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Abstract

EG2-hFcis an = 80 kDa chimeric heavy-chain antibody comprised of human IgG1 hinge and
fragment crystallisable bivalently linked to EG2; a camelid-derived, heavy chain antibody
variable domain specific for the human epithelial growth factor receptor 1 and its
associated EGFRvVIII mutant. Though previous work revealed EG2-hFc to demonstrate
impressive in-vivo tumour accumulation, it’s therapeutic potential, as well as that of
chimeric heavy-chain antibodies in general, remains largely unexplored. With this in mind,
our current study was successful in showing that EG2-hFc could facilitate in-vitro antibody-
dependent cell-mediated cytotoxicity of epithelial growth factor receptor-positive breast
cancer cells. Additionally, EG2-hFc’s intrinsic cytotoxicity was augmented following the
implementation of engineering strategies that are currently being explored in the context
of conventional anti-cancer monoclonal antibodies: including the modification of a
conserved N-linked Cu2 glycan, as well as the alteration of EG2-hFc’s hinge length.
Collectively, these findings contribute to the growing body of research that has revealed

chimeric heavy-chain antibodies to be a promising class of novel anti-tumour therapeutics.
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1. Introduction

1.1 Monoclonal antibodies as anti-tumour therapeutics:

At the start of the 20t century Paul Ehrlich envisioned the existence of therapeutic
“magic bullets”, which he believed would revolutionize the emerging field of molecular
medicine (1). Remarkably, nearly three-quarters of a century later, Hohler and Milstein
successfully produced what many hoped would be the manifestation of Ehrlich’s
anticipated molecules: hybridoma-derived monoclonal antibodies (mAbs) (2).
Disappointment soon followed, as seminal research revealed these murine derived mAbs to
be rife with features that would ultimately stifle their therapeutic application. This
included their propensity to trigger the immunogenic development of human anti-mouse
antibodies in treated patients, as well as their failure to engage with beneficial features of
the human immune response: restrictions arising from their murine lineage (3). Despite
these initial constraints, the technological advances being made in molecular biology
provided hope that the suspected potential of mAbs would inevitably be realized. Nearly
two decades after Hohler and Milstein’s seminal research, these suspicions were confirmed
following the development of recombinant DNA technology, which brought with it the
chimeric and humanized mAb: propelling the field of antibody engineering to the scientific
forefront (2, 4).

The now pervasive chimeric and humanized mAbs, possessing either murine
variable domains or complementarity-determining regions (CDRs) linked to human
constant domains, respectively, proved capable of overcoming the limitations faced by
their purely murine predecessors (1). Since their initial inception, this formerly novel class

of therapeutics has gone on to achieve unprecedented levels of success, with more than 30



mAbs currently approved for clinical use, with nearly countless others presently
undergoing clinical and pre-clinical evaluations: making mAbs both the fastest growing and
largest class of therapeutics (5). However, this success has been underrepresented in the
context of solid-tumour immunotherapies, as only 7 of the 16 FDA approved anti-cancer
mAbs are currently used in their treatment; though solid-tumours account for greater than
85% of all reported cancers (1, 6). This disproportionality is partially attributable to the
notoriously tough microenvironment and vasculature of solid tumours compared to
haematological cancers: characterized by increases in both blood viscosity and interstitial
fluid pressure (1). Importantly, these features have been shown to directly prevent efficient
tumour penetration and accumulation as a result of mAb mass (x 150 kDa) (Fig. 1a), since
the speed of tumour diffusion is inversely proportional to an objects molecular mass (1, 7).
Another limitation common amongst the current repertoire of FDA approved solid-tumour
mADbs is their primary inhibitory function, which acts by neutralizing the oncogenic signal
emanating from each mAbs respective antigenic target (8). Though mAbs employing this
inhibitory mechanism-of-action (MOA) have had success as components of various
combined therapies, they typically provide only a transient slowing of tumourigenesis
when applied individually; a recurring feature likely attributable to the now outdated and
myopic view that neutralizing a single oncogenic signal will effectively halt and reverse
oncogenesis (9-12). Instead, current research suggests that the complex network of signals,
receptors, and mutations that drive tumour progression likely demand a more nuanced
intervention (12). In response to these limitations, researchers have begun exploring
alternatives to conventional mAbs that possess characteristics better suited to the

treatment of various indications, including solid-tumours. Such efforts have focused on the



use of modular antigen-binders, such as single-chain variable-fragments (scFvs) (Fig. 1b-d)
and humanized single-domain antibodies (sdAbs) (Fig. 1e-g), which can be used to
assemble remarkably compact antigen binding constructs: overcoming the tumour
accumulation limitations faced by conventional mAbs (1). Furthermore, such novel
constructs may be further engineered to halt tumourigenesis by mechanisms other than
the inhibition of a single oncogenic signal. For instance, constructs possessing multiple
antigenic specificities have been shown to effectively halt tumourigenesis by neutralizing
multiple oncogenic signals (13, 14). Alternatively, current research has revealed antibody-
dependent cell-mediated cytotoxicity (ADCC) as an under-utilized and promising
alternative to oncogenic inhibition (15-16). Collectively, the ability to engineer constructs
exhibiting such features has spurred the development of a new generation of anti-tumour
therapeutics, with the potential to overcome the limitations faced by the current

generation anti-cancer mAbs.
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Figure 1: Conventional versus novel antibodies and antibody-based constructs

a) =~ 150 kDa IgG1 is the most abundant IgG in human serum, with two inter-chain DSBs
located in the lower hinge region, while the upper-hinge DSB connects the heavy and light
chains of the Fab. b-d) ScFvs are comprised of linked Vy and Vi, chains, which may be
bivalently attached to hFc or linked together to give diabodies: with sizes of ~ 25 kDa, 2 106
kDa and = 50 kDa, respectively. e) The hinge length of a typical HCAbs (size = 80 kDa) is
comparable to that of [gG1, but the missing Fab chains give rise to a uniquely short distance
between the VyH (% 80 A). f) Long-hinge camelid HCADb (size ~ 90 kDa) contains an
extended hinge, with a distance between VyH (x 140 A) similar to the distance between
CDRs of cIgG1 (~ 160 A). g) Lastly, monomeric VyH (x 13 kDa) can be expressed
independently from the hFc of HCAb, giving one of the smallest antigen-binding structures
presently known. VyH may be linked to human IgG hinge-Fc, as well as humanized to
reduce their potential immunogenicity.



1.2 Antibody dependent cell-mediated cytotoxicity and the CD16a polymorphism

The aforementioned limitations faced by inhibitory mAbs have prompted
researchers to look toward alternative methods of halting tumourigenesis: a paradigm-
shift exemplified by the evolving therapeutic interest in the FDA approved, neutralizing
mAb: cetuximab. Following its initial clinical use, a sizeable portion of treated patients
acquired resistance to cetuximab’s primary and intended inhibitory MOA (11, 17-18). The
onset of this resistance was found to coincide with the emergence of the EGFRVIII: a
mutated variant of cetuximab’s antigenic target, the epidermal growth factor receptor-1
(EGFR) (17). The EGFRvIII was shown to be constitutively active in the absence of receptor
ligand, and thus unresponsive to cetuximab’s neutralizing MOA (19-20). Consequently,
interest in cetuximab’s intended inhibitory function waned; only to be supplanted with a
recently described ability to facilitate an alternative means of solid-tumour cell killing via
antibody-dependent cell-mediated cytotoxicity (ADCC) (15-16, 21-22). An integral
component of the adaptive immune response, ADCC is defined by the interaction between
three central components: 1) a target (such as a cancer cell), lysed by 2) an effector cell, as
mediated by 3) an antibody (Fig. 2) (23). Though facilitated by a variety of effector cell
types, including macrophages and eosinphils, classical ADCC is carried out by the aptly
named natural killer cell (NK) (23). Central to classical ADCC is the bridging effect
facilitated by the antibody, where co-engagement of the structurally distal Fab and Fc
results in binding of both the antigenic target as well as the NK cells activating CD16a
(FcyRlIlIla) receptor, respectively (Fig. 2) (23). If sufficient Fc becomes available following
antibody binding to the targeted cell, the recruited NKs will crosslink their Fc-bound CD16a

receptors and initiate intracellular pro-cytotoxic pathways: including the release of the



cytotoxic granules perforin and granzyme at the newly formed immune synapse (Fig. 2)
(24). Like the C9 component of complement, perforin indirectly drives cytotoxicity by
inserting itself into the target cell’s membrane (25). This creates an endosomal pore
through which granzyme may enter the target’s cytosol and directly initiate apoptosis via
it’s serine protease activity (25). Importantly, this targeted and irreversible destruction of
oncogenic cells may prevent the acquisition of drug-resistance that often arises with
inhibitory therapeutics, where suppression of one oncogenic signal frequently leads to
another’s emergence (26). Instead, by directly destroying the cancerous cell, opportunities
to acquire resistance are diminished if not all together lost: making ADCC an attractive
mechanism for immunotherapeutic exploitation (26). However, a single-nucleotide
polymorphism (SNP) at position 158 of CD16a has been shown to dramatically impact
ADCC by modifying the FcR’s affinity for Fc: being either the high affinity valine (Kp=0.75
uM) or low affinity phenylalanine (Kp = 5 pM) allotype (27-28). This gives rise to three
distinct allotypes, each of which possesses a distinct capacity to facilitate ADCC, where: V/V
>V/F > F/F (29). As a result, the majority of ADCC-based therapeutics, including
cetuximab, clinically benefit the * 20% of Caucasian patients possessing the high affinity
V/V allotype; making the development of strategies that improve Fc binding to the

intermediate V/F and low-affinity F/F allotypes of great clinical importance (30).
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Figure 2: Antibody-dependent cell-mediated cytotoxicity

An EGFR-positive cancer cell is bound by an EGFR specific mAb (e.g. cetuximab), and its
exposed Fc recruits nearby NKs by engaging the activating FcR, CD16a. Following sufficient
binding of both the antibody to the EGFR and the Fc to NK cell, CD16a cross-linking
overrides the NKs inhibitory inputs: shifting the balance in favour of pro-cytotoxic NK cell
activation. This activation includes the release of perforin and granzyme: cytotoxic
granules that together mediate lysis of the bound cancer cell.



1.3 Augmenting ADCC and reducing V158F allotypic specificity via Fc-engineering
Historically, attempts to augment ADCC have focused on enhancing an antibody’s
affinity for antigen through variable domain modification, while neglecting the equally
essential Fc (31-32). However, current antibody-engineering strategies have since adopted
a more holistic approach by continuing to improve antigenic affinities, while concurrently
exploring ways to enhance the Fc-mediated interactions necessary for efficient ADCC,
regardless of the CD16a SNP (33). Typically, these enhancements have been achieved
through two distinct mechanisms: peptide-engineering via the targeted substitution of
specific Fc amino acids or, glyco-engineering of a conserved N-linked glycan in the Cx2.
Though both strategies similarly enhance ADCC, concerns regarding the potential
immunogenicity of peptide-modified variants have been raised since these variants do not
occur naturally; unlike the distinct engineered Cx2 glycoforms which persist at low levels
(<10%) in human serum (34-35). Furthermore, a mAb’s capacity to carryout ADCC appears
to be limited, as revealed by the redundancy of combined peptide- and glyco-engineering,
which has been shown to provide no synergistic augmentation to ADCC (36). For these
reasons, this investigation has focused exclusively on Fc-glycoengineering, since
incorporating Fc peptide-modifications only introduces unnecessary complications and

costs without providing any offsetting benefits.

