastuzumab.® The payload is a potent
topoisomerase | inhibitor, deruxtecan (Dxd), which is conjugated to the anti-HERZ2 antibody via
a cleavable peptide linker; maleimidocaproyl-glycine-glycine-phenylalanine-glycine-
aminomethylene (mc-GGFG-am).®” This cleavable linker was designed in efforts to be cleaved

by lysosomal enzymes cathepsin B and L, where T-DMZ1 has a non-cleavable linker.%
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Topoisomerase | (TOP1) is a conserved enzyme essential for relaxing supercoiled DNA to
alleviate helical constraints. Supercoiling can manifest as a consequence of DNA or RNA
polymerases unwinding double stranded DNA (dsDNA) for DNA replication or transcription.®
TOP1 binds to supercoiled double stranded DNA and cleaves one strand to permit the relaxation
of the coil, and aids in the reannealing process. If TOP1 is not functioning, supercoils can halt
replication forks, inhibiting further transcription, or cause dsDNA breaks.*® Please refer to

Figure 11 for a representation of TOP1 function.
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Figure 11. Topoisomerase | Function: A) Generation of dsDNA supercoils. B) TOP1 cleavage
complex (TOP1cc) formation. C) DNA uncoiling mechanism via nicking, unravelling and

relegation. D) TOP1cc stabilizing mechanisms leading to inhibition.* Reproduced with
permission.
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Camptothecins are naturally occurring TOP1 inhibitors, in which TOP1 is the only known target.
Camptothecin derivatives topotecan and irinotecan are TOP1 inhibitors that have recently been
approved by the FDA for the treatment of ovarian and colorectal cancers respectively. Irinotecan
(CPT-11) must by hydrolyzed by carboxylesterase to produce the active metabolite SN-38.%
TOP1 inhibitors work by binding to TOP1 cleavage complexes (TOP1cc), represented in Figure
11. The selective binding at this enzyme-DNA interface, lends to their classification of
‘interfacial inhibitors’. Such inhibitors bind to the interface of macromolecules, thus the TOP1cc
provides the topoisomerase | and DNA, and when in conjunction with one another, provide the
binding site for camptothecins.®® It was said that camptothecin and its derivatives are very
selective for such macromolecular complexes, lending to the fact that TOPZ1cc is the only target.
Therefore, camptothecins are argued to be ideal pharmacological agents as their selectivity,

rather than potency, can be exploited for precise control contributing to therapeutic effect.%

Of the several camptothecin derivatives poised to become the pharmacological agent in many
cancer treatments, exatecan shows great promise. In a study published in Cancer Chemotherapy
and Pharmacology, the therapeutic effects of exatecan mesylate, in its salt form (DX-8951f), was
compared to that of other FDA approved camptothecin derivatives such as irinotecan (CPT-11)
and topotecan (SK&F104864) using human tumor xenografts in nude mice. A total of 16 human
cancer lines were examined: 6 colon cancers, 5 lung cancers, 2 breast cancers, 1 renal cancer,
and 2 gastric cancers. The two gastric cancer cell lines included a CPT-11 sensitive tumor,
gastric adenocarcinoma SC-6, and its CPT-11 resistant variant, SC-6/CPT-11. After a total of
four injections four days apart, exatecan revealed a tumor growth inhibition rate (IR) of >58% on
15 of the 16 cancer cell lines and an IR > 80% on 14 of the cell lines. Alternatively, CPT-11

displayed an IR >58% on 11 of the cell lines and an IR > 80% on only 8 of the 16 cell lines. In
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addition, exatecan was considered effective against the gastric line SC-6/CPT-11, where CPT-11
obviously was not effective. A summarization of the study results suggest exatecan revealed
superior antitumor activity when applied to different cancer cell lines and over a broader range of
doses than other camptothecin derivatives such as irinotecan (CPT-11) and topotecan
(SK&F104864).%* It has also been suggested that the inhibitory effects of exatecan are 3 and 10
times more than that of the CPT-11 active metabolite (SN-38) and topotecan respectively.*® In
addition, many chemotherapeutics are rendered noneffective due to P-glycoprotein (P-gp)
mediated multidrug resistance via cellular efflux. Exatecan, however, is suggested to overcome
P-gp mediated drug resistance, as it most likely is an incompatible substrate to the membrane

drug transporter.%®°7

As previously mentioned, deruxtecan (Dxd), an exatecan derivative, was able to inhibit the
growth of T-DM1 resistant cell line N87-TDMR due to the hypothesis that maytansinoids, such
as DM1, among other cytotoxic compounds are substrates for MDR1 or ABC transporters. In
addition, cancer patients can soon acquire DML resistance due to mechanisms previously
discussed involving the reduced expression of lysosomal transporters for maytansinoids and
mitosis exiting events. These findings strengthen the objectives of producing an ADC with a
payload containing a novel camptothecin TOP1 inhibitor. A study published within Clinical
Cancer Research suggests that DS-8201a with the Dxd payload is a superior therapy for T-DM1
insensitive carcinoma. T-DML1 carries an average of 3.5 MCC-DM1 drug linker complexes, or in
other words is said to have a drug-antibody ratio (DAR) of 3.5,% where as DS-8201a has a DAR
of approximately 8.8 Despite the impressive DAR of DS-8201A, other publications suggest that
reduced drug loading per antibody can increase the therapeutic index by contributing to

increased stability, slower in vivo drug clearance, and reduced toxicity due to off-target
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cytotoxicity from liberated chemotherapeutic agents in the plasma.®% The tetrapeptide within
the DS-8201a ADC crosslinker is cleaved by lysosomal proteases, such as cathepsin B and L,
which are highly expressed in rapidly proliferating tumor cells.%%1%! As previously alluded to
earlier, carcinomas exhibit tumor-environments which can potentially deviate from non-diseased
systemic conditions. Rapid cell proliferation and apoptosis may contribute to the variation of
proteases within the tumor-environment. Multi-cancer states may add complexity to the
magnitude and distribution of such tumor-environments, promoting extracellular drug release

that may result in the ‘bystander effect’ and other off-target effects.
Proposal of HER2 Selective ADC Conjugated to Exatecan

