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Abstract

Monoclonal antibodies have been successfully developedas PD-L1 antagonists,
showing unprecedented anti-cancer immune response and efficacy with their high
affinity and exquisite specificity. Despite its substantial success, the development of
antibody dru gs is approaching an asymptote because their structural inflexibility limit s
the ability to tune their valency, receptor accessibility, and blood circulation duration.
Their efficacy in treating solid tumors is also limited by low tumor penetra tion due to
their large size and structural inflexibility. These inherent challenges to utilizing
antibodies as therapeutics confine their further improvem ents.

To address these limitations, we have developed a modular protein therapeutic
with rationally tunable valency, affinity, pharmacokinetics, and tumor penetration. In
modular protein therapeutics, we can independently tune their affinity and valency for
any given target, as well as modulate their pharmacokinetics and tumor penetration. To
create a maular PD-L1 antagonist, we chose the human tenth fibronectin type Il
domaP Ow p%- + AWEUWOEUOREUWEDPEBEUNWWPUwDUWEW
robust protein domain that has six disordered loops that are similar to the
complementarity -determinin g regions (CDRs) of antibodies. We then oligomerized the

affinity module to enhance its binding to PDL1 via the avidity. To optimize

UOEOOQOuw

pharmacokinetics, we fused the oligomerized affinity mo dule with E w&fioBi I wOGOEUOI »



1) an elastin-like polypeptide (ELP) that is injectable as a solution at room temperature
but forms a gel-like depot at 37 °C and provides sustained, the zero-order release of the
fusion; or 2) an albumin-binding dom ain that binds to and exploits the endogenous
albumin to significantly extend the plasma half -life. The fusion with a? T EGH I | wOOEUOI »
would enable our modular protein therapeutics to rival the pharmacokinetics of
antibodies.

In this thesis, we discovered PD-L1-binding FN3 proteins (aPDL1-FN3) using
phage display and modulated their valency and affinity for their equilibrium
dissociation constants (Ko) in the picomolar range. Unlike bivalent antibodies, the
multivalency of FN3 is not restrict ed, and tetra-valency was chosen because (aPDL4
FN3)s reached a plateau in terms of binding ability to PD -L1, measured by surface
plasmon resonance (SPR)jn vitro PD-L1 neutralizatio n assay, and flow cytometry. To
overcome glomerular filtration cutoff (~5 0 kDa) and improve pharmacokinetics, we
genetically fused the (aPDL1-FN3)4 protein with either elastin -like polypeptides (ELPS)
or albumin -binding proteins (ABDs). Us ing these fusions, we studied pharmacokinetics,
biodistribution , and tumor uptake as compared to anti-PD-L1 antibodies. Also, we
validated in vivo pr eclinical efficacy using three different immunocompetent mice
models: 1) B16.F10 melanoma model; 2) CT26 don cancer model; and 3) MC38 colon
cancer model. These results demonstrated that our modular protein therapeutics

successfully mimic antibodies as dternative therapeutics and have the potential to



outperform antibodies regarding multivalency and cellular and tumor penetr ation. We
believe that this research project serves as a proebf-concept for modular protein
therapeutics where tunable efficacy and pharmacokinetics can lead to a clinical utility

that can eventually overcome the hurdles of traditional ant ibody -based therapy.
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1. Introduction

One way that our body fights against foreign molecules is by producing
antibodies. Antibodies are proteins that recognize specific molecules called antigens.
Once antibodies bind to antigens, they induce a series of downstream processes that
activate immune cells and destroy antigen-containing cells. Since our body elaborately
creates antibodies that strongly bind to antigens for various diseases, mary scientists
have enthusiastically identified and develo ped antibodies to be used as thergpeutics (1).
As of 2021 there are more than 100 therapeutic antibodies approved by FDA on the
market (2), and around 830 are currently being evaluated in clinical trials (3). The
general strategy is to develop antibodies that bind therapeutically rel evant targets for
diseases (4). These therapeutic antibodies are commonly monoclonal antibodies

prod uced by plasma B cells to bind to speciffic cells or targets.

1.1 Monoclonal antibodies

There are two types of developed antibodies (5): 1) polyclonal antibodi es that are
usually generated by different B cell clones in the body; 2) monoclonal antibodies that
are produced by identical B cells whose clones are from a sngle parent cell. Monoclonal
antibodies only recognize the same epitope of an antigen with high specificity , while
polyclonal antibodies are heterogeneous binding to differe nt epitopes of a single
antigen. As therapeutics, monoclonal antibodies indicate higher specificity and lower

crossreactivity (5). Therefore, monoclonal antibodies are preferred for targeting highly
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specific moleculesin the body, such assurface components or markers overexpressed on
cancer cells(6).

While the use of monoclonal antibodies to seledively target cancer cells is
referred to as targeted therapy, the use of monoclonal antibodies to activate the immune
system against canceris called immunotherapy. In immunoth erapy, antibodies agonize
or antagonize receptors that modulate immune cells so that targeted immune cells
recognize and attack cancer cells In this thesis, monoclonal antibodies used in

imm unotherapy are generally covered.