1.3a Fc-glycoengineering: Through modification of a conserved N-linked biantennary
oligosaccharide found at Asn297 in the Cy2 domain, affinity and specificity against an Fc-
receptor (FcR) of interest can be tailored to fit a desired therapeutic application (34, 37). At

this glycan, the presence or absence of distinct residues from its mannosyl-chitobiose



backbone results in more than 30 possible Cu2 glycovariants: not accounting for the more
than 400 distinct glycoform pairings between each of the Fc’s two Cu2 glycans (Fig. 3a)
(34). Importantly, particular glycovariants have been correlated with characteristic
changes in effector function, having been shown to augment or inhibit various Fc-mediated
responses by modulating the Fc’s affinity for distinct FcRs (Fig. 3). For instance, increasing
the glycans terminal sialylation results in a loss of both CDC and ADCC by enhancing the
Fc’s affinity for the inhibitory CD32b (FcyRIIb) FcR (Fig. 3b), while increasing
galactosylation conversely augments CDC by improving Fc binding to the C1q component
of complement (Fig. 3¢) (37). Remarkably, these trends hold when the associated
glycovariant is localized to only one of the Cu2s glycans, so long as the Fc is not hemi-
glycosylated (i.e. missing the other Cx2 glycan) (38-39). Specific to ADCC, Cs2 glycans
lacking a core fucose have been shown to augment this response by strengthening the Fc-
CD16a interaction (Fig. 3d) (34, 37, 38-39). More specifically, afucosylated Cu2 glycans
have been shown to engage in a unique carbohydrate-carbohydrate interaction with
another conserved N-linked oligosaccharide found on the CD16a: reinforcing their
interaction and amplifying NK activation (27, 40). The clinical importance of this glycoform
has since been substantiated through investigations of afucosylated cetuximab, and the
anti-HER2 mAb trastuzumab: which exhibited a 3- and 10-fold increase in in-vitro ADCC

compared to their fucosylated counterparts, respectively (41-42).
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Figure 3: Cy2 glycovariants and their associated effector response

a) Common-complex type glycans make up >90% of Cy2 glycans, and are comprised of the
canonical heptasaccharide backbone with variable levels of terminal galactose: being
wholly absent or present on one or both of the bi-antennary arms. b) <10% Cu2 glycans
possess terminal sialic acid (sia): a glycoform associated with an abrogated effector
response due to the Fcs increased affinity for the inhibitory NK FcR, CD32b. c) Conversely,
increased terminal galactosylation has been correlated with an increase in CDC as a result
of improved Fc binding to the C1q component of complement. d) Specific to ADCC, removal
of the basal fucose residue has been shown to enhance Fc binding to the NK activating
receptor, CD16a, and augment cytotoxicity. e) Similarly, introduction of a bisecting GIcNAc,
which may inhibit the enzymatic attachment of the basal fucose, has also been shown to
enhance ADCC.
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1.3b Strategies to reduce Fc-fucosylation: Asn297 defucosylation can be achieved using a
variety of strategies, most of which similarly rely on enzymatically manipulating the glyco-
processing pathway (43). Of these, the FUT8- cell line is exceptionally effective since the
titular fucosyltransferase, which attaches fucose to the nascent glycan, has been genetically
knocked-out (44). Consequent to the lack of FUT8 during mAb expression, this cell line has
been shown to reliably produce completely afucosylated glycans: the only intervention
reliably boasting this achievement (44). Though unable to reliably achieve true
afucosylation, the GnT-III cell line similarly yields high levels of defucosylation by
modifying FUT8 activity (45). This is accomplished by overexpressing the titular
glucosyltransferase, which results in the addition of a bisecting GIcNAc between the bi-
antennary arms of the Asn297 glycan (Fig. 3e) (45). Not typically found at this position, the
newly introduced residue is believed to sterically block FUT8 from accessing the glycans
basal GIcNAc: preventing the enzymatic addition of a core fucose residue (43, 45).
Unfortunately, though both the FUT8- and GnT-III cell lines are widely considered the most
reliable methods of achieving highly defucosylated mAbs, they are also proprietary; making
their use at smaller production scales prohibitively expensive (46). This has prompted
researchers to explore more accessible and affordable alternatives. These include the use
of several glyco-processing inhibitors that, when introduced into the expression system,
favor the production of the precursor and non-fucosylated high-mannose and hybrid-type
glycans (47). Though promising, the resultant glycans are not without issue; often showing
significantly higher levels of core fucosylation compared to antibodies derived from the
aforementioned cell lines. Additionally, numerous studies have reported that antibodies

possessing high-mannose or hybrid-type glycans exhibit short serum retention times, since
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their elevated mannose content results in their rapid uptake and clearance by mannose-
binding lectins (47-48). To avoid the drawbacks associated with these various cell lines and
glyco-processing inhibitors, the enzyme GDP-6-deoxy-D-lyxo-4-hexulose reductase (RMD)
has garnered interest as an inexpensive and effective alternative (46). Like the FUT8- and
GnT-III systems, RMD treated cells have similarly been shown to produce high levels of
non-fucosylated mAbs by disrupting the de-novo fucosylation pathway (Fig. 4) (46).
Importantly, this is achieved without any costly genetic knockouts or modifications, since
RMD can be heterologously expressed in many pre-existing and established mammalian
expression systems (46). Following its expression, RMD’s oxioreductase activity reduces
the 4-keto group of the fucose precursor, GDP-4-keto-6-deoxy-D-mannose, and converts it
to GDP-D-rhamnose: a dead-end product which further disrupts fucose production via
negative feedback of GMD (Fig. 4). The result of this upstream diversion is a downstream
paucity of fucose, with little to none being available for the enzymatic attachment by FUT8
to the nascent Asn297 glycan: resulting in the production of highly defucosylated mAbs
(46). With the interest and demand for defucosylated mAbs continuing to rise, researchers
are continuing to explore more efficient and less-expensive means of production; this

includes the use of RNA inhibitors, as well as intrabodies against the FUT8 enzyme.
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Figure 4: RMD mediated inhibition of the fucosylation pathway

The enzyme GMD actively converts GDP-mannose to GDP-4-keto-6-deoxymannose, which
is a GDP-fucose precursor; the residue ultimately added to the nascent Asn297 glycan.
When introduced into mammalian cell lines, RMD’s oxidoreductase activity diverts GDP-4-
keto-6-deoxymannose away from the fucosylation pathway by favouring the production of
GDP-D-rhamnose; a dead-end product that further blocks fucosylation by initiating a
negative feedback loop with GMD. Together, the diversion and inhibition resulting from
RMDs activity creates a paucity of downstream fucose, which can no longer be added to the
Cu2 oligosaccharide.
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1.4 Variable domain-engineering

1.4a Camelid derived VyH: Over two decades ago, researchers discovered a novel subset of
camelus dromederius (one-humped camel) IgG2 and IgG3, whose structures conflicted
with their current understanding of IgG (49). Unlike the tetrameric Fab of conventional IgG,
these appropriately titled heavy chain antibodies (HCAbs) were naturally devoid light
chains: with antigen-binding domains (ABD) comprised of a lone variable heavy chain
(VuH) (Fig. 1e-f). Despite their initial rarity, HCAbs have since been documented in other
camelids, including two-humped camels, llamas and alpacas; along with similar monomeric
ABDs derived from distinct species of cartilaginous sharks (50). However, though a high
degree of homology exists between camelid VyH and human Vy, key differences persist; for
instance, VyH often posses an extended CDR3 loop, which is thought to compensate for the
missing CDRs typically contributed by the Vi, variable domain (50-51). In addition to
supporting affinities akin to conventional Abs, this protracted loop is also capable of
extending into previously cryptic and inaccessible sites (51). Further differences arise as a
result of the missing Vi, whose removal from human IgG1 exposes a hydrophobic Vx face
typically buried at the Vi /V.. interface: rendering the IgG unstable (51). However, camelid
evolution has overcome this caveat by selecting for VyHs that possess substitutions that
make their Vy interface more hydrophilic: changes that promote VyH solubility and
stability in the absence of Vi, (51). Consequently, when expressed independently from the
corresponding hinge and Fc, ViH monomers retain their functionality: making them one of
the smallest antigen binding structures presently known (50). In the context of antibody
engineering, libraries of monomeric VyHs specific for an antigen of interest can be

generated following the immunization of a camelid with the desired antigenic target (52-
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56). Following extraction of cDNA from plasma B cells, monomeric VyH can be reliably
expressed on phage, and subjected to a process known as bio-panning (Fig. 5) (52). This
selective process enriches for VyH exhibiting desirable biophysical properties as
determined by their intended application, such as improved affinity, specificity, thermo-
stability and solubility (57). For instance, during the selection of VyH specific for the
notoriously resistant gut bacteria Clostridium difficile, variants which continued to bind
antigen in a high-protease, low-pH environment were selected; enriching for candidates
that would likely retain their functionality when exposed to the harsh gut
microenvironment following oral administration (52). Furthermore, the production costs
of VyHs are much lower as they can be readily expressed in more unconventional and
inexpensive alternatives to animal based systems, including various bacterias (e.g. E. coli),
yeasts (e.g. P. pastoris) and plants (e.g. A. thaliana) (58). Collectively, these features have
established ViHs as an important class of therapeutics, whose biophysical pliability and
modularity make them ideal building blocks for the assembly of novel antigen binding

constructs (50-51).
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Figure 5: In-vitro affinity selection of VyH via phage-display

Following immunization, camelid cDNA corresponding to the repertoire of VyHs developed
against the specific immunogen are incorporated and expressed using phage-display
technology (1). The phage library is then selected against various antigenic targets, with
the option of doing-so under varying conditions (e.g. high heat): “panning” for specific and
strong binders while eliminating weak or non-specific binders with washing (2). Any
remaining bound variants are then eluted (3), amplified (e.g. E. coli) (4) and subjected to
repetitions of steps 1-4: enriching for highly specific VyHs that posses strong affinities and
desirable biophysical properties relative to their intended application. (6) At the end of the
bio-panning, individual clones are identified by DNA sequencing and binding assays (e.g.
phage ELISA).
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1.4b Chimeric heavy-chain antibodies: The intrinsically small size of VyH, arguably their
defining feature, offers benefits and drawbacks depending on their intended application; a
discrepancy resulting from the fact that their ~ 13 kDa size falls considerably below the =
60 kDa threshold of glomerular filtration (53). This results in their rapid uptake and
clearance by the renal system, yielding serum retention times on the order of minutes (53).
If using labeled VuH for in-vivo imaging, this rapid clearance has proven advantageous since
the kidneys quickly sequester any unbound VyH: thus reducing non-specific background
“noise” while providing a much clearer image of any labeled masses (53-54). Conversely,
ViuH size is a hindrance within a therapeutic context, as their rapid renal uptake fails to
provide the time required to exert their biological affect (53). To overcome this, various
strategies have been developed: such as introducing the ability to bind canonical serum
proteins (e.g. albumin), or linking the VyH with various peptide backbones or scaffolds in
an attempt to increase their size above the renal limit (e.g. PEGylation) (55). Of these
options, the hinge-Fc of human IgG1 (hFc) is particularly attractive as it benefits from both
of these strategies: prolonging serum retention by increasing the constructs size (= 80
kDa), as well as introducing Fc-mediated engagement of the neo-natal FcR (FcRn) and its
pH-dependent salvage pathway (Fig. 6) (53, 55). Though hFc addition has proven
successful at extending the serum half-lives of VyH-based constructs from minutes to days,
the resultant cHCAbs remain considerably smaller than both conventional mAbs and other
novel antigen binding constructs, including scFvs based binders (Fig. 1) (53). Because of
this disparity, in-vivo imaging has revealed cHCAbs to demonstrate superior tumour
penetration and accumulation as a result of their uniquely intermediary size (53).

