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Abstract

A variety of cancers are marked by the over-expression and over-activity of the EGF
receptor (EGFR), rendering this protein an attractive therapeutic target. Anti-EGFR therapeutics
are a mainstay of clinical practice for the treatment of colorectal, lung and head and neck cancers
but efficacy is limited and response rates low. Opportunities for improving EGFR antagonism
include higher potency inhibition of ligand binding, inducing receptor downregulation, or
creating synergistic therapeutic combinations.

The Wittrup lab has previously made significant advances in EGFR antagonism by
demonstrating the therapeutic potential of inducing receptor downregulation through multi-
epitopic targeting. The lab has also pioneered the use of a novel protein scaffold, called Sso7d,
for yeast surface display-based libraries and selections. In the first part of this work I show that a
combination of traditional yeast display techniques with simple but novel in silico approaches
can be applied to derive a panel of Sso7d binders against EGFR with diverse paratopes. I
demonstrate the superior EGFR inhibition of antibody-Sso7d fusions in vitro, and discuss the
lessons learned from applying these proteins in vivo.

In the second part of this work I use a structure-guided yeast display approach to create a
novel research tool, a minimally modified verstion of cetuximab called "mCetux", which
essentially enables in vivo experiments of cetuximab. I apply this antibody tool in vitro and in
vivo in a new and highly relevant model system for colorectal cancer and subsequently discuss
future opportunities for its use.

Thesis Advisor: K. Dane Wittrup
C.P. Dubbs Professor of Chemical Engineering and Biological Engineering
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Chapter 1 - Introduction and Thesis Overview

EGFR structure and biology

The epidermal growth factor receptor (EGFR/HER1/ErbB1) is a multi-domain, cell-

surface receptor that is a member of the ERBB family of receptor tyrosine kinases. Other members

of this family include HER2 (ErbB2/Neu), HER3 (ErbB3) and HER4 (ErbB4). This family of

receptors regulates signaling pathways that control critical cellular functions such as proliferation,

migration and differentiation. Their general mechanism of action is ligand binding mediated by

the extracellular domain, dimerization (either homo- or hetero-dimerization' 2 ) and subsequent

initiation of a signaling cascade through phosphorylation of their intracellular kinase domains.

Though the ErbB family members are structurally and functionally similar, distinct features help

differentiate their unique contributions to the complicated signaling network they regulate - for

example, there are no known ligands for the HER2 receptor; HER3 is kinase dead and can only be

activated by trans-phosphorylation.

EGFR is large (~170kDa) and heavily glycosylated, with eleven canonical N-linked

glycosylation sites. Glycosyation of the receptor has been shown to affect ligand binding kinetics,

stabilize receptor conformation and orientation within the membrane, and regulate dimerization3

7. The receptor has an extracellular domain, a single transmembrane domain, and an intracellular

portion that consists of a juxtamembrane region, a tyrosine kinase and a tyrosine-rich C-terminal

tail. The extracellular domain (ECD) is divided into four subdomains: I (residues 1-165), II

(residues 166-310), III (residues 311-480) and IV (residues 481-620). Crystal structures of the

EGFR ECD exist in both monomeric and dimeric forms, and show two distinct receptor

conformations (Figure 1.1)8-10. In the unliganded state the receptor is autoinhibited or "closed",

tethered by intramolecular contacts between domains II and IV. In the presence of bound ligand
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the receptor conformation is untethered, or "open" and dimerization contacts in domain I are

exposed. The ligand is bound between domains I and III, with domain III contributing most of the

binding energy of the interaction.

Unliganded,
tethered ectodomain

IV

7A JM
Y- i

y 7

Inactive
klnse

Ligand bound dimeric ectodomain

2 x EGF

EGF EGF

IV I

Cycln-lkel ,-P
kinase

pY
pY

Activated
kinme

Figure 1.1 - Two conformations of EGFR and mechanism of activation. EGFR exists in a tethered
conformation in the absence of ligand. When ligand is bound, the conformation is open and
stabilized, allowing dimerization and intracellular phosphorylation. Figure is reproduced from
Ferguson, et aW8 .

A number of ligands can bind EGFR, including EGF, amphiregulin (AREG), epigen

(EPG), and TGFa, all of which bind only EGFR among ErbB family members; EGFR can also

bind ligands which cross-react with other ErbB receptors, including heparin-binding EGF-like

growth factor (HB-EGF), betacellulin (BTC) and epiregulin (EPR)2. Though all of these ligands

bind the same site on EGFR they are capable of stimulating divergent biological responses. This

functional selectivity is thought to be a consequence of subtle differences in bound conformations

that are ligand-specific. Small changes in extracellular conformation mediated by specific ligands
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are propagated through the membrane to the kinase domains, where the effect is distinct patterns

of phosphorylation and subsequent biological activity". The complex process of ligand binding,

dimerization and allosteric regulation of EGFR has been extensively reviewed' 4 .

Ligand binding and dimerization promotes interaction between two receptor intracellular

regions and allows autophosphorylation of the kinase domain12'1 5'16. Major phosphorylation sites

following EGF-mediated activation include tyrosines 1086, 1148 and 117317. Recruitment and

phosphorylation of downstream effector proteins follows, initiating signaling through one of many

well-characterized pathways, as shown in Figure 1.2. These include the mitogen-activated protein

kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), janus kinase (JAK) / signal transducer and

activator of transcription (STAT), and protein kinase C (PKC) pathways 3'" 9 . Flux through this

network results in transcription of target genes and regulation of cellular processes such as

proliferation, differentiation, survival/apoptosis, and migration/motility.
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Implications of dysregulated EGFR in cancer

EGFR is a validated therapeutic target for the treatment of cancer and dysregulated

signaling is known to be oncogenic. Cancerous cells can gain advantage by circumventing or

hijacking normal EGFR function in a variety of ways. In some cancers EGFR is overexpressed;

normal cells roughly 0.5-1x10 4 copies of EGFR, but in tumor cells this can be over 10-fold

higher20 . Overexpression can occur as the result of genetic amplification, as a consequence of a

hypoxic tumor microenvironment or as a result of impaired receptor trafficking; in any case,

increased density on the cell surface raises the likelihood of dimerization in the absence of ligand

binding and ultimately results in ligand-independent signaling14 16 2 1 ,22. Similarly, overexpression

2'3of ligands can result in dysregulated autocrine stimulation of the receptor-

Other cancers are driven by activating mutations in EGFR. Mutations in the kinase domain

are particularly prevalent in non-small-cell lung cancer (NSCLC) 24,2 5 , and approximately 80% of

NSCLC mutations can be accounted for by the exon 19 deletion of the LREA amino acid sequence

and the L858R point mutation in exon 2 126,27. These malignant mutations are transforming, but

also confer sensitivity to certain EGFR therapeutics such as small-molecule kinase inhibitors, and

result in a state of oncogene addition. Another common oncogenic mutation is the result of a

genetic rearrangement that produces a truncation of the EGFR ECD. Known as EGFRvIII (A2-7)

this receptor lacks amino acids 6-273, resulting in constitutive, ligand-independent, low levels of

activation and conferring increased invasiveness and proliferation to affected celIs28-30 . This

mutation is commonly found in glioblastoma but has been observed in other tumor types as

well 31,32
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Existing anti-EGFR therapeutic strategies

EGFR was the first receptor linked to human cancer, and since then decades of research

effort have been invested in developing EGFR inhibitors. Those that have gained FDA approval

can be divided into two classes: small-molecule inhibitors which target the intracellular tyrosine

kinase domain (TKIs), and monoclonal antibodies (mAbs) which bind to the extracellular region

of the receptor 33. TKIs reversibly or irreversibly compete with ATP for binding to the catalytic

domain of the kinase and in doing so block downstream signaling. The first TKIs approved were

erlotinib and gefitinib in the early 2000s34 for the treatment of NSCLC and pancreatic cancers.

Development of next generation TKIs has continued since then, with the most exciting advances

being the development of drugs that remain efficacious in the context of the acquired mutations

that typically make tumors refractory to first-generation TKI treatment. The most recent FDA

approval of such a drug was for osimertinib in 2017"5.

An alternative approach to EGFR antagonism is using monoclonal antibodies. Antibodies

achieve the same functional effect of blocking downstream signaling, but do so by impairing

ligand-receptor binding at the cell surface. Additionally, antibody binding causes receptor

internalization and downregulation 36,37, a distinguishing mechanism from TKIs. While both

approaches are effective against wild type EGFR, the mutational landscape of a particular cancer

may affect the utility of each drug differently. For example, EGFR harboring the kinase-inhibitor

resistant T790M mutation remains responsive to cetuximab 38 while the S492R mutation in the

EGFR ECD confers resistance to cetuximab, but not to kinase inhibitors or even to panitumumab39.

The two clinically approved antibodies against EGFR are cetuximab (Erbitux), a human-

mouse chimeric IgG 1 and panitumumab (Vectibix), a fully human IgG2. In patients, these

antibodies are employed either as single-agents or in combination with chemotherapies, for the
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treatment of lung, colorectal, and head and neck cancers. Treatment with cetuximab results in

statistically significant, if modest, increases in overall survival 4O-44; in the clinical trial that led to

FDA approval of cetuximab in colorectal cancer, the overall response rate when used in

combination with chemotherapy was only 23%, with median duration of response of 5.7 months.

In head and neck cancer the addition of cetuximab to chemotherapy increased overall survival by

about 3 months.

The major toxicity associated with anti-EGFR antibodies is dermatological; 80-95% of

metastatic colorectal cancer (mCRC) patients treated with cetuximab or panitumumab develop a

papulopustular skin rash, typically affecting sun-exposed surfaces of the body 45. Interestingly, data

from clinical trials showed a positive correlation between rash severity and clinical response 41,46,47 .

Other noted toxicities include fatigue, hypersensitivity and gastrointestinal sensitivities 4145.
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Mechanism of action of EGFR-targeting antibodies

It has long been appreciated that the EGFR-targeted antibodies cetuximab and

panitumumab derive at least part of their anti-tumor activity from direct steric blocking of receptor-

ligand binding; this is the purpose for which they were developed. The mechanism underlying this

function can be seen in the crystal structure of the cetuximab Fab region in complex with soluble

EGFR extracellular domain (ECD), shown in Figure 1.3. This structure shows the antibody binding

at domain III of the receptor ECD, at least partially occluding the known ligand binding site' 48.

Consequently, these antibodies decrease ligand-dependent receptor phosphorylation and suppress

signaling through the numerous pathways downstream of EGFR1 9. In vitro assays and in vivo

studies have shown decreased cellular proliferation, the induction of apoptosis, cell-cycle arrest,

delayed tumor growth, decreased angiogenesis and inhibition of metastasis to be some of the

consequences of cetuximab exposure.
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Figure 1.3 - Crystal structure of EGFR in complex with cetuximab Fab showing mechanism of
EGFR inhibition (adapted from Li, et al48, PDB: 1YY9). A - Cetuximab Fab binds to domain III
of the EGFR ECD (domain I: red; domain II: green; domain III: gray; domain IV: pale cyan). B -
Domain III and the Fab from A are superimposed on the structure of ligand (EGF)-bound receptor
domains I-III. Figure from Li, et al.

Additionally, EGFR antibodies can engage the innate immune system and initiate ADCC

through interactions between their Fc regions and FcyRs on immune cells. A similar mechanism

of action has been shown for other antibodies in cancer including rituximab (Rituxan), an anti-

CD20 monoclonal antibody used for B-cell lymphoma49, and trastuzumab (Herceptin), an anti-

HER2 anibody for breast cancer5 0 , yet early understanding of cetuximab was that immune-

mediated effects were minimal, since growth inhibitory activity of the antibody in xenograft
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models was preserved when only a Fab fragment was used5 1 . But subsequent in vitro studies with

cetuximab demonstrated that the antibody could in fact mediate ADCC against a variety of tumor

cell lines52 , and suggested that this mechanism constituted an important component of the overall

anti-tumor effect observed in patients. Consistent with this hypothesis is the finding that induction

of apoptosis required Fc receptor-positive cells5 3 , and that FcyR polymorphisms affecting Fc

binding correlated with clinical response to cetuximab . It has even been suggested that the

differences in antibody isotype between cetuximab and panitumumab, which result in distinct

profiles of innate immune cell stimulation, can explain the reduced clinical effect of

panitumumabs6

Even more recently, research has continued to elucidate other cetuximab-mediated immune

effects, in particular the ways in which cetuximab engages and depends upon components of the

adaptive immune system. Multiple studies have demonstrated the importance of CD8+ T cells for

cetuximab's anti-tumor effect5 7 '5 8 , and the ability of cetuximab to trigger immunogenic cell

death 59. Additionally, the inhibition of EGFR signaling provided by cetuximab can influence

adaptive immune responses by potentiating the induction of MHC expression on cancer cells 60,

reducing immunosuppressive PD-Li expression61,62, and reshaping the tumor microenvironment

by altering cytokine and chemokine expression6 3.

It is worth noting that knowledge about cetuximab and the adaptive immune system was

scarce until relatively recently because in vivo studies of cetuximab were limited to human

xenograft models in immune-deficient mice. Investigations which probe the function of a fully

competent immune system require new tools; while some advances have been made, such as the

immune-reconstituted xenograft model used by Yang et al to interrogate both innate and adaptive
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immune responses to cetuximab 58, even more physiologically faithful in vivo systems would

provide additional benefit. This is the motivation for the work in Chapter 3.

Current limitations and opportunities for improved EGFR targeting

The further development of improved EGFR-based therapeutics is ongoing. Strategies for

improving efficacy are primarily focused on achieving more potent blockade of the EGFR

signaling network and overcoming acquired resistance. Typical approaches include increasing

receptor downregulation (as is discussed more in Chapter 2), multi-specific targeting of ErbB

family members, and deploying combinations of existing EGFR inhibitors. More recently,

combinations of anti-EGFR antibodies and immunotherapies such as check-point inhibitors have

begun to be explored64. EGFR targeting is also important for therapy outside the context of signal

antagonism. For example, antibody drug conjugates (ADCs) 6 5 and CAR-T cells 66 and bispecific

T-cell engagers (BiTEs) 67 can all take advantage of EGFR overexpression in tumors.

17



Thesis overview

This thesis details two distinct but related efforts in which the Wittrup lab's expertise in

protein engineering was leveraged to tackle the inadequacies of current EGFR-based approaches

for cancer treatment. In Chapter 2 we explore the hypothesis that superior signaling blockade and

tumor control could be achieved by a single agent that targets multiple EGFR epitopes

simultaneously. To this end, novel fusion proteins were built by using the cetuximab antibody as

a "backbone" and fusing to it EGFR-binding moieties derived from a novel scaffold library based

on a small, hyperstable protein called Sso7d.

The discovery and engineering of the EGFR-targeting Sso7ds was achieved by yeast

surface display, and employed some standard library screening strategies as well as a novel in

silico approach for identifying low-frequency clone families from enriched populations. Extensive

affinity maturation was carried out to optimize the EGFR binders, and this exercise revealed

recurring patterns that were translated into specific recommendations for best practices in future

Sso7d engineering projects.

Following affinity maturation the engineered Sso7d clones were fused to cetuximab to

create multi-epitopic targeting constructs; the activity of these fusions was explored extensively in

vitro, and characterized in a mouse model of glioblastoma.

Chapter 3 presents a project in which the aim was not to create a novel therapeutic moiety,

but rather to develop a tool which could be used pre-clinically to support the further elucidation of

anti-EGFR antibody biology. We also envisioned a potential application of this reagent to be the

development of rationally designed combination therapies; anti-EGFR antibodies combined with

immunotherapies are a particularly attractive field of study.

18



To this end, the yeast surface display platform was utilized to engineer cetuximab for

murine EGFR cross-reactivity. By employing a structure-guided, saturation mutagenesis strategy

it was possible to develop a minimally mutated antibody that bound both mouse and human EGFR

with comparable affinity. This activity of this new antibody was tested against cetuximab in a

panel of in vitro assays to validate its comparability. Finally the antibody was applied to a

particularly relevant mouse model system of colorectal cancer.

19



Chapter 2 - Multi-Epitopic Targeting of EGFR by Sso7d-Antibody Fusions

Introduction

EGFR is a validated therapeutic target for the treatment of cancer, owing to its over-

expression and over-activity in a variety of tumor typ ,22,31,32 Clinically approved drugs

designed to inhibit EGFR signaling have been in use since the early 2000's and can be divided

into two types: small-molecule inhibitors which target the intracellular kinase domain, and

monoclonal antibodies which target the extracellular region and block ligand binding33 .Cetuximab

is one such antibody which is employed, either as a single-agent or in combination with other

therapies, for the treatment of lung, colorectal and head and neck cancers. Treatment with this drug

results in statistically significant increases in overall survival, but these benefits are relatively

short-lived; for example, in the clinical trial which earned cetuximab FDA approval for colorectal

cancer, the overall response rate when used in combination with chemotherapy was only 23%,

with median duration of response of 5.7 months 40 -44. Clearly there remains room for improvement.

The Wittrup lab has previously engineered antibody-based EGFR-targeted therapies which

have achieved potent signaling blockade in vitro and anti-tumor efficacy in mice. The most

promising construct was a fusion protein in which two unique fibronectin-based EGFR-binding

domains were attached to different termini of cetuximab. The full protein thus incorporated 6 total

binding paratopes capable of simultaneously engaging three unique epitopes on the EGFR

extracellular domain. This topology, unlike cetuximab alone, caused the formation of large clusters

of receptors which were shown to be downregulated through a mechanism of decreased endosomal

recycling rate69 . The construct did not agonize EGFR, and instead potently blocked signaling as

measured by phosphorylation of downstream effector proteins Erk and Akt. Studies in nude mice

showed that in vitro downregulation correlated with in vivo tumor control and that the fusion

20



protein was superior to cetuximab in multiple mouse tumor xenograft models, notably including

K-Ras and B-Raf mutant cell lines70 .

This prior work was an important demonstration not only of a molecule with immediate

therapeutic potential, but also an example of strategies for augmenting traditional molecularly

targeted therapies like antibodies. While cetuximab alone derives its efficacy from signal inhibition

via ligand competition and induced cell death through Fc-dependent mechanisms such as ADCC

and CDC, the cetuximab fusion added to these functions the third mechanism of downregulation.

To qualitatively evaluate the relative contributions of each of these functions mutations were made

to ablate either Fc or variable domain binding. Some key results showing amount of receptor

downregulation and tumor control for each of the constructs are provided in Figure 2.1. The data

indicate that while downregulation and effector functions both contribute to efficacy in vivo, the

most critical property seemed to be ability to compete ligand. As is shown in the figure, a mutation

in the cetuximab variable region that decreases ligand competition by 7-fold (HND-LCAx) results

in a complete loss of tumor control in all models tested despite only minimal losses in

downregulation and presumably no change in effector function.
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Figure 2.1 - Data from Spangler, et al. (2012), showing in vitro downregulation (left) and in vivo
tumor xenograft growth (right) following treatment with cetuximab fusions and related mutants in
three different cell lines. PBS (filled circles); HND+LCA (filled triangles) = fusion construct,
unmutated; HND+LCAx (open squares) = Ab variable domain mutant; HND+LCAf (open
diamonds) = Fc mutant.

This result is perhaps unsurprising in the context of the well-understood phenomena of

ligand redundancy and signal amplification that occur in these receptor networks. It has been

shown clearly both by experiment and mathematical modeling that signaling input to the EGFR

network, i.e. ligand binding, is amplified through a series of downstream intracellular

phosphorylation events before culminating in the output response71- 73. This has important

implications for EGFR-targeted therapies because it suggests that even when the vast majority of

ligand binding is inhibited at the cell surface the amount of downstream signaling, and therefore

cellular response, may be only minimally changed. It further implies that even small advances

toward complete ligand inhibition over existing targeted therapies could result in greatly enhanced
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anti-tumor efficacy. Indeed, a study using an oligoclonal anti-EGFR antibody mixture achieved

only slightly better inhibition of ligand-mediated EGFR phosphorylation than cetuximab (~90%

maximal inhibition for the mixture compared to 84% with cetuximab alone), but a corresponding

65-fold decrease in ERK phosphorylation7 4 . Further, when a mathematical model was used to

evaluate the factors that contribute most to the efficacy of EGFR-targeted therapeutics it was

determined that cetuximab efficacy was particularly sensitive to ligand binding 75. Overall, these

findings suggest that a next generation multi-epitopic-targeting antibody fusion with enhanced

ligand blocking could demonstrate superior anti-tumor efficacy.

An additional motivation for developing an improved EGFR antagonist would be the

opportunity to explore combination treatments with various immunotherapies. A number of recent

reports have demonstrated that EGFR signaling not only impacts tumor cell growth directly but

also has immunomodulatory effects 56 ,5 s- 62. To the extent that cetuximab modifies the tumor

immune environment and primes the immune system for response to therapies like checkpoint

inhibitors, a more potent antagonist may provide an even more efficacious combination.

One opportunitiy for improvement upon the previous work was more practical in nature,

concerning the potential developability of the cetuximab-Fn3 fusion molecule into a drug.

Specifically, the cetuximab-Fn3 fusion was expressed relatively poorly from mammalian cells and

affinity purified product was dominated by large aggregate species. Biophysical properties such

as thermal and solution stability are critical characteristics of any protein-based therapeutic being

considered for commercial development, as these parameters can affect downstream

manufacturing processes such as purification and formulation and can impact the long-term

storage potential of drug products. High yields from cellular expression systems are also desirable
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in order to reduce production costs. Because of the unfortunate characteristics of the cetuximab-

Fn3 fusion this molecule likely has limited commercial potential.

Antibodies, such as cetuximab, typically perform well against these developability criteria

and their success in these categories is one reason for their growing representation among both

approved pharmaceuticals and those in development. The tenth type-III domain of human

fibronectin (Fn3), which serves as the basis for the cetuximab fusion partners, is less predictable.