1.1.1 The types of antibodies

Monoclonal antibodies are man-made proteins acting like natural antibodies in
the immune system. Based on their protein composition , these antibodies have the
following naming conventions (4). Names ending in -omab refer to murine antibodies
and are completely made from mouse proteins. Names ending with -ximab refer to
chimeric antibodies and are a comhnation of mouse and human protein. Names ending
in -zumab refer to humanized antibodies and are made from small proportions of mouse
proteins combined with human proteins. Names ending in -umab refer to human
antibodie s fully made from human proteins.

In the treatments of cancer, there are three different types of monodonal
antibodi es. Pure antibodies, also known as naked antibodies, are antibodies without

drug or radi oactive material attached to them. They bind to antigens on cancer cells or



even freefloating proteins and are the most common type of monoclonal antibodies
used as cancer therapeutics (6). Conjugated antibodies are combined with a
chemotherapy dru g or a radioactive patrticle (7). These antibodies are used as a homing
molecule to deliver their attached partner directly to cancer cells. While monoclonal
antibodies drculate throughout the body, they bind to their target antigens. Their
attached toxic substances are delivered usually to tumor microenvironments. This
targeted delivery is expected to reduce off-target toxicity in the body. Bi-specific
antibodies are drugs composed of parts of two different antib odies that can bind to two
differ ent antigens simultaneously (8). By binding both antigens, these antibodies are
designed to bring two different cells together, usually engaging both cancer cells ard
immune cells, to activate host immunity to destroy nearby cancer cells. Table 1 shows a
few examples of different types of monoclonal antibodies that are FDA-approved and

currently commercially used.

Table 1. FDA -approved antibod ies therapeutics

Type Name Target Label Appro val | Reference
Alemtuzumab CD52 2014 (9)
Pure Nivolumab PD1 N/A 2014 (10)
Durvalumab PDL1 2017 (12)
Ibritumomab cb20 Yttrium -90 2002 (12)
tiuxetan
. Brentuximab CD30 M thyl
Conjugated ren uxma on.o m(? y 2011 (13)
vedotin auristatin E
I tuximab CD19 P lob -
onc§§ xima yr_roo gnzo 2021 (14)
tesirine-lpyl diazepine
Bispecific | Blinatumomab | CD3/CD19 N/A 2014 (15)




1.1.2 The structure of an antibody

An antibody molecule is the secretion form of B cell receptors (BCR) produced by
activated B cells. For BCR, the C-terminus is a hydrophobic memb rane-anchoring
region, while for antibodies, the C-terminus is a hydrophilic heavy-chain constant
region. This water-solubility allows antibodies to readily circulate throughout the body.

There are five different classes of immunoglobulins (IgM, IgD, IgG, IgA, and
IgE), and all of them are composed of heavy and light polypeptide chains. Since the
most abundant antibody in serum is 1gG, in this section, we use the IgG antibody as an
example to describe the general gructure of an anti body.

IgG antibodies are large molecules, with a molecular weight of around 150 kDa,
made of two different kinds of polypeptide chai ns (16). One is termed a heavy (H) chain,
around 50kDa, and the other is termed a light (L) chain, around 25kDa. An IgG antibody
possesses a Y shape that consists df total of four polypeptides chains - two identical
heavy chains and two identical light chains. The two heavy chains are connected by
disulfide bonds, and each heavy chain is bound to a light chain by many noncovalent
bonds and disulfide bonds. The schematic representation of antibody structure is
a lock) that is specific for one specific epitope (analogous to a key) on an artigen (16).
The interaction between a paratope and an epitope allows both antibody and antigen to

bind tog ether precisely.
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Figure 1: Schematic overview of human IgG 1. (A) Secondary ¢ w E E &irlctu@s are
illustrated by PyMol (PDB:1HZH). (B) The heavy chain (HC) contains three constant
domains (CH1-CH3) and a variable domain (VH), whereas the light chain (LC ) has
only one constant domai n (CL) and a variable domain (VL). The Fab consists of VH,
CH1, and LC. CH2 and CH3 of the two heavy chains compose the fragment
crystallizable (Fc). Between the CH1 and CH2 of the heavy chains is a mostly flexible
hinge region and the four chains are covalently connected via disulfide bridges.

Antibod ies bind to variou s antigens, anda limited humber of effector molecules
and cells (16). The two tips of the Y structure vary between different antibody molecules
and are called the variable (V) region. This region contributes to antigen binding. The
overall arms of this region are termed fragment antigen-bindi ng (Fab). Antibodies have
two Fab regions that provide more stable antigen-binding through bivalency (17). The
stem of the Y structure, called a mnstant (C) region, is less variable among antibodies.
The bottom trunk of the Y structure is termed fragment crystallizable (Fc). Flexible hinge

regions join the arms of the Y structure to the bottom trunk . The Fc and hinge regions



determine the isotypes of antibodies based on which effector molecules and cells they
interact with (16).

The human 1gG has four subclasses, based on their CH2 domains and hinges,
lgG1, 19gG2, IgG3, and IgG4 (18). These egions can bind to both IgG-%E wUT ET x UOU U wp%
and Cl1qg, which are parts of signaling proteins on different immune effector
mechanisms. Once antibadies bind to both antigens and these proteins, antigens are
UET 1T 1 E w®eéprekibgodls, leading to the destruction of antigens by phagocytosis,
antibody-dependent cell-mediated cytotoxicity (ADCC) , and complement-dependent
cytotoxicity (CDC) (18). The Fc egion also containsa binding epitope for the neonatal Fc
receptor (FcRn), responsible for extended serum half-life, placental delivery, and
bidirectional transport of antibod iesto mucosal surfaces(18).