Given the potential of a trastuzumab-containing ADC in the treatment of HER2 positive NSCLC,
one may find it apparent that the evidence has been put forth to support the production of an
ADC including HER2 selective trastuzumab as the monoclonal antibody. Considering the
provided cellular mechanisms of T-DM1 resistance, novel camptothecin molecules appear more
appealing. Of the camptothecin derivatives, an overwhelming number of publications suggest
exatecan is more potent across a broader range of concentrations and is less susceptible to
resistivity by various carcinoma. In order to maximize stability and specificity, a non-cleavable
crosslinker such as SMCC would be ideal. This requires nearly the entire immunoglobulin
structure of trastuzumab to be degraded before release of an active metabolite. This is virtually
exclusively a lysosomal process after internalization. A proposed mechanism of the conjugation
reaction involves the succinimide group of sulfo-SMCC reacting with a primary amine from
exatecan. Next, a thiol provided from trastuzumab must react with the maleimide group of sulf-
SMCC. Please refer to Figure 12 for a visual representation of the proposed trastuzumab-SMCC-

exatecan ADC.
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Figure 12. Proposed Constituents of a Synthesized Trastuzumab-MCC-Exatecan ADC:
Trastuzumab-MCC-Exatecan ADC (T-Exa) is produced by the primary amine group of exatecan
attacking the electrophilic carbon of the ester bound to the succinimide group of sulfo-SMCC,
producing an amide linkage. N-hydroxysulfosuccinimide is lost as a proposed byproduct. A thiol
group from reduced inter-chains of trastuzumab initiates the thiol-maleimide reaction,
completing the conjugation.??1% Components reproduced with permission.

Trastuzumab, and other IgG1 antibodies contain a total of 32 cysteine residues resulting in 16
disulfide bonds: 12 pairs of intra-chain disulfide bonds and 4 pairs of inter-chain disulfide bonds,
with very low observed free thiol variants.’®* Of the 4 pairs of inter-chain disulfide bonds, a
disulfide bond exists between each of the two associated light and heavy chain connections, as
well as 2 disulfide bonds between the two heavy chains near the hinge region.® It is well
published that the 4 inter-chain disulfide bonds are more susceptible to reducing agents than the

intra-chain disulfide bonds. More specifically, the inter-chain disulfide bonds between light and
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heavy chains are slightly more susceptible to reduction than the 2 disulfide bonds between the 2
heavy chains.'® The proposed mechanism involves the exploitation of the reduced inter-chain
disulfide bonds to provide the thiol groups required for the maleimide-thiol reaction. Only after
verification of each stage of conjugation is confirmed, the final proposed T-Exa ADC must be
analyzed in terms of selectivity and cytotoxicity. Comparison of such a synthesized ADC to

another approved selective cancer therapy will be crucial in order to fulfill the project objectives.

CHAPTER 2: OBJECTIVES, HYPOTHESIS, AND AIMS
The main objective of this project is to synthesize an ADC specific for HER2 positive NSCLC

that displays even greater cytotoxicity than other approved ADCs with maytansinoid-derived
payloads, such as TDM-1. Literature reviews suggest this can be achieved by the utilization of a
novel camptothecin-based payload, and of the published derivatives, exatecan appears to be the
most effective. In order to maximize stability and minimize the ‘bystander effect’ it was decided
to incorporate a non-cleavable crosslinker attributed to SMCC, unlike DS-8201a which relies on
a cleavable peptide linker. With all constituents strategically selected for and highlighted in
Figure 12, the cytotoxicity of a synthesized trastuzumab-SMCC-exatecan (T-Exa) ADC will be
tested in vitro on HER2 positive and HER2 negative cancer cell lines. In addition, the products
of the intermediate phases of the conjugation process, such as unreduced and reduced
trastuzumab will also partake in the cytotoxic analysis as controls. In order to determine that the
camptothecin exatecan is more effective than DM1, the cytotoxicities of the two drugs will be
independently compared for this measure. Finally, the synthesized T-Exa will be compared to
commercially available T-DM1, in terms of which ADC offers greater effectiveness in

decreasing both HER2 positive and negative tumor cell viability.
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Project Aims

Aim 1.

Aim 2.

Aim 3.

Produce the anti-HER2 antibody-drug conjugate associated with exatecan

Develop a protocol to effectively conjugate the HER2 selective monoclonal antibody
trastuzumab to the cytotoxic agent exatecan via the non-cleavable crosslinker SMCC.

A protocol for trastuzumab disulfide bond reduction must also be produced.
Hypothesis: Because the proposed mechanism for this conjugation reaction requires the

presence of free thiol (-SH) groups, then conjugation can occur if antibody inter-chain
disulfide bond reduction is achieved.

Test the effectiveness of the conjugation reaction

Verify trastuzumab reduction and recovery via Ellman’s thiol detection assay and BCA
protein quantification assay.

Use mass spectrometry to identify ADC products after the conjugation protocol.
Hypothesis: If antibody reduction and conjugation are successful, then ADCs should be

synthesized with varying DARs, which can be quantified using mass spectrometry. In
addition, the extent of reduction should limit the final DAR.

Verify the function of the anti-HER2 antibody-drug conjugate

After verification of production, the synthesized T-Exa ADC will undergo in vitro
cytotoxic analysis on HER2 positive and negative cancer cell lines using the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) assay.
Compare the effectiveness of exatecan and DML in terms of in vitro cancer cell growth
inhibition on both HER2 positive and negative cancer cell lines.

Compare the effectiveness of synthesized T-Exa and commercially purchased T-DML1 in
terms of in vitro cancer cell cytotoxicity on both HER2 positive and negative cell lines.
Hypothesis: If it can be demonstrated that exatecan is more cytotoxic on HER2 positive

cancer cell lines when compared to DM1, then synthesized T-Exa should be more
cytotoxic than T-DM1 and in a cell selective manner based on HER2 expression levels.
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CHAPTER 3: MATERIALS AND METHODS

Trastuzumab Reduction

For the monoclonal antibody reduction, Trastuzumab (5 to 10mg) was mixed with reducing
agent Dithiothreitol, or DTT (Sigma Aldrich, D9779) at 50x to 100x nanomolar (nmol)
concentration. DTT is a dithiol enantiomeric reducing agent, effective for reducing disulfide
bonds, such as those within the trastuzumab structure, to free thiol groups. Ideally, DTT would
preferentially target disulfide bonds participating in inter-chain interactions, as sterics make
intra-chain reduction less favorable. As a consequence of forming thiol groups from disulfide
bonds, DTT itself becomes oxidized as its two thiol groups combine to form a cyclic disulfide 6-

membered ring. Please refer to figure 13 for the DTT chemical reaction.
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Figure 13. DTT Disulfide Reduction Chemical Reaction: DTT initiates a reduction-oxidation
(redox) reaction in which the native antibody disulfide bonds become reduced while the DTT
molecule itself becomes oxidized due to the formation of a cyclic disulfide bond. Note: DTT is
considerably unstable in its reduced form, however, the free thiolate anion (-S°) of DTT is
reactive, rather than the free thiol group (-SH). Therefore, the reaction must be carried out in an
alkalotic environment.?"1% Reproduced with permission.