The WT Fn3 domain has high thermal stability (Tm ~80'C) and solubility, and isolated binders

based on this scaffold typically, though not always, have favorable biophysical properties76 77

However, experience in the Wittrup lab suggests that while monomers of Fn3 are often stable and

well-behaved, preparation of soluble Fn3 dimers is significantly more difficult, as these proteins

are highly prone to aggregation. The tendency of Fn3 domain oligomers to aggregate could derive

from the native function of cellular fibronectin, which forms insoluble fibrils that make up the

extra-cellular matrix; the process of fibril formation is known to be mediated by fibronectin self-

assembly7 8 ' 79. In any case, the effect that Fn3 domains have on protein aggregation when used as

fusion proteins is not definitively known.
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It is possible, then, that future embodiments of an antibody-based EGFR antagonist could

Figure 2.2 - Structure of the Sso7d scaffold
protein, with the nine randomizable amino
acids shown in pink. (PDB ID: 1BNZ)

benefit from replacing the Fn3 domains with

binders conferring more favorable biophysical

properties. One possibility is the Sso7d protein, a

DNA-binding protein native to the

hyperthermophilic archaebacteria Solfolobus

solfataricus. It is small in size (-7 kDa, 63 amino

acids) and has extremely high thermal stability,

with a Tm of ~98'CS. It is a globular protein with

topology similar to a eukaryotic SH3 domain, 5 P-

strands and a C-terminal a-helix. It has also previously been shown to be a suitable scaffold for

directed evolution and selection of specific binders against multiple targets using yeast display81 .

Nine residues on a face containing three p-sheets, (the nine positions are shown in Figure 2.2 in

pink) are the sites at which diversity is incorporated.

Recent work in the Wittrup lab has focused on further improving the Sso7d scaffold by

engineering a reduced-charge, truncated version which exhibits decreased non-specific sticking to

cell surfaces without significantly changing the Tm. This optimized scaffold was used to build two

naive libraries each with different amino acid diversity at the nine randomized positions. One

library, Sso 18, allows all amino acids except cysteine and proline; the other, Sso 11, incorporates

only eleven amino acids which were chosen to mimic the distribution of amino acids in protein-

protein interactions82

The improved Sso7 libraries were validated in selections against multiple targets including

EGFR, K-Ras and mouse serum albumin (MSA)82 ,83 . Specific binders were able to be identified
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for all targets and the clones were amenable to affinity maturation using standard error-prone PCR

libraries and yeast display methodologies. Additionally, the individual clones were found to be

well-expressed in E. coli.

This work has opened the door for the possibility of using these libraries to identify novel

binders that may serve as useful tools for building EGFR antagonists. This foundation, combined

with the precedent that antibody fusions can be potent inhibitors of EGFR signaling both in vitro

and in vivo, serves as the basis for the work that follows. This chapter begins by describing

standard yeast display methods applied to the selection of Sso7d clones which fit the non-

cetuximab competitive critera, and then introduces a novel, complementary, in silico approach

which was used to augment the discovery and reveal low-frequency clone families. A number of

trends and patterns observed during the subsequent process of Sso7d directed evolution are then

discussed, as these lessons may impact future engineering efforts. Engineered Sso7d binders were

ultimately used to build cetuximab-Sso7d fusions and the activity of these constructs was

characterized in vitro. Following promising in vitro results, the chapter shows the disappointing

lack of efficacy of these constructs in patient-derived xenograft mouse models, and discusses

potential causes and implications for future embodiments of EGFR antagonists.
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Results

Selection of non-cetuximab competitive Sso 7d binders by yeast display

Two previously constructed and validated Sso7d yeast libraries, each consisting of

approximately 109 unique members and called S 11 and S 18, were used for selecting Sso7d clones

which bind the extracellular domain of EGFR. Keeping in mind the ultimate goal of multi-epitopic

targeting, it was also required at the outset that these proteins not overlap with the cetuximab

binding site on EGFR. To this end, a sorting scheme was developed as is shown in Figure. 2.3.

First, the libraries were enriched for all Sso7d binders to EGFR using positive and negative bead

selections and FACS sorts - this is referred to as the "all binders" stage. When sorting by flow

cytometry, high antigen concentrations and generous gating strategies were used to ensure all

Sso7d clones which bound the antigen were captured.

Then the collected populations were mutated by error-prone PCR and sorted

simultaneously for both higher affinity and non-cetuximab competitive binding - the

"competition" stage. During these steps the EGFR-Fc antigen was used at a lower concentration

to limit the selections to higher affinity binders, and the antigen was pre-incubated with an excess

of cetuximab in order to block binding of Sso7ds to this epitope. This competitive sorting scheme

was first validated by flow cytometry before it was utilized in selections to ensure that the effect

of excess antibody was as expected and gating strategies were appropriate. Added cetuximab had

the anticipated effect: cells were either unaffected by its presence or had their binding completely

ablated, as is shown in Figure 2.4.
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Library S11 or S18

S selecto () No added cetuximab

- Sequence individual clones

>10x excess cetuximab

a

Fully enriched populations - Sequence individual clones

Figure 2.3 - Initial sorting scheme for identifying high-affinity, non-cetuximab competitive
EGFR binders from an Sso7d library by yeast display. First, an "all binders stage" (blue) was
carried out to identify all EGFR-binding Sso7ds, using high concentrations of EGFR-Fc antigen
and generous gating. The resulting population was then mutagenized and a second, "competition
stage" (orange) was performed using lower antigen concentration and an excess of pre-incubated
cetuximab. Sequencing steps are indicated.

Selections for high affinity, non-cetuximab competitive binding were carried out in this manner

until the mutated libraries were fully enriched for a population that bound to 2 nMEGFR-Fc in the

presence of cetuximab; this took three sorts (Table 2.1). The resulting clones were then analyzed

by sequencing individual yeast colonies after the third sort. When -30 sequences were obtained in

this manner the result was a largely homogeneous population and a dominant consensus clone for

each library (Figure 2.5). Certain paratope positions contained more diversity than others and the
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consensus for the two libraries was not identical but qualitatively these populations looked very

similar. In particular, paratope positions 1, 3, 8 and 9 were common between the two libraries and

seemed to be the defining features of a single, overall family. Position 5 was largely conserved

within each enriched library but distinct between the two; in fact, the entire center beta strand,

containing paratope positions 4-6, differed between the two libraries. Among all the clones

sequenced for both libraries, only one was found that was completely distinct from the observed

consensus (Figure 2.5, bottom right).
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Figure 2.4 -Effect of cetuximab pre-incubation on Sso7d library binding to EGFR-Fc. In one
representative sort the percentage of yeast cells binding to 40 nM EGFR-Fc drops by
approximately 75% for library S 11 and library S 18, when 200 nM cetuximab is pre-incubated with
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EGFR-Fc for 15 minutes. Average fluorescence intensity of remaining binding population is
unchanged. Percentages indicate number of expressing cells that are positive for binding.

1.0 1.1 1.2 1.3
Library
Library11 518 S11 S18 S11 S18 511 S18

- Cet. (% pos) 34 35 69 64 74 73 86 88

+ Cet. (% pos) 11 7 60 58 59 59 79 83

% non-comp 31 20 88 89 80 81 92 95

Table 2.1 - Evolution of EGFR-Fc binding population during sorts for high-affinity non-
cetuximab competitive binding. Percent of Sso7d-expressing yeast cells which were positive for
binding in the absence or presence of cetuximab competition are shown, for each subsequent sort.
The percent of binding cells that are non-cetuximab competitive is calculated as (% pos with cetux)
/ (% pos without cetux). Fully non-competitive binding was acheieved after only two sorts, but a
remaining fraction of non-EGFR binding cells took longer to remove.
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Figure 2.5 - Individual Sso7d clones sequenced after four sorts for high-affinity, non-cetuximab
competitive binders as described in Figure 2.1. Each column represents an individual Sso7d,
identified by its nine paratope residues, labeled 1-9. The most frequent amino acid at each position
within each library is defined as the "consensus", and deviations from this are highlighted in
orange.
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Intuition suggested that none of these highly similar consensus clones shown in Figure 2.5

(i.e. everything except NLYQVSGNF) were likely to be epitopically distinct. To test this

explicitly, a subset of Sso7d clones were expressed solubly as SUMO-fusions and were binned by

performing cross-blocking experients on EGFR-expressing A431 cells. As shown in Figure 2.6

every consensus clone tested in this assay was capable of blocking binding of biotin-labeled

IDYSINYWW when present in excess. Even the difference in consensus between the two

libraries (i.e. the distinct center beta strand) was not enough of a distinguishing feature to constitute

a distinct epitope. The only exception was the NLYQVSGNF clone, which had no effect on

binding of any other Sso7d clone tested. Thus, the final yield of this sorting scheme was two clone

"families", and importantly, only two tools that could be used to help build a multi-epitopic binding

protein.

Binding clone (biotin-labeled)
Amt. binding retained S11 LIBRARY S18 LIBRARY CTRL

< 25%

25-50%
0 1Y

50-75% (Y

>4 4 >4 >4 >4 >4 >4

Blocking clone IDYSHNYWW

(unlabeled) NLYQVSGNF

Figure 2.6 - Cross blocking of non-cetuximab competitive Sso7d clones derived from first round
of sequencing. EGFR-expressing A431 were incubated with indicated blocking clone for 15
minutes before addition of biotin-labeled Sso7d binding clone. Amount of binding clone
fluorescence was analyzed by FACS. Data are presented as amount of binding clone retained in
the presence of blocking clone, normalized to binding with no blocking.

In silico analysis to uncover unique EGFR binding clone families

Previous work from the Wittrup lab demonstrated that targeting three epitopes is sufficient

to drive EGFR downregulation and antagonize receptor signaling, and thus two Sso7d clones

against non-cetuximab epitopes are the minimum required. But this work also showed that not all
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combinations of epitopes are functionally equivalent. Thus, despite successfully identifying two

clones from the initial sorting scheme, we sought a way to probe the library more deeply.

As discussed above, analysis of the sequences after the "competitive" stage of sorts

revealed near complete homogeneity; but sequencing of the populations immediately after the "all

binders" stage (i.e. at the first sequencing step in Figure 2.3) revealed a different distribution, as

shown in Figure 2.7. This picture of the libraries, selected without regard for cetuximab

competition or for affinity, is more diverse. And while there is clearly some bias within each library

toward what ultimately emerged as the consensus clone, particularly for S 11, the number of non-

consensus sequences is much higher at this early stage. This finding is important because it

suggests that the limited breadth of the ultimate non-cetuximab competitive population was not

due to some intrinsic property of the Sso7d scaffold or the nafve libraries themselves - there are

many unique Sso7d paratopes which are capable of specifically engaging EGFR. Rather, the

limitation seems to be that the designed sorting scheme was too aggressive and had excessively

narrowed the clonal diversity. Consequently, returning to this "all binders" population and

designing a different subsequent selection scheme might yield additional non-cetuximab

competitive clone families.
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Figure 2.7 - Distribution of paratope amino acids before and after sorting for high affinity, non-
cetuximab competitive binding to EGFR-Fc, sampled by sequencing single yeast clones. Sso7d
structure with paratope (magenta residues) numbering scheme is shown at left. Heat map of amino
acid frequency from 33 sequences for the S 11 and S18 libraries is shown at right. "Before"
population is after isolation of all EGFR binders but before mutagenesis and sorting with
cetuximab competition. "After" is after three competitive sorts. (See scheme in Figure 2.3 for more
detail.)

The alternate selection strategy that was designed, shown in Figure 2.8, involved a number

of protocol changes. First, because a reasonably diverse population was still observable after the

"all binders" stage, this population was used as the starting point for subsequent sorts. Because

selection for high affinity may have unnecessarily limited the diversity during the "competitive"

stage this criteria was abandoned. The starting population was used as-is rather than being

mutagenized by error-prone PCR and sorts were performed with higher antigen concentration, also

to reduce the bias toward high affinity binders. Additionally, in order to prevent the emergence of

a dominant clone over multiple selections, only a single sort with cetuximab competition was

performed, and the entire positive population was collected.
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Library S11 or S18

I

No added cetuximab

High-throughput sequencing

J >10x excess cetuximab

Enriched population - High-throughput sequencing

Figure 2.8 - Alternate scheme for selecting non-cetuximab competitive clone families. After the
"all binders" stage from Figure 2.3, libraries were sorted one more time for all binders in the
presence of cetuximab competition. Pre- and post-sort populations were sent for high-throughput
sequencing.

The final change was a shift from sequencing single colonies to sequencing the entire

library using next-gen sequencing. This approach was deemed most appropriate for two reasons:

first, if the library does contain non-competitive clones that are very rare, this should allow their

discovery without requiring analysis of an excessive number of individual clones. Second, the

libraries can be sequenced both before and after the sort, and thus a change in frequency of each

clone can be calculated. This information is useful because while there is presumed benefit to

characterizing populations after only one sort, the accompanying risk is a likely higher rate of false

positives; enrichment values can be used to mitigate this risk and reduce the false discovery rate.

A single competitive sort was performed according to these changes, and the resulting plots

are shown in Figure 2.9. As was previously observed, the effect of cetuximab competition on an
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individual yeast cell was either nothing or complete ablation of binding, again indicating that the

competitive scheme was effective as designed. DNA was then isolated from the yeast populations

both before and after the sort and analyzed on the Illumina MiSeq. A total of 10 million reads,

roughly 2.5 million for pre- and post-sort for both the S 1 and S 18 library were acquired and

analyzed.
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Sso7d surface presentation

Figure 2.9 - Sort for non-cetuximab competitive population to be analyzed by high-throughput
sequencing (HTS). Populations after the "all binders" stage in Figure 2.3 were subjected to a single
sort for binding to 40 nM EGFR-Fc in the presence of 400 nM cetuximab (bottom row). All cells
in the upper right quadrant were collected by FACS. Shown for comparison is the binding of the
population without competition (top row). The top right quadrant of each plot represents a
population that was analyzed by HTS.
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Analysis of aligned full-length sequences began with simple characterization of the amino

acid distributions in the pre- and post-sort libraries. Heat maps of amino acid content at each

paratope position are shown in Figure 2.10. Overall, these data are surprisingly similar to Figure

2.7. The "before" distributions in the two figures are nearly identical, despite the fact that one plot

used sequences from 33 colonies picked by hand and the other used 2.5 million reads obtained by

HTS. In both cases the libraries appear to contain more diversity than just a single family, but the

distribution is clearly not uniform. Figure 2.10 shows obvious bias in the "before" population, as

does Figure 2.7, toward the previously identified consensus family even though the selections

lacked cetuximab competition and were designed to retain all EGFR binders. Also as in Figure 2.7

this bias is more apparent for library SII than S 18, which is likely a simple reflection of the fact

that fewer paratope combinations are possible in the library made with fewer amino acids.

Surprisingly, however, the "after" populations in Figure 2.7 and 2.10 are also highly

similar, both showing clear convergence on a dominant clone family. In the former case this

outcome had been attributed to repeated selections and perhaps unnecessary stringency for high

affinity binders. But the altered sorting approach used to generate the data in Figure 2.10 was

designed specifically to avoid this outcome and retain as much diversity as possible. The fact that

the distribution still turned out to be largely homogeneous means that this finding is not simply the

result of overly aggressive sorting criteria, but rather is because the vast majority of the diverse

Sso7ds engage the cetuximab/ligand binding site of EGFR, and these are effectively eliminated

during even a single competitive sort. Such a finding could either be consistent with the idea of an

epitopic "hot spot", or could suggest intrinsic limitatons of the Sso7d scaffold, as is discussed

further below.
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Figure 2.10 - Distribution of paratope amino acids before and after a single sort for non-cetuximab
competitive binding to EGFR-Fc, sampled by HTS. Sso7d structure with paratope (magenta
residues) numbering scheme is shown at left. Heat map of amino acid frequency is calculated based
on the ~2.5 million aligned, full-length sequences for each population from the HTS data. "Before"
is after isolation of all EGFR binders but before sorting with cetuximab competition. "After" is
population following a single competitive sort in which all positive events were collected.

The "after" data in Figure 2.10 indicate that the vast majority of sequences in the sorted

population were members of the consensus family already characterized and represented by the

IDYSHNYWW clone. Further, the data in Figure 2.6 suggested that every member of this family

was likely to bind the same epitope of EGFR. Since the goal of the HTS approach was to find

additional epitopically-distinct families, the next obvious step in the HTS analysis was to prune

the sequence set by removing any clones that fit the observed consensus. To this end, a four amino

acid motif was defined for each library based on the heat maps in Figure 2.10 and all clones

matching this motif were discarded. Figure 2.11 shows that, as expected, this motif accounted for

the vast majority of clones in the sorted populations. In both libraries it represented over 90% of

the total sequences, while in terms of unique sequences it constituted 55% of the S11 population

and 80% of the S18 population.
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# seqs
(# unique) S11 Lib S18 Lib Consensus motif

1 2 3 4 5 6 7 8 9

Aligned, full- 2,620,825 2,522,128 s11: - - Y - H - - W W

length (91,239) (221,735) S18: - - Y - Q - - W W

Consensus 126,354 185,925
removed (40,055) (44,043)

96,371 159,836 De-enriched 1 <

E (35,146) (39,496)

Figure 2.11 - Pruning of HTS sequences before hierarchical clustering. Approximately 2.5 million
reads were obtained for each of the S 11 and S18 post-sort libraries. These sequences were culled
by removal of a consensus motif, defined as shown at right, where numbering represents paratope
amino acids, and by removing de-enriched sequences using the defined cutoff. Table shows
number of total sequences and corresponding number of unique sequences, in parenthesis, at each
stage of analysis.

Next, the frequency of each individual clone both before and after the sort was used to

calculate an enrichment ratio: enr = log2(fsorted/funsorted). It was hypothesized that clones

which were de-enriched, or less frequent in the sorted library than the unsorted, were likely to be

clones acquired during the sort as a result of noise or imperfect separation, and that these should

be removed from consideration. This assumption was validated using a previous study in which

Sso7d binders against EGFR had been derived from this same naYve library without concern for

epitopes 2. Traxylmayr, et al reported four Sso7d clones which were competitive with cetuximab;

when the enrichment ratios for these sequences were calculated using the HTS data it was found

that for all four enr < -3.8, indicating substantial decreases in frequency. Thus, a conservative

cutoff for de-enrichment was defined as enr < -1, and sequences with ratios below this threshold

were removed. This eliminated a further -20% of total sequences and -10% of unique sequences

for each library.

The remaining unique sequences were then rank-ordered by enrichment ratio and the top

2000 were considered for further analysis. This arbitrary cutoff was applied mostly for
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convenience and to reduce computing power required for subsequent steps, but was still sufficient

to capture most of the sequences of interest since it included everything with an enrichment ratio

of enr > 0.46 for SlI or enr > 0 for Sl8.

Finally, these 2000 most enriched unique sequences from each library were hierarchically

clustered based on sequence similarity using a Gonnet scoring matrix, with cluster sizes

determined based on intra-cluster inertia. Clusters were represented as sequence logos and were

further manually refined to combine any which had the more than three of the nine amino acids

the same. The final results of the clustering analysis are shown in Figure 2.12.

Eight clusters, four from each library, were derived from this phylogenetic grouping. In

the Si 8 library two clusters matched with previously observed sequences shown in Figure 2.5:

cluster 18.1 had been shown to overlap with the IDYSIHINYWW consensus (Figure 2.6), and

cluster 18.3 was the second non-cetuximab competitive epitope already discovered. Interestingly,

the overall frequency of these families within the HTS data was slightly above 1% - this matches

roughly with the discovery rate of these families using just a small number of single clones,

where their observed frequency was 1/66. The final S18 cluster, 18.4, was distinct and novel but

was found to bind specifically to human Fc, not EGFR; the clones represented by this family

were apparently not removed during the negative bead selections against Fc during the "all

binders" stage. They were favored for selection and enriched during the competitive sort because

the antigen used was EGFR-Fc. In library S Ithe 2000 sequences clustered were much more

similar overall, as indicated by the shorter linkage heights in the phylogenetic trees. In fact, most

of these sequences fit within a single large family, cluster 11.1, which was very similar to the

IDYSHNYWW consensus and assumed to target the same EGFR epitope. However, the

remaining four clone families, 11.2, 11.3, 11.4 and 18.2, appeared to contain sequences not
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previously observed. They were all present at low to very low frequencies within the sorted

library, making it unsurprising that they had not been discovered when sequencing colonies

individually.

Ub 11

11i

11.4:0.02% 11.3:0.09% 11.2:0.05%

20

'is)

18.1: 1.37%18.2: 1.21%18.4: 0.02% 18.3: 1.44%

Figure 2.12 - Clustering results and clone families derived from clustering of top 2000 unique
enriched paratope sequences. Top, for each library: Phylogenetic tree based on sequence similarity
by Gonnet scoring matrix. Sequences are individual points along x-axis; sequence dissimilarity is
indicated by linkage height. Blue dashed line indicates cutoff for determining clusters based on
calculation of intra-cluster inertia (at the "elbow" of the inset plots). Highlighted areas are final
cluster families (colors are arbitrary). Bottom, for each library: Families are represented as
sequence logos. Colors correspond to location in the phylogenetic tree. Numbers below the logos
are the cluster number and the overall frequency of the family within the HTS data.

A representative sequence from each new clone family was selected and these were

combined with the two sequences previously identified by single clone sequencing to constitute
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the candidate panel of non-cetuximab competitive EGFR-binding Sso7d clones. All six clones had

a neutral or nearly neutral net charge, though all but clone B included at least one charged amino

acid within the paratope. In accordance with previous observations by Traxlmayr, et al., the panel

of binders was strongly enriched with aromatic residues; in four of the six clones almost half of

the paratope positions (4/9) contained an aromatic side chain.

When these clones were tested for EGFR binding on the surface of yeast all were positive

for binding (Figure 2.13). The MFIs varied greatly among the clones, likely reflecting differences

in affinity, but in each case the extent of binding was unchanged in the presence of cetuximab,

confirming that all clones were non-cetuximab competitive. Thus, by deeply sequencing the

libraries and analyzing the results in the context of previously known patterns (i.e. removing the

dominant consensus clone family from consideration) this in silico approach was effective in

identifying rare, distinct clone families from what otherwise appeared to be a largely homogeneous

population. The approach expanded the tool set available for making multi-epitopic targeting

therapeutics from two clones to six.
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Figure 2.13 - Non-cetuximab competitive panel of Sso7d binders. Top - A representative
sequence from each clone family was chosen for further characterization. Net paratope charge,
hydrophobic content and frequency within the HTS data set are shown. Bottom - EGFR binding
of yeast-displayed Sso7d to soluble EGFR-Fc, displayed as mean fluorescence intensity (MFI).
Sso7d clone is indicated by letter, concentration (nM) of EGFR-Fc shown in parentheses.
Competition binding used 10-fold excess of cetuximab.