The hinge region that links the Fc and Fab is a loosely ©nnected tether,
providing flexible and independent movement of two Fab regions. Someflexibility also
exists at the junction between V and C domains. The flexibility of the antibody provides

its molecular bending, rotation, and stretching to allow for its targ et binding easily at

various distances apat as well as mediating effector functions simultaneously (8).

1.1.3 Advantages and limitations of using antibodies

Antibodies are a rapidly growing class of therapeutics that have shown
unprecedented clinical successrates (19). This great success is nainly because of four

reasons: 1) their exceptiomal binding affinities and exquisite specificities to their



antigens. These allow them to effectively bind to their targets with limited off-target
effects, which greatly improv ed the efficacy and safety of treatments; 2) their large sizes
and Fc regions dlow for very long serum half -life, providing sufficient time for
antibodies to bind their targets, accumulating in their target tissues, whil e circulating
throughout the body; 3) their relatively low immunog enicity because most antibodies
are human origin ated (20), and producing adaptive antibodies is a part of natural
human immunity to infection; and 4) they are bifunctional that can directly bind to their
target, while interacting with Fc receptors to induce effector functions, such as ADCC
and CDC.

However, the development of antibody drugs is approaching an asympt ote
because their structural complexity and inflexibility for engineering provide limited
options to improve their clinical utility (21). Frst, within the large size of 150kDa,
antibodies have an Fc region and two Fab arms that show only bivalent binding. To
increase their valency and receptor accessibility, genetically engineering one or two
more variable regions would reach even larger sizes which can be very detrimental to
their folding, solubility, expre ssion, and yield (22). Also, the large size of antibody and
steric hindrance upon tight binding r estrict the tumor uptake and penetration of
antibody (23). This can be a serious poblem, especially for the treatments of solid
tumors, because solid tumors are poorly vascularized, unlike liquid tumors . Without

efficient access insolid tumor s, the efficacy d antibodies can be greatly impaired (24).



To overcome theseissues, the desire todevelop smaller target-binding scaffolds
rises (25). These scaffolds can retain tight and speific binding to targets, | ike antibodies,
but can be faster to discover, less expensive 6 manufacture, more efficient to penetrate
solid tumors (26). They would not exhibi t Fc-mediated effector functions, but these
functions are not entirely necessary to be used as a simple antagonist or drug delivery
vehicle. The most important feature of using s maller protei n scaffolds is its modularity:
the amenability to various genetic modifications for their differ ent structural ori entation,
tunable valency, binding affinity, and bi nding specificities. This modularity can e asily
generate bi or multi -specific molecules, which is a very challenging task for t raditional,

full -length antib odies (22).

1.2 Target-binding scaffolds

In the past decades,approximately 50 different protein scaffolds have been
discovered and developed as antibody mimetics for therapeutic an d/or di agnostic tools.
311 ws UEE § @élfEnpratdin dngneddng to refer to a single chain polypeptide
molecule, typically with a very smaller size (<200 amino acid residues)(26). Also, this
scaffold possesses a highly structurad core with some flexible regions that can be highly
tolerable to genetic modifications, including m utations, insertions, and deletions. This
structural flexib ility can allow us to tune their valency and binding affinit y to targets: we

can engineer them to interact with multipl e targets or to facilitate their concerted

binding to a given target more strongly and tightly vi a avidity (27). In additi on, based



on their engineering purposes, they can potentially provide better solubility in aqueous
solution, reversible refolding, higher t hermodynamic stability, lack of aggregation,
comparatively low costs to manufacture, and better tumor uptake and penetration (25).
This scaffald molecule can be based on either a conventionalimmunoglo bulin backbone
(Ig-like scaffold) (28) or a derivate of a completely unrelated prot ein (Non-Ig scaffold)
(29).

Many of these novel scaffolds are developed to validate targets in cancer and
inflammatory dise ases, including vascular endothelial growth factor (VEGF) (30), tumor
necrosis factora (TNF-a) (31), CD20 (32), and CD19 (33). Currently, some of the
promising candidates have reached the stag of development in therapeutics and
diagnostics (34). Here, the most clinically advanced binding scaffol ds will be covered in

terms of cancer immunotherapy.

1.2.1 Ig-like scaffolds

Thorough structural studies of antibodies and advances in genetic engineering
techniques allow us to construct and develop a variety of 1g-like scaffolds (28). These Ig
like domains are commonly present in cellular signaling pathways throughout our
body, which also can be named thelg superfamily (35). The principle underlying this
molecular development is that many polypeptide chains residing in the C and V
domains of IgG are critical to their folding and stability. T hus, proteins whose sequences

are similar to those of IgGs are expected toexi D E D U w Udbed® €utidilvesy similar



folding patterns, and thus similar binding affinitie s, and this has been verified by X-ray
crystallography (36).

One type of Ig-like scaffold is the single-chain Fv (scFv, Figure 2A), which
truncates the Fabregion resulting in only the V domain of a heavy chain (VH) linked by
a stretch of synthetic peptides to a V domain of light chain (VL) (37). scFvis a genetic
fusion protein between the VH and VL of IgGs, connected with a short linker that is
comprised of 10 to 25 anino acid residues. The oveall size of scFv ranges from 25kDa to
30kDa (37). scFvis a valuable therapeutic molecule becaus its scaffold still retains its
strong binding affinity, similar to that of a full -structure antibody, but with minimal

size, so thatthey may penetrate the target tissue easily.