For smaller volume reductions, it is recommended that the reaction be brought up to at least 500
uL with Ellman’s reaction buffer; ImM EDTA in 10x Dulbecco's phosphate-buffered saline

(DPBS) to act as a buffer and contribute to a more alkalotic environment. The reaction was
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conducted at 37°C while stirring for 0.5 to 1 hour. After the incubated stirring stage, the reaction
underwent a wash step which involved spinning the reduction reaction in a 100,000 molecular
weight cut-off (MWCO) centrifugal column filter (Sartorius, VS0642) at a spin force of 4,000
Relative Centrifugal Force (RCF) for 10 minutes. It is known that trastuzumab has a molecular
weight of 148 kDa, with the light and heavy chains weighing approximately 23.4 kDa and 49.3
kDa respectively. It is also known that excessive reduction of the monoclonal antibodies can
result in inter-chain dissociation due to the reduction of 4 inter-chain disulfide bonds connecting
the heavy and light chains or adjacent heavy chains that significantly contribute to the tetrameric
quaternary structure. If this were to occur in any degree of severity, the various molecular
fragments would theoretically be washed through the column filter while the relatively standard-
sized antibodies weighing more than 100 kDa would be retained. It is crucial to extract only the
full antibodies that still retain an intact variable region (VL and VH), as they retain binding
specificity for the HER2 antigen. The chain fragments offer no specific antigen binding
selectivity, thus it is of best interest that they be excluded for further testing. This filtration step
was conducted 3 times, with 2 mL of 1x DBPS added to the sample for each spin. The final

filtration spin resulted in approximately 100-200uL of reduced trastuzumab solution.

To verify reduction occurred, an Ellman’s Reagent Assay was conducted to quantify the number
of reduced thiols per antibody. This assay involves the mixture and incubation of three
components; 100 puL of Ellman’s Reaction Buffer (ImM EDTA in 10x Dulbecco’s phosphate-
buffered saline (DPBS)), 2 uL Ellman’s Reagent, and 10 uL of the standards and samples to be
tested. The mixtures were then incubated at room temperature for 15 minutes in the absence of
light. The Ellman’s Reagent (Thermofisher Scientific, 225852) includes compound 5,5’-dithio-

bis-(2-nitrobenzoic acid), or also known as DTNB, which reacts with thiol groups to yield a
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disulfide group and 2-nitro-5-thiobenzoic acid (TNB).%® Production of TNB exhibits a yellow
color in which the intensity correlates with the concentration of thiols from the sample 1%
Absorbances of standards with known cysteine concentrations are used to produce a scatter plot
featuring absorbance at 412 nm vs. nmol/uL. The optical density (OD) of the sample at an
absorbance of 412 nm was read using the BioTek Synergy 4 Multi-Detection Microplate Reader.
A trendline can be found to produce a linear regression equation. The absorbance of the
reduction reaction sample can be integrated in this equation for the y-variable to solve for the x-

variable, or concentration of thiol groups in nmol/uL within the tested sample.

The overall amount of antibody also must be quantified. This can be accomplished using a
bicinchoninic acid assay, or BCA assay (Thermofisher scientific, 23250). The basis of this
colorimetric protein assay relies on the ability of peptide bonds to reduce divalent calcium
cations (Ca?*) to monovalent calcium cations (Ca*) via a biuret reaction in an alkaline
environment. Two bicinchoninic acid sodium salt molecules then form a complex with a single
monovalent calcium cation that manifests in an intense purple color that exhibits a strong linear
absorbance at 562 nm.'!! Because the assay measures the amount of calcium reduction, and
considering calcium reduction is dependent on peptide bonds, the intensity of the purple
coloration is in proportion to the amount of total protein in the tested sample. A set of 9
standards with known concentrations of bovine serum albumin were prepared. A ratio of 50:1,
BCA Assay reagents A and B were mixed respectively. Then, 200 uL of this working reagent is
added to 20 pL of each standard and the sample from the reduction reaction. The peptide-
initiated chelation of Ca?* is temperature specific. Therefore, the reaction was carried out at 37°C
for 30 min. Much like the Ellman’s Reagent Assay, the reactions were scanned and absorbance

was read, but at a wavelength of 562 nm. A scatter plot was then generated displaying
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absorbance at 562nm vs ug/mL of the standards, where a trendline was found to produce a linear
regression equation. Again, the absorbance of the reduction reaction sample was treated as the y-
variable of the regression equation, to solve for the concentration of total protein in the sample in
ug/mL, which can be converted to nmol. Knowing the nmol of protein and nmol of thiols in the

sample, the ratio of thiols to antibody was found.

Exatecan-SMCC Complex Formation

Sulfo-SMCC, or sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate,
was the crosslinker utilized. It is known to be an effective amine-to-sulfhydryl linker,
particularly for antibody conjugation.'? It exhibits two main functional groups useful for such an
association: a sulfo-N-Hydroxysuccinimide (NHS) functional group which reacts with primary
amine groups to form stable amide bonds, and a maleimide functional group that reacts with
sulfhydryl (thiol) groups to form stable thioether bonds.'** Considering the molecular structure
of exatecan reveals a primary amine group, and the assumption of the presence of free thiol
groups on the antibody after trastuzumab reduction using DTT, sulfo-SMCC would be the linker
of choice for this conjugation. Yet there exists a caveat; primary amine groups exist throughout
the immunoglobulin structure of trastuzumab. In order to better the chances of the sulfo-NHS
functional group of sulfo-SMCC solely reacting with the primary amine of exatecan and not that
of trastuzumab, it was elected to conduct the drug-linker association reaction in the absence of

reduced trastuzumab initially.

Exatecan, sourced from (Medchem, DX8951f), was stored at -20°C at a stock solution
concentration of 5mg/mL. Sulfo-SMCC sourced from (Sigma Aldrich, M6035) was stored at
4°C at a stock solution concentration of Img/mL. After identifying the nmol of thiol from the

trastuzumab reduction reaction that is desired to undergo conjugation, 4x nmol exatecan was
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used. A subset of the reduced trastuzumab was collected and saved for a control. Approximately
2x more sulf-SMCC was used in excess of exatecan. The proper amounts of exatecan and sulfo-
SMCC were added together, as well as 1x DPBS to bring the reaction volume up to 500 pL. The

reaction was incubated for 4 hours at room temperature while stirring in the absence of light.