Furthermore, addition of the Fc opens up the possibility for cHCAbs to engage other FcRs,
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including the CD16a: the aforementioned NK cell activating receptor integral to anti-
tumoural ADCC. However, the therapeutic potential of cHCAbs, including their capacity to

facilitate ADCC, remains largely unexplored: underscoring the novelty of this investigation.
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Figure 6: The pH-dependent, FcRn salvage pathway

Circulating Abs and serum proteins are engulfed by FcRn-expressing cells via endosomal-
uptake (1). As the endosome begins to bud off into the cytosol, the endosomal pH drops:
triggering a pH-dependent interaction between the Ab’s Fc and the endosomal FcRn (2).
Unlike the unbound proteins (3), this interaction diverts the Abs away from lysosomal
degradation (4): eventually returning them, as well as the endosomal FcRn, to the cell
surface. Following the endosomes reintegration with the cell membrane, the previously
internalized Ab-FcRn complex is again exposed to the extra-cellular pH, which initiates
their uncoupling and reintroduces the Abs back into circulation: prolonging their serum
retention (5).
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1.4c Hinge-engineering: The missing Vi, C.. and Cy1 domains of cHCAbs results in an ABD
conformation markedly different from that of IgG1; causing the VyH arms to be positioned
much closer to the centralized Fc (49). Consequently, a cHCAb's ability to interact with its
cognate antigen may be constrained to interactions that fail to impart the greatest avidity.
For instance, investigation of a distinct VyH-based construct revealed that decreasing the
distance between its bivalent VyH prohibited their simultaneous binding to antigen; netting
an overall loss in avidity (59). Furthermore, the reduced flexibility and distance as a result
of this shortening may hinder the cHCAb’s ability to assume the asymmetric orientation
necessary for efficacious CD16a binding (60). However, such limitations may have been
amended over the course of camelid evolution, as naturally occurring long-hinge variants
have been found to comprise = 20% of camel-derived HCAbs (61). This distinct
subpopulation possesses a 29-35 a.a. long, proline-rich hinge, which together impart length
and rigidity: features that have previously been associated with improvements to affinity
(62-63, 96). Additionally, previous work has suggested that increasing both hinge length
and rigidity should, at the very least, have no detrimental impact on either hFc-CD16a

binding or ADCC (64)

1.5 EG2-hFc: a model anti-EGFR chimeric heavy-chain antibody

To investigate the impact antibody engineering has on the anti-tumour activity of
cHCADbs, EG2-hFc has been selected as our model construct. The = 80 kDa cHCADb is
comprised of a human IgG1 hinge and Fc bivalently linked to EG2: a llama derived VyH
specific for both the EGFR, as well as the truncated EGFRvIII mutant (Fig. 4) (53) Briefly,

the EGFR (ErbB-1), along with HER2 (ErbB-2), ErbB-3 and ErbB-4 comprise the ErbB-
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family of tyrosine kinase cell surface receptors, which modulate cell growth, migration and
proliferation (65). As a consequence of this mitogenic role, EGFR mutations causing
receptor overexpression and dysregulation have been linked to a variety of indications:
including head, neck, colorectal and breast cancers (66). In such cases, gene amplifications
trigger an overexpression of the EGFR at the cell surface, imparting a hyper-responsiveness
to mitogenic signals that render the cell oncogenic (Fig. 7) (67). Furthermore, this
amplification has also been correlated with the emergence of distinct EGFR mutations: the
most common being the EGFRvIII mutant, which has lost the extra-cellular ligand-binding
domain (LBD) (68). This truncation further drives tumourigenesis as it results in
constitutive EGFR activity in the absence of ligand (Fig. 7) (68). Consequently, EGFRvIIIs
extra-cellular alteration, as well as its oncogenic profusion alongside wt EGFR at the cell
surface, both act as reliable demarcations between healthy and cancerous-cells; a
distinction that is integral to the development of effective cancer-immunotherapies (69). As
aresult, dysregulated EGFR has become an attractive therapeutic target: leading to the
development of EG2-hFc. (65). Though Initially linked to human IgG1 hFc to circumvent the
serum retention issues previously described, the bivalent attachment of EG2 also imparts
avidity effects believed to give an overall affinity in the low- to sub-nanomlar (nM) range
(53). The impact of this avidity was demonstrated in-vivo, where EG2-hFc demonstrated
superior tumour penetration and accumulation compared to its monomeric counterpart,
EG2 (53). Furthermore, linkage to Fc may theoretically permit an anti-EGFR ADCC
response; an effector function heretofore unobserved in the context of an EGFR-specific
cHCAD. Should any intrinsic cytotoxic response ensue, modifying aspects of the cHCAb’s

hinge and Fc could augment this, akin to what has been previously reported in
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conventional mAbs. In this way, EG2-hFc is being implemented as a representative tool, in

an attempt to explore the potential of cHCAbs as a novel anti-tumour therapeutics.
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Figure 7: The EGFR (Her1) and EGFRVIII in oncogenesis

Left to right: Upon ligand binding, monomeric EGFR dimerizes: activating the receptors
tyrosine kinase activity, and initiating autophosphorylation of the EGFRs intercellular
binding domains. This recruits various cytosolic proteins, which when bound, initiate
signaling cascades that promote cell proliferation, migration and survival. Various genetic
dysregulations have been linked to increased cell surface expression of the EGFR: resulting
in an increase of both EGFR dimerization and downstream signaling. Furthermore the
EGFRvIII mutation truncates the extracellular ligand-binding domain and renders the
receptor constitutively active in the absence ligand. Together, these EGFR malfunctions

promote uncontrolled cell growth, proliferation and survival: driving tumourigenesis.
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2. Rationale, hypothesis and objectives

2.1 What is missing?

To date, very little is known about the therapeutic potential of cHCAbs, as the initial
2009 EG2-hFc report only explored the constructs use as a diagnostic tool. This current
investigation, however, endeavors to address two important questions left unanswered in
this preceding study: can EG2-hFc initiate an anti-tumoural response, and if so, will

this be augmented using engineering strategies developed for conventional mAbs?

2.2 Rationale:

Anti-cancer mAbs developed to interfere with singular steps in various oncogenic
pathways typically fail to adequately address the complexities of solid tumours, since the
silencing of one oncogenic signal predictably leads to another’s emergence. Furthermore,
the large size of conventional mAbs is unsuitable within the tortuous solid-tumour
microenvironment. Given EG2-hFcs proven capacity for improved tumour-accumulation
due to its reduced size coupled with its potential to promote direct killing of cancers cells
via ADCC, EG2-hFc may avoid the limitations faced by the current generation of inhibitory
mAbs. Should EG2-hFc exhibit any intrinsic ADCC, it may be used as a model cHCAb to
investigate whether introducing various glycan and hinge modifications augment it’s

effector response.

2.3 Hypothesis:
Due to the presence of human Fc, EG2-hFc will facilitate in-vitro ADCC of EGFR-positive

cancer cells and this response will be modified following Fc and hinge engineering.
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2.4 Objectives:

1. Can the cHCAD, EG2-hFc, facilitate ADCC?
1.1 Characterize the intrinsic capacity of EG2-hFc for in-vitro ADCC against the
EGFR-overexpressing breast cancer cell line MDA-MB-468 using the >!Cr release

assay.

2. Will modifying cHCAD hinge-length impact EG2-hFc’s effector function and
biophysical properties?
2.1 Examine whether modifying the length of EG2-hFc’s hinge impacts the cHCAb's
ability to facilitate in-vitro ADCC.
2.2 Determine whether extending or shortening the hinge of EG2-hFc impacts the

cHCAD'’s thermal stability, aggregation resistance or antigen recognition.

3. Does Fc-glycoengineering augment ADCC by EG2-hFc? Does this modification
impact the cHCAbs biophysical properties?
3.1 Characterize whether Asn297 glyco-engineering augments EG2-hFc’s ability to
facilitate in-vitro ADCC.
3.2 Assess the impact Asn297 glycan modification has on EG2-hFc thermal stability,

aggregation resistance and antigen recognition.
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3. Materials and Methods

Culture of the EGFR-expressing breast cancer cell line: The breast adenocarcinoma cell
line MDA-MB-468 (ATCC, Manassas, VA, USA) was kept at 37°C with 60% humidity and 5%
CO2 in RPMI-1640 (Sigma-Alderich, Oakville, ON, Canada) medium supplemented with 10%
(v/v) heat-inactivated fetal calf serum (Sigma), 100 ug/mL penicillin (Sigma), 100 pg/mL

streptomycin (Sigma). Cells employed in all relevant assays did not exceed 10 passages.

EG2-hFc glycovariants expressed in CHO-3E7: The approved EGFR antibody cetuximab
(chimeric IgG1; Erbitux), as well as EG2-X0, EG2- X1, EG2- X2, EG2- X3, EG2-X4, and EG2-X7
were kindly provided by Dr. Yves Durocher (NRC-HHT, Montreal, QC, Canada), and
expressed as previously described (70). Notably, during expression of EG2-X7, CHO-3E7

cells were supplemented with 5% RMD to reduce core-fucosylation of the Asn297 glycan.

Construction and expression of EG2-hFc hinge-variants in HEK293-6E cells: HEK293-6E
cells were kindly provided by Dr. Yves Durocher (NRC-HHT, Montreal, QC, Canada), and
following thawing in 37°C water bath, cells were kept in Freestyle-F17 media (Sigma)
supplemented with 10% pluronic acid and geneticin (Gibco, Burlington, ON, Canada) at
37°C in the Multitron PRO incubation-shaker (Infors HT, Anjou, QC, Canada) with 60%
humidity, 5% COz and constant shaking at 100 rpm. When 24 h cell doubling coupled with a
cell density of 1.5-2 x 10°/mL was achieved, cells were transfected via PEIpro (Polyplus-
transfection SA, Illkirch, France). Briefly, 100 pg of sample DNA mixture was combined
with 100 pL PEIpro mixture, pulsed three times, and left to sit for 3 min at room

temperature. The mixture was then immediately re-introduced back into the remaining
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culture at the above-mentioned conditions. Five days later, cell suspensions were spun at
300 g for 10 min and the collected supernatants put through 0.2 uM filter (Millipore,
Etobicoke, Canada). Supernatants were then gravity fed over MabSelect SuRe protein-A
affinity columns according to manufacturers instructions (GE Healthcare, Baie-d'Urfé, QC,
Canada), and eluted cHCAD fractions were dialyzed against PBS overnight. The following
day, cHCAbs concentrations were determined by Azgo absorbance on Nano-drop 3300
fluorospectrometer (Thermo-scientific, Wilmington, VR, USA), using the molar extinction
coefficient of 58,830 for each variant, calculated from their amino acid sequences. 10 uL of
each sample was run under reducing (with DTT) and non-reducing SDS-PAGE (Bio-Rad).
Finally, all EG2-hFc variants from both CHO-3E7 and HEK293-6E cells, had their Asn297
glycan composition determined by MALDI-MS following treatment with PNGase F (100).
Glycan analysis was kindly provided by colleagues at the University of Manitoba, as

previously described (100).