A B

Ce

/'Nanobody
(12 ~ 14 kDa)

- Camelid heavy-
(25~ 30 kDa) chain antibody

Figure 2: Graphical representation of differe nt Ig-like scaffold st ructures. (A) An sckv
consists of VH and VL connected with a polypeptide linker. (B) A camelid heavy -
chain antibod y consists of two same heavy chains only for both variable (V «H) and
constant (Cu2 and Cu3) domains. The antigen-binding region consists of a s ingle
variable domain V 1H, also called nanobody .
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To make the scaffold even smaller, another strategy is toutilize nanobodies, also
called VuH (38), which are the smallest naturally occurring Ig -like protein, (Figure 2B).
Camelids produce this atypical Ig format, which is very distinct from human IgG,
containing only one heavy chain with a single variable domain. After the disc overy that
camelids have fully functio nal antibodies without light chains (39), many researchers
developed nanobodies that are stable and fully active without the ad dition of light
chains (40). Therefore, nanobodies have extremely minimal size, which can significantly
enhance the tissue permeability and receptor accessibility of molecules. However, to
reduce the potential immunogenicity of therapeutic candidates, nanobodies should
undergo conventional humanization procedures (20). Currently, one nanobody
molecule, named caplacizumab, is FDA-approved in 2019 (41), and eight other
nanobody candid ates are in the clinic (34): one in phase IllI, four in phase I, and three in
phase I. The FDA-approved nanobody drug is a bivalent nanobody t argeting von
Willebrand Factor (VWF) to treat acute throm botic thrombocy topenic purpura (aTTP)

(42).

1.2.2 Non-Ilg scaffolds
Unlike Ig -like scaffolds, non-lg scaffolds are derived from proteins whose
sequences aml structur es are canpletely different from those of the Ig superfamily (43).

These scaffolds include the Kunitz domain (44), PDZ domains (45), and affibodies
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domains (46). Among many of them, in this thesis, the three most well-established

platforms are covered. Table 2 summarizes these scafblds.

Table 2: Overview of commonly used non-lg scaffolds

: The # MW
Scaffold Parental protein of AAs (kDa) Structure Reference
Anticalin Lipocalin 160-180 1820 ¢-barrel with 47
4 loops
. . Y-helical
DARPIn Ankyrin repeats | 133199 14-21 (48
+ ¢-turn
. Ca?* binding
Avimer | A-domain from 35 4 Disulfide (49)
LDLR .
confined
Z-domain from Y-helical
Affi . 7
body protein A o8 bundl es (50
Human 10" ¢-sandwich
Mon obody fibronection type I 94 10 with 3 loops (51)

1.2.2.1 Anticalins

Lipocalins have been developed as a promisng protein backbone because they
possess fourloop regions outside O 1 w-Bawmed structure (Figure 3A). Many deriva tive
forms of lipocalins have been utilized to randomiz e 16 amino acid residues on these
four-loop regions, including the bilin -binding prot ein from the cabbage white butterfly
and the human tear lipocalin (52). These lipocalin-based structures were named
s E B B 6 Bilhgv®©been commercially developed by Pieris (Germany) (47). Anticalins
are very soluble and stable proteins and can be readily produced in both E. coli and
yeast Currently, four anti calins scaffolds are in clinical trials: one in phase Il and three

in phase | (47). One of the leading candidates is a PEGylated anticalin that targets
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hepcidin, named PRS-080,to treat functional iron de ficiency (FID) anemia (53). Based on
their PK/PD studies, to achieve a low steady-state concentration, 30kDa PEG polymer is
most suitable to conjugate the hepcidin-targeting anticalin pro tein (54). Their clinical
phase | study showed that a single intravenous injection with a dose of 16 mg/kg BW
was very safe and well-tolerated (53). Notably, the administrati on of this drug exhibited
substantial therapeutic efficacy and duration, leading to a subsequent phase lla study

(NCT0332562).

Anticalin DARPIn Avimer Monobody

Figure 3: Structures of non-lg scaffolds: (A) anticalin (5KBN), (B) DARPiIn (4DUI), (C)
avimer (1AJJ), and (D) monobody (5KBN) . The figures were generated by PyMoL
using th e structures in PDB databases. Representative scafolds are shown in a gray
surface with typical diversified bi  nding regions illustrate d as red spheres.

1.2.2.2 DARPIins

Designed ankyrin repeat proteins (DARPins) are fully engineered protein
scaffolds derived from ankyrin repeat (AR) proteins (48). Most natural AR proteins
consist of consecutive repeats of ARdomains stacked with each aher, ranging from four
to six domains (55). However, DARPins are usually limited to two to four repeats of

these domains and contain N- and C- terminal capping motifs to cover hydrophobic
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regions to increase overall solubility ( Figure 3B) (55). These molecules have been
commercially developed by Molecular Partners (Switzerland). DARPins are well

produced in E. coliand exhibit high thermodyn amic stability and low a ggregation. One
of the most clinically advanced DARPin molecules is a highly specific and potent VEGF-
A inhibitor, whose IC so value is lower than 10 pM (MP0112) (56). To improve the
pharmacokinetics of this drug, MP0112 was conjugated toa PEG mdecule, and renamed
as Abicipar pegol. Although Abicipar pegol was not FDA-approved after clinical phase
I, this drug proved a great potential to treat agerelated macular degeneration (AMD )

and diabetic macular edema (DME) (57).