Affinity maturation of EGFR-targeting Sso7ds

Affinity of the six Sso7ds for EGFR was variable, and roughly corresponded with

frequency within the library. Binding to a bivalent EGFR construct could be detected for all Sso7d

clones (Figure 2.13), but when a monovalent EGFR construct was used (EGFR-monoFc, see

Methods) the affinity was too weak to measure for several clones (Figure 2.14). No specific affinity

threshold is required for the purpose of multi-epitopic targeting, but intuition suggests that the

higher the Sso7d affinity for EGFR, the better. This is particularly true if one desired consequence
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is increased ligand binding inhibition. To this end, the Sso7d clones were affinity matured using

yeast display.

Affinity maturation was achieved for five of the six clones over several successive rounds

of sorts, each time using error-prone PCR to mutate the entire Sso7d gene. FACS selections first

used the bivalent EGFR-Fc construct as antigen and then the monovalent version in later rounds

to increase the stringency of selections. Sequence evolution and affinity at each round are shown

in Figure 2.14. The affinity of all clones was improved over the course of three or four rounds of

maturation, but the round-by-round improvements varied dramatically both within and among

clone families. For example, clone A, which was derived from the single clone sequencing after

error-prone PCR and already included two backbone mutations (Q56L and Q61R), started at the

highest affinity of the panel but barely improved over four rounds. Clone B made small but steady

progress of approximately 3-fold decrease in Kd per round; and still others, such as clone D,

changed in large increments during some rounds, but none in others. In general, progress seemed

to slow when the affinities reached the double-digit nanomolar range, and while it was possible to

obtain a picomolar affinity binder (clone D), the slightly weaker affinities of the remaining clones

are more in line with what was obtained by Traxylmayr et al and Kauke et al for EGFR, MSA and

K-ras binders. The difficulty obtaining binders with sub-nanomolar affinities may be reflective of

intrinsic limiations of the Sso7d scaffold itself.
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ATVKFTYQGEEKQVDISKIKIVRRWGQWIGFYYDEGGGAKGWGDVSEKDAPKELLQMLEKQ
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Figure 2.14 - Affinity maturation of Sso7ds. For each clone (indicated by letter at left), the
sequence evolution and corresponding monovalent EGFR (EGFR-monoFc) titration binding
curves are shown. Parental sequence - chosen either from single clone sequencing or from in silico
analysis - is listed first with paratope residues in red. Green indicates a mutation from the original
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orange = third round, pink = fourth round. Points are data and curves are fit to monovalent binding
isotherm. Starting affinity for each parental clone indicated in blue in bottom right corner, final
affinity of matured clone indicated in appropriate color in top left corner.

Double-digit nanomolar Kds like those of Sso7d clones A, B, C and E after four rounds of

evolution would likely be insufficient for potent antagonism in the context of a monovalent protein,

but as cetuximab fusions these Sso7ds would have the benefit of a highly avid format. Weighing

this factor against the increasing difficulty of generating tighter binders, it was decided that this
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moderate affinity range was sufficient for the purpose of building a multi-epitopic targeting

construct. Ultimately, affinity maturation was concluded with the affinities of the five clones

ranging from 0.6 - 75 nM, all representing substantial improvements from the parental sequences.

Insights from Sso7d affinity maturation - implications for future engineering

The directed evolution detailed here for the five Sso7d clones required a total of 20 rounds

of library building, selection and sequencing. In addition to generating the desired affinity for

enabling EGFR antagonism, this extensive protein engineering exercise also revealed a number of

trends that are likely unrelated to EGFR. These findings are unrelated to the subsequent

development of cetuximab-Sso7d fusions but are presented here because they might constitute

actionable lessons for future Sso7d engineering efforts.

The first observation is the impact that mutation rate has on the affinity maturation process.

Studies of antibody scFv affinity maturation have shown that optimal mutation rate for error-prone

PCR is 1-9 amino acids per scFv gene. As an estimate for optimal mutation rate for Sso7d affinity

maturation a simple scaling argument was used - since the Sso7d gene is roughly a quarter of the

size of an scFv, mutagenesis was performed aiming for a mutation rate of approximately 1-2 errors

per Sso7d. However, when mutation distributions were analyzed after the first two rounds of

selections on each lineage (i.e. after the first 10 libraries had been built and sorted) it was clear

from the enriched clones that higher mutational burden was preferred. Most of the input library

had 0-1 mutations per clone, but the output clones most frequently had 2 mutations (Figure 2.15

A). Further, there appeared to be a correlation between the number of mutations and larger fold

improvement in Kd (Figure 2.15 C). This inefficiency in construction was corrected for subsequent

rounds, which were built with additional amplification cycles during the error-prone PCR step,

and as the input distribution widened so did the output (Figure 2.15 A).
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Also interesting was the finding that in three of the libraries, the most improved clone had

more DNA mutations than amino acid, meaning that multiple gene changes occurred within a

single codon. Because of unequal codon degeneracy certain amino acid point mutations can only

be realized when two or even all three nucleotide bases are mutated together; for example

tryptophan can only be encoded by a TGG codon, and only five other amino acids can reach a

tryptophan with a single nucleotide change. The importance of mutations like this seems well

illustrated by the clone D lineage, where during maturation from round 1 to round 2 the largest

single fold increase was realized (over 100-fold) and the daughter clone had three consecutive

mutations in a single codon to make the A39W mutation (see also Figure 2.14 for clone D amino

acid sequences). It is, of course, impossible to design a library that can account for all of the

extremely low-probability events like this particular illustrative case, but overall the message

seems clear: if the intrinsic properties of the Sso7d scaffold (small size, more rigid structure) mean

there are fewer higher affinity "solutions" to the energy optimization problem posed during affinity

maturation, then it follows that higher mutation rates would improve the chances of generating an

improved clone.
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Figure 2.15 - Mutational outputs of error-prone PCR library inputs and outputs. A - Single clone
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constructed and sorted by error-prone PCR. B - Consensus clone K1 (nM) based on yeast surface
titration with EGFR-monoFc for each round of maturation. Corresponding number of DNA and
amino acid mutations are shown. Red highlighted rounds ended with multiple DNA mutations in
a single codon. C - Fold Kd improvement plotted versus number of DNA mutations.

The second observation is that the affinity maturation of the Sso7ds rarely involved

changes in the paratope. Affinity maturation of antibodies by error-prone PCR can also produce

mutations outside the paratope (i.e the CDRs), but common practice is to discard these mutants for

fear that constant region mutations could disrupt antibody structure. However, among all five

lineages shown in Figure 2.14, only one mutation ever occurred within the nine residues of the

Sso7d paratope. Instead, mutations were frequently found adjacent to or between paratope amino

acids, where the side chains point inward toward the Sso7d protein core. It is only possible to
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speculate on the exact mechanism by which these mutations confer higher affinity, but it is clear

that most of them do not contact the antigen, and thus a reasonable hypothesis is that they alter or

loosen the paratope surface to allow subtle conformational changes that support better binding.

Overall these findings are of interest because they suggest that perhaps a more limited region of

the Sso7d gene should be mutated when building libraries for affinity maturation. A higher density

of mutations confined to a more limited region of the protein might yield a higher number of

favorable clones without risking destabilization of the Sso7d structure.

Finally, a third trend observed during affinity maturation was the propensity for alterations

at the C-terminal end of the Sso7d sequence. In particular, it was striking that in four of the five

lineages evolved, the final two amino acids were mutated from a KQ to a KR. In the yeast display

construct, the Sso7d gene is immediately followed by a two amino acid linker (GS) and then the

cmyc epitope tag (EQKLISEEDL). This tag is labeled during sorts with an anti-cmyc antibody to

measure display and ensure selection of full-length constructs. Inspection of the Sso7d crystal

structure reveals that the C-terminus lies right at the plane of the binding paratope pointing toward

where a bound target protein would be (Figure 2.16 A). If a cmyc tag was added at that location,

the presence of an anti-cmyc antibody could easily obscure binding of the Sso7d to its target. In

yeast a dibasic doublet like Lys-Arg is a recognition site for the KEX2 protease; thus, the

functional consequence of the KQ to KR change would be introduction of a cleavage site and

elimination of the cmyc tag from the displayed construct, leaving an Sso7d clone with an

unobstructed C-terminus. This finding suggests that clones with a C-terminal epitope tag and

associated anti-tag antibody are less fit in a contest for high affinity binding. In further support of

this hypothesis is the finding that stop codons were also frequently enriched at the final amino acid

position (data not shown), the result of which would be the same as for the cleavage site. Again,
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these sequences appeared in multiple lineages, though they were always discarded and were not

used as templates for subsequent affinity maturation libraries. It is worth noting that these

observations are not specific to EGFR as both stop codons and KR motifs were observed for MSA

binders 82 , K-Ras binders8 3 and other projects within the Wittrup lab (data not shown).

An immediate remedy for the obstruction caused by labeling the cmyc tag was to use

instead an antibody against the N-terminal HA epitope tag to monitor Sso7d display during

selections. This sort scheme is risky because the presence of the HA tag does not guarantee full-

length display, so to mitigate this risk a single initial sort can be done after error-prone PCR library

construction to select for binders that have both HA and cmyc display. Then, during binding

selections the HA tag can be used without fear of propagating truncated clones. This approach was

used for the final two rounds of selections for each Sso7d clone, though it is hard to know how the

presence of the C-terminal obstruction during the early rounds of selections affected the overall

trajectory of evolution. Alternatively, the Sso7d could be expressed from a yeast plasmid in which

the orientation of the Aga and Sso7d were switched. In this orientation the C-terminus of the Sso7d

would not have an antibody to compete with, though it would still followed by a linker sequence

and would be closer to the Aga2 protein.

The optimal situation, however, would be one in which the C-terminus of the Sso7d were

located away from the paratope interface altogether. This would allow inclusion and labeling of

the cmyc tag without fear of obstructing the binding interaction. To explore the feasibility of

modifying the Sso7d to enable this presentation, preliminary experiments were conducted in which

the C-terminal sequence of Sso7d was truncated. Before the terminal Q61 of Sso7d are residues

K60 and E59, both of which are outward-facing and charged, and accordingly not anticipated to

be contributing much to structural stability. If the Sso7d sequence were terminated before E59 this
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would move the new truncated C-terminus onto the back side of the scaffold; a cmyc tag in this

location would likely be less disruptive. To assess structural stability in the context of C-terminal

truncations, an early version of the Sso7d clone B was used as a test case. When the AQ, AKQ,

AEKQ, or Aall (in which the entire helix, K52-Q61, was removed, expected to be destabilizing)

truncations were made with the clone B paratope, FACS binding experiments showed that all

constructs could be secreted and expressed as measured by the presence of both HA and cmyc

tags. Truncation of up to the first three amino acids also did not disrupt EGFR binding compared

to the original clone B; however, the Aall truncation was unable to bind EGFR, suggesting as

expected that the expressed construct was not properly folded.

To see whether the truncations affected thermal stability, expressing yeast were heated for

5 minutes and then incubated with EGFR to measure binding. None of the truncations affected

thermal stability compared to the original full-length version; only above 85'C was binding lost

for any of the truncations. This assay measures only irreversible unfolding, as yeast are cooled

before binding to EGFR is measured, and transient, reversible denaturation would not be detectable

by flow cytometry; a proper assessment of changes to thermal stability mediated by the truncations

would require a biophysical measurement such as DSC. Further experiments would certainly be

warranted to verify the observations presented here, but nevertheless these assays suggest that

modification or truncation of the Sso7d scaffold may be feasible, and could benefit subsequent

Sso7d engineering efforts.
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Epitope binning of affinity matured Sso7ds

The panel of five affinity matured Sso7ds was next assessed by cross-blocking experiments

to determine the number of distinct epitopes targeted by the binders. The five Sso7d clones were

binned against each other as well as cetuximab, the EGFR ligand and three EGFR-targeting Fn3

domains whose epitopes had been previously mapped; the data are shown in Figure 2.17. These

experiments showed that all of the Sso7d clones could bind in the presence of cetuximab, as

expected, and that all clones could self-compete, confirming the specificity of binding. However,

the five clones appeared to separate into only two unique epitope bins, one containing clones B

and D, the other containing A, C and E.

Clones B and D overlapped with Fn3A, known to bind EGFR in domain I; they also

competed with EGF, suggesting an interaction with the region of domain I containing the

secondary ligand site (this interface can be seen in the ligand-bound EGFR conformation presented

in Figure 1.1). In further support of this hypothesis is the finding that point mutations in this region

affected binding of clone B and binding of Fn3A (Figure 2.17). Sso7d clones A, C, and E did not

compete with ligand, and in fact all seemed to bind more tightly when EGF was present. This could

be the result of allosteric changes induced by ligand binding - perhaps the open conformation

stabilized by the interaction with EGF exposes the Sso7d A/C/E epitope and enhances binding.

These clones also did not overlap with Fn3A or with Fn3B, known to bind domain at the N-

terminal end of domain III, or with Fn3D which binds the interface between domains III and IV.

Their epitope remains unknown.

The binning experiment confirmed previous observations that clone A and clone B - the

two Sso7ds discovered by single clone sequencing - targeted distinct epitopes. However it also

showed that none of the clones discovered by the in silico approach, despite their distinct
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sequences, represented additional epitope bins. Because binning is merely an indication of whether

or not simultaneous binding is feasible, rather than a rigorous definition of epitope, it is still

technically possible that the overlapping Sso7ds within a given bin bind distinct sites within EGFR.

In support of this possibility is the finding that despite identical binning results, clones B and D

behaved differently with respect to the individual point mutations. Mutations that ablated clone B

binding in yeast and transfected CHO-K I cells had no affect on clone D. Further, when clones B

and D were tested against other EGFR domains expressed on yeast the binding patterns were

different (data not shown). This type of behavior - overlapping epitope bins but unique epitopes -

could be explained by allosteric effects, in which binding of one Sso7d clone alters EGFR

conformation to disable binding of a second clone despite distal binding locations. But whether or

not the cross-blocking data is the result of direct or allosteric competition, the data clearly show

that with respect to simultaneous engagement of multiple Sso7ds - the parameter that matters most

for multi-epitopic targeting - this panel of binders is only capable of engaging two EGFR epitopes

at once.
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Figure 2.17 - Epitope binning for Sso7d clones, and mapping of clone B. A - Soluble Sso7d and
Fn3 domains were expressed and purified from E. coli and a portion of each protein was
biotinylated. Fluorescently-labeled EGF was purchased. The indicated labeled binding reagent was
incubated with A431 cells at a concentration of 50 nM in the presence of 10-fold molar excess of
indicated unlabeled blocking reagent. Binding was measured by flow cytometry using
streptavidin-647 secondary and normalized to signal in the absence of blocking. Fold changes from
unblocked binding are indicated by numbers and colors for each pair. Values in green denote fold
changes above 1.5 and signal apparent increases in binding in the presence of competitor. B -
Indicated point mutants were tested either in the context of EGFR domain I (residues 1-176)
expressed on yeast either or as full-length EGFR transiently transfected in CHO-Ki cells. Binding
of soluble Sso7d clone B or Fn3A was measured by flow cytometry and data were normalized to
wild type binding. Dotted fill for E90R in CHO-Ki indicates that the mutant was not tested. C -
Point mutations tested in B are indicated on the EGFR crystal structure. Those that did not affect
binding are in green; Y45A, E90R, D22R are in red, Y 101 A is in orange. Other residues mapped
to Fn3A are indicated in pink.

In vitro characterization of cetuximab-Sso 7dfusions

The number of possible ways of combining cetuximab with any of the five engineered

Sso7d binders is larger than is practical to test. Sso7ds can be added by genetic fusion to either

antibody terminus on either antibody chain; at any chosen fusion site they can be added as
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multimers or as single moieties; and where multimers are desired they can be comprised of clone

combinations or a single one used repeatedly. Linker lengths at every junction could also be varied.

All of these topological design choices would be expected to affect the geometry of EGFR

engagement at the cell surface, though the impact on biochemical efficacy is impossible to predict.

Because it is not practical to test the effect of every parameter, previous work with the cetuximab-

Fn3 fusions was used to guide initial design choices. In these experiments, effective triepitopic

fusions were built using the antibody heavy chain N-terminus and the light chain C-terminus, so

this format, or slight variations thereof, was chosen for the Sso7d fusions as well (notation is XH-

LX, where H and L indicate heavy and light chains of cetuximab and X corresponds to Sso7d clone

lettering). All linker lengths were composed of a single GGGGS repeat.

Five Sso7d clones had been engineered for high affinity, non-cetuximab competitive

binding, but the epitope binning data indicated that only two epitope bins were available. Thus,

the focus of subsequent explorations in vitro was on only a subset of the Sso7d clones, A, B and

D. Clone A, the original consensus clone, and clone B represented the two epitope bins, while

clone D was the highest affinity binder and was in silico-derived.

Cetuximab fusions were well-expressed (between 10-15 mg/L) from HEK293 transient

cultures without any optimization, a dramatic improvement over the cetuximab-Fn3 fusion.

Additionally, SEC traces of Protein A purified products showed that the fusions in this format

were entirely monomeric, and remained that way after storage at 4'C for a week (Figure 2.18).

This data confirms the original hypothesis that this small, hyperstable scaffold conferred favorable

biophysical properties in the context of a fusion protein and that, at least with respect to

developability, the antibody-Sso7d fusion was preferable to the former antibody-Fn3 construct.
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Figure 2.18 - SEC traces of cetuximab-Sso7d fusions in the XH-LX format. Proteins were
produced in HEK293 Freestyle cells, then affinity purified by Protein A chromatography. Purified
proteins were dialyzed into PBS and stored at 4'C for 1 week before an equal mass of each was
analyzed by FPLC.

To determine whether the cetuximab-Sso7d fusions were capable of downregulating EGFR

as hypothesized, constructs were incubated with EGFR-expressing cells and the amount of EGFR

remaining after incubation was quantified by flow cytometry (Figure 2.19). When tested against a

panel of human cancer cell lines cetuximab consistently failed to downregulate EGFR after the

overnight incubation, as did monomeric Sso7d binders. The fusions were generally superior to

cetuximab alone, with the most consistent and complete downregulation observed for any fusion

incorporating the -LD, denoting a light chain with Sso7d D fused to the C-terminus. All three XH-

LD antibodies downregulated EGFR, and interestingly, so did the H-LD, which lacks a heavy

chain fusion and only has four binding paratopes.
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Figure 2.19 - Cetuximab-Sso7d fusions downregulate cell-surface EGFR. A - Amount of cell
surface EGFR was measured by flow cytometry after a 16hr incubation with indicated construct
at 20 nM. Data are normalized to MFI of untreated cells. Graphic along the top indicates protein
format - from left to right: XH-LX, H-LX, XH-L, cetuximab alone, Sso7d alone, untreated. The
A, B or D notation directly beneath indicates the identity of the Sso7d fusion partner. B -
Downregulation time course was measured on A431 cells with 20 nM construct at indicated time
point and compared to untreated cells. C - Confocal microscopy images of CHO-EG cells (CHO-
Ki cells stably expressing a human EGFR-GFP fusion), incubated for 5hrs with 20nM construct.
EGFR-GRP shown in green, DAPI staining in blue.

The data here also show the effects of fusion placement. H-LD and DH-L, for example,

contain the same number of the same paratopes - the cetuximab antibody plus two Sso7d D

moieties - and the only difference is the location of their Sso7ds. But this distinction results in

strikingly different downregulation patterns, with H-LD having a strong effect and DH-L causing

no change in downregulation at all. This is likely due to spatial/geometric constraints imposed by

the short linker used to join the antibody and Sso7d, which, in certain formats may have prevented

the simultaneous engagement of both moieties with their EGFR targets. The inverse trend of
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relatively weak downregulation of -LB fusions but comparatively strong (though somewhat more

variable) effect of the BH-L construct may be further evidence of this same phenomenon.

Suboptimal formatting perhaps could have been improved with increased linker lengths, which

would allow more flexibility between the antibody and Sso7d and could enable Sso7d engagement

at more distal epitopes while still permitting cetuximab binding in domain III. Nevertheless, the

data clearly confirm the hypothesis that Sso7ds can be used for the purpose of multipepitopic

targeting, and that when the fusions are optimally placed a cetuximab-Sso7d fusion can nearly

completely downregulate the cell surface EGFR from a variety of tumor cell lines.

Kinetics of downregulation were measured for AH-LD and DH-LD and these were

compared to the Sso7ds alone, cetuximab, and the EGF ligand, the latter known to rapidly induce

internalization and downregulation as a mechanism of negative signaling feedback (Figure 2.19).

Half-lives of internalization were comparable for the two fusions, and both were faster than the

ligand; as expected, the antibody and Sso7d monomers had no effect over the time course studied.

Confocal microscopy also showed the dramatic differences in EGFR cellular distribution

when constructs were added to CHO cells stably transfected with human EGFR-GFP (Figure 2.19).

After a 5hr incubation with constructs, diffuse staining of the EGFR was seen for both the Sso7d

clone D and cetuximab alone, while the addition of DH-LD led to a dimmer, more punctate

presentation indicative of EGFR internalization.