Reduced Trastuzumab-SMCC-Exatecan (T-Exa) ADC Reaction

After the 4-hour drug-linker reaction had elapsed, the proper amount of reduced trastuzumab in
order to supply the desired amount of free thiol groups was added to the drug-linker reaction to
carry out the antibody-drug conjugate (ADC) reaction. This solution then stirred at 4°C in the
absence of light overnight, or for ideally at least 8 hours. The sample was then allowed to stir for
1 hour at room temperature, again in the absence of light to allow the solution to gradually warm.
Similarly to the reduction reaction, a wash step was conducted while utilizing a 10,000 MWCO
centrifugal column filter (Millipore Sigma, UFC901024) in order to retain the ADCs and allow
unreacted exatecan and sulfo-SMCC to be eliminated. Centrifugation was initiated with a spin
force of 4,000 RCF for 10 minutes. This filtration step was conducted 3 times, with 2 mL of 1x
DBPS added to the sample for each spin. The final filtration spin resulted in approximately 100-
200uL of retained ADC product. Another BCA assay was necessary to identify the amount of
antibody recovered after the conjugation reaction. A subset of the final T-Exa ADC product as

well as the saved trastuzumab reduction product were submitted for mass spectrometry analysis.

Mass Spectrometry Analysis

Samples collected after both the trastuzumab reduction protocol and trastuzumab-SMCC-

exatecan ADC conjugation process were submitted to Analytical and Biological Mass
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Spectroscopy at the University of Arizona, with a minimum amount of 50 pg per sample. Mass

spectroscopy results were obtained using electrospray ionization mass spectroscopy (ESI/MS).
Mammalian Cell Culturing

The two cell lines utilized for the MTT assay later to be discussed are Calu3 and MDA-MB-231.
Calu3 is a human non-small-cell lung cancer cell line commonly used for epithelial respiratory
models. It was originally isolated from the pleural effusion of a male patient with a lung
adenocarcinoma.* Calu3 cells have a mutated CDKN2A gene that codes for cyclin-dependent
kinase inhibitor 2A (CDKI2A) protein which normally act as a negative regulator of cellular
proliferation. Thus, a mutation in this gene translates to accelerated cellular division. This cell
line also exhibits a mutated TP53 gene, which codes for a tumor suppressive protein tumor
protein p53, or p53.11° The p53 protein normally binds DNA to increase the expression of protein
p21, which interacts with cell division-stimulating protein (cdk2). The p21-cdk2 complex
normally prevents initiation of the subsequent stages of cell division.**® However, if p21 is made
in insufficient amounts due to mutated p53, the next stages of cell division will then ensue as
well as the unsuppressed expression of other genes; one being the erythroblastic (erb)-b2
receptor tyrosine kinase (ERBB2) gene. ERBB2 gene codes for members of the epidermal growth
factor receptor (EGFR) family of receptor tyrosine kinases, including the human epidermal
growth factor receptor 2 (HER2) protein.'*” The over expression of HER2 is a common

biomarker for carcinoma, as it contributes to the hormone stimulation of cell growth.

MDA-MB-231 is an epithelial human breast cancer cell line originally isolated from a female
with metastatic mammary adenocarcinoma.!!® Despite being a cancer cell line with mutated p53
protein, it is considered a triple negative breast cancer (TNBC) cell line. More specifically,

negative estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
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receptor 2 (HER2).1'° Though the genomic regulatory mechanisms are not fully characterized, it
is published that TNBCs exhibits increased expression of the ERBB receptor feedback inhibitor
1 (ERRFI1) gene.'?® ERRFI1 is a cytoplasmic protein that is upregulated during rapid cellular
proliferation, which can manifest as consequence of mutated TP53. It acts as a negative regulator
for many epidermal growth factor receptor family members, including ERBB2, ERBB3, and
ERBB4.%?* With this correlation, it could be logical to assume that if an increase in ERRFI1
leads to a decrease in ERBB2 expression, then this could be a potential mechanism for the

reduction in HER2 expression in specifically TNBC cell lines.

Both Calu3 and MDA-MB-231 (ATCC®, HTB-55 and HTB-26, respectively) grow in an
adherent monolayer. The cells were cultured in RPMI media (Gibco, 11875085) supplemented
with 10% fetal bovine serum (FBS) (Gibco, 10082147), and 1% penicillin and streptomycin
(Gibco, 15140122). Culturing included T175 600mL graduated gamma irradiation sterilized
tissue culturing flasks (Genesee Scientific). Incubation took place at 37°C under humidified
conditions at 5% CO,. With a total of 30 mL media in each flask, cell proliferation commenced
until cellular adherence could be observed over 90-100% of the flask surface area via light
microscopy. Once cultures achieved this state of being packed, they were either counted to be
used for assays or passaged for continual growth in new media. Cells were dislodged from the
flask surface using TrypLE (Gibco, 12604013), a trypsin replacement used to cleave peptide
bonds that participate in cell adhesion.*?? With all culture manipulations taking place within a
ventilated fume hood, the nutrient-exhausted media was removed and approximately 2-4 mL of
TrypLE was added to each flask depending on flask size and cell strain. The flasks were again
incubated at 37°C for 5 minutes with occasional mechanical agitation. Full-culture dislodgment

was verified by light microscopy. With each cell line segregated, 16mL of RPMI media was
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added to each flask, then all cell solutions were summated into centrifugal tubes to be spun at
220 RCF for 6 minutes. After centrifugation, the supernatant was removed, and the pellet was
resuspended in 10 mL of the same supplemented RPMI media previously described. Cells were
then counted with the utilization of a hemocytometer and glass coverslip; 10uL of the cellular
resuspension was added to 10uL of trypon blue (Gibco, 15250061) to make a % dilution. A total
of 10 pL of this mixture was applied to the hemocytometer, then analyzed in a light microscope
for cell counting. This predicted number of cells/mL can be applied to the sample volume to
calculate a cellular concentration for the resuspension solution.

MTT Assay for Cytotoxicity Verification

Not only was the production of the T-Exa ADC confirmed via mass spectrometry, but
cytotoxicity also was analyzed via MTT assays. The basis of the colorimetric MTT assay
involves incubating adherent mammalian cells in a culturing plate. After a post-inoculation
settlement duration period has elapsed to allow cellular adhesion, the agent to be analyzed is
added to the cultures in varying concentration for a determined length of time. Next, the MTT
assay reagent (Sigma Aldrich, M5655) including 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) is added to the culture for a 2-hour incubation. MTT is
yellow in color, but it is enzymatically reduced by mitochondrial succinate dehydrogenase.'?®
The reduction of the tetrazolium MTT component by the mitochondrial oxidoreductase enzymes
yields an insoluble formazan product that is purple in color.*?* Because the purple formazan is an
insoluble precipitate, DMSO was added to act as an organic solvent to resolubilize the purple
formazan precipitate back into solution.'?® Colorimetric analysis of this purple transformation is

scanned at a wavelength of 570 nm.*?® Please refer to Figure 14 for a depiction of the

colorimetric MTT assay reaction.
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Figure 14. MTT Conversion to Formazan: The MTT assay relies on the presence of
mitochondrial oxidoreductases to enzymatically convert yellow MTT to purple Formazan.