1.2.2.3 Avimers
The avimer is OEO] EWEI Ul UwUOUBROEEYPEDIE WOUEUDOOEOT

avimers is to oligomerize small A-domain scaffolds to increase their binding affi nity
through the avidity effec t. These Adomain scaffolds are commonly present in a wide
variety of cell surface receptors, including low -density lipoprotein receptors (Figure 3C)
(58). Using the universally conserved residues of the A-domain, multiple A-domain
scaffolds are genetically fused to form a high-affinity a vimer. Notably, av imers even
with 24 disulfide bonds can be readily produced in E. cdi (49). The most clinically
advanced avimer is the C326 molecule that targets the cytokine IL-6 (AMG220) (59). This

avimer exhibits a very strong binding affinity in a picomolar ra nge for IL-6, measired by
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an in vitro proli feration assay (58). It is currently in clinical phase ( wUOw UUI EQw" U0

disease(NCT00353756.

1.3 Human fibronectin type Ill domain (FN3)
1.3.1 Properties

The monobody is an engineered target-bindin g protein scaffold derived from the
tenth type Il | domain of human fibronectin (FN3), one of the human extracellular matrix
proteins (60). The original function of FN3 is to bind integrins in fibronectin. This
domain consists of 94 amino acid residues and exhihits high thermodynamic stability
whose melting temperature is above 80°C (61). The native UEE | | O OE usén@wit® U w E w ¢
PPUT w Ulsthmd® aornected by six loops (Figure 3D), which are similar to Ig
domains without di sulfide bonds (62). Every three loops are very flexible, comprised of
around 15 amino acid residues (AAs) present at both ends. Therefore, one end can be
engineered to have a desired binding function by randomizing its sequences and
displaying these diversified proteins on a phage (63), yead (64), or mRNA (65). Adnexus
(USA, now Bristol-Myers-Squibb), translated this discovery and renamed it as an
s O E U®\0P Usually, target-binding adnectin candidates exhibit their binding
affinities in nanomolar to picomolar ranges (66). Other monobody mimetics have been

successfully developed as scaffold proteins, such as a human tenasin-C domain (67)

and a universal consenauis fibronectin domain (68).
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1.3.2 Applications

Currently, three different adnectin candidates ha ve been evaluated in clinic al
trials (43): two in phase Il and one in phase |. The most clinically examined adnectin is
the PEGylated CT-322 molecule that targets and inhibits the vascular endothelial growth
factor (VEGF2) receptor (69). This potential drug has a bindin g affinity of around 11 nM
(70), a serum half-life of 4 days due to a conjugated 40 kDa branched PEG molecule, and
a maximum tolerated dose (MTD) of 2 mg/kg to humans administered intr avenously
(71). Also, in clinical trials, the drug showed clinical therapeutic res ponses, stabilizing
diseaseconditions by increasing the level of serum VEGF. However, approximately 80%
of patients developed anti-drug antibodies, because of engineered loop regions in the
binding moiety (71). In the following phase Il, although the drug showed low-grade
toxicities, it w as not as effective asexpected (70).

The next drug in the clinical stage is a PEGylated adnectin that binds and inhibits
cholesterol regulator proprotein c¢ onvertase subtilisin/kexin type 9 (PCSK9) (BMS
962476)(72). The PCSK9 is a usefultarget to decrease low-density lipoprotein (LDL) to
treat cardiovascular diseases This drug has an EGso value of 31 nmol/L, successfully
reducing the level of cholesterol in animal models (72). In a clinical phase I, this drug
was well-tolerated at doses up to 1 mg/kg while significantly lowering the levels of free

PCSK9 and LDL (73).
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The last drug is an adnectin that binds and inhibits myost atin, which negatively
regulates skeletal muscle development (BMS-986089)(74). This drug is currently being

evaluated in phase Il clinical trialsto treat DUET I O O1 z U w O lbphig (DME)LbneE & U U U

of the skeletal muscle diseases.

1.3.3 Advantages and limitations

Many FN3-based molecules in preclinical or clinical stages were developed by
phage display, yeast display, or mRNA display (60). Through these technigues the
Ui Ol EUI Ew %-t+ w UEET I OOEUzZw Ul gUI OETl Uw P1 U] w UEUI I
favorable biophysical and biochemical prop erties such as affinity, specificity, stability,
and solubility (75). To improve their pharmacokinetics, the origina | scaffold was
modified to conjugate with PEG molecule and characterized for its biological efficacy in
both in vitro and in vivo models (70). The utility of FN3 has already been demonstrated
by several studies that have successfully engineered to bind to diverse proteins and
receptors, including SH2 domains (51) and epidermal growth factor receptors (EGFR)
(76).