To determine the effect of fusions on ligand binding to EGFR and subsequent intracellular

signaling, three points in the signaling pathway were interrogated. First, EGF binding at the cell

surface was measured in the presence of cetuximab, Sso7ds or indicated fusions (Figure 2.20). The

experiment was done at 4'C to minimize internalization and limit the analysis to effects of

competition at the cell surface. When monomeric Sso7d clones A, B or D were added as ligand
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competitors the results confirmed what was previously observed in Figure 2.17. Clones B and D

inhibited binding, though the IC5o for this was weaker than cetuximab alone, likely because of the

lack of avidity and lower monovalent affinity of the Sso7ds for EGFR, while clone A led to tighter

EGF binding, an affect previously attributed to allostery. At 30nM no differences between

cetuximab and the antibody fusions could be discerned - ligand binding was still undetectable at

the highest end of the titration curve - but when the competitor concentration was lowered by an

order of magnitude to 3nM the improved inhibition of the fusions was apparent. Both AH-LD and

DH-LD inhibited ligand binding more potently than cetuximab, with DH-LD being the strongest

competitor. This effect is not due to a reduced number of EGFRs on the surface since the

experiment was carried out at 4'C, so the differences are solely attributable to the effects of

increased avidity and complementary ligand blocking by the Sso7ds.

The effect of the fusions on ligand internalization, the subsequent step in the EGFR

signaling pathway, was next assessed. Constructs were added to A431 cells for 1 hour before

addition of ligand, and after a short incubation the amount of EGF was measured by flow

cytometry. To ensure that measured signal was only representative of internalized rather than

surface bound ligand, the EGF used in the experiment was labeled with a pH-sensitive fluorophore

so that signal was conditional upon cellular uptake. In line with the ability of the fusions to block

ligand binding at the cell surface, they also prevented EGF uptake. DH-LD was again superior to

AH-LD, but the IC5o was not better than cetuximab alone.

However, when phosphorylation of ERK, a downstream effect of EGFR within the MAP

kinase signaling pathway, was measured there was a clear difference between cetuximab and DH-

LD. Cetuximab had a dose-dependent effect on signaling which reached ~60% inhibition at the

highest antibody concentration tested. This curve was unchanged whether antibody was incubated
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for 1 hour or 16 hours before stimulation. DH-LD however, was much more potent than cetuximab

even after only 1 hour and, at high concentrations, could nearly complete shut off EGFR signaling.

Additionally, likely because of downregulation, the inhibitory effect was even more pronounced

with increased incubation time. On NCI-H292 cells DH-LD was similarly superior, demonstrating,

as expected, that the cetuximab-Sso7d fusions are active against multiple tumor types.

Finally, the fusions were tested to evaluate if the superior signal antagonism resulted in

expected phenotypic changes such as altered growth and expression of immune receptors thought

to be linked to EGFR signaling (Figure 2.21). In both proliferation assays in A43 1 cells as well as

colonogenic assays in A431 and NCI-H292 cells, DH-LD was superior to cetuximab at limiting

cellular growth. Additionally, on three different EGFR-expressing cell lines, both fusions had a

more profound impact than cetuximab on the expression of immunosuppressive PD-LI induced

by EGFR signaling. Consistent with other in vitro data, DH-LD was the most efficacious in this

experiment, and drove the amount of PD-LI expression below even the basal, unstimulated levels.

Taken together all of these in vitro results suggest that the DH-LD cetuximab-Sso7d fusion

should have superior anti-tumor effects in vivo compared to cetuximab. Similar to the previously

engineered antibody-Fn3 fusion, the mechanism of action of DH-LD is a combination of rapid

receptor downregulation and potent signaling blockade. This antagonism results in the expected

anti-proliferative effect on tumor cells directly and also, excitingly, appears to potentiate the

immune-related effects of EGFR inhibition suggesting synergistic combinations with other

immunotherapies might be possible.

60



A Sso7ds Fusions
300 nM 30OnM 3 nM

0 0 X 0 0 x
A B D -i i;J -~ oJ TWI)

U Ui Z

100

33

11

3.7

1.2

0.4

0.14

0.04

C

1
Z
0

CL

00

A431 cells

U.'

E
0Z

0

Mu 1
01

0.8
LL

L 0.6 -- 0-- SsoA
$ o.4 +SsoB

> 0.4
+, -0- -SsoD

0.2 -- AH-LD

S--W- DH-LD
-0- cetux

-0.2 -
0.01 0.1 1 10 100

[Inhibitor] (nM)

1.2

1~

0.8

0.6

0.4

0.2

0 - -

0 20 40 60 80 100
[Ab construct] (nM)

DHLD- 16 hr

Cetux - 16 hr

NCI-H292 cells

LU

~0
U)

1.2

1

0.8

0.6

0.4

0.2

0
0 20 40 60 80 100

[Ab construct] (nM)

1000 D A431 cells

Construct IC 50 (nM) % Max Inhibition

SsoA -- 0.0
SsoB 83.0 0.87

-- 0.0
AH-LD 6.4 1.0

DH-LD 2.9 0.98

Cetux 2.2 0.92

E
0.

*0

0.8

0.6

0.4

0.2

0

SsoD Cetux DH-LD H-LD
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In vivo efficacy of cetuximab-Sso 7dfusions

Based on the promising in vitro results of DH-LD and H-LD these fusions were tested for

their ability to control tumor growth in mice. The model tumor system chosen was a patient-

derived glioblastoma xenograft (PDX) expressing amplified wt EGFR. A tumor was established

in the flank of athymic nude mice and the efficacy of cetuximab and the two fusions were

compared. Doses were chosen with the goal of saturating EGFR within the tumor, since both

downregulation and signal antagonism and were hypothesized to be the driving force for anti-

tumor efficacy. A simple mathematical ODE model was used to estimate the requisite dosing

(Figure 2.22 A). This model was based on previous work84-86 and incorporated both transport

between blood and tumor as well as the effects of target mediated clearance; this process was

expected to be particularly important for the pharmacokinetics of the antibody-Sso7d fusions

which downregulate EGFR much more rapidly than cetuximab alone. Based on the model

predictions a 200ug dose given twice weekly was chosen as the treatment schedule. Under these

conditions EGFR was predicted to be saturated within the tumor after a single dose.

However, tumor growth curves for the fusions showed that they did not provide superior

tumor growth control compared to cetuximab (Figure 2.22 B). On the contrary, the efficacy of the

fusions was significantly worse than the antibody alone, and only barely represented an

improvement over the PBS control group. In fact, the trend appeared to be that increasing the

number of Sso7d moieties from zero on the antibody to two on H-LD to four on DH-LD

corresponded with increasingly worse tumor control. None of the groups were toxic as measured

by weight changes.

This result was paradoxical given the overwhelming in vitro evidence that the fusions were

superior EGFR antagonists to cetuximab. At worst, even if the Sso7d moieties provided no benefit
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in vivo, the expectation would be that the fusion would behave comparably to cetuximab, yet the

PDX tumor study clearly indicated otherwise. To reconcile these contradictory findings we

questioned whether pharmacokinetic factors could be playing a role. Because cetuximab and all of

the antibody fusions contained a human IgGi Fc, their blood concentrations in mice were

straightforward to measure using a human IgG ELISA (Figure 2.22 C). This assay revealed that

serum concentrations of DH-LD were dramatically lower than those of cetuximab when tested 48

hours after either the first dose or after the sixth. In both cases they were barely detectable, and

were roughly an order of magnitude lower than for the antibody alone. For H-LD the concentration

after a single dose was similar to cetuximab, but after a few weeks of treatment the H-LD

concentration was somewhere between cetuximab and DH-LD.

Differences in PK profiles between cetuximab and the fusions were anticipated because of

the increased downregulation mediated by the fusions, but target-mediated disposition to this

extent was unexpected. The model, while simplistic, had been designed to account for the

consumption of antibody due to downregulation, and the observed concentration was still well

below the prediction for the 48hr time point. To test whether the model had simply been poorly

parameterized and verify that consumption within the tumor accounted for the loss of the fusions

from circulation, drug concentrations were also measured in mice lacking tumors (Figure 2.22 D).

Since the tumors are the only source of human EGFR in a xenograft model, there should be no

measurable downregulation in this context and the PK of cetuximab and the fusions should be the

same. A 200ug dose of either cetuximab or DH-LD was given to nude mice and serum was

collected 48 hours later. When IgG concentrations were measured by ELISA for these tumor naive

mice the finding was the same - DH-LD concentration was reduced to approximately 10% of
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cetuximab. This clearly indicates that target-mediated drug disposition by the tumor does not

explain the inferior efficacy of DH-LD and H-LD in the PDX model.

An alternative explanation for reduced half-life of the fusions could be immunogenicity of

the Sso7ds leading to systemic clearance of H-LD and DH-LD. This explanation could account

for the observation that after a single dose the H-LD concentration is roughly equivalent to

cetuximab but after prolonged treatment the H-LD concentration has actually decreased. However,

an immune response seems unlikely to explain the dramatic reduction of DH-LD at just 48 hours

after a single dose, since antibody clearance mediated by an adaptive immune response does not

happen on that time scale.

As a final hypothesis, the cross-reactivity for mouse EGFR was questioned. The modeling

and in vivo experiments were carried out under the assumption that the only relevant EGFR

expression was occurring in tumor, despite the fact that mice, like humans, express EGFR in a

variety of tissues. Cetuximab is known to not bind measurably to mouse EGFR but the cross-

reactivity of the DH-LD fusion had not been explicitly tested. Early experiments on yeast, in which

Sso7d clone D was expressed on the cell surface and binding to soluble murine EGFR was

interrogated, showed weak or no measurable interaction. But when the DH-LD fusion and a

bivalent Sso7d-D-Fc were measured against a mouse EGFR-expressing cell line binding was more

pronounced (Figure 2.23). What appeared to be insignificant Sso7d binding to mouse EGFR as a

monomer was much more substantial in the highly avid format of the antibody fusion, and there is

even a clear difference in cell binding between a construct with two Sso7ds and one with four.
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Overall this murine cross-reactivity provides an explanation that is consistent with both the

tumor-bearing and tumor naYve PK as well as the efficacy results - that endogenous EGFR

expression within the mouse acts as an additional and substantial sink that is only a factor for the

antibody-Sso7d fusion and not for cetuximab alone. This on-target but off-tumor uptake leads to

dramatically less antibody fusion in circulation than cetuximab, which explains why the fusions

were inferior (as opposed to just not superior) to cetuximab in the PDX efficacy study.
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Figure 2.23 - EGFR cross-reactivity of Sso7d clone D. A - Human EGFR (hEGFR) or mouse
EGFR (mEGFR) in monovalent or bivalent formats were incubated with yeast expressing Sso7d
clone D for 1hr at room temperature. Cells were washed then incubated with anti-human-AF488
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Discussion

The objective of this work was to develop an improved EGFR antagonist which had

superior anti-tumor activity in vivo. The driving hypothesis was that a molecule capable of

simultaneous receptor downregulation and ligand competition would outperform clinically-

approved antibodies such as cetuximab. Work within and outside of the Wittrup lab lent support

to this approach - downregulation of receptors has been documented using a variety of targeting

approaches69,7 0,7 4 ,87-9 1. The new embodiments designed here were intended to advance the multi-

epitopic approach by incorporating EGFR binding moieties with favorable biophysical

properties. The hope was that this would increase stability, decrease aggregation, and overall

improve the developability of the novel therapeutic.

By all in vitro measures, this approach was successful. Sso7ds were isolated and evolved

to bind EGFR with moderate to high affinity even in the presence of cetuximab, and fusions of

these binders with cetuximab enabled the receptor clustering and downregulation intended.

Superior signaling antagonism resulted in reduced cellular proliferation and colony formation in

multiple cell lines. Yet in mice in a human PDX model the most promising fusion, DH-LD, was

not just ineffective but was inferior to cetuximab alone. This was ultimately attributed to the

cross-reactivity of Sso7d clone D. Measurements of its monomeric affinity for murine EGFR

showed weak to no binding, but a highly avid antibody fusion format enabled on-target but off-

tumor uptake of the fusion, leading to dramatically shorter half-life and faster clearance.

One possibility for overcoming a poor PK profile and restoring therapeutic efficacy is

simply to alter the dosing schedule, by increasing the amount of drug given per dose and/or

increasing the frequency of administration. But the feasibility of this approach for the particular

case of EGFR antagonism is questionable. For one, EGFR is widely expressed on a number of

68



normal tissues, particularly those of epithelial origin. For therapy administered systemically the

dose needs to be high enough to saturate all of the endogenous, normal EGFR in order to ensure

adequate tumor uptake. Presumably such a saturating dose exists, since this same phenomenon is

encountered and apparently overcome for cetuximab administration in humans in the course of

clinical practice, but the difference here is the added turnover as a result of downregulation by

the fusions. The combination of a high number of non-tumor target sites with increased

degradation rate at each of those sites makes the prospect of saturating dosing daunting. Further,

even if a dose regimen existed to ensure adequate tumor uptake of the fusions, dose-limiting

toxicity would be a serious concern. Cetuximab is known to cause severe skin rashes and other

toxicities in humans, so using a higher dose of a more potent antagonist could exacerbate pre-

existing toxicity concerns as much as it would help with anti-tumor efficacy.

A final alternative for overcoming limited tumor uptake would be to consider

intratumoral dosing. This approach has gained traction and seen increased clinical exploration

over the last few years, particularly within the context of cancer immunotherapy where local

administration of a drug can be used to prime a systemic immune response92. However, since the

mechanism of action of the cetuximab-Sso7d fusion is local blockade of growth signals directly

at the tumor site, the therapy could only succeed if every cancer cell were exposed to drug. For

metastatic disease in particular this could limit efficacy since it would be impossible to locally

administer the fusion to every metastasis. Further, the need for repeat dosing would present a

substantial challenge. Thus, this approach is also not suitable for overcoming the poor

pharmacokinetic profile of the antibody-Sso7d fusions.

Because of the anticipated dosing/toxicity challenges, ultimately the idea of using the

cetuximab-Sso7d fusion as an improved therapeutic was abandoned. Instead this work remains
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as another demonstration that downregulation is an effective means to a biochemical end -

receptor antagonism is improved through cell-surface clustering and reduced recycling. It is

notable, however, that no clinical products have been developed that utilize this mechanism of

action. Perhaps the approach would hold more promise for a target not as ubiquitously expressed

as EGFR.

Nevertheless, the process of identifying and optimizing the Sso7ds used in this study

provided an opportunity to further our understanding of the Sso7d as an engineerable scaffold.

Numerous reports have definitively demonstrated that an Sso7d library can produce a binder to a

diverse array of targets 81-83,93, just as has been shown for other small protein scaffolds. But this

work pushed the boundaries of Sso7d selections by requiring not just any binder to EGFR, but by

seeking as many unique clones to as many unique epitopes as possible. This process was

surprisingly challenging - in the absence of next-gen sequencing only two sequence-distinct

clone families were discovered. The application of deep sequencing and accompanying in silico

techniques increased the number of unique clone families, but not the number of epitopes

targeted.

One explanation for the limited epitopic coverage achieved here could be the dominance

of epitopic "hot spots" on EGFR. It has long been understood that binding free energy is not

evenly distributed across a protein's surface and that certain regions are more favored for binding

because of enrichment in particular amino acids94 95. This phenomenon can affect naYve library

selections as has been observed for antibodies as well as phage-selected peptides 96-102 . The

finding that approximately 75% of the "all binders" library targeted the ligand/cetuximab epitope

of EGFR, and that a staggering 90% of the remaining non-cetuximab competitive population

interacted with a single distinct epitope means that greater than 95% of the Sso7d naYve library
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covered only two epitopes on EGFR. This certainly supports the idea that hot spots exist on the

EGFR surface and that their presence complicated the selection of Sso7d binders for this study.

Alternatively, or perhaps in addition to the above explanation, is the possibility that

intrinsic limitations of the Sso7d scaffold contributed to the poor epitopic coverage observed.

Among EGFR-targeting antibodies, nanobodies, DARPins and fibronectins, several distinct

epitopes have been accounted for without particular effort to broaden coverage 74 87'103-105. But the

Sso7d paratope differs from these scaffolds in terms of its total size - only 9 amino acids form

the paratope, as well as its structure - the paratope residues are non-contiguous amino acids

distributed among three beta sheets as opposed to a string of amino acids comprising one or more

flexible loops. These differences may be functionally important. For example, one analysis of

antibody-antigen interfaces revealed that antibodies utilize an average of 19 contact residues to

mediate antigen binding 06, a larger number than is even available on the Sso7d paratope. A

crystal structure of an Sso7d in complex with K-Ras showed only nine amino acids from the

Sso7d formed the contacts with its target8 3. Another study which analyzed antibody-antigen

interactions concluded that specificity and affinity are derived predominantly from hydrophobic

side chains dispersed among short-chain hydrophilic residues which help the paratope adopt

necessary conformations to complement an antigen surface107 . While the Sso7d binders clearly

enrich for hydrophobic side chains, the paratope lacks the context of surrounding short-chain

hydrophilic residues. There are amino acids interspersed between the nine designated paratope

residues, but these are likely required for core packing and proper folding and do not provide

much conformational flexibility. Indeed, the fact that Sso7d affinity maturation by directed

evolution frequently resulted in mutations adjacent to or between paratope residues suggests that

shifts to the paratope structure were required to enhance antigen interactions.
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Further, the results here revealed limitations with respect to Sso7d affinity maturation.

While slightly sub-nanomolar affinities have been reported 93 and were achieved for one of the

lineages in this study, typical Sso7d affinities, even after directed evolution, are low- to mid-

nanomolar or higher 2 83 . Successive efforts toward higher affinity in this study produced only

marginal gains once Kd values reaced the mid-nanomolar range, and the best single round gains

required a relatively high number of mutations, suggesting that achieving high affinities is

difficult because only specific combinations of mutations can provide better binding. This is in

contrast to the typical evolution of antibodies and other scaffolds where picomolar affinities are

regularly achieved and even femtomolar Kd values have been reported 76' 108'1 09. Overall these

distinct properties of the Sso7d scaffold suggest that it may not be the best suited for applications

when broad antigenic coverage, binding to a particular epitope, or unusually high affinity

binding are requirements.

However, one benefit of the Sso7d scaffold library was its amenability to in silico

discovery methods. Deep sequencing has been utilized in the context of antibody libraries for a

variety of applications, including design validation and diversity estimation for naive

libraries"10'"1 I, estimation of clonal affinity following selections 112 and epitope mapping 113-115

The technology has even been previously applied for the discovery of rare clones116 1 17 in a

manner similar to the one employed here. But applying NGS to antibodies for the discovery and

analysis of clone families is challenging for two reasons. The first is the length of the antibody,

which when typically formatted as an scFv with 750-800bp exceeds the read length limit of

current NGS technologies; and the second is the complexity of the paratope, which typically

can't be fully defined without considering multiple CDR sequences of often varying lengths. To
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overcome these difficulties computational approaches are typically limited to a reduced region of

the protein, such as the CDR3 sequences, at the risk of lost information.

By comparison, Sso7d analysis is straightforward. The entire gene is approximately

200bp and can be sequenced without even the need to use paired end reads, and the paratope is

defined by just a fixed nine amino acid sequence. Even the relatively intuitive and simple

hierarchical clustering approach applied here revealed information missing from the traditional

single clone sequencing approach. Further refinements to this relatively unsophisticated

computational approach would likely yield additional value.

Beyond the theoretical exploration of inherent Sso7d capability, there were also practical

lessons which could inform future use or improved design of Sso7d libraries. The most impactful

of these was the repeated finding that affinity maturation selections produced clones in which the

C-terminal cmyc epitope tag was mutated away, through either introduction of a dibasic KR

motif or a stop codon. Initial experiments were performed to explore the feasibility of creating a

library in which the Sso7d C-terminus was truncated, in order to move the C-terminus away from

the binding paratope interface. Though further experiments would be needed to definitively

assess the value of this approach, these preliminary data suggest such a modification might be

both possible and valuable.
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Methods

Reagents and protein production

Chicken anti-cmyc and chicken anti-HA antibodies for yeast display were purchased from

Exalpha Biologics, Inc. Mouse anti-HA antibody (clone 16B 12) was purchased from Abcam. Goat

anti-chicken IgY-AF488 antibody, streptavidin-AF647, goat anti-human-AF647 and goat anti-

mouse-AF647 antibodies were purchased from ThermoFisher Scientific. Human EGF and HB-

EGF were purchased from Peprotech, human AREG and TGFa were purchased from R&D

Systems. pHrodo Green EGF was purchased from ThermoFisher Scientific.

EGFR-Fc and EGFR-monoFc consisted of the EGFR ECD fused to either wild type human

IgG1 Fc or an engineered version in which a glycosylation site is introduced to stabilize

monomeric solubility" 8 (for sequences see Appendix A). EGFR-Fc, EGFR-monoFc, cetuximab,

and cetuximab-Sso7d fusions were all cloned into the gWiz expression vector (Genlantis) using

standard cloning techniques. Protein was produced by transient transfection in the HEK293

Freestyle system (ThermoFisher Scientific). Transfections were performed using 1mg plasmid per

1 L of culture with cells at a density of 0.5E6/mL; plasmid was mixed with PEI at a ratio of 3:1

(w/w) PEI:DNA in OptiPro SFM media and incubated for 15min at room temperature before

addition dropwise to cultures. Transfected cultures were harvested after 7 days, centrifuged and

the supernatant was filtered and stored at 4'C until purification. All Fc-containing proteins were

purified using rProtein A Sepharose FastFlow resin (GE Healthcare), dialyzed into PBS and stored

at -80'C. Sso7d monomers were produced as SUMO fusions and with an N-terminal His tag using

the pE-SUMO vector (LifeSensors) as previously described 82. Proteins concentrations were

measured by A280 using a NanoDrop 2000 Spectrophotometer (ThermoFisher Scientific).
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Yeast display library construction and selections

Yeast display experiments were generally performed as described previously'119,120

Construction of Ssol 1 and Ssol8 libraries as well as bead and FACS selections through the "all

binders" stage were previously described8 2 . For competitive selections cetuximab was pre-

incubated with EGFR-Fc or EGFR-monoFc for 30 minutes at room temperature before yeast

were added. Concentrations of cetuximab were always at least 5-fold higher than the EGFR

antigen, and always at a minimum concentration of 50nM. All error-prone PCR libraries were

built according to protocols previously described120 using primers that ended just outside the

Sso7d coding sequence and included ~40bp of overlap with the pCTCon2 backbone plasmid.