Size exclusion chromatography: EG2-hFc variants and cetuximab were passed over a
Superdex™ 200 10/30GL (GE Healthcare, Baie-d’Urfé, QC, Canada) size exclusion
chromatography column to determine their aggregation state. Briefly, variants were
applied at a concentration of 1 mg/mL, with a flow rate of 0.5 mL/min in a mobile phase of
PBS (Dulbecco’s) under the control of an AKTA™ FPLC (GE Healthcare). To determine each
variants size, a standard curve was generated for the Bio-Rad™ Size-Exclusion
Chromatography Standard (Hercules, CA, USA) using GraphPad Prism Pro for windows

(v6.04, GraphPad software, La Jolla, CA, USA).
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CD spectroscopy: EG2-hFc variants were analyzed by CD spectroscopy using a Jasco ]J-815
spectropolarimeter (Jasco, Easton, PA, USA) at pH 7.4 (100 mM sodium phosphate buffer),
as previously described (59). Briefly, a 5-mm cuvette containing 1 mL at 50 pg/mL was
used for each sample. Thermal unfolding was followed at 202 nm with CD measurements
taken every 0.2°C from 25°C to 96°C with a temperature increase of 19C/min. Molar

ellipticity ([®]) was used to calculate the fraction of protein folded (FF) as follows:

[0] = (mdegxMRW)~+(pathlengthx[Ab])

FF = ([60] - [04]) = ([0F] - [Ou])

where mean residue weight, MRW = (molecular weight of the antibody in Da/number of
backbone amino acids), pathlength = cell pathlength in mm, and [Ab] = concentration of
antibody in mg/mL. Furthermore, [Or] and [®u] is the molar ellipticity of the folded (25°C)
and unfolded (96°C) states, respectively. Thermal unfolding midpoint temperature (Tm)
was obtained by plotting the FF against temperature (T) and fitting with a sigmoidal
Boltzman function in Graphpad Prism Pro for windows (v6.04). Three curves were

generated for each sample, and the T, was taken as their average.

Isolation of PBMCs from whole blood samples: Immediately after being drawn, whole
blood samples were diluted in half with Dulbecco’s PBS (Sigma) and shipped overnight at
RT. Once received, 50 mL aliquots were spun at 300 g for 30 min, and buffy coat was
removed and diluted 1:1 with PBS. 30 mL of this mixture was then layered over 15 mL

Ficoll-Paque PLUS (GE Healthcare), and spun at 300 g for 30 min. PBMCs were then
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harvested from the ficoll/serum interface, washed 2x in cRPMI and counted via trypan-blue
exclusion. Overnight PBMC cultures were supplemented with 50 units/mL IL-2 in cRPMI

and kept at 37°C with 60% humidity and 5% CO- until their use on the following day.

Measure of ADCC via the 51Cr release cytotoxicity assay: MD-AMB-468 EGFR+ human
breast cancer cells were harvested, washed and labeled with 100 pCi 51Cr (Perkin Elmer,
Waltham, MA, USA) in 20 pL FBS in a 37°C water-bath ice until plating. Following 90 min
incubation, target cells were washed twice, counted, and placed on ice till plating. During
target cell labeling, NK cells were isolated by magnetic negative selection (Miltenyi Biotec,
San Diego, CA, USA) from the PBMCs harvested the previous day. Briefly, non-NK cells, i.e.,
monocytes, granulocytes, T cells and B cells, were magnetically labeled with a cocktail of
biotin-conjugated antibodies. Once passed over a magnetic column, the labeled cells were
depleted, thus enriching for highly pure NK cells (>90% in all ADCC assays). Purified NK
cells were then washed, counted and kept on ice until plating. cRPMI was then added to
appropriate wells in a 96-well U-bottom microtest plate (BD Biosciences, Mississauga, ON,
Canada) followed by the addition of target and effector cells at the desired E:T ratio. Finally,
antibody dilutions were added to appropriate wells giving a final well volume of 200 pL.
The 96-well plate was spun for 1 min at 10 g, and placed in an incubator set at 37°C and 5%
CO2 for 4 h. Fifteen minutes prior to completion of incubation, 25 pL of 1% cetrimide was
mixed with maximum >1Cr release wells. To account for spontaneous >1Cr release as well as
antibody-independent background lysis, control wells were included which contained
targets cells with and without NK cells, respectively. Following the 4 h incubation, 50 pL

PBS was added to all wells and the plates were spun for 4 min at 10 RCF. Following this
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spin, 50 pL of supernatant from each well was transferred and mixed with 150 pL of
Optiphase Supermix scintillation fluid (Perkin Elmer) in a 96-well flex-plate (Perkin
Elmer). Release of >1Cr was quantified with the 1450 Trilux Liquid Scintillation Counter
(Wallac, Waltham, MA, USA, and % specific-lysis was calculated as follows:

% specific lysis = ((experimental release - spontaneous release)/(maximum release -

spontaneous release))*100 - background lysis

Flow cytometric analysis: Before labeling, all cells were washed with staining buffer (SB)
(PBS containing 5% sodium azide). For determination of NK cell purity, cells were labeled
on ice for 30 min with Alexa-flour 405-conjugated mouse anti-human CD3 (BD Biosciences)
and PE-conjugated mouse anti-human CD56 (BD Biosciences) monoclonal antibodies.
Samples were washed again, and run on BD LSRFortessa flow-cytometer running FACSDiva
software for windows (BD Biosciences, v6.1.3) following their re-suspension in 0.5 mL SB.
For indirect immunofluoresence of EGFR binding by EG2-hFc variants, MDA-MB-468 cells
were washed in SB, then incubated with various concentrations of EG2-hFc variants.
Following a second wash, target cells were stained with the IgG1 Fc-specific FITC-
conjugated mouse anti-human IgG mAb (Sigma) for 30 min on ice. Samples were then
washed and re-suspended in 0.5 mL SB, then run on BD LSRFortessa flow-cytometer. All
flow-cytometric analysis, including determination of median-fluoresence intensity, was

done with Flow]Jo for windows (v7.6.5. Flow]o LLC, Oregon, USA)

Flow-cytometric determination of CD16a allotype: A fraction of each PBMC sample

received was washed and labeled in ice-cold staining buffer with mouse anti-human: CD56-
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PE, CD3-AF405, and either 3G8-FITC or MEM154-FITC (both anti-CD16a) for 30 min on ice.
Samples were washed and re-suspended in 0.5 mL staining buffer and run on LSRFortessa

flow-cytometer (BD). Analysis was done using FloJo software.

Data processing and statistical analysis: Data are displayed graphically and were
statistically analyzed using Graphpad Prism Pro for windows (v6.04). Curves were fitted
using a nonlinear regression model with a sigmoidal dose response (variable slope). The

respective results are displayed as mean + SEM, unless stated otherwise.

31



4. Results

4.1 Expression and biophysical characterization of the EG2-hFc variants

4.1a EG2-hFc expression using distinct mammalian cell lines: EG2-X0, EG2-X1 (CHO),
EG2-X2 and EG2-X7 were all expressed using the CHO-3E7 cell line by Dr. Yves Durocher
(Fig. 12) (70). The remaining variants, EG2-X1 (HEK), EG2-X5 and EG2-X6, were expressed
in the non-adherent HEK293-6E cell line using the pTT5 vector (Fig. 12). Following their
successful expression, reducing and non-reducing SDS-PAGE gel-electrophoresis of the
HEK293-6E expressed variants revealed bands corresponding to the expected molecular
mass of the dimerized (x 80-90 kDa) and monomeric (* 40 kDa) cHCAb chains (Fig. 9). SEC
analysis revealed no aggregation across all variants, with the exception of EG2-X0 and long-
hinge EG2-X6, which both exhibited small peaks corresponding to the formation of high
molecular weight aggregates (Fig. 10). EG2-X6 also eluted earlier than expected, giving a
mass estimate (= 120 kDa) that was considerably different from estimates predicted from

both its a.a. sequence, as well the preceding SDS-PAGE analysis.

4.1b EG2-hFc glycosylation profiles: In agreement with the wealth of information
regarding clinically available cetuximab, the mouse-human chimeric mAb we employed
was predominantly complex-type with variable galactosylation (Fig. 12). Amongst the
EG2-hFc variants, despite our concerns that differences in glycosylation could result from
the use of two distinct expression systems, both CHO-3E7 and HEK293-6E produced
similar glycovariants possessing highly galatosylated, complex-type glycans; save for the

RMD treated EG2-X7 which showed a 25% reduction in overall core fucosylation (Fig. 12).
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4.1c EG2-hFc hinge modifications: EG2-X2, EG2-X5 and EG2-X6 all underwent hinge
modification, with EG2-X2 and EG2-X5 both lacking the IgG1 upper-hinge cysteine pairs,
while EG2-X6 possessed a camelid derived long-hinge (Fig. 8, 12). Importantly, the upper-
hinge cysteines were removed from EG2-X2 and EG2-X5 via two distinct means; with the
former having a large portion of the hinge containing the cysteines excised, while the latter
had the cysteines replaced with serines (Fig. 8). Finally, a naturally occurring 35 a.a. long
hinge was introduced into EG2-X6 in order to extend the distance between the EG2 ABDs

(Fig. 8, 12).

4.1d Thermo-stability of EG2-hFc variants: Circular dichroism was used to determine the
thermal-unfolding midpoint (Tws) of the EG2-hFc variants. Initially, the original EG2-X0
demonstrated a biphasic curve: with an initial unfolding around 50°C followed by another
at 72°C (Fig. 11a). Subsequent sequence analysis revealed EG2-X0 to contain two
unintended mutations in the Fc: D270G and Y278H (Fig. 8). In order to ascertain the
respective impact of both these mutations, each was individually introduced and expressed
in human IgG1 Fc (Fig. 8). Subsequent CD analysis of the mutated Fcs, hFc-X3 (D270G) and
hFc-X4 (Y278H), revealed them both to exhibit a biphasic-unfolding curve akin to EG2-X0
(Fig. 11g-h). When the mutated Fc of EG2-X0 was replaced with the wt Fc of IgG1, the
expected monophasic-melting curve was restored with EG2-X1 (Fig 11b). All subsequently
expressed hinge- and glycovariants possessed the wt IgG1 hFc, and demonstrated the

characteristic mono-phasic unfolding, with Tms ranged from 71-75°C (Fig. 11b-f).
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CLUSTAL W (1.83) multiple sequence alignment