For the purposes of this study, agents subjected to cytotoxic analysis via MTT assays included
the unmanipulated trastuzumab monoclonal antibody, reduced trastuzumab, solitary DM1 drug,
solitary exatecan drug, synthesized trastuzumab-MCC-exatecan (T-Exa), and commercially
available trastuzumab-MCC-DM1 (T-DM1). Cytotoxicities of these six agents were tested on
HER?2 positive and HER2 negative cancer cells lines; Calu3 and MDA-MB-231 respectively.
Please refer to the ‘Mammalian Cell Culturing’ section within Chapter 3 Materials and Methods

of this report for further explanation regarding cellular phenotype and culturing techniques.

For each MTT assay, 5x10%cells in 100 uL of RPMI media were added to each well of a 96-well
plate. The plates were then incubated at 37°C with 5% CO under humidified conditions for 24
hours to allow cellular adhesion on the plate surface. Considering the 96-well plates are 12 wells
wide, 11 different concentrations of each agent to be tested were made with the last well
receiving no agent to provide a control. Antibody and ADC samples were prepared with a
starting concentration of 100 pg/mL, with consecutive (1/10) serial dilutions out to 108 ug/mL.

Trials involving individual drugs had initial preparations starting at 10 pg/mL, with consecutive
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(1/10) serial dilutions out to 10”° ug/mL. Dilutions of each agent were made using serum-free
RPMI media. The corresponding dilutions of each agent were then added to plates containing
Calu3 and MDA-MB-231 cancer cell lines. Each plate containing the agent dilutions were
incubated for either 1,2, or 3 days. After the designated incubation period, 10 uL of MTT reagent
was added to each well and allowed to incubate back in the same conditions for 2 more hours.
This period allows the conversion of the yellow MTT tetrazolium compound to the purple
insoluble formazan by the mitochondrial oxidoreductases. The media was then removed via
suction, and 100 pL of the organic solvent DMSO (Sigma Aldrich, 276855) was added to
resolubilize the purple formazan back into solution. The plates were then scanned and
absorbance of the color change was read at a wavelength of 570 nm. Each agent underwent MTT
analysis at least four times for each cell line. Because the amount of mitochondrial
oxidoreductase present in the culture is directly proportional to the amount of living cells,
increasing purple coloration intensity is directly correlative to increasing amounts of living cells
and ultimately decreasing cytotoxic effects of the added agent of analysis. Average absorbance
values of each dilution for all agents were found and divided by the average absorbance of the
control wells that were void of agent to create a ratio or percentage of cell viability. Plots of
percent cell viability vs. agent concentration (ug/mL) were made, while IC50 (Graphpad Prism8)
values were found in order to compare the cytotoxicities of each agent tested on both HER2

positive and negative cancer cell lines.
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CHAPTER 4: RESULTS
Trastuzumab Reduction Verification

As previously emphasized, the production of the T-Exa ADC depicted in Figure 12 relies on the
presence of free thiol groups provided by the monoclonal trastuzumab antibody. Considering
there are virtually no free thiol groups on 1gG1 antibodies, it was crucial to reduce the inter-chain
disulfide bonds with the use of DTT as the reducing agent. After performing the trastuzumab
reduction protocol provided within Chapter 3 Materials and Methods of this report, the filtered
and collected samples were analyzed using the Ellman’s Assay in order to not only verify
reduction occurred, but also provide a means of quantifying the free thiols obtained. Figure 15

reveals the trastuzumab reduction findings after the Ellman’s Assay.
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100x DTT 30 min 0.266 0.178231 30 5.34693878

50x DTT 30 min 0.387 0.31542 30 9.46258503
50x DTT 1 hr 0.215 0.120408 30 3.6122449
20x DTT 1 hr 0.245 0.154422 30 4.63265306

Figure 15. Ellman’s Reaction Results: The absorbance (412 nm) vs concentration (nmol/pL)
plot produced by reading the absorbance of known standards provided the regression line
equation used to associate the absorbance of collected samples to a given concentration.
Condition 50x DTT, with respect to total trastuzumab (Tz) subject to reduction, for a 30-minute
reaction proved to be the most efficacious. All reactions were conducted at 37°C.
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Though many trials and conditions were tested, Figure 15 features an absorbance vs
concentration plot and the associated regression line equation, all produced by reading the
absorbance of a series of standards with known thiol concentrations. By reading the absorbance
of the collected reduction samples that have undergone the Ellman’s Assay, their absorbance
values could then be applied to the regression line equation to algebraically solve for the
concentration of thiols. Furthermore, because the volume of each sample was known, the total
nmol of thiol per sample was then calculated. This data reveals that reacting trastuzumab with
50x DTT for a 30-minutes stirred reaction at 37°C yielded the most nmol of thiol when
compared to the other conditions. This same strategy was applied in order to determine the final
amount of antibody recovered after the reduction protocol and filtration process. In this instance,
the BCA assay was utilized to quantify the amount of protein, or antibody, recovered. Figure 16

reveals the BCA assay results of the samples that underwent reduction.
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100x DTT 30 min 1.005 12392.86| 0.03 |371.7857 | 2.554675
50x DTT 30 min 1.332 17064.29| 0.03 |511.9286|3.517648
50x DTT 1 hr 0.749 8735.714| 0.03 |262.0714|1.800788
20x DTT L hr 0.606 6692.857| 0.03 |200.7857 | 1.379672

Figure 16. BCA Assay Results: The absorbance (562 nm) vs concentration (pug/mL) plot
produced by reading the absorbance of known standards provided the regression line equation
used to associate the absorbance of collected samples to a given concentration. Condition 50x
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DTT, with respect to total trastuzumab (Tz) subject to reduction, for a 30-minute reaction proved
to be the most efficacious. All reactions were conducted at 37°C.

Much like the Ellman’s assay analysis, the BCA assay involves making a series of standards with
known protein concentrations. These standards were read at an absorbance of 562 nm, providing
the regression line equation when plotted on an absorbance vs concentration graph. A more in-
depth explanation of the BCA assay can be found within Chapter 3 Materials and Methods of
this report. The absorbance of the reduced samples that have undergone the BCA assays were
read and applied to the regression equation to algebraically solve for the concentration of protein
in each sample. Similar to the results found in that of the Ellman’s assay, the condition with 50x
DTT to trastuzumab antibody for a 30-minute stirring duration at 37°C revealed the greatest
amount of antibody recovery when compared to the other conditions. By knowing the amount of
thiols (9.46 nmol) and amount of recovered antibody (3.52 nmol), simple division is used to
determine that the optima reduction sample contains 2.7 thiols per antibody. This method of
testing reduction conditions permitted the ability to optimize the free thiol yield, antibody

recovery, and efficacy of the reduction protocol.