Final library sizes were always >1E8 transformants. Sso7d display during sorts was monitored

by using either chicken anti-cmyc or chicken anti-HA antibody as the primary antibody and goat

anti-chicken IgY-AF488 as the secondary. In binding experiments using simultaneous anti-cmyc

and anti-HA detection, the anti-HA antibody was mouse anti-HA clone 16B 12 with a goat anti-

mouse-AF647 secondary antibody.

For sequencing, library DNA was isolated using the ZymoPrep Yeast Plasmid Miniprep

II Kit (Zymo Research). For single clone analysis, yeast DNA was transformed into Stellar

competent cells (Clontech), plated, and single colonies were picked for sequencing. All sorts

were done on a BD FACS Aria (BD Biosciences).

Sso 7d heat denaturation experiments on yeast

Yeast expressing the indicated Sso7d construct were heated to various temperatures and

incubated for 5min. Cells were immediately cooled to 4'C and then binding was assessed as

above for yeast binding experiments, using 20nM EGFR-Fc as the binding antigen and the anti-

cmyc or anti-HA antibody for display. Binding was measured by flow cytometry.
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High throughput sequencing ofyeast libraries and in silico analysis

Yeast miniprepped DNA was prepared for high-throughput sequencing by amplifying

genes with primers containing distinct barcodes for each of the library populations (S 11 before

sort; SIl after sort; S18 before sort; S18 after sort). Sequencing was performed using the

Illumina MiSeq system. In silico sequence analysis and clone family clustering was performed

using Matlab (MathWorks) and commands from the Bioinformatics Toolbox.

Cell culture

NCI-H292, A431, FaDu, AU565, HT29, HCT1 16 and HMEC cells were all purchased from ATCC

(Manassas, VA) and were cultured in media according to ATCC recommendations. All media and

supplements were purchased from ATCC unless noted. CHO-EG cells, stably expressing EGFR-

GFP, were established as previously described' 2' and maintained in media supplemented with

0.3mM geneticin (ThermoFisher Scientific). All culture media was supplemented with 10% FBS

(ThermoFisher Scientific). 0.25% trypsin-EDTA was purchased from ThermoFisher Scientific.

Microscopy

CHO-EG cells were plated on #1 glass cover slips (Chemglass) and incubated with

indicated antibody or fusion constructs. After incubation for 5hr cells were fixed with 4%

paraformaldehyde for 10 minutes at room temperature and cover slips mounted with DAPI-

containing mounting medium (Vectashield, Vector Laboratories) and dried overnight. Images

were acquired at room temperature using a GE (Applied Precision) DeltaVision Spectris inverted

Olympus X71 microscope with a 60x objective lens, captured with a Photometrics

CoolSNAP HQ camera. SoftWoRx software was used for image acquisition and deconvolution.
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EGFR downregulation assays

Cells were seeded in 96-well plates in complete medium and incubated overnight. Adherent

cells were then serum-starved overnight before constructs were added at indicated concentrations

and incubated at 37'C for indicated times. For quantification, cells were trypsinized, washed in

PBS+0.1% BSA (PBSA), then incubated with 10OnM cetuximab to saturate available EGFR

binding sites. Incubation was done for lhr at 4'C to prevent further internalization or

downregulation. Cells were then washed and incubated with goat anti-human-AF647 antibody at

1:1000 dilution in PBSA for 30 min at 4'C. Some published versions of this experiment use a brief

acid wash to strip remaining construct from the cell surface before quantifying the amount of

receptor, but in this case the use of cetuximab as the detecting reagent enabled quantification

without any stripping. Any free EGFR or Sso7d-bound EGFR should be labeled by the added

cetuximab (since none of the Sso7ds prevent concurrent cetuximab binding), and both this and any

previously cetuximab-bound EGFR would be labeled by the anti-human secondary antibody.

Finally, cells were washed in PBSA and resuspended in PBS immediately before reading on an

Accuri C6 flow cytometer (BD Biosciences).

EGF binding and uptake assays

Cells were seeded in 96-well plates in complete medium and incubated overnight. For EGF

binding competition assays, EGF-FITC was added to wells at desired concentrations and incubated

for 2hr at 4'C to prevent internalization caused by ligand binding. Cells were then trypsinized,

washed and binding was measured by flow cytometry.

For EGF uptake assays adherent cells were serum-starved overnight before constructs were

added and returned to 37'C for indicated times. pHrodo EGF, which only fluoresces at the acidic
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pH that occurs during internalization, was then added to the media for 2 hours. For quantification,

cells were trypsinized, washed with cold PBSA, and read by flow cytometry.

pERK ELISAs

For measurement of phosphorylated ERK, A431 or NCI-H292 cells were plated in 12-well

plates in complete medium and allowed to adhere. After serum starvation, blocking constructs

were added as indicated. Signaling was stimulated by the addition of 8nM EGF, 5nM HB-EGF,

IOnM TGFa or 15nM AREG to the media for 5 min at 370 C. Cells were then immediately placed

on ice, washed with cold PBS and 200uL of RIPA lysis buffer (ThermoFisher Scientific)

supplemented with cOmpleteTM protease inhibitors (Millipore Sigma, St. Louis, MO) was added.

Plates were incubated for 20min at 4'C to allow complete lysis. Lysate was collected, spun at

14,000xg for 1 0min and the supernatant transferred to a clean tube. Protein concentration was

quantified by BCA assay. pERK was measured using the SimpleStep ERK 1/2 (pT202/Y204 +

Total) ELISA Kit (Abcam) according to manufacturer's instructions.

Growth inhibition assays

For proliferation assays cells were plated at 5,000 cells / well in a 96-well plate in complete

medium and constructs were added at indicated concentrations. Wells were incubated for 5 days

at 370 C, then quantified by adding 50uL of prepared XTT reagent to wells, incubating for 1.5hrs

and reading absorbance at 592nm.

For colonogenic assays, cells were seeded at 1,000 cells per well in complete medium in a

6-well plate. After an night to allow cells to adhere to plates, constructs were added to wells at

desired concentrations and plates were incubated for one week. Wells were quantified by washing

with PBS and staining 1.5mL/well of 6% glutaraldehyde, 0.5% crystal violet for 30min at room

temperature. Plates were washed with water and imaged.
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PD-Li expression analysis

Cells were seeded at 100,000 cells/well in 12-well plates and allowed to adhere overnight

in complete medium. The next day constructs were added in serum free medium and incubated

overnight at 370 C for 12-16hrs. EGF was then added at a final concentration of 25ng/mL in each

well and again cells were incubated overnight to induce PD-Li expression. Cells were then

trypsinized, washed and incubated with anti-PD-LI-APC antibody (Biolegend) for lhr at 4'C,

washed again and then quantified by flow cytometry.

In vivo efficacy and PK study in patient-derived xenograft models

All animal work was performed at the Mayo Clinic, Rochester, MN, in accordance with

IACUC animal protocols. Patient-derived xenografts were inoculated subcutaneously in the flank

of immunocompromised NOD/SCID mice on day 0. Tumor size measurements and treatments

were begun on day 7; doses were 200ug of drug, injected retro-orbitally twice weekly for three

weeks total. Tumor volumes were calculated as (LxW 2)/2.

ELISA for cetuximab or cetuximab-Sso 7dfusion PK

Blood samples from PDX mice or from tumor naive nude mice were drawn by retroorbital

bleed 48hrs after either the indicated dose; serum was collected after centrifuging and stored at -

20'C. Human Therapeutic IgGI ELISA Kit (Cayman Chemical) was used for analyzing amount

of Fc present in mouse serum. Serum was diluted 1:1000 or 1:10000 in the assay and

manufacturer's protocol was followed.
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Chapter 3 - Engineering a human/mouse cross-reactive cetuximab

Introduction

Cetuximab is a monoclonal antibody which targets and antagonizes the function of human

EGFR by sterically blocking binding between the receptor and its ligands. First FDA approved in

2004 it is employed today either as a single-agent or in combination with other chemotherapies for

the treatment of lung, colorectal and head and neck cancers 40-44. Treatment with cetuximab results

in statistically significant increases in overall survival, but these benefits are modest; for example,

in a clinical trial which supported cetuximab's FDA approval in colorectal cancer, the median

duration of response was only 5.7 months when used in combination with chemotherapy.

Beyond the limited efficacy there are other challenges of cetuximab therapy. First,

predicting response to treatment remains challenging. Anti-EGFR antibodies such as cetuximab

and panitumumab are counter-indicated in patients harboring Ras mutations1 2 2, but even among

Ras wild type patients response rates are less than 50% in CRC; this number is even lower (-10-

15%) for head and neck cancer, or when cetuximab is used as a second-line treatment 40,123,124 .

Molecular and biological mechanisms underlying this selectivity of response are not well

understood, and thus the quest for better biomarkers or alternative genetic signatures continues125

127

Another limitation of cetuximab therapy is the inevitable development of acquired

resistance. Molecular alterations within the EGFR gene, oncogenic muations in downstream

effectors of EGFR, or mutations in other EGFR family members can all inactivate cetuximab and

lead to disease progression even in the context of positive initial responses. These mechanisms

have been extensively reviewed and remain the topic of current investigation' 23,128-133
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Suboptimal peri- and intratumoral distribution of cetuximab may also contribute to its

limited efficacy. Pharmacokinetic studies of cetuximab in humans have shown dose-dependent

clearance rates, a pattern consistent with target-mediated drug disposition (TMDD) 3 4 13 5 . These

studies informed clinical practice, where cetuximab is administered through intravenous infusion

at an initial loading dose of 400mg/m2, followed by a weekly maintenance dose of 250mg/m 2 . This

maintenance dose is at the saturating end of the dose-dependent PK curve and is expected based

on theoretical and modeling calculations to deliver intratumoral concentations of antibody that are

adequate for EGFR inhibition. But a quantitative measurement of cetuximab's tumor uptake is

difficult to obtain from human patients, and the impact of its distribution on drug efficacy is

incompletely understood. However, studies in mice have shown that heterogeneous antibody

distributions are often found in tumors despite high systemic drug doses' 36"137 and studies in

humans have shown correlations between cetuximab clearance and drug response3413. Overall

these findings suggest that a more advanced understanding of cetuximab distribution in tumors

might lead to improved treatment paradigms.

As an alternative to molecularly targeted therapies such as cetuximab, immunotherapy has

emerged as a powerful new approach for treating cancers. There are multiple classes of

immunotherapies with distinct mechanisms of action, but all act generally to harness the power of

the immune system against cancer to generate durable cures. In some cancers, treatment with a

single immunotherapy such as a checkpoint blockade antibody can yield striking results - for

example, when durvalumab, a PD-LI inhibitor was applied in stage III non-small-cell lung cancer,

or nivolumab, a PD- 1 inhibitor was used in melanoma, these drugs resulted in dramatic extensions

in progression free survival 39 140. However in some patient subsets and in certain immunologically
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"cold" tumors even these revolutionary drugs are ineffective or insufficient alone, and the potential

value of combination approaches is becoming clear.

The opportunities and motivations for considering immune-focused combinations with

cetuximab are numerous. It has been previously demonstrated that antibodies against tumor-

expressed antigens can synergize with other immunotherapies such as systemically administered

cytokines, cancer vaccines and checkpoint blockade to create combinations with increased

antitumor efficacy141,142. In these contexts tumor-targeting antibodies mediate cell killing by

recruiting innate effectors through interactions between the Fc and FcyRs, and by helping to recruit

and prime tumor-antigen-specific T-cell responses. ADCC has long been appreciated as an

essential component of cetuximab's antitumor efficacy6,1 43, and more recent studies have

elucidated the immunomodulatory effects of EGFR signaling which can be altered through use of

EGFR inhibitors like cetuximab9, 61,144-149. The diverse array of effects mediated by cetuximab

suggests multiple promising avenues for potentiating anti-tumor activity through

combinations 0 ,64 5 1 52

Overall, then, there is clearly room for improved understanding and utilization of anti-

EGFR antibodies. Better measurements of cetuximab biodistribution and tumor uptake could

inform new administration methods or dosing regimens; improved genetic or biomarker signatures

that correlate with patient response or development of acquired resistance could aid in more

effective patient stratification; the immunomodulatory effects of cetuximab treatment could be

harnessed to rationally design synergistic combination therapies. All of these are active areas of

exploration, but often the tools available for studying these phenomena are not optimal. This is

particularly true for pre-clinical studies in mice, since the cetuximab antibody does not bind the

murine EGFR protein. As a result mouse models using or studying cetuximab require the presence
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of human EGFR; this is achieved either through xenografts implanted in immune compromised

mice, or by the introduction of human EGFR into otherwise murine cells. In both cases the model

system lacks critical components which could affect study outcomes, such as an intact immune

system, relevant levels of endogenous EGFR expression, or native signaling pathways. Clinical

studies in humans can obviously provide valuable biological insight but the small scale and

retrospective nature limits their utility as well.

Thus, in this study we aimed to utilize yeast display to "murinize" cetuximab and create a

relevant mimic for the antibody which could be used in important pre-clinical explorations. To be

maximally relevant the murinized antibody would need the same properties as cetuximab - similar

affinity, identical binding epitope, and the ability to comparably inhibit EGFR signaling. To date,

the only published attempt at a pre-clinical cetuximab mimetic is the 7A7 antibody 53, though the

value of that molecule was recently called into question. Our approach was to use the cetuximab

sequence as the starting template, rationally design a mutant library and sort for murine EGFR

binding.
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Results

Validation of cetuximab scFv on yeast

The variable domains of cetuximab were cloned into the pCTCon2 vector for yeast display

as an scFv, and expression and binding to human and mouse EGFR were assessed. The construct

was well-expressed on the surface of yeast (Figure 3.1) as measured by labeling of the C-terminal

cmyc tag. The expected binding profile was also observed - the cetuximab scFv showed clear

binding to a bivalent human EGFR-Fc antigen but not to the murine version.

hEGFR-Fc
19.6 W

mEGFR-Fc
Control

100 102 0o 4o0 102 4,e

scFv Display Antigen binding

Figure 3.1 - Yeast display of cetuximab scFv. Left - Cetuximab expression on yeast surface was
induced and full-length expression was assessed by labeling the C-terminal cmyc tag. Cells were
incubated with chicken-anti-cmyc primary antibody, followed by an anti-chicken-AF488
secondary antibody before being measured by flow cytometry. Right - Cetuximab binding was
measured by incubating induced yeast with anti-cmyc antibody and indicated EGFR-Fc construct
at 25nM or control. Cells were gated for cmyc+ cells, and histograms of binding MFI are shown.

Yeast display library design and selection of a cross-reactive cetuximab

For generating a cetuximab scFv mutant library a saturation mutagenesis approach was

chosen, in which designated codons are mutagenized to ensure the complete sampling of every
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amino acid at each mutated position. Because a typical yeast display library has on the order of

lx108 members the number of mutated sites in a given library was limited to six, yielding a

maximum theoretical amino acid diversity of 206 = 6.4x 1 07 per library. Selection of the mutated

sites was guided by examination of the crystal structure of human EGFR-ECD in complex with

cetuximab as well as the alignments of mouse and human EGFR.

A

B
DILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESISGIPSR

VL: FSGSGSGTDFTLSINSVESEDIADYYCQQNNNWPTTFGAGTKLELKR

VH: QVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWVRQSPGKGLEWLGVIWSGGNTDYNT
PFTSRLSINKDNSKSQVFFKMNSLQSNDTAIYYCARALTYYDYEFAYWGQGTLVTVSA

Figure 3.2 - Structural considerations which guided cetuximab mutant library design. A -
Structure of human EGFR (blue) in complex with cetuximab (green VL, pink VH) from Li et al48,
PDB ID: 1YY9. Left - Spheres indicate the non-conserved residues between mouse and human
EGFR domain III. Cyan represents residues that have specific interactions with cetuximab. Right
- Pink and green spheres indicate the 8 residues that were mutated in the yeast display libraries.
Bottom: Sequences of cetuximab VH and VL, with CDRs underlined. Mutated sites are in bold.

The structure shows that several amino acids important for mediating contact with

cetuximab are non-conserved between the two species (Figure 3.2). It was hypothesized that

compensatory mutations on the cetuximab side of the interface near these non-conserved sites
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might confer cross-reactivity of the antibody. Specifically, eight cetuximab positions of interest

were identified, spanning three linearly contiguous regions within CDRs L3, H2 and H3 (Figure

3.2 B).

Three yeast display libraries were built, each with no more than six of these sites mutated

at a time, according to the scheme in Figure 3.3. FACS selections were performed on the three

libraries using the bivalent murine EGFR-Fc construct as antigen. After four sorts on each library

only Library C showed improved binding (Figure 3.4 A); interestingly, while the enriched

population showed weak binding at 150nM to bivalent murine EGFR, the affinity for human EGFR

was unaltered. A few clones from this population were sequenced and the enriched mutations are

shown in Figure 3.5. The only mutations found in this enriched population were located in CDR

L3 within the NNW sequence. A single site, N92, was mutated in 14 of 15 sequenced clones,

where 11 of those clones contained the N92L mutation and another 3 contained N92M.

Maintenance of human binding was likely a result of the fact that none of the cetuximab residues

which directly contact EGFR were mutated during this round.

Theo. Div. Ubrary A
6.4E71H LLne Hcy

Ubrary B
6.4E7 LLne Hcy

Ubrary C
Equal parts of each:

8E3 HAV ikrVHcy
8E3N

1.6E5 HAVLLikrH ny

Figure 3.3 - Saturation mutagenesis library design for initial round of sorts for murine EGFR
binding. Of the eight identified mutation sites of interest, combinations of no more than six were
combined into a single library to limit the theoretical diversity to less than the number of yeast
transformants in the library. Mutations were introduced into each contiguous segment using a
modified NNK approach (see Methods for more details) and then full-length inserts were
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assembled by overlap-extension PCR before transformation into yeast. Three total libraries were
built and sorted. Theoretical diversity of each full-length insert is indicated.
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Figure 3.4 - Sort progression during selections for murine EGFR binding. A - In Round 1,
Libraries A, B and C (from Figure 3.3) were sorted using chicken anti-cmyc as the display antibody
and 150nM biotinylated EGFR-Fc as the antigen. After four sorts, enriched populations were tested
for binding at the indicated concentrations to murine and human EGFR antigens before
sequencing. B - The Round 2 library was mutagenized by error-prone PCR before three sorts
against lower concentrations of bivalent antigen. Again, enriched populations were tested for
binding and cross-reactivity at indicated concentrations before sequencing. C - The final, Round
3, library was another round of error-prone PCR and sorting, this time using EGFR-monoFc as the
antigen.
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Figure 3.5 - Sequence progression of yeast display sorts during selection of mCetux. Cetuximab
amino acids are listed along the top; residues within CDRs are highlighted in yellow; bold positions
are those selected for the saturation mutagenesis library in round 1. Rows within each library
represent individual clones found; numbering at the bottom of each library represents the number
of time a mutation was observed at a particular position out of a total number of sequences acquired
(listed to the left). Numbering along the right represents the total number of times each individual
clone was observed. Final mutations in mCetux are boxed and shown as green and pink spheres
on structure at right. Other coloring in the structure is the same as Figure 3.2.

DNA from this enriched population (a pooled mixture of the sequences shown for Round

1 in Figure 3.5) was used as the template for a subsequent round of affinity maturation using error-

prone PCR over the entire scFv gene. To increase stringency of the selections in this second round

antigen concentration was lowered in successive sorts down to 20nM. After this round the enriched

population had high enough affinity to engage the monovalent murine EGFR construct (EGFR-

monoFc) suggesting improvement in Kd, and again, binding to human EGFR was preserved. A

variety of new mutations were found by sequencing single clones, including some both within and

outside of CDRs (Figure 3.5, Round 2).

A third and final round was constructed, again by error-prone PCR, and sort stringency

was increased by switching from bivalent to monovalent EGFR as the antigen. At the end of this
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final round, tight binding was observed to low concentrations of EGFR-monoFc, apparently

mediated by four consensus mutations that appeared in all 12 sequences analyzed (Figure 3.5,

Round 3).

Ultimately a single clone, incorporating only the consensus mutations from the final round

of sorting, was identified and constructed; its yeast binding titration against monovalent human

and murine EGFR is shown in Figure 3.6. This clone has a monovalent Kd of 3. nM against murine

EGFR, almost identical to the affinity of cetuximab for human EGFR. Interestingly, it has not just

preserved but slightly improved binding against human EGFR, even though this property was

never explicitly a selection criteria. In addition to the original N92L mutation in CDR L3, which

resulted from the saturation mutagenesis library, it has three additional mutations, all of which

became dominant during this third round. Two of these three, T961 in the LC and T64A in the HC,

were also cetuximab CDR mutations, though not amino acids specifically implicated in the

cetuximab/human EGFR interaction. The final new mutation was 12T of the LC, which is not a

CDR residue but is located at the interface with EGFR. This evolved antibody clone was called

"mCetux" and is the antibody used in studies throughout the remainder of this work.
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Figure 3.6 - Yeast titrations of mCetux and cetuximab against monovalent human and murine
EGFR. Raw data is shown in dots, solid and dashed lines are fitted curves for monovalent binding
isotherms. Data is representative of multiple experiments.

Validation of mCetux as cetuximab mimetic

In order to demonstrate that the four mutations in mCetux did not change the antibody

binding epitope on EGFR, competition binding assays were performed. mCetux scFv expressed

on yeast was bound to murine EGFR or human EGFR, with or without an excess of soluble

cetuximab. Figure 3.7 shows that an excess of soluble cetuximab had no effect on the binding of

mCetux to murine EGFR, but was able to completely ablate binding to human EGFR. Though an

indirect measure, this result suggests that mCetux and cetuximab have at least overlapping, if not

identical epitopes, at least for human EGFR. As another measure of epitopic similarity, the ability

of the EGFR ligand, EGF, to compete with antibody for EGFR binding was assessed. Excess

soluble ligand caused a dramatic reduction (>90%) in binding between mCetux and human EGFR,

consistent with the idea that the antibody engages the ligand binding site of the receptor.
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Figure 3.7 - Competition assays to assess mCetux binding epitope on EGFR. A - mCetux
displayed on yeast was bound to biotinylated monovalent murine or human EGFR (IOnM) with or
without excess soluble cetuximab (200 nM). B - Competition with the EGFR ligand human EGF
(200nM) was also assessed on yeast.