< EG2
EG2-X0 QVQLVESCCCLVQACDSLRVSCAASCRDFSDYVMCWFROAPCKEREFVAAISRNCLTTRY
EG2-X1_EG2-X7 QVQLVESCGCCLVQACDSLRVSCAASCGRDFSDYVMCWFROAPCKEREFVAATSRNCLTTRY
EG2-X2 QVQLVESCGCCLVQACDSLRVSCAASGRDFSDYVMCWFROAPCKEREFVAATISRNCLTTRY
EG2-X5 QVQLVESCGCCLVQACDSLRVSCAASGRDFSDYVMCWFROQAPCKEREFVAAISRNCLTTRY
EG2-X6 QVQLVESCGCGCLVQACDSLRVSCAASCGRDFSDYVMCWFRQAPCKEREFVAAISRNCLTTRY
RFC=X3 = e e e e
RFC=X4 = e e e
EG2-X0 ADSVKGRFTISRDNDKNMVYLOMNSLKPEDTAVYYCAVNSAGTYVSPRSREYDYWGQGTQ
EG2-X1_EG2-X7 ADSVKGRFTISRDNDKNMVYLOMNSLKPEDTAVYYCAVNSAGTYVSPRSREYDYWGQGTQ
EG2-X2 ADSVKCRFTISRDNDKNMVYLOMNSLKPEDTAVYYCAVNSACTYVSPRSREYDYWGQGTQ
EC2-X5 ADSVKCRFTISRDNDKNMVYLOMNSLKPEDTAVYYCAVNSACTYVSPRSREYDYWCQCTQ
EC2-X6 ADSVKCRFTISRDNDKNMVYLOMNSLKPEDTAVYYCAVNSACTYVSPRSREYDYWCQCTQ
oY T & e e ————
hFc=X4 = = e ———
—< Hinge <G
EG2-X0 VIVSS-mm e e AEPKSCDKTHTCPPCPAPELLCCPSVFLFPPKPKDT
EG2-X1_EG2-X7 VIVSS - e AEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDT
EG2-X2 VIV S e e e e AT HTCPPCPAPELLCGCGPSVFLFPPKPKDT
EG2-X5 VIV S S e e e e AEPKSSDKTHTCPPCPAPELLCGGPSVFLFPPKPKDT
EG2-X6 VITVSSEPKIPQPQPKPQPQPQPQPKPQPKPEPECTCPKCPAPELLGGPSVFLFPPKPKDT
RFC=X3 = = eeeeeecemeeeccnccc s e s e e ———————— APELLGGPSVFLFPPKPKDT
RFC=X4 = e ——————————— APELLGGPSVFLFPPKPKDT
. o e e e e ok e e e e b e e R o e e
Fe
EG2-X0 LMISRTPEVTCVVVDVSHECPEVKFNWHVDGVEVENAKTKPREEQYNSTYRVVSVLTVLH
EG2-X1_EG2-X7 LMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVENAKTKPREEQYNSTYRVVSVLTVLH
EC2-X2 LMISRTPEVTCVVVDVSHEDPEVKFNWYVDCVEVHNAKTKPREEQYNSTYRVVSVLTVLH
EG2-X5 LMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVENAKTKPREEQYNSTYRVVSVLTVLH
EG2-X6 LMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVENAKTKPREEQYNSTYRVVSVLTVLH
hPc-X3 LMISRTPEVTCVVVDVSHECPEVKFNWYVDCGVEVHENAKTKPREEQYNSTYRVVSVLTVLH
hFPc-X4 LMISRTPEVTCVVVDVSHEDPEVKFNWHVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLH
ti*i**ti*i*ti*ttiii'ii*itti’**iii*ittiit*iti*i*ii*iit**ii**i
EG2-X0 QDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVK
EG2-X1_EG2-X7 ODWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVK
EG2-X2 QDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVK
EG2-X5 ODWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVK
EG2-X6 QODWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVK
hPFc-X3 QODWLNCKEYKCKVSNKALPAPIEKTISKAKCQPREPQVYTLPPSRDELTKNQVSLTCLVK
hFc-X4 ODWLNCKEYKCKVSNKALPAPIEKTISKAKCOQPREPQVYTLPPSRDELTKNQVSLTCLVK
R
EG2-X0 CFYPSDIAVEWESNCQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWOQCNVFSCSVMHE
EG2-X1_EG2-X7 GFYPSDIAVEWESNGCQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQOQCNVFSCSVMHE
EG2-X2 GFYPSDIAVEWESNCQPENNYKTTPPVLDSDCSFFLYSKLTVDKSRWQQCNVFSCSVMHE
EG2-X5 GFYPSDIAVEWESNCQPENNYKTTPPVLDSDCGSFFLYSKLTVDKSRWQQCNVFSCSVMHE
EG2-X6 GFYPSDIAVEWESNCGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQCGNVFSCSVMHE
hFc-X3 GCFYPSDIAVEWESNCQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQCNVFSCSVMHE
hFc-X4 GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHE
o e e e e ok e e o o ok o e e o o e e e o o e o o e ok e e e o o e e e o o e o e e o e e e o o o e e o o e e R e e e
— mi -
EG2-X0 ALHNHYTQKSLSLSPG b W W Rty
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EG2-X5 ALHNHYTQKSLSLSPG
EC2-X6 ALHNHYTQKSLSLSPC
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hFc-X4 ALHNHYTQKSLSLSPC
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Figure 8: Amino acid sequences of EG2-hFc variants and the pTT5 expression vector
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Figure 9: SDS-PAGE of HEK293-6E expressed EG2-hFc variants

Each of the HEK293-6E expressed EG2-hFc variants revealed prominent bands
corresponding to their monomeric (* 40 kDa) and dimerized (= 80-90 kDa) chains, under
reducing (R) and non-reducing (NR) conditions. Faint bands corresponding to unpaired
monomers were detected for both EG2-X1 and EG2-X5 under non-reducing conditions.
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Figure 10: Size exclusion chromatography of EG2-hFc variants and cetuximab

Separations were carried out over a Superdex 200™ column in PBS. Top: BioRad
chromatography protein standard was run over the column to allow for the estimation of
molecular weights of EG2-hFc variants. Bottom: Based on predicted sizes, EG2-hFc
variants and cetuximab eluted as expected. However, long-hinge EG2-X6 eluted faster than
expected, giving a mass estimation (120 kDa) which differs from the SDS-PAGE estimated
mass (90 kDa). Vertical lines indicate elution positions of y-globulin (158 kDa) and
ovalbumin (44 kDa). Data is normalized to a maximum 100 milliabsorbance units.
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Figure 11: T, Determination of the EG2-hFc variants and Fc-mutants

For specific T values, see figure 12.
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Figure 12: Summary of cetuximab and EG2-hFc variant biophysical properties

The clinically available glycovariant of the mouse-human chimeric mAb cetuximab is
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predominantly complex-type with variable galactosylation. Conversely, each of the CHO-
3E7 and HEK293-6E expressed EG2-hFc variants possessed highly galactosylated complex-
type glycans, save for the RMD treated reduced-fucose EG2-X7. EG2-X2, EG2-X5 and EG2-
X6 all posses a modified IgG1 hinge: with EG2-X2 and EG2-X5 both lacking the upper-hinge
cysteine pair, and EG2-X6 possessing a camelid derived long-hinge. Additionally, all cHCAD,
including the elongated EG2-X6, exhibit sizes smaller than cetuximab as revealed by SEC
and SDS-PAGE.
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4.2 Flow-based characterization of EGFR binding by EG2-hFc variants: Flow-cytometry
was used to ensure that each EG2-hFc variant retained the ability to bind cell-surface EGFR,
regardless of the various modifications that had been introduced. All EG2-hFc variants, as
well as cetuximab, were tested at various concentrations against the EGFR-positive breast
cancer cell line MDA-MB-468, and binding was indirectly detected with the use of goat anti-
human IgG1 (Fc-specific) FITC-conjugated mAb (Fig. 13). Comparable binding profiles were
observed for wild-type EG2-X1, serine-replaced EG2-X5 and the glycoengineered EG2-X7
variants (Fig. 13a,c,e). Dissimilarly, the truncated and long hinge variants, EG2-X6 (Fig.12d)
and EG2-X2 (Fig.13b), deviated from the remaining variants by exhibiting the highest and
lowest MFIvalues, respectively; indicating that hinge length or composition impacts EG2-
hFc’s ability to bind cell-surface EGFR. A Kp value of 0.38 nM was derived from cetuximab’s
binding profile, which is in agreement with affinity values reported elsewhere (80).
Unfortunately, because each EG2-hFc variant required unfeasibly high concentrations in
order to achieve saturating EGFR binding, their Kp values could not be estimated.
Interestingly, no EGFR-binding by EG2-X0 could be detected using the Fc-specific FITC-
conjugated secondary antibody (data not shown. This observation served as an early
indicator that the Fc of EG2-X0 was in some way atypical: prompting the investigation that

led to the discovery of the Fc mutations, D70G and Y278H (Fig. 8).
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Figure 13: Flow-based determination of EG2-hFc binding to cellular EGFR

All EG2-hFc demonstrated clear binding to the EGFR-positive breast cancer cell line, MDA-
MB-468: however, saturating binding could not be achieved for the EG2-hFc variants,
which prevented calculation of their Kp. EG2-X1 (a), EG2-X7 (e) and serine-replaced EG2-
X5, all of which possess nearly identical hinges, exhibited similar binding profiles.
Conversely, the short-hinge EG2-X2 (b) and long-hinge EG2-X6 (d) showed the weakest
and strongest MFIs, respectively. MFI was derived using Flow]o software, and graphed
using GraphPad prism Pro (v6.04).
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4.3 Optimization of the 51Cr release assay using primary NK cells: Due to the difficulties
associated with the use of primary NK cells, determining the minimum number of cells
required to generate an unambiguous ADCC signal was of great importance. To establish
this, initial CRAs were used to determine both the minimal effector to target ratio (E:T) and
concentration of cetuximab required to provide a clear ADCC signal. As figure 14 indicates,
E:T ratios of 100:1 and 50:1 provided the strongest lytic signals; however subsequent
assays revealed that achieving the required numbers of NK cells was unfeasible. Instead,
the E:T ratio of 10:1 was selected as it, along with a starting cetuximab concentration of 0.2
ug/mL, provided a clear ADCC signal, while requiring a minimal amount NK cells and
cetuximab (Fig. 14). Furthermore, these parameters also exhibited low levels (= 10%) of
background antibody-independent killing (Fig. 14). Moving forward, this E:T and
concentration of cetuximab were selected for subsequent CRAs. Furthermore, NK cell
stimulation with IL-2 was limited to less than 15 hours, as overstimulation led to sharp
increases in background antibody-independent killing; skewing interpretation of specific

lysis data.