T-Exa Synthesis Verification

After the verification of successful trastuzumab reduction, antibody conjugation was the
following step. As previously stated, the exatecan-SMCC complex had to first be formed in the
absence of trastuzumab due to the reactivity of sulfo-SMCC with primary amine groups. Then
the reduced trastuzumab antibody was added to the reaction for conjugation, leading to the
synthesis of the trastuzumab-MCC-exatecan (T-Exa) ADC. Please refer to Chapter 3 Materials
and Methods of this report for a detailed description regarding the conjugation protocol in its

entirety. After the conjugation reaction occurred, the sample was filtered via centrifugal spin
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column filtration to rid of unconjugated drug-linker complexes. Another BCA assay was

conducted to determine the final concentration of the sample for mass spectrometry submission.

Please refer to Figure 17 for a representation of the mass spectrometry findings.
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Figure 17. Mass Spectrometry Results: Interpretation of mass spectrometry submissions of
both reduced trastuzumab and conjugated trastuzumab. A) Schematic suggesting the reduced
antibody weighs approximately 148.4 KDa, while the exatecan-SMCC complex weighs 0.6 KDa.
B) Mass spectrometry results of the reduced trastuzumab antibody. C) Mass spectrometry results
of the conjugated trastuzumab antibody and associated drug-antibody ratios (DAR) for each
predominant peak. The conjugated sample reveals DARs ranging from 1 to 2, as well as a
species presumed to contain an SMCC crosslinker not associated with a drug.
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As Figure 17 portrays from the mass spectrometry analysis, the conjugated sample does contain

some unreacted reduced antibodies, as well as conjugated species with DARs of 1 to 2.
T-Exa Cytotoxicity Analysis

With the mass spectrometry data supporting the successful synthesis of the desired T-Exa ADC,
the cytotoxicity of the ADC was then analyzed. This was accomplished but utilizing the
colorimetric MTT assay as previously described in Chapter 3 Materials and Methods. The first
MMT assay was conducted with the intent of analyzing the cytotoxicity of three agents;
unmanipulated trastuzumab antibody, reduced trastuzumab antibody, and the synthesized T-Exa
ADC on both HER2 negative MDA-MB-231 and HER 2 positive Calu3 cancer cells. The MTT

assay plots depicting cytotoxicity can be found in Figure 18.

* Day1 %\ /f x\ / \ /f
i NS AT

4 Day3
A MDA-MB-231_Trastuzumab MDA-MB-231_Reducted Trastuzumab MDA-MB-231_T-Exa
n=4
150+ 150~ 150— Day 3 1C50: 11219 ug/mL
]
o) [ M — - —_ L
X * . I s L i ® o 5 oo X * * : l ; L
9 [ & I L
> 100+ = i > 100 | ‘ > 100 - T [
= = i = = 79'1ﬂ% Jf L
8
s s s Tﬂﬂ\r
2 501 > 50- > 504 Y
= = = 491
(&) O [s)
0 — - 0 —
10 100 105 100 10-5 100
Concentration (pg/mL) Concentration (ng/mL) Concentration (pg/mL)
150 Calu3_Trastuzumab 150 Calu3_Reduced Trastuzumab 150 Calu3_T-Exa
. Day 3 1C50: 1.46x10° ug/mL
< S S
e o s | i 4 |
S T + S x S 778
g i 8 S s J\.\r
> 501 > 504 2 504
° © g
o © 16.1 — 4
0 — T 0 .
108 10° 10 100 10 a 100

Concentration (pg/mL) Concentration (pg/mL) Concentration (pg/mL)



50

Figure 18. MTT Assay Results for Trastuzumab, Reduced Trastuzumab, and T-Exa: The
cytotoxicities of the three agents trastuzumab, reduced trastuzumab, and synthesized T-Exa were
analyzed using HER2 negative MDA-MB-231 and HER2 positive Calu3 cancer cells via the
MTT assay. Cell Viability Percentage vs Concentration (ug/mL) plots were made to compare
cell viability as agent concentration increased for days 1,2, and3. Both trastuzumab and reduced
trastuzumab displayed virtually not cytotoxic effect on either cell line. The synthesized T-Exa
ADC displayed minor cytotoxic effects on MDA-MB-231 on day 3, but only at higher
concentrations. T-Exa started to reveal pronounced cytotoxicity on Calu3 beginning on day 2.
Each trial was repeated a minimum of 4 times (n=4).

Understandably, agents absent of drug did not elicit cell death in any capacity, as the plots
remained linear and horizontal near 100% cell viability for all concentrations for days 1,2, and 3
on both cancer cell line. T-Exa was largely noncytotoxic on HER2 negative MDA-MB-231 for
days 1 and 2, however did begin to elicit cytotoxic effects on day 3 at T-Exa concentrations
greater than 1 pg/mL while reaching a cell viability as low as 49.1%. The significant finding of
this trial was the extent in which T-Exa revealed notable cytotoxic effects on HER2 positive
Calu3 cells. Though day 1 was largely insignificant, cell death became apparent on day 2 and
even more so pronounced on day 3 as cell viability started at 77.8% for 10® pug/mL concentration
and decreased to 16.1% for 100 pg/mL concentration. The Calu3_T-Exa plot for day 3 produced

an 1C50 of 1.46x10° pg/mL.
Comparing Cytotoxicities of DM1 and Exatecan

In order to test the original hypothesis that exatecan is more cytotoxic than DM1, the
cytotoxicities of both lone chemotherapeutic agents unassociated with an antibody were analyzed
on both MDA-MB-231 and Calu3 cell lines via an MTT assay. Though speculation of exatecan
being a superior chemotherapeutic agent compared to DML existed, the objective of this trial was
to provide evidence that such a speculation was warranted. The MTT assay results and

associated plots comparing DM1 and exatecan cytotoxicities can be found in Figure 19.
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Figure 19. MTT Assay Results for DM1 and Exatecan: The cytotoxicities of DM1 and
exatecan were compared on both HER2 negative MDA-MB-231 and HER2 positive Calu3
cancer cells using the MTT assay. The cytotoxicities of both agents were very similar on MDA-
MB-231 cells, while exatecan appears to exhibit greater cytotoxicity on Calu3 cells. Each trial
was repeated a minimum of 4 times (n=4).