The mCetux scFv sequence was reformatted and expressed as a full-length IgG, and the

binding of the antibody to EGFR expressed endogenously on cell lines was subsequently

evaluated. Cetuximab bound only to the human cell line A43 1, known to express high levels of

EGFR, and the murine MC38 cell line transfected with a "humanized" murine EGFR which has

been shown to bind cetuximab (see Methods); no binding was detectable to any murine cell lines,

as expected, or to EGFR-null CHO cells which served as the negative control. For mCetux, binding

was detectable to both human EGFR expressing cell lines, not to the CHO cells, and among the

murine cell lines the results were mixed (Figure 3.8). In order to demonstrate that these varying

signals represented specific binding to expressed murine EGFR and not non-specific interactions

with the cell membrane, qPCR was done to quantify murine EGFR expression in each cell line.
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The correlation of murine EGFR RNA levels with the extent of binding on each cell type confirms

that the signals represent specific interactions between mCetux and EGFR.

None CHO
A431

Human MC38-hEGFR

MC38
CT26

4T1
KP2677

Mouse B16F10

Ag104a
Panc02

CtrI (no Ab)

Cetuximab

W.' -,M2 "0
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mCetux
% GAPDH expression

.01 .1 1 10 100

0~ 2 4
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17
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Figure 3.8 - Cell surface binding of mCetux. Cells were trypsinized, washed and exposed to 20nM
antibody (cetuximab, left; mCetux, center) for 1 hr at room temperature. Binding was detected
with an anti-human-488 antibody and samples were read by FACS. qPCR for murine EGFR RNA
is shown, right, normalized to expression of housekeeping gene GAPDH.

The main molecular mechanism of action of cetuximab is to antagonize ligand-mediated

EGFR signaling by direct competition. To determine if mCetux could similarly inhibit EGFR

signaling on murine cell lines, in vitro signaling assays were performed. Cell lines expressing

human or murine EGFR were stimulated with EGF in the presence or absence of antibody, and

lysates were assayed for phosphorylated ERK by ELISA as a measure of downstream signaling.

Both cetuximab and mCetux inhibit signaling on human EGFR-expressing B 16F 10 cells, but only

mCetux is active against murine cells expressing endogenous EGFR (Figure 3.9). Further, because

multiple distinct ligands are capable of binding EGFR and initiating signaling, the inhibition assay

was also run using amphiregulin, heparin-binding EGF and TGFa as ligands. Again, mCetux
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blocked signaling in both murine and human cells (Figure 3.9). The potency of mCetux in the

human A431 cell line was comparable to cetuximab.

1.2 r

1[- -----------

+0 cetuximab

+mCetux
LU
0-

0z

Ag1O4a cells

0.8

0.6

0.4

0.2

0.1 1 10 100 1000
[Antibody] (nM)

A431 cells

U -
0.01 0.1 1 10 100 1000

[Antibody] (nM)

Ag1O4a cells

0
z

1.4

1.2 -cetuximab
Mmcetux

1 ---------------------------

0.8

0.6

0.4

0.2~muml
TGFa HB-EGF EGF

1.4

1.2

1

L 0.8

. 0.6

&E 0.4
0
Z 0.2

0

-0.2

IT

TGFa' HB-EGF

Mcetuximab
MmCetux

EGF
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were serum starved, then incubated with antibody at indicated concentrations for Ihr at 37'C. Cells
were then stimulated with ligand for 5min, immediately washed and lysed with RIPA buffer.
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In preparation for in vivo administration of mCetux for therapeutic studies, the

pharmacokinetics of the engineered antibody were investigated. Studies of cetuximab

pharmacokinetics in humans have shown that the antibody exhibits dose-dependent clearance rates

and undergoes target-mediated drug disposition (TMDD). The human clinical dosing regimen for

cetuximab is 250 mg/m 2 weekly, equivalent to approximately 7mg/kg. Converting this dose to an

appropriate injection in mice based on weight would indicate an equivalent dose in mice to be less

than 150ug, in line with what is typically used for tumor targeting antibodies 141 1 42 or in studies

with cetuximab in nude mice 58. But allometric scaling according to body surface area155 indicates

an order of magnitude more protein is required - 1.67mg, or 83mg/kg. To assess whether mCetux

exhibited this same dose-dependent pharmacokinetic behavior, and determine the appropriate

dosing in mice, pharmacokinetic and tumor uptake studies were conducted. First, mice bearing

subcutaneous B 16-hEGFR tumors were given a single intraperitoneal dose of fluorescently labeled

mCetux or cetuximab and serum concentrations were measured over time. For all four doses of

cetuximab tested serum concentration peaked by 8 hours post-injection at which point nearly all

of the injected dose had reached systemic circulation. Clearance was slow, with a terminal ti/2 of

approximately 200hrs, and independent of dose (Figure 3.10 A). In contrast, peak systemic mCetux

concentrations were always well below the full administered dose, while the antibody half-life was

much shorter (t1/2 ranging from 20-52 hrs) and increased with dose, consistent with a molecule

undergoing TMDD. When clearance rates were plotted against administered dose the trend closely

mimicked that previously documented for cetuximab (Figure 3.10 B).
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Figure 3.10 - Pharmacokinetic study of mCetux in tumor-bearing mice. Mice were inoculated
with B16-hEGFR tumors and injected i.p. with a single dose of Alexa Fluor 647-labeled antibody
on day 7 (2 mice / group). Blood was collected from the tail vein at indicated time points. A -
Serum antibody concentrations (circles, dashed lines) over time for all mice along with non-
compartmental fit (solid lines). Terminal half life is calculated from the non-compartmental fit of

each group. B - Calculated clearance plotted against dose for each antibody (top), compared to
historical data from Baselga, et a 11 of cetuximab clearance in humans (bottom). The clinical dose
of 250 mg/m2 is labeled for reference. C - Microscopy showing distribution of mCetux in B16-
hEGFR tumor sections. Mice were inoculated with 1E6 B16-hEGFR cells at day 0, and at day 10
were given a single i.p. injection of the indicated amount of mCetux-AF647. Tumors were

harvested 24hr later, and frozen sections were imaged by microscopy. Top panel is composite
image, lower panel is mCetux-AF647 channel only (green), with outline shown to differentiate
tumor from surrounding skin. Tumor area was based on H&E staining.

To qualitatively assess tumor distribution of mCetux tumors were harvested 24 hours

following a single intraperitoneal injection of fluorescently-labeled antibody and visualized by

microscopy (Figure 3.10 C). Antibody was barely visible in tumor sections at doses below 500ug,
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which is in stark contrast to the saturation of tumors observed by Rhoden, et a186 for tumor targeting

antibodies at doses of greater than 150ug. Strikingly, fluorescence intensities were even higher in

surrounding skin than in tumor at all doses tested. This poor tumor distribution is in line with some

previous reports for other anti-EGFR antibodies136' 156 . Other studies have indicated that uniform

distributions of cetuximab can be achieved at high doses1 57, but it is notable that these analyses

were done in xenografts which lack the complexity of endogenous, non-tumor target expression.

The ability to account for and capture these types of complicating but physiologically relevant

factors is what underlies the value of mCetux.

Overall these data demonstrate that mCetux pharmacokinetics closely mimic those of

cetuximab, and suggest a large and frequent dose of 1-2mg is most appropriate for studying

cetuximab in vivo to gain biological and therapeutic insight. The high doses required are

inconvenient from a practical protein production standpoint, but ultimately the fidelity of mCetux

behavior in mice to that of cetuximab in humans inspires confidence in its usage and suggests that

in vivo experiments will yield relevant results.

Application of mCetux in murine colorectal organoids model system

For a model system in which to apply mCetux, a series of genetically-defined murine

colorectal cancer organoids was chosen. This system, developed within the Yilmaz Lab at MIT,

was particularly of interest since colorectal cancer is one of the approved indications for

cetuximab use in humans. The organoids were derived from mouse colon stem cells and then

edited to introduce known CRC driver mutations either singly or in combinations which occur in

the context of human CRC patients1 58. The organoids can be implanted and studied

orthotopically, making them a particularly relevant model for therapeutic studies.
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mCetux was first tested for its effect on organoid growth in vitro. Organoids harboring

combinations of driver mutations in APC (A), K-Ras (K), p53 (P), or Smad4 (S) were cultured in

the presence of varying concentrations of mCetux or cetuximab in a minimal media lacking any

growth factors. In this context the only source of EGFR ligands would be autocrine production

by organoid cells. When growth was quantified after 3 days using resazurin dye, mCetux

antibody clearly had a dose-dependent effect on both A and AP organoids. This effect is also

visible in microscopy images taken of the A organoids at this same day 3 time point (Figure 3.11

B). Cetuximab, however - which should not bind the EGFR expressed on these murine cells -

caused no change in growth for A organoids at even the highest concentrations tested. The effect

of mCetux was much weaker on AKP organoids which also harbor the oncogenic K-Ras G 1 2D

mutation; since K-Ras is a downstream effector of EGFR and this mutation should result in

constitutive signaling, this data is consistent with the mCetux mechanism of action being EGFR

antagonism. Interestingly, however, at the highest concentrations tested there was a small but

reproducible inhibition of growth for the AKP organoids, suggesting that mCetux exerts an effect

on other EGFR signaling pathways, such as the P13K pathway, even when ineffective against

Ras/Raf/MEK/ERK signaling.
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Figure 3.11 - In vitro effect of mCetux on CRC organoids. A - mCetux and cetuximab were
incubated with organoids harboring oncogenic mutations (A: APC, P: p53, K: K-Ras, S: Smad4)
for 3 days in minimal growth media. After 3 days growth was quantified by resazurin dye and data
were normalized to growth without antibody. B - Fluorescence microscopy of tdTomato positive
"A" organoids after incubation with antibody at indicated concentration for 3 days. C - Effect of
exogenous EGF on organoid growth, quantified by resazurin after 3 days of incubation and
normalized to growth in the absence of EGFR. lng/mL concentration indicated by gray bar denotes
EGF concentration used for testing mCetux inhibition in panel D. D - Effect of mCetux on
indicated organoid growth in the presence of lng/mL EGF. Growth is quantified by resazurin after
3 days and normalized to controls which lacked EGF or antibody. For panels A, C and D the dots
are raw data and the solid lines connect the means of the two repeats. Data are representative of
multiple experiments.

Next, the effect of exogenously added EGFR ligand on organoid growth was tested.

Addition of EGF to organoid cultures had a dose-dependent effect on growth that in all cases

plateaued at roughly 1-1 Ong/mL (Figure 3.11 C). Growth potentiation was also genotype-

dependent; high EGF concentrations resulted in a three-fold increase in growth for the A

organoids, moderate advantage in AP and APS organoids, and an even less pronounced effect for
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wild type organoids. Both organoids harboring the K-Ras mutation, AKP and AKPS, were

insensitive to the added EGF, confirming that the growth advantage was mediated by signaling

through EGFR.

Addition of mCetux abrogated the EGF-mediated growth advantage entirely, again in

both a dose- and genotype-dependent manner (Figure 3.11 D). For three of the four EGF-

responsive genotypes the highest concentrations of mCetux not only overcame the effect of

added ligand but also further reduced organoid growth below that of the non-EGF treated

controls. An exception was the AP organoids, which were less sensitive to mCetux inhibition

than APS, despite a similar dose-dependent response to added EGF. And again, as expected, both

K-Ras mutant organoids were insensitive to the effects of mCetux. Overall this data

demonstrates the ability of the mCetux antibody to inhibit EGFR signaling in a physiologically

and translationally relevant model system. And excitingly, the ability to discern genotype-

specific responses to what is effectively cetuximab therapy in a murine system presents the

possibility of exploring the biology that underlies the lack of response to cetuximab therapy in

subsets of CRC patients.

RNAseq of colorectal organonids inhibited by mCetux

To explore whether mCetux could be used to better understand or exploit the apparent

genotype-specific responses of the organoids to EGFR inhibition, RNAseq was performed on

organoids treated with EGF and in the presence or absence of 1 OOnM mCetux, a concentration at

which growth was strongly inhibited in vitro. Unsupervised clustering of the organoid expression

data for 11,454 genes shows distinct profiles based on organoid type and the effect of treatment

(Figure 3.12). Treated and untreated A and APS organoids could all be distinguished from each

other, and interestingly the A and APS treated conditions were more similar to each other than to
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their respective untreated controls. These data mirror the observed growth inhibition patterns,

where A and APS were most the susceptible organoids to cetuximab treatment. All organoids

with a K-Ras mutation (AKP and AKPS, treated and untreated) clustered together and were not

clearly distinguishable, implying that the effect of the K-Ras mutation on RNA expression

dominated over the effect of mCetux. This corresponds with the in vitro finding in Figure 3.11

that all K-Ras mutated organoids were indifferent both to EGF stimulation and mCetux

inhibition. Interestingly, the expression profile of AP organoids was very different from any

other genotypes and also unchanged in the presence of mCetux. The distinct pattern of

expression was partly expected, since it was clear from Figure 3.11 that this genotype responded

differently, and less overall, to mCetux treatment than the A and APS organoids, but the fact that

the treated and untreated samples cluster together was surprising, since EGF clearly potentiates

AP growth and mCetux can inhibit it.

GSEA analysis of differentially expressed genes in treated vs. untreated organoids

showed that gene sets related to cell cycle progression were highly enriched for decreased

expression in the presence of mCetux (Figure 3.13). These genes included classical Myc and E2F

targets as well as genes related to progression through the G2/M checkpoint. These findings

correlate with the observed decrease in cell growth observed for these organoids in vitro.

Interestingly, these same gene sets were significantly negatively enriched for AKP organoids,

despite the presence of the K-Ras mutation. This implies that the effect of EGFR inhibition by

mCetux can still be felt by cells with mutated K-Ras, despite the constitutive activity through the

Ras pathway. The data in Figure 3.11 A, which show small but reproducible decrease in growth

of AKP organoids at high mCetux concentrations and in the absence of exogenous EGF, support

this hypothesis. Only AKPS organoids did not have transcriptional profiles characteristic of
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decreased growth or cell cycle progression, indicating that the addition of the Smad4 mutation

confers increased mCetux resistance over the AKP combination.

-3 -

-2

1-- Into_

Figure 3.12 - RNAseq expression profiles of CRC organoids with and without mCetux treatment.
Organoids (A - yellow; AP - green; APS - purple; AKP - cyan; AKPS - blue) were incubated
with lng/mL EGF and with or without 1OOnM mCetux for 48hr. RNA was prepared from
organoids after 24hr and analyzed by RNAseq. n=5 for each treatment condition. Expression data
was log2 normalized and unsupervised clustering of 11,454 genes is shown.
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Because one of the intended applications of mCetux is helping to design rational

treatment combinations with immunotherapies, the RNAseq data was analyzed for effects on

secreted immune factors such as cytokines and chemokines and their receptors. Changes in

expression patterns within this data set could be useful for generating hypotheses about which

immunotherapeutic strategies hold the most promise and which genotypes are best poised to

respond. Unsupervised clustering of expression data for the subsets of genes corresponding to

interleukins (Figure 3.14 A), other cytokines (Figure 3.14 B) and chemokines (Figure 3.14 C) are

shown. Overall a striking feature is the low level or total lack of expression for most of the genes

queried. However the expression patterns for the various genotypes were distinct enough to

generally result in clustering of organoids by type, though the effect of treatment is harder to

discern bioinformatically. Particular genes of interest were identified; the focus was on genes in

which mCetux treatment caused a significant change in sensitive organoids (A and APS), and

where the direction of the effect was opposite that of a K-Ras mutation; the hypothesis was that

this expression pattern would be more likely to indicate the change was a function of EGFR

signaling. Four such genes are shown in Figure 3.14 D, including three soluble factors: IL-18,

CCL2, CCL6, and one receptor: IL- 1 7RE. Further experiments are necessary to determine what,

if any, biological underpinnings or therapeutic value these differentially expressed genes

represent, but nevertheless this data illustrates the ways in which mCetux can be used to help

better understand and guide use of anti-EGFR therapy such as cetuximab.
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In vivo efficacy of mCetux against APS-tdT colorectal organoids

Finally, in order to demonstrate the activity of the mCetux antibody in vivo we tested its

ability to control growth of APS organoids. The organoids were inoculated subcutaneously on

the flank so that growth would be easier to follow over time in this small pilot treatment study.

Two mCetux doses were tested, a 1 00ug dose and 1 000ug dose, each given three times per week

by intraperitoneal injection. As discussed above, the unusually high dose of I 000ug was chosen

based on the allometric scaling argument and the supporting results of pharmacokinetics and

tumor distribution studies.

On day 0, 20 mice were inoculated with 5,000 APS-tdT organoids (roughly equivalent to

3-5E5 cells), and after 2 weeks only very small nodules were visible in 16 of the mice. These

growth kinetics are very different than those observed with classical tumor cell lines, where

visible masses are found after 4-6 days. The organoid growth continued to remain slow

throughout the study, with the PBS group tumors barely increasing in size over the course of the

five weeks of treatment. However it was still clear that the mCetux antibody had a dose-

dependent effect on organoid growth, with four of the five mice clearing their tumors in the high

dose group (Figure 3.15). None of the mice exhibited obvious signs of toxicity as measured by

weight (data not shown).

While the use of APS-tdT organoids in a mouse flank was clearly not the most relevant

model system, this simple study illustrates that mCetux can control EGFR-driven tumors in vivo,

and validates the use of the allometrically-scaled, if unusually high, antibody dose in animal

studies. Further, the studies shown here lay the groundwork for expanding the scope of

investigation to combination immunotherapies and the oncogenic mutational landscapes in which

they might be most effective.

105



E

0
E
I-

10 20 30
Study day

40 50

25

20

15

10

5

0
10 20 30

Study Day

mCet, 10Oug mCet, 100Oug

Figure 3.15 - In vivo efficacy of mCetux against APS organoids. Mice were inoculated in the
right flank with 5,000 orgnaoids (approximately 500,000 cells) on day 0. Treatments were started
when tumor nodules were barely visible, on day 14. Treatments were administered i.p. 3x weekly
at indicated doses of antibody. Individual mouse growth curves are shown at right and averages
on left. Asterisk indicates p<0.05.

106

25

20

10
15

ECUE

0
E
,2

0

PBS

40 50



Discussion

Cetuximab remains a critical component of standard-of-care therapy in colorectal and

head and neck cancers, yet treatment typically only results in benefit for a minority of patients.

Even those who initially respond often develop acquired mutations which inactivate therapy. But

increased understanding of both the limitations of cetuximab antibody treatment specifically and

of the immune-related implications of EGFR signaling in general has opened the door for

considering new ways to potentiate cetuximab therapy. In this work we sought to address a

significant limitation impeding progress toward new advances in this space: the inability to study

fundamental biology or therapy in a native signaling context in an immune proficient mouse. To

that end we endeavored to create a mouse cross-reactive version of cetuximab.

The engineering approach chosen was yeast surface display-based screening of a

cetuximab mutant library. In particular, a structure-guided saturation mutagenesis approach was

used as the initial approach to confer mouse binding, followed by randomized mutations through

error-prone PCR to enhance affinity. An alternative method for generating a ligand-blocking

murine EGFR antibody would be screening a naive library or immunizing an animal, as was

done for 7A7, the only other reported cetuximab mimetic. But in these cases the selection output,

and in particular the binding epitope can not be easily controlled. EGFR ligands all bind

generally the same epitope but stimulate divergent signaling through different downstream

pathways, a phenomenon that is attributed to subtle conformational changes. If this is true then it

could also be that two antibodies binding nominally the same site on the receptor could exert

different biological functions; our protein engineering strategy minimizes this risk by producing

an antibody highly similar in sequence to cetuximab.
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The mCetux molecule created was only four point mutations different from cetuximab.

The four amino acids were not tested for their individual contributions to binding, so it is

possible that even fewer than all four are required for mouse cross-reactivity; indeed one

mutation was all that was required to confer some initial mouse EGFR binding. Fortunately,

though not an explicit selection criteria, human EGFR binding was maintained by mCetux, likely

because none of the antibody contact residues implicated in binding based on the Fab/EGFR

crystal structure were altered. This feature of mCetux should increase its translational relevance,

since it means that results obtained from a mouse study can be tested or confirmed in a human

context without changing reagents.

The mCetux antibody clearly recapitulates all of the critical functions and properties of

cetuximab as measured by in vitro and in vivo results. Receptor binding, ligand blocking and

signal antagonism were all preserved, and the antibody was subject to dose-dependent

pharmacokinetics and saturable clearance rates that closely mimicked those of cetuximab in

humans. Allometric scaling calculations indicated a very high dosing regimen would be required

to overcome the pharmacokinetic challenge presented by endogenously expressed murine EGFR,

and this hypothesis was validated in a study of mCetux against oncogenic colorectal organoids,

where the best tumor control was achieved by systemically administering 1mg of antibody three

times per week.

The potential applications for mCetux are numerous. For one, the antibody can be

utilized in vitro in any murine system analogous to that of cetuximab in a human system. One

example demonstrated here is the use of mCetux for understanding the effect of different

oncogenic driver mutations on EGFR signaling in colorectal cancer. Probing a genetically-

defined mouse system with cetuximab-like inhibition and examining phenotypic response and
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RNA expression levels revealed genotype-specific differences. Particularly interesting was the

unusual behavior of the organoids harboring APC and p53 mutations, an oncogenic combination

harbored by approximately 30% of CRC patients (Figure 3.16). These were clearly sensitive to

EGFR-inhibition, but to a very different extent than the other K-Ras wild type organoids tested.

Their RNA expression profiles were also highly distinct, both over the entire RNAseq expression

dataset as well among the cytokine and chemokine gene subsets. Further experiments are

required to understand the biological meaning of these findings, but importantly, any derived

hypotheses are straightforward to test in vivo since mCetux can bind EGFR in a wild type

mouse. Overall, one hope is that these types of studies will provide valuable insight into human

patient subsets that might be best poised to respond to cetuximab therapy.

85
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Figure 3.16 - TCGA data showing the prevalence of APC, p53, K-Ras and Smad4 mutations in
colorectal cancer patients. TCGA data accessed 6/1/18.