There are mainly three reasons why FN3-based monobody has been preferred
and explored by many scientists: 1) The structure of this molecule is easily engineered.
FN3 has E wsaindwich bundle that provides binding moieties every three loops at both

ends, with at least 15 amino acid residues for randomizatio n at each end (77). This offers

a powerful diversity of potential binding moieties; 2) Structural stability and plasticity
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enable us to robustly develop this molecule as a therapeutic. FN3 has hgh structural
stability attributed to its tight hydrophobic core oi ustheets (78). Thus, it can be stable
over a wide range of temperature, pH, and chemical d enaturants. It can be refolded to
its native conformation after thermal or chemical denaturation . The FN3 molecule is
devoid of cysteine residues and independent of any metal ions, bound ligands, or
disulfide bonds for st abilization. It can be readily expressed in E. coliand is usually
soluble. All these factors show that FN3 can be rapidly and inexpensively produced,
reducing both manufacturing costs and laborious optim ization steps as compared to
antibodies; 3) A compact size and simple structure provide mod ularity (79). To optimize
the scaffold for desired functions, including binding affinities, specificities, and
pharmacokinetics, genetic modifications are necessary. The well-defined structure of
FN3 can make these possible because multiple FN3 proteins can be linearlyrepeated
with flexible linkers to modulate their valency and affinity  (80). Unlike bivalent
antibodie s, the multivalency of FN3 is not restricted . The engineered and optimized FN3
can selectively and efficiently enter target tissue, which can be inaccessible ly large
molecular weight antibodies .

Although the compact size of the FN3 protein offers many adv antages, this can
be counterbalanced by a very short serum half-life time due to a glomerular filtration
cut-off (50kDa) (81). A rapid renal clearance is desirable for diagnostics tools, but not for

therapeutics because this faster clearance would significantly reduce the circulation of
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drugs, which eventuall y reduces the overdl uptake of target cancers. To improve its
circulation time as well as pharmacokinetic pro perties, one common approach is to

develop a fusion protein with biopolymers (82).

1.4 Biopolymers for recombinant fusions

Biopolymers are a serial chain of biological mo nomers that are covalently linked
together, such as polypeptides, polysaccharides, and nuckic acids. Recombinant
biopolymers are designed and engineered by scientists to exhibit desired bio physical
properties and/or functions. For example, the recombinant biopolymers can be
engineered to have motifs derived from silk (83), collagen (84), and resilin (85), so that
they can exhibit the specific properties of their parent protein. The advantages of using
biopolymers over synthe tic polymers are not only biocompatibility, b ut also the ability
to precisely control their sequences, structures, ad sizes, enabling the production of a

large quantity of uniform and monodisperse polymers .

1.4.1 Elastin-like polypeptides

Elastin-like polypeptides (ELPs) are polymers with repeat units consisting of the
VPGXG amino acid motif (wh ere X canbe any amino acid except proline), which is
derived from the hydrophobic domain of tropoelasti n (86). As ELPs are genettally
encoded, they can be readily produced in E. coli, are monodisperse, and their sequence
and MW can be precisely specified (87). ELPs have ben injected into humans in several

clinical trials and have shown minimal immunogenicity (88, 89. ELPs are useful as
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depot-forming protein modules, as they exhibit reversibl e lower critical soluti on
temperature (LCST) phasetransition behavior (Figure 4) (90), wherein an ELP solution

forms an insoluble coacervate upon heating above a critical transition temperature (Tt).

Soluble

Optical Density

Depot

Temperature

Figure 4: Schematic for the formation of ELP depot structur es. Since ELP has LCST
behavior at the Tt, soluble ELP forms an insoluble coacervate upon heating above this
Tt. This figure is ad apted from (96).

The Tt can be precisely tuned by modulating the MW of the EL P and the
hydrophobicit y of the guest residue (X), enabling the rational design of ELPs that
transition fr om a solution at room temperature in a syringe into an insoluble coa cervate
upon injection in vivo (91). Becatse the Ttvaries as a strong inverse log function of ELP
concentration, as ELP atthe depot boundary is diluted by interstitia | flow, its Tt
increases above body temperature and the ELP becomes soluble and is released into
circulation with zero -order kinetics (92). The plasma circulation duration of the relea sed
ELP fusion can be further tuned by adjusting the MW of the ELP (93). Furthermore,

ELPs retain their thermal responsiveness after the genetic fusion while the fusion
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partners maintain their bioactivities , making them a promising biopolymer for

recombinant fu sion to improve pha rmacokinetics (94, 95.

1.4.2 Albumin-binding domain

Albumin has served as an ideal drug carrier (97) because it is a natural,
biocompatible, and biodegradable transporter and most notably, exhibits an
exceptionally long half -life. To exploit this album in as anin vivo drug carrier, drugs can
be modified to confer an affinity t o albumin, such that after the injection of drugs, they
can piggyback onto the albumin in the bloodstream and ride until they arrive at the
targets. This strategy can be achieved by the genetic fusion of drugs with albumin -
binding do mains (Figure 5) (98).