As depicted in Figure 19, DM1 and exatecan displayed very similar effects on the triple negative
MDA-MB-231 cells. However, deviations were apparent on Calu3 cells. More specifically, the
day 3 plot for exatecan on Calu3 cells reveals 65.4% cell viability at 10° pg/mL concentration,

which drops to as low as 25.3% with increasing concentrations. A much milder decline in cell
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viability was observed for DM1 on Calu3 cells on day 3, with a maximum of 93.0% cell viability

which only regressed to 64.1% at a maximum concentration of 10 pg/mL.
Comparing Cytotoxicities of T-DM1 and T-Exa:

Having mentioned the potential flaws of DM1 due to cellular resistance mechanisms, as well as
produced data projecting exatecan to be more cytotoxic than DM1 on HER2 positive cells, it was
logical to compare the cytotoxicities of ADCs yielding DM1 and exatecan payloads. More
specifically, comparing the effects of T-DM1 and T-Exa on both HER2 negative MDA-MB-231
and HER2 positive Calu3 cancer cell lines via an MTT assay. The assay was carried out in the
same manner as the other MTT assays previously discussed, including similar concentration

ranges and durations of agent exposure. The results for this ADC comparative trial are provided

in Figure 20. \/f /f
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Figure 20. MTT Assay Results for T-DM1 and T-Exa: The cytotoxicities of DM1 and
exatecan were compared on both HER2 negative MDA-MB-231 and HER2 positive Calu3
cancer cells using the MTT assay. T-DML1 provides virtually no cytotoxicity on MDA-MB-231
cells and displayed minimal cytotoxicity on day 3 at higher concentrations on Calu3 cells. T-Exa
on day 3 displayed notable cell death on MDA-MB-231 cells at higher concentrations, and even
more so for days 3 on Calu3 cells. Each trial was repeated a minimum of 4 times (n=4).

The MTT assay results provided in Figure 20 suggest T-DM1 offered no cytotoxicity on MDA-
MB-231, with the exception of a sharp decline in cell viability around 100 pg/mL which is
presumed to be a manifestation of human pipetting error or an absorbance plating effect.
Likewise, T-Exa displays virtually no cytotoxicity on MDA-MB-231 cells for days 1 and 2, but
does reveal a decline in cell viability on day 3 in wells with a concentration of 1 pg/mL or
greater. Regarding the response of the Calu3 cells on day 3, maximum and minimum cell
viabilities ranged from 87.7 to 67.1% and 77.8 to 16.1% for the T-DM1 and T-Exa treatments
respectively. These results suggest that the synthesized T-Exa ADC is potentially more cytotoxic
on HER2 positive Calu3 cells than clinically approved and commercially available T-DML.

Please refer to Table 1 for a summary of the MTT assay results.

Table 1. Day 3 MTT Assay Results Summar

Day 3R“:;|TtsAssay Cell Viability % IC50 Cell Viability % IC50
Range (ng/mL) Range (ng/mL)
Exatecan 87.7% - 21.6% n/a 65.4% - 25.3% n/a
DM1 (Mertansine) 97.5% - 24.6% n/a 93.0% - 64.1% n/a
T-Exa 79.1% - 49.1% 11219 77.8% - 16.1% 1.46x10"-5
T-DM1 n/a n/a 87.7% - 67.1% 32.1
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CHAPTER 5: DISCUSSION

In order to synthesize the T-Exa ADC with the constituents provided in Figure 12, a free thiol to
interact with the sulfo-SMCC crosslinker is crucial. Unlike DM1, exatecan does not acquire a
thiol group, but rather a primary amine. Therefore, the thiol group must be provided by the
antibody to be conjugated. Considering 1gG1 antibodies are virtually absent of free cysteine
residues, the reduction of the inter-chain disulfide bonds of trastuzumab is imperative for ADC
synthesis. Not only was this reduction step arguably the most vital component of this project, but
it was also the most difficult to accomplish. Too mild reduction conditions resulted in no thiol
production, and too aggressive reduction conditions severely decreased antibody recovery due to
extensive fragmentation of the tetrameric quaternary structure of the immunoglobin molecules.
Many reduction trials over many conditions were tested in order to produce a protocol that
yielded acceptable thiol production on IgG1 trastuzumab antibodies, and is most importantly
reproducible. Verification of not only optimal thiol production but also antibody recovery using
50x DTT with reference to nmol of trastuzumab for a 30-minute stirred reaction at 37°C was
apparent by the Ellman’s assay and BCA assay results from Figures 15 and 16 respectively. The
optimal reduction condition yielded approximately 2.7 thiol groups per antibody, which was

conceivably enough to undergo conjugation.

Now that the antibody can provide the thiols to act on the maleimide groups of sulfo-SMCC, the
exatecan drug molecule naturally contains the primary amine group to act as nucleophile to
attack the electrophilic carbon of the succinimide group of SMCC. After considering T-DM1
synthesis relies on primary amines offered by lysine residues on trastuzumab, it was recognized
that the exatecan-MCC amide linkage must occur first, in the absence of trastuzumab to ensure

exatecan was the only species within the reaction to offer the primary amine. If the succinimide
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group of the sulfo-SMCC crosslinker were to react with lysine residues of the antibody first, then
the only reactive group on the crosslinker would be the maleimide group. Because exatecan does
not contain thiol groups to interact with the maleimide group, no successful antibody-drug
conjugation would occur and thus no cytotoxicity would be offered. Therefore, forming the

exatecan-MCC complex prior to reduced antibody addition was crucial.

Mass spectrometry was integral for not only providing evidence that the T-Exa ADC was
synthesized, but to also identify the variations of conjugated species produced as well as the
corresponding DARs. As made apparent by the mass spectrometry results provided in Figure 17,
the conjugated sample appeared to have ADC species yielding 1 to 2 drug-linker complexes per

antibody. Higher DAR’s may be preferred, however, T-Exa synthesis was proven none the less.

Though evidence was put forth to conclude T-Exa was ultimately synthesized, an ADC is
considered worthless if it does not exhibit selectivity or cytotoxicity. The MTT assays provided
essential results to suggest that trastuzumab and reduced trastuzumab offered no cytotoxicity on
either MDA-MB-231 or Calu3 cells, all the while T-Exa was able to display cytotoxicity due to
its associated payloads. More specifically, T-Exa was considerably more cytotoxic on HER2
positive Calu3 cells, while exhibiting mild cytotoxicity on HER2 negative MDA-MB-231 cells
with prolonged incubation durations and at higher concentration. This can allow one to discern
that T-Exa offers selectivity in terms of the cells that are affected based on HER2 expression.
Furthermore, the MTT assays used for the individual agent comparison of DM1 and exatecan
provided more insight. Though a significant difference between the two drugs was not observed
on MDA-MB-231 cells, a notable difference in cytotoxicity was apparent when Calu3 cells were
treated with the agents. Exatecan achieved the lowest percent of cell viability for day 3 trials

when compared to DM1 as provided in Figure 19, further bolstering the argument that an
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exatecan-based payload would contribute to greater efficacy of an ADC. However, the most
revealing MTT assay was the comparison of the clinically approved and commercially available
T-DM1 with the synthesized T-Exa ADC, more specifically on Calu3 cells. The day 3 data
provided in Figure 20 proposes that T-Exa, with a DAR of 1-2, is considerably more cytotoxic
than T-DM1, which features a DAR of 3-4. In essence, despite T-Exa having roughly half of the
amount of drug conjugated per antibody compared to T-DML1, it still provides greater
cytotoxicity and in a cell-selective manner. This was an interesting discovery and warrants

promise for HER2 selective therapies yielding exatecan-based payloads.