Combinations of cetuximab with immunotherapies such as checkpoint inhibitors 64,

systemic cytokines1 59, and NK cell agonists1 60 are currently being investigated; but these studies

all rely on either in vitro experiments or clinical trials. Another obvious, straightforward and

exciting application of the mCetux antibody is to make the middle ground - pre-clinical

investigations in mice - accessible. Essentially, the antibody could be used to predict the

outcome of a human clinical trial, or at minimum inform its design. Of course, the inherent

shortcomings of animal models and their sometimes poor translation to humans would still
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remain as potential pitfalls for any of these experiments, but in as much as mouse studies have

the potential to yield important results, mCetux enables those results' discovery.
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Materials and Methods

Reagents

Chicken anti-cmyc antibody was purchased from Exalpha Biologics, Inc. (Shirley, MA).

Streptavidin-APC, goat anti-human-AF647, and anti-chicken IgY-AF488 were purchased from

ThermoFisher Scientific (Carlsbad, CA).

Protein production

The human and murine EGFR extracellular domains were expressed as fusions to human

IgG 1 Fc to make bivalent antigen, or to an engineered monomeric human Fc domain as previously

described' 18. mCetux and cetuximab were expressed either as human IgGI antibodies or as mouse

IgG2c antibodies as indicated in text. All recombinant proteins were expressed by transient

transfection of HEK293F cells and purified by affinity chromatography over rProtein A Sepharose

Fast Flow resin (GE Healthcare), then validated by SDS-PAGE and size-exclusion

chromatography. When needed, proteins were biotinylated using EZ-Link Sulfo-NHS-Biotin

reagent (ThermoFisher Scientific) according to manufacturer's instructions.

Yeast display library design and selections

The cetuximab variable domain sequences were cloned into the pCTCon2 vector as an scFv

between the N-terminal HA and C-terminal cmyc tags. Mutagenized scFv fragments were created

using primers with degenerate codons NDT / VHG / TGG at a 12:9:1 mixture at each mutation

site. Full length inserts were assembled via overlap/extension PCR before transformation into yeast

with digested pCTCon2 backbone by electroporation as previously described1 20. Libraries all had

>1E8 transformants. All yeast culture protocols were as previously described' 19.120 Sorts were

done by labeling with chicken anti-cmyc antibody and Fc-containing EGFR antigen for >lhr at
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room temperature, followed by washing and incubating with anti-chicken-488 and anti-human-

AF647 secondary antibodies for 30min at 4'C. FACS selections were done using a BD FACS Aria

sorter (BD Biosciences).

Mammalian cell culture

A43 1, CHO, CT26, 4T 1 and B 1 6F 10 cells were all purchased from ATCC and cultured in

media as recommended by ATCC. All media and supplements were purchased from either ATCC

or ThermoFisher Scinetific. B 16-hEGFR and MC3 8-hEGFR cells were provided by Dr. Yang-Xin

Fu (University of Texas, Southwestern). These cells express stably transfected version of murine

EGFR which has six point mutations: K353R, G418S, R443K, M4671, N468S, and K473N,

all of which are reversions to human sequence and confer cetuximab binding. AgI04a cells' 6 1 were

a gift from Dr. Hans Schreiber (University of Chicago).

EGFR binding and competition assays

For assays on yeast cells, yeast transformed with the mCetux or cetuximab scFv were

induced and incubated at 20'C overnight for expression, then washed in PBS+O.1% BSA (PBSA).

Cells were incubated in PBSA in 96-well plates in the presence or absence of biotinylated EGFR

and/or competitor at indicated concentrations, along with chicken anti-cmyc antibody for >1 hr at

room temperature. After washing, cells were incubated for 30min at 4'C with anti-human-AF647

anti-chicken-AF488 for secondary labeling. Cells were washed again before reading on BD Accuri

C6 flow cytometer (BD Biosciences).

For mammalian cell binding cells were trypsinized, washed and resuspended in PBSA with

biotinylated antibodies at indicated concentrations for >1 hr at room temperature. After washing,
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cells were incubated with streptavidin-APC for 30min at 4'C. Cells were washed once more before

resuspension in PBSA and reading on a BD Accuri flow cytometer.

RT-qPCR

RNA was isolated from cultured cells using NucleoSpin RNA kit (Clontech). RT-PCR was

done using QuantiTect SYBR Green RT-PCR Kit 200 (Qiagen) according to manufacturer's

instructions and with 200ng template RNA per reaction. Reactions were run in triplicate on a

Roche LightCycler 480 Instrument. Forward and reverse primers for human and murine EGFR

and GAPDH are listed in Appendix A.

Pharmacokinetic and imaging studies

C57B1/6 mice were inoculated with 1E6 B16-hEGFR cells subcutaneously on the left flank.

On day 7 the mice were given a single i.p. injection of antibody. Each animal received an amount

of Alexa Fluor-647 labeled antibody equal to 0.7nmol of fluorophore, with the remainder of the

antibody consisting of unlabeled antibody. Antibodies were produced with mouse IgG2c Fc

domains (sequences in Appendix A). The dose groups were 2000, 1000, 500, 200 or 50ug mCetux,

or 1000, 300, 100 or 5Oug cetuximab, 2 mice per group. For PK blood was collected from the tail

vein into capillary tubes at indicated time points, sealed with parafilm and stored at 4'C until

samples were read at the end of the study. Capillary fluorescence was quantified on a Typhoon

imaging system (GE Healthcare) and analyzed using ImageJ software. Samples were normalized

against a standard curve of labeled antibody diluted in PBS.

For microscopy studies, tumors were inoculated as above and antibody was injected on day

7. Doses were 2000, 500, 100 or 50ug Alexa Fluor-647 labeled mCetux as above. At 24 hours,

animals were euthanized, tumors harvested and fixed. Frozen sections 7 um thick were cut and

slides were mounted with VectaShield containing DAPI. Images were captured on a Nikon AlR
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Ultra-Fast Spectral Scanning Confocal microscope. All imaging parameters and exposure time

were identical for all images to enable direct comparison.

Tumor studies

All animal work was conducted under the approval of the Massachusetts Institute of

Technology (MIT) Division of Comparative Medicine in accordance with federal, state, and local

guidelines. Male C57/B16 mice were obtained from Jackson Labs. At 7-8 weeks of age. 5,000

APS-tdT organoids in X% matrigel were injected subcutaneously in the right flank. Treatment

with mCetux at either 1mg or 100ug was administered 3x/week i.p. Treatments were started on

day 14 and continued for the length of the study, totaling 5 weeks. Tumors were measured with

digital calipers and areas were calculated as LxW.

114



Chapter 4 - Conclusions and Future Outloook

In this thesis two projects were presented which leveraged the protein engineering

expertise of the Wittrup lab against the deficiencies of EGFR-targeted antibody therapy in

cancer. In the first project a novel therapeutic fusion protein was generated which combined the

cetuximab antibody and engineered EGFR-targeting Sso7d binding moieties. This fusion was a

more potent antagonist in a number of in vitro assays, but failed to inhibit tumor growth in vivo

(detailed discussion in Chapter 2). In the second project, the cetuximab antibody was

"murinized" to enable its use as a pre-clinical tool in murine models. The potential applications

of mCetux were demonstrated in a mouse colorectal organoid model system.

A few key themes emerged from these studies. The first of these is the difficulty of

employing an EGFR-targeted therapy in the confounding context of normal, endogenous target

expression. EGFR was originally designated as an attractive therapeutic target because of its

frequent overexpression on cancerous cells, but its presence on healthy tissues throughout the

body presents considerable therapeutic challenges. One manifestation of this is an unfavorable

pharmacokinetic profile, owing to the presence of the target both within and outside of the

tumor, as was encountered in each of the two projects detailed in this thesis. In both cases, the

ability of the administered protein to cross-react with native (murine) EGFR dramatically

reduced its circulating half-life compared to the non-cross reactive cetuximab antibody alone.

And this problem was even further confounded when the engineered agent - the antibody-Sso7d

fusion - induced receptor downregulation and resulted in rapid turnover of the drug.

Overcoming this problem requires substantially increasing dosage (a feasible but

undesirable solution since production scale-up corresponds with increased technical difficulty

and cost), but even then the presence of endogenous EGFR expression poses a second problem -
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on-target toxicity. Dysregulated EGFR signaling is oncogenic, but native EGFR signaling is

critical for epithelial homeostasis and blockade of these pathways impacts nonnal tissue

function; indeed, skin toxicities are a noted common side-effect of EGFR antibody treatment in

humans. Systemically administered agents which target wild-type proteins will access targets

both within and outside the tumor, and any potentiation of activity at the tumor site will

correspond with increased activity in the surrounding healthy tissues. Overall then, this work

drives home the idea that targeting wild-type EGFR by relying on simple overexpression at the

tumor site is not a promising strategy. As an alternative, targeting aberrant forms of the receptor,

as is achieved by the mAb 806 antibody against the EGFRviii mutant, for example, may provide

more promise.

Another related theme of this work was the importance of testing EGFR-targeted

therapies in murine models which capture these intuitively straightforward but nevertheless

critical aspects of therapeutic development. By all in vitro measures, the antibody-Sso7d fusion

was a more potent EGFR antagonist, and the incorporation of receptor downregulating capability

was an asset. If this therapeutic had lacked mouse cross-reactivity and had been tested in a

human xenograft model it likely would have inhibited tumor growth; but this result would mask

potential impending translational difficulty, since in a human context a human EGFR-targeted

antibody-Sso7d fusion would encounter target both inside and outside the tumor, likely leading

to the difficulties described above. Though it was accidental and led to a therapeutic "failure",

the fact that the cetuximab-Sso7d fusion tested in this work was murine cross-reactive allowed

for identification of this context-dependent limitation early. Instead of reinforcing the belief that

EGFR downregulation is advantageous because it decreases oncogenic EGFR signaling, these

studies demonstrated some of the other challenges to be considered if downregulation is to be
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pursued. Indeed, the necessity for more faithful models of EGFR biology and therapy is what

underlies the significance of the mCetux project. This minimally-modified antibody is the closest

mimic of cetuximab function in a mouse that exists, and it should be useful in helping to

elucidate all of the complexities of EGFR targeting in a pre-clinical setting.

Despite the failure of the work described here to yield promising new cancer therapies,

these projects were highly successful on a protein engineering level. As detailed in Chapter 2 the

application of simple in silico methods to the discovery of Sso7d binders was highly fruitful, and

lessons were learned about the intrinsic benefits and limitations of the Sso7d scaffold. Further, an

intuitive but non-standard, structure-based saturation mutagenesis approach was useful for

producing a minimally-modified cetuximab mimic antibody by yeast display. This reagent

should have numerous fundamental and therapeutic applications in the field of EGFR inhibition.
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Appendix A - Plasmid and Primer DNA Sequences

EGFR-Fc in gWiz vector

... gWiz- ina fl ,puIdce-EGFR ECD-IEGRMD- Huiian IgG1I FEc-(Gly4Ser)2 -Biotin
Acceptor Peptide - His Tag - STOP - gWiz ...

TAATAGCTGACAGACTAACAGACTGTTCCTTTCCATGGGTCTTTTCTGCAGA T GCGACCCT
CCGGGA;CGGCCGGGCAGCGCTCCTGGCGCT ALT3GCTGCGCTCTGCCCGGCTAGCCG
GCCT CTGGAGGAAAAGAAAGTTTGCCAAGGCACGAGTAACAAGCTCACGCAGTTGGGCAC
TTTTGAAGATCATTTTCTCAGCCTCCAGAGGATGTTCAATAACTGTGAGGTGGTCCTTGGG
AATTTGGAAATTACCTATGTGCAGAGGAATTATGATCTTTCCTTCTTAAAGACCATCCAGGA
GGTGGCTGGTTATGTCCTCATTGCCCTCAACACAGTGGAGCGAATTCCTTTGGAAAACCTG
CAGATCATCAGAGGAAATATGTACTACGAAAATTCCTATGCCTTAGCAGTCTTATCTAACTA
TGATGCAAATAAAACCGGACTGAAGGAGCTGCCCATGAGAAATTTACAGGAAATCCTGCAT
GGCGCCGTGCGGTTCAGCAACAACCCTGCCCTGTGCAACGTGGAGAGCATCCAGTGGCG
GGACATAGTCAGCAGTGACTTTCTCAGCAACATGTCGATGGACTTCCAGAACCACCTAGGC
AGCTGCCAAAAGTGTGATCCAAGCTGTCCCAATGGGAGCTGCTGGGGTGCAGGAGAGGA
GAACTGCCAGAAACTGACCAAAATCATCTGTGCCCAGCAGTGCTCCGGGCGCTGCCGTGG
CAAGTCCCCCAGTGACTGCTGCCACAACCAGTGTGCTGCAGGCTGCACAGGCCCCCGGG
AGAGCGACTGCCTGGTCTGCCGCAAATTCCGAGACGAAGCCACGTGCAAGGACACCTGC
CCCCCACTCATGCTCTACAACCCCACCACGTACCAGATGGATGTGAACCCCGAGGGCAAA
TACAGCTTTGGTGCCACCTGCGTGAAGAAGTGTCCCCGTAATTATGTGGTGACAGATCACG
GCTCGTGCGTCCGAGCCTGTGGGGCCGACAGCTATGAGATGGAGGAAGACGGCGTCCGC
AAGTGTAAGAAGTGCGAAGGGCCTTGCCGCAAAGTGTGTAACGGAATAGGTATTGGTGAA
TTTAAAGACTCACTCTCCATAAATGCTACGAATATTAAACACTTCAAAAACTGCACCTCCATC
AGTGGCGATCTCCACATCCTGCCGGTGGCATTTAGGGGTGACTCCTTCACACATACTCCTC
CTCTGGATCCACAGGAACTGGATATTCTGAAAACCGTAAAGGAAATCACAGGGTTTTTGCT
GATTCAGGCTTGGCCTGAAAACAGGACGGACCTCCATGCCTTTGAGAACCTAGAAATCATA
CGCGGCAGGACCAAGCAACATGGTCAGTTTTCTCTTGCAGTCGTCAGCCTGAACATAACAT
CCTTGGGATTACGCTCCCTCAAGGAGATAAGTGATGGAGATGTGATAATTTCAGGAAACAA
AAATTTGTGCTATGCAAATACAATAAACTGGAAAAAACTGTTTGGGACCTCCGGTCAGAAAA
CCAAAATTATAAGCAACAGAGGTGAAAACAGCTGCAAGGCCACAGGCCAGGTCTGCCATG
CCTTGTGCTCCCCCGAGGGCTGCTGGGGCCCGGAGCCCAGGGACTGCGTCTCTTGCCGG
AATGTCAGCCGAGGCAGGGAATGCGTGGACAAGTGCAAACTTCTGGAGGGTGAGCCAAG
GGAGTTTGTGGAGAACTCTGAGTGCATACAGTGCCACCCAGAGTGCCTGCCTCAGGCCAT
GAACATCACCTGCACAGGACGGGGACCAGACAACTGTATCCAGTGTGCCCACTACATTGA
CGGCCCCCACTGCGTCAAGACCTGCCCGGCAGGAGTCATGGGAGAAAACAACACCCTGG
TCTGGAAGTACGCAGACGCCGGCCATGTGTGCCACCTGTGCCATCCAAACTGCACCTACG
GATGCACTGGGCCAGGTCTTGAAGGCTGTCCAACGAATGGGCCTAAGATCCCGTCCATTG
AAGGCCGCATGGATAAGCCCAGCAACACCAAGGTGGACAAGAAAGTTGAGCCCAAATCT
TGTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTGAACTCCTGGGGGGACCGTCA
GTCTTCCTCTTCCCCCCAAAACCCAAGGACACCCTCATGATCTCCCGGACCCCTGAGGTCA
CATGCGTGGTGGTGGACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACTGGTACGTGG
ACGGCGTGGAGGTGCATAATGCCAAGACAAAGCCGCGGGAGGAGCAGTACAACAGCACG
TACCGTGTGGTCAGCGTCCTCACCGTCCTGCACCAGGACTGGCTGAATGGCAAGGAGTAC
AAGTGCAAGGTCTCCAACAAAGCCCTCCCAGCCCCCATCGAGAAAACCATCTCCAAAGCC
AAAGGGCAGCCCCGAGAACCACAGGTGTACACCCTGCCCCCATCCCGGGATGAGCTGAC
CAAGAACCAGGTCAGCCTGACCTGCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGT
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GGAGTGGGAGAGCAATGGGCAGCCGGAGAACAACTACAAGACCACGCCTCCCGTGCTGG
ACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAAGAGCAGGTGGCAGC
AGGGGAACGTCTTCTCATGCTCCGTGATGCATGAGGCTCTGCACAACCACTACACGCAGA
AGAGCCTCTCCCTGTCTCCGGGTAAAGGAGGCGGTGGGTCTGGCGGAGGTGGACAC
GTGCTTAATGACATTTTCGAGGCCCAAAAAATAGAGTGGCATGAAACCGGTCATCA
CCATCACCATCACTGATAAGTCGACACGTGTGATCAGATATCGCGGCCGCTCTAGACCA
MRPG I A'A A LLAI L \Ai lAl KKV -TS\Ktl QLGiFE DFl' L)LQRMFNN(
EVVLGNLEITYVQRNYDLSFLKTIQEVAGY VLALNTVERIPLEN LQIIRGNMYY ENSY A
LA VLSN YDAN KTG LKELPMRN LQEI LHGAVRFSNNPALCNVESIQW RDIVSSDFLSNMS
MI)FQNH L(iSCQKCDPSCPNGSCWGA(JEENCQK LTKIICAQQCSGRCRGKSPSI)CCfHNQ
CAAGCTGPRESDC LVC'RKFRDEA TCKDTCPPLM LYN PTTYQM DVN PEGKY SFGA TCVK
KCPRNYVVTDHGSCVRA( GA)SYEMEEDGVRKCKK(EGPCRKVCNGI(iI(iEFKDSLSI
NATNIK HFKNCTSISGDLH ILPVAFRGDSFTHTPPLDPQELDI LKTVKEITGFLLIQAWPEN
RTDLH AFEN LEI IRGRTKQHGQFSLAVVSLN ITS LG LRS LKEISDGDVI ISGNKN LCYANTI
NW KKLFGTSGQKTKIISNRGENSCKATGQVCHA LCS PEGCWGPEPRDC VSC RN VSRGR
ECV\DKCKLLEGEPREFVENSECIQCHPECLPQAMNITCT(iR(PDNCIQCAHYIDGPI lCV\K
TCPA(JVNI(ENNTLVWKYADAGHVC'HLCHPNCTYGC'TGPGLE(iCPTNGPKIPSIEGRMD
KPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLM ISRTPEVTCVVV
DVSH EDPEVKFNWYVDGVEVHNAKTKPR EEQYNSTYRVVSVLTVLHQDW LNGKEYK
CKVSNKA LPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVE
WESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYT
QKSLSLSPGKGGGGSGGG(IHVLNDIFEAQKIEWHETGHHHHHH**
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EGFR-monoFc in gWiz vector

This construct introduces two extra glycosylation sites in the Fc domain to stabilize monomeric
solubility. For more info, see Ishino, et al 18 . Highlighted locations are mutated from wt Fc.

... gWiz - EGFR signal peptide - EGFR ECD - (G 4 S)2 - monoFe ( 119-330) - Agel - BAP -
MluI - Stop - gWiz...