41



CBSWBSS8 / Cetuximab / MDA-MB-468

100~
] Bl 2 pug/mL
80+ Bl 0.2 ug/mL
" I Bl 0.02 ug/mL
w607 B 0.002 ug/mL
- 40' B 0 pg/mL
< 40-
20~
S S SO o o
S S N

Effector to Target Ratio (E:T)

Figure 14: Optimization of the 51Cr release assay

The percent of lysis of tumour cells (MDA-MB-468) as a function of E:T ratio and cetuximab
concentration, is shown. Data are presented as mean * SD of triplicate wells from a single
experiment with the corresponding NK cell donor (CBSWBS). For this, and all subsequent
ADCC assays, a >90% purity of CD16*:CD56*;CD3- NK cells was achieved, as determined by
flow-cytometry.
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4.4 Characterization of EG2-X0 and its associated glycovariants: Characterization of
EG2-X0, the original EG2-hFc variant from the 2009 study, revealed it’s failure to initiate
detectable ADCC (Fig. 14,15a); an observation subsequently linked to two then unknown Fc
mutations. With this revelation yet to be uncovered, it was postulated that EG2-X0 might be
facilitating low-levels of ADCC that were indistinguishable from background lysis. To
address this, EG2-X0 underwent Fc-glycoengineering in an attempt to augment any low-
levels of intrinsic ADCC that may be occurring: thereby boosting the lytic signal into a
detectable range. Three glyco-processing inhibitors were used to generate EG2-X0 with
reduced Asn297 fucosylation: kifunensine, swainsonine and castanospermine, all of which
function by halting the glyco-processing pathway before Asn297 fucosylation can occur.
This results in the production of hybrid and high-mannose type glycans, which lack core
fucosylation. Despite these efforts, the resultant EG2-X0 glycovariants, EG2-Kif, EG2-Swain
and EG2-Cat, all failed to exhibit ADCC (Fig. 15): further confirming EG2-X0’s inability to

initiate ADCC.
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Figure 15: EG2-X0 and it’s associated Fc-glycoengineered variants fail to initiate ADCC

Cetuximab facilitated clear ADCC against the target cell line, while EG2-X0 and its
associated glycovariants all failed to initiate any significant lysis. Data are presented as

mean + SEM of triplicate wells from a single experiment with the corresponding NK cell
donor (CBSWB14).
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4.5 ADCC by EG2-X1 following reversion of Fc mutations: In response to the discovery of
the mutated Fc of EG2-XO0, the problematic Fc was replaced with wt Fc of human IgG1,
giving EG2-X1. Following this correction, ADCC was restored for EG2-X1; the first
documented effector response by an EGFR-specific cHCAb (Fig. 16b). To ensure that no
differences in ADCC would result from our use of two distinct expression systems, EG2-X1
was expressed in both CHO-3E7 and HEK293-6E cell lines. The two resulting EG2-X1
variants mediated similar levels of ADCC when characterized using the same NK sample:
indicating that our use of two distinct mammalian expression systems would not result in

disparate ADCC profiles (Fig. 16c¢,d).
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Figure 16: Recovery of ADCC following reversion of EG2-X0 Fc mutations

The failure of ADCC exhibited by EG2-X0 (a) was reversed following the reversion of the
two Fc mutations, D270G and Y278H (b). To ensure no differences in EG2-hFc functionality
resulted from our use of two distinct expression systems, EG2-X1 was expressed in both
CHO-3E7 (c) and HEK293-6E (d), and both variants exhibited similar ADCC profiles. Data
are presented as mean + SEM of triplicate wells from individual experiments with the
corresponding NK cell donor (CBSWB13, 18, 21).
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4.6 Preliminary ranking of ADCC by EG2-hFc variants: Following the successful ADCC by
EG2-X1, a preliminary ranking of both HEK293-6E and CHO-3E7 derived EG2-hFc variants
was completed (Fig. 17). Of these, long-hinge EG2-X6 (Fig. 17c) and de-fucosylated EG2-X7
(Fig. 17d) showed the greatest overall ADCC relative to cetuximab, while the serine-
modified EG2-X5 (Fig. 17b) showed lysis similar to unmodified EG2-X1. Finally, the short-
hinge EG2-X2 showed no ADCC (Fig. 17a), establishing a hierarchy that would persist
throughout the ensuing battery of CRAs, where: EG2-X6 = EG2-X7 > EG2-X5 = EG2-X1 >>

EG2-X2 = EG2-X0.
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Figure 17: Preliminary ADCC ranking of EG2-hFc hinge and glycovariants

Like the mutated EG2-X0, the short-hinge variant, EG2-X2 (a) similarly failed to initiate
ADCC, while the serine-replaced hinge-variant EG2-X5 (b), demonstrated lysis similar to
EG2-X1. The long-hinge EG2-X6 (c) exhibited the greatest degree of lysis while the Fc-
glycoengineered EG2-X7 showed a slightly lower response, relative to cetuximab. Data are
presented as mean * SEM of triplicate wells from individual experiments with the
corresponding NK cell donor (CBSWB21).
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4.7 Impact of hinge-modification on ADCC by EG2-hFc: Short-hinge EG2-X2, which had a
portion of it’s upper-hinge excised, which included the cysteine pair in question, repeatedly
failed to show any ADCC across multiple NK cell samples (Fig. 18a-c). The serine-modified
EG2-X5, which retained the hinge-length of a typical IgG1 but similarly lacked the pair of
upper-hinge cysteines, exhibited ADCC akin to unmodified EG2-X1 across multiple NK cell
samples (Fig.19a-c). Finally, the long-hinge EG2-X6 repeatedly demonstrated greater
overall lysis compared to both of the hinge-variants, as well as unmodified EG2-X1 (Fig
20a-e). EG2-X6 thrice surpassed the maximal lysis of cetuximab at the highest antibody
concentrations (Fig. 20c-e). However, cetuximab consistently achieved maximal specific
lysis at considerably lower concentrations than all EG2-hFc hinge-variants, including EG2-

X6 (Figs. 18-20).
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Figure 18: Short-hinge EG2-X2 fails to initiate ADCC

Relative to EG2-X1 and cetuximab, the truncated EG2-X2 repeatedly failed to initiate ADCC
across multiple NK cell samples and allotypes at the concentrations tested. Data are
presented as mean * SEM of triplicate wells from individual experiments with the
corresponding NK cell donor (CBSWB22-24).

50



&
N—

CBSWB22
100' o EG2-X1
K’} 4 = EG2-X5
E‘ 80+ -+ Cetuximab
> .
= 60+
I3 £
g
o 40
S 204
E a
01—
0 0.001 0.010 0.100 1 10
pg/mL
b) c)
cBswB23 CBSwWB24
100_‘ . -|- I T o~ EG2-X1 100_‘ o EG2-X1
[} 4 T i I & EG2-X5 X'] 4 = EG2-X5
L”>'. 80+ I ==~ Cetuximab :’>‘. 80+ =+~ Cetuximab
‘g 60+ ‘o‘:3 60+
@ ; 2 y
Q40 2 404
7] »n
N3 X
° 20+ i ° 20+
] i .
04— (]
0 0.001 0.010 0.100 1 10 0 0.001 0.010 0.100 1 10
pg/mL pg/mL

Figure 19: Cysteine-to-serine hinge-variant, EG2-X5, shows ADCC similar to EG2-X1

Though the hinge of EG2-X5 slightly differs from that of EG2-X1, both variants showed
largely similar degrees of lysis (a-b). The discrepancy between EG2-X1 and EG2-X5 at the
highest concentration did exist with the final NK sample employed (c), which was likely
attributable to pipetting errors. Data are presented as mean + SEM of triplicate wells from
individual experiments with the corresponding NK cell donor (CBSWB22-24).
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Figure 20: Augmented ADCC by long-hinge EG2-X6

Long-hinge EG2-X6 consistently outperformed EG2-X1, and achieved levels of ADCC
comparable to that of cetuximab. Because the lysis achieved by both cetuximab (b) and
EG2-X6 (c, e) occasionally surpassed the maximal lysis achieved by 1% cetrimide, these
figures were normalized so that 100% of specific lysis corresponded to the highest amount
of killing achieved in that particular assay. Data are presented as mean * SEM of triplicate
wells from individual experiments with the corresponding NK cell donor (CBSWB22-26).
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4.8 Impact of Asn297 defucosylation on ADCC by EG2-hFc: Following the treatment of
CHO-3E7 cells with 5% RMD during expression, the resultant glyco-variant EG2-X7 showed
a nearly 25% reduction in Asn297 glycan core-fucosylation compared to unmodified EG2-
X1 (data not shown). In agreement with the literature, this decrease in fucosylation
corresponded with an overall increase in ADCC: where EG2-X7 consistently exhibited
greater lysis than unmodified EG2-X1 (Fig. 21a-e). Similar to what was observed with long-
hinge EG2-X6, cetuximab consistently achieved the greatest overall specific lysis at much

lower concentrations compared to EG2-X7.

53



&
e

CBSwB22

o EG2-X1
-a- EG2-X7
80: =+~ Cetuximab

100

60
40

% Specific Lysis

20

0
0 0.001

0.010

0100 1 10
Hg/mL

e
N
o
)

CBSwB23 CBSWB24

- EG2-X1
-a- EG2-X7
80+ =+ Cetuximab

o EG2-X1
--- EG2-X7
80 = Cetuximab

1004

60+

404

% Specific Lysis
3
% Specific Lysis

20 N 204 .
. ]
= o=
0100 1 10 0 0.001
pg/mL

0.010  0.100 1 10

Hg/mL

0
0 0.001 0.010

2

CBSWB25

o EG2-X1
- EG2-X7
=+ Cetuximab

@
S—

100+

CBSWB26

o~ EG2-X1
-a- EG2-X7
= Cetuximab

% Specific Lysis
3

% Specific Lysis
8
Il

A

¢ 1 - 3
04— -
0.100 1 10 0 0.001 0.010 0.100 1 10
ug/mL pg/mL

0
0 0.001 0.010

Figure 21: Augmented ADCC by defucosylated EG2-X7

Fc-glycoengineered EG2-X7 consistently outperformed EG2-X1, while achieving levels of
ADCC lower than those of cetuximab. Because the lysis achieved by cetuximab (b)
occasionally surpassed the maximal lysis achieved by 1% cetrimide, this figure was
normalized so that 100% of specific lysis corresponded to the highest amount of killing
achieved by cetuximab in the assay. Data are presented as mean + SEM of triplicate wells
from individual experiments with the corresponding NK cell donor (CBSWB22-26).
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4.9 Flow-based allotyping of the NK cell V158F CD16a polymorphism: All NK cell
samples employed in the CRAs were stained with the FITC-conjugated anti-CD16a mAbs
3G8 and MEM-154, and the resulting MFIs contrasted to ascertain the V158F allotype (Fig.
22). Samples CBSWB13, CBSWB22, CBSWB24 and CBSWB26 all stained negative for the
V158-specific mAb, MEM-154: indicating homozygosity for the low-affinity 158FF allotype
(Fig. 22). The remaining samples all stained strongly for 3G8 signal, with a slightly less
prominent signal from MEM-154: signifying the presence of either the intermediate
(158VF) or high affinity (158VV) allotype (Fig. 22). Unfortunately, further differentiation
between 158VF or 158VV samples was not possible, leaving the true allotype of these NK

cell samples unknown.
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CBSWBS Intermediate or high affinity (158VF or 158VV)
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CBSWB14 Intermediate or high affinity (158VF or 158VV)
CBSWB18 Intermediate or high affinity (158VF or 158VV)
CBSWB21 Intermediate or high affinity (158VF or 158VV)
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CBSWB25 Intermediate or high affinity (158VF or 158VV)
CBSWB26 Low-affinity (158FF)

Figure 22: Representative CD16a allotyping and list of predicted sample allotypes

a) The left histogram shows strong staining of CBSWB25 NK cells by the 158V-specific mAb
MEM-154: indicating either the high-affinity 158VV or intermediate-affinity 158VF CD16a
allotypes. Conversely, the right histogram reveals that MEM-154 fails to stain the NK cells
of CBSWB26 above background auto-fluorescence, indicating the CD16a receptor to be the
low-affinity 158FF allotype. b) The predicted V158F allotype of each sample used.