Albumin -binding domains are derived from streptococcal protein G (SpG), a
bacterial receptor present on the surface of streptococcus strain G14899). Since SpG ha
a binding affinity to both IgG and albu min, scientists separated each binding region that
contains three independent folding domains and determined the structure of the
albumin -binding domain (ABD) (100). This domain consists of 46 amino acid residues,
exhibiting three alpha -helix secondary structure s with sub-nanomolar binding affinity to
human serum albumin. Based on this sequence, advances in protein engineering and
phage display have resulted in the development of artifici al variants of ABD to improve
their stability and affinities to albumin (99). One of these variants, used in this work, is

called ABD094. This specific domain is a deimmunized ABD variant to remove T cell
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epitopes while maintaining a high affinity to hu man serum albumin (101, 102. We
expect that this ABD would not possess any significant immuno genicity that could

potentially affect our future in vivostudies

Drug-ABD
fusion

Blood

% Q vessel

Figure 5: Schematic for the in vivo approach of using ABD. After being administered
intravenous ly, ABD -fused drugs bind to albumin in plasma, circulate throughout the
blood until drugs find their targets. This approach is expected to greatly prolong the
plasma half -life of drugs . This figure is adap ted from (103).
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2. Developing phage-displayed FN3 library

2.1 Introduction and motivation

To develop an alternative protein drug to a monoclonal antibody, we first
determine a type of binding scaffold to be used as an affinity module. Among many
candidates, we decided to use non-Ig scaffolds, because they address potential problems
associated with the large and complex antibody and simultaneously offer modularity
that can engineer multivalent or multi -specific congructs. Specifically, FN3 described in
chapter 1.3 was chosen, because it has the most compact size without any cysteine
residues.

An FN3 that can bind to a target of choice is created by directed evolution (104).
Usually, large combinatorial libraries are generated where the amino acid sequence of
an exterior surface on the scaffold is diversified while maintaining its core structure.
From these libraries, specific binding proteins are screened by molecular display
technologies, including yeast-, mMRNA -, or phage- display. We decided to use a phage
display because it is easy to generate a library comprising the highest level of diversity
(105. Using this highly diverse library, we can readily obtain variants with hig h
specificity and strong affinity in sub -nanomolar ranges(106).

Libraries can be generated from not only natural immune libraries, but also
designed universal methods such as sequential cloning, splicing by overlap extension

PCR, and using restriction enzymes (107). These genetic modifications allow us to
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develop diverse libraries readily and robustly. Since randomized mutations are
simultaneously intr oduced, the total number of diversified sequences usually exceeds
the number that is experimentally achieved. Thus, when developing a functional
combinatorial library, s ignificant considerations are the proper selection of target
residues for randomization as well as the appropriate choice of amino acids to include at
each position. In this chapter, | will first outline the basic principles for the use of
protein -display ed phage libraries. Next, | describe detailed methods to achieve a wide
diversity of FN3 -displayed phage libraries. Lastly, | cover library design, construction,

and analysis.

2.1.1 M13 filamentous phage display system

One of the most successful technologes for the discovery of binders is phage
display because it reflects the natural immune system. At least 100 monoclonal
antibodies have been FDA-approved and more than 14 were discovered and engineered
by M13 filamentous phage display (108). In addition to the M13 phage displ ay, lambda
phage display has been developed, because larbda phage allows for both N -terminal
and C-terminal fusions of phage coat proteins (109. However, M13 phage is preferred
over lambda, because lanbda can promote a lytic infection causing the cytotoxicity of E.
coli, while M13 provides a lysogenic infection without any cell death. Therefore, lam bda

phage display is used only when fragment candidates are toxic for the host cell or not
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secreted throughout the periplasm (110. Thus, we decided to use M13 filamentous

phage display, a more commonly used and well -established approach.

1um
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plll pVI pVIII pVII + pIX

Figure 6: Structural illustration of M13 filamentous phage. The major coat protein
pVIIl ass embles along the phage while four minor coat proteins are capped at both
ends. The most exposed plll protein is commonly used for a fusion partner to
incorporate binder candidates .

Table 3: Overview of M13 coat proteins

Coat proteins | plll | pVI | pVII | pVII | pIX
The#of AAs | 406 | 112 | 50 33 | 32

MW (kDa) 425124 5.2 3.6 | 3.7
Copieslvirion ~5 | ~5 |~2,7000 -5 | ~5
M13 filamentous phage display was first developed in 1985, by Dr. George P.

Smith who genetically fused short peptides to the plll minor coat protein of M13 phage

(111. M13 is afilamentous bacteriophage that infects bacteria, particularly, the E. coli
strains that have the Fpilus (male E. col). The structure of this phage has a long rod
shape, approximately 1 um in length and 6 nm in width ( Figure 6). It consists of a
circular single-stranded DNA (ssDNA) surrounded by differe nt types of capsid proteins

(112): 1) Around 2700 copies of major coat proteins (pVIIl) that are assembled along the
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overall body of the phage; 2) Around five copies of four other minor coat proteins
comprised of plll and pVI on one side at the edge and pVIl and pIX on the other edge
(Table 3). Particularly, plll coat proteins are commonly exploited, because they have five
copies and do not play a role in any infection processes.

Since its first discovery, the M13 phage has been extensively studied to
characterize its components and to understand its biological roles and mechanisms of
replication (112). Also, the rapid advancement of molecular biology tools has allowed
the M13 phage to be a more attractive tool for various applications (113, 114. For
example, it can be served as a budin g block that can be self-assembled to unctional
materials (115 and devices (116). Most importantly, because the M13 phage can easily
display the genetically fused peptides/proteins on its surface, the development of novel
molecular diagnostics and therapeutics has become more robust and convenient (117).
This feature provides the groundwork to readily identify and discover many

interactions between proteins and their targets/ligands (118).