CAGACTAACAGACTGTTCCTTTCCATGGGTCTTTTCTGCAGATGCGACCCTCCGGGA
CGGCCGGGGCAGCGCTCCTGGCGCTACTGGCTGCGCTCTGCCCGGCTAGCCGGGCTC
TGGAGGAAAAGAAAGTTTGCCAAGGCACGAGTAACAAGCTCACGCAGTTGGGCACT
TTTGAAGATCATTTTCTCAGCCTCCAGAGGATGTTCAATAACTGTGAGGTGGTCCTT
GGGAATTTGGAAATTACCTATGTGCAGAGGAATTATGATCTTTCCTTCTTAAAGACC
ATCCAGGAGGTGGCTGGTTATGTCCTCATTGCCCTCAACACAGTGGAGCGAATTCCT
TTGGAAAACCTGCAGATCATCAGAGGAAATATGTACTACGAAAATTCCTATGCCTTA
GCAGTCTTATCTAACTATGATGCAAATAAAACCGGACTGAAGGAGCTGCCCATGAG
AAATTTACAGGAAATCCTGCATGGCGCCGTGCGGTTCAGCAACAACCCTGCCCTGTG
CAACGTGGAGAGCATCCAGTGGCGGGACATAGTCAGCAGTGACTTTCTCAGCAACA
TGTCGATGGACTTCCAGAACCACCTAGGCAGCTGCCAAAAGTGTGATCCAAGCTGTC
CCAATGGGAGCTGCTGGGGTGCAGGAGAGGAGAACTGCCAGAAACTGACCAAAATC
ATCTGTGCCCAGCAGTGCTCCGGGCGCTGCCGTGGCAAGTCCCCCAGTGACTGCTGC
CACAACCAGTGTGCTGCAGGCTGCACAGGCCCCCGGGAGAGCGACTGCCTGGTCTG
CCGCAAATTCCGAGACGAAGCCACGTGCAAGGACACCTGCCCCCCACTCATGCTCT
ACAACCCCACCACGTACCAGATGGATGTGAACCCCGAGGGCAAATACAGCTTTGGT
GCCACCTGCGTGAAGAAGTGTCCCCGTAATTATGTGGTGACAGATCACGGCTCGTGC
GTCCGAGCCTGTGGGGCCGACAGCTATGAGATGGAGGAAGACGGCGTCCGCAAGTG
TAAGAAGTGCGAAGGGCCTTGCCGCAAAGTGTGTAACGGAATAGGTATTGGTGAAT
TTAAAGACTCACTCTCCATAAATGCTACGAATATTAAACACTTCAAAAACTGCACCT
CCATCAGTGGCGATCTCCACATCCTGCCGGTGGCATTTAGGGGTGACTCCTTCACAC
ATACTCCTCCTCTGGATCCACAGGAACTGGATATTCTGAAAACCGTAAAGGAAATCA
CAGGGTTTTTGCTGATTCAGGCTTGGCCTGAAAACAGGACGGACCTCCATGCCTTTG
AGAACCTAGAAATCATACGCGGCAGGACCAAGCAACATGGTCAGTTTTCTCTTGCA
GTCGTCAGCCTGAACATAACATCCTTGGGATTACGCTCCCTCAAGGAGATAAGTGAT
GGAGATGTGATAATTTCAGGAAACAAAAATTTGTGCTATGCAAATACAATAAACTG
GAAAAAACTGTTTGGGACCTCCGGTCAGAAAACCAAAATTATAAGCAACAGAGGTG
AAAACAGCTGCAAGGCCACAGGCCAGGTCTGCCATGCCTTGTGCTCCCCCGAGGGC
TGCTGGGGCCCGGAGCCCAGGGACTGCGTCTCTTGCCGGAATGTCAGCCGAGGCAG
GGAATGCGTGGACAAGTGCAAACTTCTGGAGGGTGAGCCAAGGGAGTTTGTGGAGA
ACTCTGAGTGCATACAGTGCCACCCAGAGTGCCTGCCTCAGGCCATGAACATCACCT
GCACAGGACGGGGACCAGACAACTGTATCCAGTGTGCCCACTACATTGACGGCCCC
CACTGCGTCAAGACCTGCCCGGCAGGAGTCATGGGAGAAAACAACACCCTGGTCTG
GAAGTACGCAGACGCCGGCCATGTGTGCCACCTGTGCCATCCAAACTGCACCTACG
GATGCACTGGGCCAGGTCTTGAAGGCTGTCCAACGAATGGGCCTAAGATCCCGTCC
GGCGGAGGAGGTTCAGGAGGTGGTGGATCTGGGGGACCGTCAGTCTTCCTCTTCCCC
CCAAAACCCAAGGACACCCTCATGATCTCCCGGACCCCTGAGGTCACATGCGTGGT
GGTGGACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACTGGTACGTGGACGGCG
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TGGAGGTGCATAATGCCAAGACAAAGCCGCGGGAGGAGCAGTACAACAGCACGTA
CCGTGTGGTCAGCGTCCTCACCGTCCTGCACCAGGACTGGCTGAATGGCAAGGAGT
ACAAGTGCAAGGTCTCCAACAAAGCCCTCCCAGCCCCCATCGAGAAAACCATCTCC
AAAGCCAAAGGGCAGCCCCGAGAACCACAGGTGTACACCCTGCCCCCATCCCGGGA
TGAGCTGACCAAGAACCAGGTCAECCTGACCTGCCTGGTCAAAGGCTTCTATCCCAG
CGACATCGCCGTGGAGTGGGAGAGCAATGGGCAGCCGGAGAACAACTACAAGACC
ACGCCTCCCGTGCTGGACTCCGACGGCTCCTTCTTCCTCEACAGCAEGCTCACCGTG
GACAAGAGCAGGTGGCAGCAGGGGAACGTCTTCTCATGCTCCGTGATGCATGAGGC
TCTGCACAACCACTACACGCAGAAGAGCCTCTCCCTGTCTCCGGGTAAAACCGGTCT
TAATGACATTTTCGAGGCCCAAAAAATAGAGTGGCATGAAACGCGTTGATAAGTCG
ACACGTGTGATCAGATATCGCGGCCGCTC

MRPSGTAGAALLALLAALCPASRALEEKKVCQGTSNKLTQLGTFEDHFLSLQRMFNNC
EVVLGNLEITYVQRNYDLSFLKTIQEVAGYVLIALNTVERIPLENLQIIRGNMYYENSYA
LAVLSNYDANKTGLKELPMRNLQEILHGAVRFSNNPALCNVESIQWRDIVSSDFLSNMS
MDFQNHLGSCQKCDPSCPNGSCWGAGEENCQKLTKIICAQQCSGRCRGKSPSDCCHNQ
CAAGCTGPRESDCLVCRKFRDEATCKDTCPPLMLYNPTTYQMDVNPEGKYSFGATCVK
KCPRNYVVTDHGSCVRACGADSYEMEEDGVRKCKKCEGPCRKVCNGIGIGEFKDSLSI
NATNIKHFKNCTSISGDLHILPVAFRGDSFTHTPPLDPQELDILKTVKEITGFLLIQAWPEN
RTDLHAFEN LEIIRGRTKQHGQFSLAVVSLNITSLGLRSLKEISDGDVIISGNKNLCYANTI
NWKKLFGTSGQKTKIISNRGENSCKATGQVCHALCSPEGCWGPEPRDCVSCRNVSRGR
ECVDKCKLLEGEPREFVENSEC IQCHPECLPQAMNITCTGRGPDNCIQCAHYIDGPHCVK
TCPAGVMGENNTLVWKYADAGHVCHLCHPNCTYGCTGPGLEGCPTNGPKIPSGGGGS
GGGGSGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAK
TKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQ
VYTLPPSRDELTKNQVELTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFL
*SILTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGKTGLNDIFEAQKIEWHET
R**

132



Sso7d clones

Sso7d sequences were expressed either in pE-SUMO or in pCTCon2.

Clone A

GCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAAT
CAAGATCGTGGACCGTTACGGCCAGTCTATTCATTTTAACTATGATGAAGGTGGTGG
TGCCTATAGTTGGGTTTGGATGAGCGAAAAAGATGCACCGAAAGAACTGCTGCTGA
TGCTGGAAAAGCGA

ATVKFTYQGEEKQVDISKIKIVDRYGQSIHFNYDEGGGAYSWVWMSEKDAPKELLLML
EKR

Clone B

GCAACCGTAAAATTCACATACCAAGGCGGAGAAAAACAGGTGGATATTAGCAAAAT
CATAAACGTGCTGCGTTACGGCCAGCTGGTTGTTTTTTCTTATGATGAAGGTGGTGG
TGCCGGCGGTAACGGTTTCGTGAGCGAAAAGGATGCGCCGAAAGAACTGCTGCAGA
TGCTGGAAAAGCGA

ATVKFTYQGGEKQVDISKIINVLRYGQLVVFSYDEGGGAGGNGFVSEKDAPKELLQML
EKR

Clone C

GCATCCGTGAAATTCGCATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAAT
CAAGCATATGTGGCGTTGGGGCCAGTTTATTATGTTTGAATATGATGAAGGTGGTGG
TGCCTGGGGTTTGGGTCAAGTGAGCGAAAAAGATGCACCGAAAGAGCTGCTGCAGA
TGCTGTGGAGGCAA

ASVKFAYQGEEKQVDISKIKHMWRWGQFIMFEYDEGGGAWGLGQVSEKDAPKELLQM
LWRQ

Clone D

GCAACCGTGAAATTCACATACCAAGGCAAAGAAAGACAGGTGGATATTAGCAAAAT
CACGCGGGCGTACCGTATTGGCCAGTGGATTGATTTTGCGTATGATGAAGGTGGGGG
GTGGTGGGGTTGGGGTAATGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGA
TGCTGGAGGAGCGA

ATVKFTYQGKERQVDISKITRAYRIGQWIDFAYDEGGGWWGWGNVSEKDAPKELLQM
LEEK
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Clone E

GTAACCGTGGGATTCACATACCAAGGCGGAGTAAAACAGGTGGATATTAGCAAAAT
CAAGATAGTGAGGCGTTGGGGCCAGTGGATTGGTTTTTACTATGATGAAGGTGGTGG
TGCCAAAGGTTGGGGTGATGTGAGGGAAAAAGATGCACCGAAAGAACTGCTGCAGA
TGCTGGCAAAGCAA

VTVGFTYQGGVKQVDISKIKIVRRWGQWIGFYYDEGGGAKGWGDVREKDAPKELLQM
LAKR

Clone F

GCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAAT
CAAGGGAGTGGCACGTTCCGGCCAGAACATTATCTTTTCTTATGATGAAGGTGGTGG
TGCCTATGGTAACGGTGACGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGA
TGCTGGAAAAGCAA

ATVKFTYQGEEKQVDISKIKGVARSGQNIIFSYDEGGGAYGNGDVSEKDAPKELLQMLE
KQ
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DH-LD in gWiz

Sequences for DH-LD are representative of all cetuximab-Sso7d fusions.

... gWiz - LC Leader - Sso7d - G4S - cetux LC - Stop - gWiz...

CAGACTGTTCCTTTCCATGGGTCTTTTCTGCAGGCCGCCACCATGAGGGTCCCCGCTC
AGCTCCTGGGGCTCCTGCTGCTCTGGCTCCCAGGTGCACGATGTGCAACCGTGAAAT
TCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGATCGTGGAC
CGTTACGGCCAGTCTATTCATTTTAACTATGATGAAGGTGGTGGTGCCTATAGTTGG
GTTTGGATGAGCGAAAAAGATGCACCGAAAGAACTGCTGCTGATGCTGGAAAAGCG
AGGAGGCGGAGGGTCGGACATCCTGCTGACCCAGTCTCCAGTCATCCTGTCTGTGAG
TCCAGGAGAAAGAGTCAGTTTCTCCTGCAGGGCCAGTCAGAGTATTGGCACAAACA
TACACTGGTATCAGCAAAGAACAAATGGTTCTCCAAGGCTTCTCATAAAGTATGCTT
CTGAGTCTATCTCTGGCATCCCTTCCAGGTTTAGTGGCAGTGGATCAGGGACAGATT
TTACTCTTAGCATCAACAGTGTGGAGTCTGAAGATATTGCAGATTATTACTGTCAAC
AAAATAATAACTGGCCAACCACGTTCGGTGCTGGGACCAAGCTGGAGCTCAAACGT
ACGGTGGCTGCACCATCTGTCTTCATCTTCCCGCCATCTGATGAGCAGTTGAAATCT
GGAACTGCCTCTGTTGTGTGCCTGCTGAATAACTTCTATCCCAGAGAGGCCAAAGTA
CAGTGGAAGGTGGATAACGCCCTCCAATCGGGTAACTCCCAGGAGAGTGTCACAGA
GCAGGACAGCAAGGACAGCACCTACAGCCTCAGCAGCACCCTGACGCTGAGCAAAG
CAGACTACGAGAAACACAAAGTCTACGCCTGCGAAGTCACCCATCAGGGCCTGAGC
TCGCCCGTCACAAAGAGCTTCAACAGGGGAGAGTGTTAATAGGTCGACACGTGTGA
TCAGATATCGCGG

QTVPFHGSFLQAATMRVPAQLLGLLLLWLPGARCATVKFTYQGEEKQVDISKIKIVDRY
GQSIHFNYDEGGGAYSWVWMSEKDAPKELLLMLEKRGGGGSDILLTQSPVILSVSPGER
VSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESISGIPSRFSGSGSGTDFTLSINSVESE
DIADYYCQQNNNWPTTFGAGTKLELKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFY
PREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTH
QGLSSPVTKSFNRGEC**VDTCDQISR

... gWiz - HC Leader - cetux HC - G4S - Sso7d- Stop - gWiz...

CCTTTCCATGGGTCTTTTCTGCAGGCCGCCACCATGGGTTGGAGCCTCATCTTGCTCT
TCCTTGTCGCTGTTGCTACGCGTGTACTGAGCCAGGTACAACTGAAGCAGTCAGGAC
CTGGCCTAGTGCAGCCCTCACAGAGCCTGTCCATCACCTGCACAGTCTCTGGTTTCT
CATTAACTAACTATGGTGTACACTGGGTTCGCCAGTCTCCAGGAAAGGGTCTGGAGT
GGCTGGGAGTGATATGGAGTGGTGGAAACACAGACTATAATACACCTTTCACATCC
AGACTGAGCATCAACAAGGACAATTCCAAGAGCCAAGTTTTCTTTAAAATGAACAG
TCTGCAATCTAATGACACAGCCATATATTACTGTGCCAGAGCCCTCACCTACTATGA
TTACGAGTTTGCTTACTGGGGCCAAGGGACCCTGGTCACCGTTTCCGCTGCTAGCAC
CAAGGGCCCATCGGTCTTCCCCCTGGCACCCTCCTCCAAGAGCACCTCTGGGGGCAC
AGCGGCCCTGGGCTGCCTGGTCAAGGACTACTTCCCCGAACCGGTGACGGTGTCGTG
GAACTCAGGCGCCCTGACCAGCGGCGTGCACACCTTCCCGGCTGTCCTACAGTCCTC
AGGACTCTACTCCCTCAGCAGCGTGGTGACCGTGCCCTCCAGCAGCTTGGGCACCCA
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GACCTACATCTGCAACGTGAATCACAAGCCCAGCAACACCAAGGTGGACAAGAAAG
TTGAGCCCAAATCTTGTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTGAAC
TCCTGGGGGGACCGTCAGTCTTCCTCTTCCCCCCAAAACCCAAGGACACCCTCATGA
TCTCCCGGACCCCTGAGGTCACATGCGTGGTGGTGGACGTGAGCCACGAAGACCCT
GAGGTCAAGTTCAACTGGTACGTGGACGGCGTGGAGGTGCATAATGCCAAGACAAA
GCCGCGGGAGGAGCAGTACAACAGCACGTACCGTGTGGTCAGCGTCCTCACCGTCC
TGCACCAGGACTGGCTGAATGGCAAGGAGTACAAGTGCAAGGTCTCCAACAAAGCC
CTCCCAGCCCCCATCGAGAAAACCATCTCCAAAGCCAAAGGGCAGCCCCGAGAACC
ACAGGTGTACACCCTGCCCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCAGCC
TGACCTGCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGTGGAGTGGGAGAGC
AATGGGCAGCCGGAGAACAACTACAAGACCACGCCTCCCGTGCTGGACTCCGACGG
CTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAAGAGCAGGTGGCAGCAGGGGA
ACGTCTTCTCATGCTCCGTGATGCATGAGGCTCTGCACAACCACTACACGCAGAAGA
GCCTCTCCCTGTCTCCGGGTAAAGGAGGCGGAGGGTCGGCAACCGTGAAATTCACA
TACCAAGGCAAAGAAAGACAGGTGGATATTAGCAAAATCACGCGGGCGTACCGTAT
TGGCCAGTGGATTGATTTTGCGTATGATGAAGGTGGGGGGTGGTGGGGTTGGGGTA
ATGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAGGAGCAATA
ATAGGTCGACACGTGTGATCAGATATCGCGGCCGCTC

PFHGSFLQAATMGWSLILLFLVAVATRVLSQVQLKQSGPGLVQPSQSLSITCTVSGFSLT
NYGVHWVRQSPGKGLEWLGVIWSGGNTDYNTPFTSRLSINKDNSKSQVFFKMNSLQSN
DTAIYYCARALTYYDYEFAYWGQGTLVTVSAASTKGPSVFPLAPSSKSTSGGTAALGCL
VKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHK
PSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVD
VSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKC
KVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEW
ESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQK
SLSLSPGKGGGGSATVKFTYQGKERQVDISKITRAYRIGQWIDFAYDEGGGWWGWGNV
SEKDAPKELLQMLEEQ**VDTCDQISRPL
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Cetuximab scFv in pCTCon2 vector

... (G4S)3 - BamHI - cetuximab scFv - NheI - cmyc - Stop...

GGTGGAGGAGGCTCTGGTGGAGGCGGTAGCGGAGGCGGAGGGTCGGCTAGCGACA
TCCTGCTGACCCAGTCTCCAGTCATCCTGTCTGTGAGTCCAGGAGAAAGAGTCAGTT
TCTCCTGCAGGGCCAGTCAGAGTATTGGCACAAACATACACTGGTATCAGCAAAGA
ACAAATGGTTCTCCAAGGCTTCTCATAAAGTATGCTTCTGAGTCTATCTCTGGCATCC
CTTCCAGGTTTAGTGGCAGTGGATCAGGGACAGATTTTACTCTTAGCATCAACAGTG
TGGAGTCTGAAGATATTGCAGATTATTACTGTCAACAAAATAATAACTGGCCAACCA
CGTTCGGTGCTGGGACCAAGCTGGAGCTCAAACGTACGGTGGCTGGTACTACTGCCG
CTAGTGGTAGTAGTGGTGGCAGTAGCAGTGGTGCCCAGGTACAACTGAAGCAGTCA
GGACCTGGCCTAGTGCAGCCCTCACAGAGCCTGTCCATCACCTGCACAGTCTCTGGT
TTCTCATTAACTAACTATGGTGTACACTGGGTTCGCCAGTCTCCAGGAAAGGGTCTG
GAGTGGCTGGGAGTGATATGGAGTGGTGGAAACACAGACTATAATACACCTTTCAC
ATCCAGACTGAGCATCAACAAGGACAATTCCAAGAGCCAAGTTTTCTTTAAAATGA
ACAGTCTGCAATCTAATGACACAGCCATATATTACTGTGCCAGAGCCCTCACCTACT
ATGATTACGAGTTTGCTTACTGGGGCCAAGGGACCCTGGTCACCGTTTCCGCTGGAT
CCGAACAAAAGCTTATTTCTGAAGAGGACTTGTAATAG

GGGGSGGGGSGGGGSASDILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGS
PRLLIKYASESISGIPSRFSGSGSGTDFTLSINSVESEDIADYYCQQNNNWPTTFGAGTKLE
LKRTVAGTTAASGSSGGSSSGAQVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWV
RQSPGKGLEWLGVIWSGGNTDYNTPFTSRLSINKDNSKSQVFFKMNSLQSNDTAIYYCA
RALTYYDYEFAYWGQGTLVTVSAGSEQKLISEEDL**

137



mCetux variable domains

Antibodies were expressed in gWiz either as human IgG 1 or murine IgG2c. Highlighting denotes
mutations from cetuximab.

Heavy Chain variable domain

CAGGTACAACTGAAGCAGTCAGGACCTGGCCTAGTGCAGCCCTCACAGAGCCTGTC
CATCACCTGCACAGTCTCTGGTTTCTCATTAACTAACTATGGTGTACACTGGGTTCGC
CAGTCTCCAGGAAAGGGTCTGGAGTGGCTGGGAGTGATATGGAGTGGTGGAAACAC
AGACTATAATACACCTTTCGCATCCAGACTGAGCATCAACAAGGACAATTCCAAGA
GCCAAGTTTTCTTTAAAATGAACAGTCTGCAATCTAATGACACAGCCATATATTACT
GTGCCAGAGCCCTCACCTACTATGATTACGAGTTTGCTTACTGGGGCCAAGGGACCC
TGGTCACCGTTTCCGCT

QVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWVRQSPGKGLEWLGVIWSGGNTD
YNTPFISRLSINKDNSKSQVFFKMNSLQSNDTAIYYCARALTYYDYEFAYWGQGTLVT
VSA

Light chain variable domain

GAC CTGCTGACCCAGTCTCCAGTCATCCTGTCTGTGAGTCCAGGAGAAAGAGTC
AGTTTCTCCTGCAGGGCCAGTCAGAGTATTGGCACAAACATACACTGGTATCAGCAA
AGAACAAATGGTTCTCCAAGGCTTCTCATAAAGTATGCTTCTGAGTCTATCTCTGGC
ATCCCTTCCAGGTTTAGTGGCAGTGGATCAGGGACAGATTTTACTCTTAGCATCAAC
AGTGTGGAGTCTGAAGATATTGCAGATTATTACTGTCAACAAAATCTTAATTGGCCA

ACGTTCGGTGCTGGGACCAAGCTGGAGCTCAAACGG

DILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESISGIPSRFS
GSGSGTDFTLSINSVESEDIADYYCQQNINWPITFGAGTKLELKR
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qPCR primers for human and

qPCR-mEGFR-F

qPCR-mEGFR-R

qPCR-hEGFR-F

qPR-hEGFR-R

qPR-mGAPDH-F

qPCR-mGAPDH-R

qPCR-hGAPDH-F

qPR-hGA PDH-R

mouse EGFR and GAPDH

AGGCACAAGTAACAGGCTCAC

AAGGTCGTAATTCCTTTGCAC

GCGTCTCTTGCCGGAATGT

GCAGGTGATGTTCATGGCCT

GTTGTCTCCTGCGACTTCA

GGTGGTCCAGGGTTTCTTA

AGGGCTGCTTTTAACTCTGGT

CCCCACTTGATTTTGGAGGGA
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Appendix B - Parameters for cetuximab-Sso7d fusion PK modeling

For further description of the model, see Thurber, et al 162 ,163 and Rhoden, et a186 .

Parameter Symbol Units Values
Volume of plasma Vplasma mL 2

Volume of tumor Vtumor uL 100

Tumor void fraction E -- 0.24

Number of cells per tumor Ncells # 10E6

Vascular permeability P cm/s 2.8E-7

Capillary raidus Rcap um 8

Krogh cylinder radius Rk um 75

Antibody affinity Kd nM 0.5

Antibody binding on-rate kon 1/(M*s) 2E5

EGFR receptors/cell at steady state EGFRss 1/cell 5E5

EGFR synthesis rate ksyn #/cell/min 150

Downregulation half-life (=n(2)/ke) tl/2,down hrs 2.5

Antibody serum half-life (=n(2)/kclear) tl/2,clear hrs 38
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Species definitions:

Ab p antibody in plasma
Ab tf antibody free in tumor

Abtb antibody bound in tumor
Ag = free EGFR antigen

Ab int = antibody internalized (by normal receptor

synthesis/degradation)

Ab e = antibody downregulated
Abclear = antibody cleared from plasma

ODE equations:

dAb p = -k clear*Ab p + 2*P*Rcap/Rk^2 * (Ab tf/eps - Ab p) *

(Vtumor/V_plasma*eps)

dAbtf = 2*P*Rcap/Rk^2*(Abp*eps - Abtf) - k on*Abtf*Ag/eps +
k_off*Abtb

dAb tb = k on*Ab tf*Ag/eps - k off*Ab tb - k e*Ab tb - k int*Ab tb

dAg = - k on*Abtf*Ag/eps + k off*Ab tb + ksyn - k int*Ag

dAb int = k int*Abtb

dAb e = k e*Ab tb

dAb clear = k clear*Ab p
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