56



5. Discussion

5.1 Optimization of the 51Cr release assay

The initial efforts of this investigation focused primarily on ensuring efficiency,
accuracy and reproducibility of the CRA through benchmarking of the positive control,
cetuximab. FDA approved for the treatment of colorectal, head and neck cancers, cetuximab
is a mouse-human chimeric mAb that was initially used for its ability to neutralize
oncogenic EGFR. However, a recent investigative push has since revealed cetuximab to be a
prodigious mediator of ADCC against EGFR-positive tumours; a therapeutic effect that has
begun to overshadow it’s intended inhibitory function (9, 16). As a result of the extensive
clinical research conducted on cetuximab over the last two decades, it is an ideal positive-
control for the optimization and standardization of the variables associated with the 51Cr
release assay (CRA): beginning with the selection of an appropriate effector-to-target ratio
(E:T) (72). Based on our results, an E:T of 10:1 was selected for its requirement of fewer
NK cells while still demonstrating a strong ADCC signal compared to non-specific
background lysis. However, attaining even this reduced requirement of NK cells proved
challenging, as these cells repeatedly offered poor recoveries and viabilities prior to their
experimental use: features indicative of suboptimal sample handling. To remedy this, only
fresh NK cells were used for CRAs in order to reduce the cellular stress imposed by
repeated freeze-thaw cycles. Additionally, adjustments were made to how the blood
products were being harvested and shipped, in order to optimize NK cell recoveries. This
included the immediate 1:1 dilution of freshly drawn blood with PBS, followed by the
samples shipment and storage at room temperature instead of the more commonly used

4°C. These amendments were motivated by a recently published meta-analysis, which
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detailed how the distinct subpopulations of cells that comprise whole blood are
differentially impacted by the manner in which the blood sample is drawn, handled and
stored (73). The authors stress that in order to specifically maximize NK cell recoveries,
unintended granulocyte activation must be kept to a minimum, as this increases
granulocyte buoyancy and skews the natural gradient required for effective separation via
density centrifugation (73). Once enacted, these modifications improved both the pre- and
post-ficoll recoveries of buffy-coat and PBMCs, respectively: leading to an overall increase
in NK cell recoveries.

Having developed a reliable means of achieving the required NK cell numbers, focus
next shifted towards enhancing the signal to noise ratio by priming the cytotoxic function
of the NK cells with the activating cytokine IL-2 (74). As a result of the high cell surface
expression of intermediate-affinity IL-2R on NK cells, IL-2 acts as a potent stimulator of NK
cell cytotoxicity (74-75). Following their overnight co-culture, IL-2 stimulated NK cells
subsequently used in CRAs showed increased ADCC: allowing for a clearer discernment
between background and specific lysis. However, it should be noted that overstimulation
with IL-2 (>15 hour co-incubation with NK cells) gave a sharp increase in background
antibody-independent killing, which likely developed from the generation of lymphokine-
activated killer (LAK) cells (76). Though these unique cells have gathered interest in
regards to their anti-tumour activity, their less discriminate killing contrasts with the more
directed and cHCAb-reliant approach employed with ADCC. Consequently, great care was
taken to ensure that IL-2 overstimulation was avoided by limiting NK cell exposure to less
than 15 hours (76). Finally, in an attempt to use a non-radioactive alternative to the CRA,

the calcein-acetyoxymethyl (AM) cytotoxicity assay was also briefly employed. Nearly
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identical to the CRA, target cells are instead labeled with non-radioactive calcein-AM, which
passively enters the target cell’s cytoplasm. Once inside, intracellular esterases hydrolyze
calcein AM to give fluorescent calcein, which cannot freely exit the cell (77). Following the
addition of effector cells and antibody, if any ADCC has occurred, the amount fluorescence
in the supernatant resulting from released calcein, can be correlated with degree of lysis
that has occurred; akin to measuring radioactivity following the release of >1Cr (77).
Unfortunately, the results gathered from our rudimentary iterations of the calcein-AM
cytotoxicity assay indicated it would require extensive and time-consuming optimization.
Consequently, the decision was made to exclusively employ the 51Cr release assay, as it

readily offered a clear and reliable measure of ADCC.

5.2 Initial characterization of EG2-hFc

Having accounted for these important, though somewhat peripheral variables, focus
next shifted to benchmarking the ADCC of cetuximab, as it would be the standard against
which all of our EG2-hFc variants would be compared. Strong lysis by cetuximab was
achieved at as low as 0.2 pg/mL, and this was selected as the starting concentration for
preliminary EG2-hFc comparisons. cHCAb characterization began with EG2-X0; the same
variant employed in the preceding 2009 in-vivo imaging study (53). Though initial flow-
based assays showed binding to EGFR-positive cells, EG2-X0 repeatedly showed lytic
responses that were indistinguishable from non-specific background killing: indicating a
failure to facilitate ADCC (Fig. 15a-b). Furthermore, when EG2-X0 had its thermo-stability
characterized via circular dichroism, an atypical biphasic melting curve was revealed: a

feature conspicuously absent from other cHCAbs studied within our group, save for one

59



other unrelated VyH-hFc fusion (Fig. 23a). It was subsequently revealed that both EG2-X0
and this unrelated cHCAb derived their Fcs from the same source: suggesting this shared
feature may be the basis of this atypical biophysical characteristic. This suspicion was
substantiated when the sequence of the Fc in question was compared against the wt Fc of
human IgG1, with the former being shown to harbor the following mutations: D270G and
Y278H (Fig. 8). To determine whether neither, one, or both of these mutations played a role
in the atypical unfolding, two novel Fc fragments were expressed: each containing only one
of the two mutations (Fig. 8). Following their analysis, both Fc variants exhibited bi-phasic
unfolding, which indicated that both mutations contribute to EG2-X0’s thermo-instability
(Fig. 23g-h). Furthermore, previous work by Shields et al. specifically revealed that the
mutation at D270 results in a loss of ADCC as a result of the Fcs inability to bind CD16a
(78). In agreement with this finding, no binding between EG2-X0 and immobilized CD16a
was detected by surface plasmon resonance (personal correspondence). Collectively, it
appears as though the mutations in the Fc of EG2-XO0 likely accounts for the observed lack
of ADCC: introducing both structural instability, as well as the inability to effectively

interact with the CD16a receptor.

5.3 EG2-hFc affinity/avidity effects and the “binding-site barrier”

To rectify this situation, EG2-X0’s mutated Fc was replaced with wt Fc from human
IgG1, giving EG2-X1 (Fig. 8). Remarkably, this exchange restored the typical monophasic
unfolding, and for the first time permitted ADCC by an EGFR-specific cHCAb (Fig. 15b).
However, the maximal lysis achieved by EG2-X1 was significantly lower than that of

cetuximab, which likely results from the latters stronger affinity: being ~ 55 nanomolar
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(nM) and = 0.39 nM, respectively (53, 79-80). However, high affinity therapeutics like
cetuximab may not necessarily prove optimal when administered in-vivo, due to the
“binding-site barrier”: a phenomenon proposed by Fujimori et al., and elegantly
demonstrated by Adams et al. (81-82). In the latter study, researchers compared the bio-
distribution of a panel of antibody-based constructs specific for the same antigen, but
whose respective affinities varied. Remarkably, in-vivo imaging revealed that the mid- to
low-affinity variants demonstrated superior tumour penetration and accumulation, while
the high affinity constructs were limited to binding exclusively at the tumour’s perimeter
(82). This phenomenon has been reported elsewhere, and these studies collectively report
that tumour-associated antigens expressed at the cell surface, like the EGFR, bind and tie-
up high affinity antibodies at the tumours exterior: curtailing their therapeutically
favourable migration inwards (81-84). Conversely, lower-affinity binders that fall off of
surface antigen more readily may continue moving towards the tumours more interior
structures (81). Based on these observations, it is thought that in regards to affinity there
exists a threshold of diminishing returns, dictated by the characteristics of both the
tumour’s structure, as well as the antigen itself. Thus, with the “binding-site barrier” in
mind, EG2-X1's relatively intermediary affinity and uniquely small size compared to
cetuximab, may synergistically act in-vivo to enhance tumour killing via increased tumour

penetration and accumulation.
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5.4 EG2-hFc hinge modifications
5.4a Impact of hinge shortening and upper-hinge cysteine removal on EG2-hFc ADCC
Though EG2-X1 was able to demonstrate good EGFR binding and ADCC (Figs. 123,
15b-d), there was uncertainty regarding the status of the vestigial upper-hinge cysteine
residues, which in human IgG form an inter-chain DSB with their adjacent Vi; joining the
heavy and light chains (85). Given the absence of Vi in cHCAbs, formation of this inter-
chain DSB is impossible: introducing ambiguity regarding how these newly available
cysteines may be engaged, and whether this impacts EG2-X1 functionality. To resolve this,
EG2-X1 had a small portion of its hinge excised, which included the upper-hinge cysteines.
The resultant short-hinge variant, EG2-X2, showed only slight reduction in binding to EGFR
compared to EG2-X1: indicating the truncation had not greatly impacted its ability to bind
antigen (Fig. 12b). However EG2-X2 revealed a Tn, consistently lower than EG2-X1,
suggesting the removed cysteines may have been contributing to EG2-X1’s thermo-
stability, perhaps through formation of a novel inter-heavy chain DSB (Fig. 23c). The
observed Twm shift (= 2°C), though subtle, is not inconsistent with findings from similar
investigations studying the role of inter-chain DSB removal in IgG1 (86-87). Furthermore,
EG2-X2 repeatedly failed to facilitate ADCC: raising the question of whether the missing
cysteine pair or the unusually shortened hinge may have contributed to the loss of
cytotoxicity (Fig. 17). To clarify this ambiguity, EG2-X1 had both its upper-hinge cysteines
replaced with the structurally analogous amino acid serine, which lacks the thiol group
necessary for potential DSB formation. This substitution prevented formation of the
potential upper-hinge DSB, while retaining a hinge length similar to wt IgG1, giving EG2-X5

(Fig. 9). Akin to EG2-X2, removal of the upper-hinge cysteines resulted in a slightly lower
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Twm: reaffirming that a novel upper-hinge DSB may be contributing to EG2-X1’s thermo-
stability (Fig. 23d). However, unlike EG2-X2, EG2-X5 demonstrated EGFR binding (Fig. 12c)
and ADCC profiles (Figs. 18, 16b) very similar to EG2-X1: implying the hinge shortening,
rather than the removal of the upper-hinge cysteines, contributes to EG2-X2’s lack of ADCC.
This suspicion draws support from earlier studies, which collectively assert that hinge
shortening precludes ADCC due to the location of the Fc-CD16a binding site, which is found
at the lower hinge-Cx2 junction (60, 64, 88). The authors collectively suggest that by
shortening the hinge, the Fab arms, or in this case the VyH pairs, are brought precariously
close to lower-hinge junction: sterically shielding the CD16a binding site and preventing
the hFc-CD16a interaction. Furthermore, crystallographic analysis has revealed that IgG1’s
Fab arms must assume an asymmetrical configuration about the central Fc, in order to
expose the CD16a binding site (60). However, the truncated hinge of EG2-X2 likely lacks
the segmental flexibility and length required to assume this asymmetric orientation:

further obstructing CD16a-Fc binding, leading to a loss of ADCC (60).