CHAPTER 6: FUTURE DIRECTIONS

Though the objectives of this study have been achieved, there are numerous areas of
improvement still yet to be addressed. An overwhelming portion of time towards this project was
devoted to optimizing the antibody reduction protocol, and an efficacious and reproducible
reduction protocol was made possible because of these efforts. However, the ADC conjugation
protocol divulges room for improvement. For example, commercially available ADCs commonly
feature DARs of 3 to 4 or higher. It may be of benefit to explore the possibility of not only
improving the thiol yield after antibody reduction, but also increasing the number of drug-linker
complexes that conjugate each antibody in efforts to increase the DAR, greater than 1 to 2. This
may be done by attempting versions of the existing conjugation protocol, but with varying
conditions such as adjusting the amount of reducing agent, modifying the drug-to-linker ratio
when forming the drug-linker complex, and even altering the reaction temperature and duration.
This would understandably require a great deal of time over numerous trials, but could prove

beneficial in optimize the synthesis protocol to maximize ADC efficacy. However, this concept
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should not go without scrutiny. Though the cytotoxicity of an ADC in vitro undoubtably
increases as the DAR increases, the same trend is not observed in a physiological setting. There
is a growing appreciation for how the DAR contributes to the biodistribution and
pharmacokinetics of an ADC. In fact, the cytotoxicity of an ADC is known to decrease in vivo
due to enhanced plasma clearance of heavily loaded antibodies.®® ADC hydrophobicity is
affected by the DAR as well as the drug-linker design. With respect to ADCs synthesized by
conjugating drug-linker complexes to native cysteine or lysine residues on the immunoglobin
structure, most investigators attempt to limit the DAR to a range of 2 to 4 to maximize biological
activity.'?"12¢ A study published in Nature Biotechnology analyzed the pharmacokinetics of an
anti-CD70 ADC with a DAR of 8, conjugated to a cytotoxic payload of monomethyl auristatin F
(MMAF) using the protease cleavable valine-citrulline-p-aminobenzylcarbamate (val-cit-PABC)
linker. The conclusion of the immunohistochemistry (IHC)-based biodistribution study revealed
that a DAR of 8 contributed to enhanced clearance in vivo. More specifically, staining for this
anti-CD70 ADC in rat models was profound within the entire hepatic sinusoidal endothelium as
well as Kupffer cells. Minimal staining was observed in animals dosed with the unconjugated
anti-CD70 antibody.'? It is also known that ADC stability and aggregation are both affected by
environmental pH, the buffer system, and the DAR.*° Considering the cytotoxicity, efficacy,
and rate of plasma clearance of an ADC in vivo may be considered sub-optimal as the DAR
increases towards extreme conjugations, the suggestion to improve the conjugation protocol in
order to increase the DAR of T-Exa should be interpreted not so much as a crucial improvement,
but rather as an avenue for exploration. Furthermore, aggregation assays can also be used to

establish a threshold in order to determine at what DAR an ADC could potentially begin to lose
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efficacy in a physiological setting. This concept may prove more advantageous than simply

declaring that the cytotoxicity of an ADC increases in vitro as the DAR increases.

In addition, a method of isolating only associated drug-linker complexes prior to reduced
antibody addition would help limit the binding of crosslinkers to the antibody, absent of drug.
The binding of a solitary linker molecule to the reduced antibody contributes no benefit and
would preferably be avoided as this can lead to misinterpretation of mass spectrometry data.
Lastly, in vitro analysis of the efficacy, cytotoxicity, and selectivity of a biological therapy is a
stark comparison to similar analysis but in an in vivo setting. It is conceivable that not all trends
and results found within an assay plate are exactly translatable in a physiological setting. Perhaps
the best form of ADC analysis would be through the utilization of in vivo studies. However, this
is beyond the scope of this project, as verifying the ADC synthesis chemistry was the primary

objective.

CHAPTER 7: CONCLUSION

Considering the data and evidence put forth in this report, one can surmise that the objectives of
this project have been realized. Aim 1, or production of an anti-HER2 ADC associated with
exatecan, was achieved through the production and revision of a T-Exa synthesis protocol. Aim
2, or verification of the effectiveness of the conjugation reaction, was provided by the reliance on
Ellman’s assays, BCA assays, and mass spectrometry analysis to conclude T-Exa was in fact
synthesized and that the logic behind the proposed chemistry was sound. The data provided in
this report supports acceptance of the hypothesis that antibody reduction is crucial for the
proposed conjugation mechanism, as the reduced antibody disulfide bonds must provide free
thiol groups. In addition, the extent of antibody reduction was integrally associated with the

DAR. In the context of the trials discussed in this report, the Ellman’s and BCA assays provided
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the metrics required to determine that each recovered trastuzumab antibody after reduction
yielded an average of 2.7 free thiol groups. The mass spectrometry analysis of the conjugated
sample from Figure 17 suggests that a DAR of 2 was the extent of conjugation. This finding is
logical considering the average 2.7 thiols per antibody set the conjugation limit. Aim 3, or
analyzing the function of the anti-HER2 ADC, was completed via the utilization of MTT assays.
Through this capacity, T-Exa proved to elicit cell-specific cytotoxic effects, more specifically on
HER2 positive cancer cells, with reduced cytotoxic effects on HER2 negative cancer cells. In
addition, T-Exa also revealed greater cytotoxicity on HER2 positive cells when compared to
commercially available T-DM1. This finding supports the other hypothesis that T-Exa would be
more efficacious than T-DML in eliciting cancer cell death if exatecan was in fact more cytotoxic

than DM1 on HER?2 positive cancer cell lines.

Though there are no currently approved target-based therapies for HER2 positive non-small cell
lung cancer, an anti-HER ADC yielding exatecan or exatecan-derived payloads does not seem to
be an unrealistic therapeutic option in the very near future. Though this project and associated
analysis is not void of flaws, there appears to be a substantial promise in targeted-based therapies
with exatecan payload that could be more efficacious than currently available therapies. Perhaps
the most significant achievement of this work was not the ability to produce T-Exa, but
developing the protocol to reduce trastuzumab and potentially other IgG1 antibodies of the like.
It would be with great gratification if this technology could one day be used to synthesized
exponential combinations of antibodies and cytotoxic agents in efforts to provide life-saving

therapy for numerous types of cancers that were otherwise unimaginable.
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