5.4b Impact of hinge extension on EG2-hFc ADCC

In response to the effect that hinge truncation had on the CD16a interaction and
ADCC, attention was turned to what impact hinge-extension may have on EG2-hFcs ability
to facilitate ADCC. Since the distance between the VyHs in both EG2-X1 and EG2-X2 is
uncharacteristically small (80 A), their configuration likely precludes any avidity effects
initiated by simultaneous binding of both VyHs at once (49, 59). For instance, chelating
binding, where both VyH bind simultaneously to the same EGFR, is unlikely given the

improbability that two identical EG2 epitopes reside near enough to allow for co-
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engagement by either EG2-X1 or EG2-X2 (59). Furthermore, simultaneous binding to two
distinct, dimerized EGFRs would also be unlikely since their mirrored conformation
positions their highly immunogenic domain IlIs at opposing outer faces of the complexed
receptors (59, 89). As a result of this arrangement, simultaneous binding would likely
require a distance between VyHs more similar to conventional IgG1 (160 A), which the
unusually short hinge-lengths of EG2-X1 and EG2-X2 likely prohibit (49). To explore what
would happen if this size restriction were superseded with an antigen binding
conformation more akin to conventional IgG1, the hinge of EG2-X1 was replaced with a
naturally occurring long-hinge derived from a subpopulation of HCAbs found across
camelids (61). The resultant long-hinge variant, EG2-X6, more closely resembles the
antigen-binding configuration of a conventional IgG1 (140 A): with the added distance
between the VyHs likely permitting additional and potentially preferential types of binding
(Fig. 9) (49). Remarkably, extending the hinge augmented ADCC, as the long-hinge EG2-X6
consistently showed greater lysis compared to the unmodified EG2-X1 (Fig. 19). At the
highest concentrations employed, EG2-X6 even managed to thrice achieve levels of
maximal lysis greater than cetuximab (Fig.19c-e). This enhanced killing may be attributable
to synergism between EG2-X6’s improved avidity and it’s smaller size compared to
cetuximab, which may impose less competition for space at the cell’s surface. This would
ultimately result in more EGFR being bound by cHCAbs, and thus a higher proportion of Fcs
available to initiate ADCC (90). Furthermore, the camelid derived long-hinge is
exceptionally rigid as a result of its proline rich structure, and such rigidity has previously
been correlated with dramatically improved CD16a binding and enhanced effector function

(63). Though the exact mechanisms behind this improvement is not fully understood, it is
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believed that such rigidity may improve the NK cells access to the CD16a binding site at the
hinge-Fc interface. (86-87). Conversely, cetuximab’s comparatively large size could impose
a greater limitation on available space and access to antigen at the cell surface: reducing
both the proportion of bound EGFR as well as the resultant lytic response (90). However,
though cetuximab’s maximal lysis was occasionally surpassed by EG2-X6, it repeatedly
achieved maximal specific lysis at much lower concentrations (Fig. 19). This disparity may
result from cetuximab’s stronger affinity, where available EGFR is bound more readily, and
thus saturating binding occurs at lower concentrations. This MOA is reflected by
cetuximab’s ADCC response, where onsets of both lysis as well as the maximal lytic plateau
were both achieved at much lower concentrations compared to EG2-X6 (Fig. 19).
Altogether, cetuximab’s affinity may account for the saturation and onset of maximal lysis
observed at lower concentrations, while at higher concentrations, EG2-X6’s smaller size
likely permits binding with greater absolute numbers: resulting in its occasionally

heightened maximal lysis.

5.5 EG2-hFc and Fc-glycoengineering
5.5a EG2-hFc and CDC

With EG2-X1 having successfully shown an intrinsic capacity for ADCC, we next
hoped to ascertain whether modification of the C42 glycan would impact the cHCAbs
effector function in the same way it does conventional mAbs (34-36, 38-42). Glycoanalysis
of EG2-X1 revealed the Cu2 glycoform to predominantly be a complex type
heptasaccharide, with high levels of terminal galactose (Fig. 9). Increased galactosylation at

the Asn297 glycan has been correlated with augmenting anti-tumour CDC by improving
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binding between the C1q component of complement and its Cu2 binding site (37). With this
in mind, the CDC of EG2-X1 was investigated through use of a modified CRA, which
revealed no intrinsic CDC (Data not shown). In light of recent publications describing the
Fc-dependent formation of hexameric IgG1 required for the initiation of CDC, it is
unsurprising that the dissimilar structure of a cHCAb would fail to initiate this response
(91). As revealed by crystallographic imaging, both Fab arms of human IgG1 adopt a
characteristic orientation within the hexamer: with one arm extending outward for antigen
binding, while the other aligns itself within the hexameric plane (91). Unlike the much
bulkier and elongated Fab arms of human IgG1, the comparatively compact antigen-binding
domains (ABDs) of EG2-hFc are likely unable to assume the necessary hexameric
orientation, while retaining the ability to monovalently bind antigen (91). Unfortunately, an
established anti-EGFR mAb known to facilitate CDC is not readily available, thus preventing
the inclusion of a positive control in the CDC 51Cr-release assay (Data not shown). Though
no Fc-fusion based constructs have successfully exhibited CDC to date, a more

comprehensive investigation into EG2-hFc’s complement-dependent response is required.

5.5b Fc-glycoengineering augments ADCC by EG2-hFc

With preliminary results suggesting CDC to be a therapeutic dead-end, our focus
returned to ADCC, and whether reducing core-fucosylation at the Cu2 glycan could augment
EG2-X1’s intrinsic ADCC response. To accomplish this, 5% RMD was introduced to CHO-
3E7 cultures in an attempt to express the defucosylated glycovariant, EG2-X7. Following it’s
successful expression, EG2-X7 showed a marked reduction of Asn297 core fucosylation,

from nearly 100% to 75% for EG2-X1 and EG2-X7, respectively. Importantly, this
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modification had no discernable impact on either the cHCAbs affinity for the EGFR, or its
thermo-stability stability (Figs. 12e, 23f ). EG2-X7 did however demonstrate an improved
ADCC response compared to EG2-X1 (CHO) (Fig. 20); an improvement likely resulting from
the recently defined interaction between the modified hFc glycan, and a similarly N-linked
glycan found on CD16a (27). Crystallographic studies have demonstrated that this
interaction arises following removal of the core fucose from the Asn297 glycan, which
increases the distance between the two Cu2 domains (27, 40). This “open” intra-heavy
chain conformation allows for a unique carbohydrate-carbohydrate interaction between
the Asn260 glycan of the CD16a, and the now unobstructed basal GIcNAc of the Cu2 glycan
(27). Though not especially strong, this interaction is believed to enhance Fc-CD16a
binding and consequently augment ADCC (27). However, unlike similar studies that have
reported over 10-fold increases in ADCC following defucosylation, EG2-X7 exhibits a
comparatively smaller increase in effector response relative to EG2-X1 (Fig. 20) (42). This
discrepancy likely results from the much lower proportion of defucosylated EG2-X7
compared to the mAbs used in other studies, which often achieve nearly complete
afucosylation (41-42). Furthermore, relative to cetuximab, EG2-X6 shows greater overall
lysis compared EG2-X7; suggesting that introducing length and rigidity into the cHCAb
hinge acts as a better promoter of ADCC than the slightly reduced fucosylation exhibited by
EG2-X7 (Fig. 19 v. 20). Though beyond the scope of this investigation, continued reduction
of Cu2 fucosylation employed in conjunction with hinge extension, may synergistically act
to further augment the antitumour ADCC of EG2-hFc; laying the framework for ways in

which to improve the anti-tumor efficacy of cHCAbs.
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5.5¢ ADCC and the CD16a V158F SNP

For each NK sample employed, the respective polymorphism at position 158 was
predicted through use of the aforementioned flow-based assay (29). This was performed in
an attempt to identify any cHCAb modifications showing reduced allotypic specificity, while
accounting for any potential discrepancies observed between CRA results. However, no
clear correlations could be drawn between the predicted CD16a allotype and degree of
observed lysis, as low-affinity receptors often demonstrated high-overall lysis and vice-
versa (Fog. 21). Furthermore, though low-affinity 158FF samples were easily discerned,
there was ambiguity in differentiating between intermediate (158VF) and high-affinity
(158VV) CD16a samples (Fig. 21). With inconsistency such as this, it is critical to revisit the
use of primary effector cells, which when employed in cytotoxicity assays, are notoriously
capricious (99). This often gives seemingly inconsistent results, making direct comparison
between CRAs inherently challenging (99). Instead, overall trends should be noted, such as
how variants behave in relation to one another when characterized with the same NK cell
sample, and whether hierarchies of lysis are preserved across multiple NK cell samples.
This resolution, though somewhat coarse, provides insight into the relationship between
the EG2-hFc constructs and allows for a limited but informed interpretation of the data. It
is important to keep these limitations in mind when considering these findings, so as to
avoid forming attractive but ultimately unsubstantiated assumptions regarding both EG2-

hFc, and cHCAbs in general.

68



5.6 Future directions:
5.6a EG2-hFc

To further augment EG2-hFc’s ADCC, the next logical step would be to subject the
cHCAD to both hinge-extension and Fc-glycoengineering simultaneously. Additionally,
further increasing the proportion of defucosylated EG2-hFc could similarly augment ADCC,
while continuing to abrogate CD16a allotypic-specificity. Eventually, even if the
implementation of these combined strategies fail to further augment ADCC, the already
impressive in-vitro gains observed with both long-hinge EG2-X6 and defucosylated EG2-X7,
arguably warrants their further characterization in-vivo. Such a transition would permit a
clearer and more realistic appraisal of EG2-hFc’s therapeutic potential: a perspective that is
unavoidably lost in-vitro. For instance, the benefit to ADCC resulting from EG2-hFc’s ability
to accumulate in solid-tumours due to it’s small size would be better-resolved in-vivo, as
the relevant three-dimensional tumour structure and vasculature is not represented in-
vitro. Historically, discrepancies in therapeutic function between in-vitro and in-vivo studies
have proven essential, as efficacies exhibited in the former context are often

disappointingly lost in the latter.

5.6b Multispecific, anti-tumour antibody-based constructs

The modular and amendable nature of both EG2 and VyHs makes them ideal
building blocks for the design of novel multispecific constructs, better able to address the
complexities of solid-tumours. The adoption of such strategies has already proven
successful in the context of conventional mAbs, with bispecific catumaxomab already

approved for the treatment of malignant ascites (98). In addition, numerous other anti-
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cancer bispecific mAbs are currently undergoing clinical trials (93). The ability to recognize
distinct tumour-associated antigens imparts considerable advantages beyond simply
affording a more defined targeting of cancerous cells. For instance, by inhibiting multiple
oncogenic signals, bispecific mAbs could potentially avoid the resistance limitations faced
by monospecific inhibitory mAbs caused by redundancies in oncogenic signaling (94). In
regards to enhancing effector function, a bispecific VyH-based construct, with one ABD
being specific for a TAA and the other being engineered to interact with CD164a, has been
proven to be exceptionally promising (95). By using VuH, researchers were able to enrich
for binders that exhibited affinities for the CD16a that far exceeded wt Fc: regardless of the
V158F SNP (95). As a consequence, constructs were able to facilitate impressive ADCC,
while simultaneously outcompeting endogenous IgG for available CD16a: a limitation that
has resulted in the unfeasibly high dosage requirements and production costs of FcR-
engaging mAbs (95). Additionally, the investigators propose that dosage requirements
could be further mitigated following the addition of a third VyH specific for FcRn or serum
albumin, which would significantly extend the constructs serum retention. By relying
exclusively on VyH, each ABD of such a construct could conceivably be further tailored to
possess properties that better permit it to exert its specific function in the unusual tumour
microenvironment: akin to the aforementioned in-vitro selection of C. difficile binders. As
part of a construct such as this, EG2 could serve as an effective “warhead,” given its proven
specificity for both the EGFR and the EGFRVIIIL Innovative multispecific binders such as
this, along with novel constructs like cHCAbs, have begun to usher in the next generation of
antibody-based therapeutics: edging researchers ever closer to the realization of Paul

Ehrlich’s “magic bullets.”
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