2.1.2 Low valency display

Based on the first developed polypeptides display of M13 phage, three teams
have successfully included antibody fragments on M13 phage surfaces: the research
groups of McCafferty and Chiswell (Cambridge) (119, Barbas (La Jolla) (120, and
Breitling and Dubel (Heidelberg) (121). While the McCafferty group integrated the

sequences of antibody fragments into the plll -encoded gene in the phage genome, tie
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other two groups developed the phagemid system whic h is more frequently used these
days because of its improved flexibility .

The difference between using the phage genome and the phagemid is the
valency of proteins that are displayed on the plll coat pr otein of the M13 phage. Once
the gene fragments encodng target-binding motifs are directly fused to the phage
genome DNA encoding the plll protein, all five copies of plll coat proteins would
display a div erse set of peptides in a polyvalent format (122). Due to the avidity effects,
this penta-valency results in the selection of proteins that have low binding affinities,
usually in a high micromolar range. However, the developed phagemid system allows
the display of protein in a monovalent format, allowing for the identification of high -
affinity binders in the nan omolar ranges (122).

A monovalent display can be achieved by fusing the gene fragment candidate
with the gene encoding plll in a phagemid ( Figure 7) (122. A phagemid is a plasmid
containing sequences necessar for the expression of fusion and packaging proteins.
Using this phagemid, the expression of the fusion protein is uncoupled from the original
phage replication and phage protein production. Instead, the phagemid contains its
origin of replication, a gene conferring resistance to ampicillin and carbenicillin, and the
fusion gene under the control of a promoter. In this way, only the phagemid is
responsible for the expression of fusion, not other phage proteins. Assembly of

functional phage patrticles is then facilitated by the addition of a helper phage (M13K07
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or VCSM13) (123). The helper phage exclusively provides all components for packaging
M13 phages. Thus, all new phage particles contain all the viral proteins from the helper
phage, including large amounts of the wild type plll, with a very low proportion of the
fusion from the phagemid (124). As the phagemid is more efficiently packaged than the
helper phage DNA, most of the phage patrticles contain phagemid. However, regarding
the expression of the fusion, the majority of viral particles do not have the foreign fusion
from phagemid, only the wild -type plll from the helper phage. It is known that 1 -10% of
the viral particles display foreign fusion, normally in a monovalent way (124). The low

abundance of foreign protein i s a way to achieve monovalency.

Signal
Promoter peptide

Stuffer

Replication
fragment

origin of
plasmid
plll coat
protein

Phagemid

Restriction
enzyme
sites

Selective )
marker Intergenic
region

Figure 7: Schematic for phagemid vector. The phagemid only includes the gene
encoding plll coat protein with selective antibiotics marke r, signals for DNA
replication and packing for M13 phage particles, and restriction enzyme sites to
readily incorp orate target-binding variants to the N -terminus of the plll coat protein.

The M13 phages can readily infect the host E. coli and robustly utilize its

expression system for propagation (125. Thus, once the gaes d the M13 phage enter
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the E. coli,the E. coliexpresses the M13 phage genes, producing poteins for M13 phages.
This relationship establishes a link between phenotype and genotype: proteins displayed
on the surface of the phage contan the corresponding gene of those proteins inside the
phage. This is very advantageous, because specific phage that bind targets can be
isolated from other non -binding phages, and their genes can be analyzed simultaneously

to identify the target -specific sequences.

2.1.3 Phage library construction

Based on the system using phagemid vector and helper phage, we can construct
diversified phage lib raries that display monovalent target -binding proteins. In detail, we
can incorporate genes encoding the fusion ketween target-binding proteins and plll coat
proteins into the phagemid. After the transformation of phagemid into male E. coli
strains and the addition of helper phages, we can obtain functional phage libraries that
display a wide range of target-binding variants on their surfaces.

To accomplish a good quality phage library, it is crucial to produce a large
quantity of highly purified M13 phage particles. Currently, the gold -standard method is
precipitation with polyethylene glycol (PEG) after the propaga tion in E. coli batch
cultures (126). PEG has been widely used for precipitation becauseof the amphiphilic
moieties of PEG. PEG has the external hydoxyl groups and the interior chain groups,
which interact with proteins through a variety of non -covalent interactions, including

the hydrophobic attraction and multipoint van der Waals contacts (127). These
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interactions are between PEG and many chemical groupscommonly present in proteins,
like aromatic rings, amides, carboxylates, and hydroxyls. However, it is also know n that
high molecular weights of PEGs (MW > 5kDa) could affect the conformation of proteins
that could change their biological activities (114). Thus, it is significant to minimize the
presence of PEG as well as to remove any accumudtion of contaminant PEG in freshly

generated M13 phage libraries.

2.2 Materials and methods

2.2.1 FN3 variants library

3T 1T w%-+t WUEET | OOEwmE OU O wUI-ghéeis:ronedscnpasedd E a 2 A w
O w Ul-sitandisud B, and E, and the other consists of © U Ustrgnds C, D, F, and G.
The connec® OT w OO O x Uw O Ishedld dreUBCwDE pabduFs loops, and they are
equivalent to the complementarity -determining regions (CDRs) of antibody (63). We
decided to diversify these three loops by introduci ng randomized amino acid sequences
because bop-focused mutants would highly probably maintain their original structures
and provide sufficient space for loops to recognize targets (76).
A synthetic gene for FN3 was designed based on the amino acid sequences from
the previous research. We purchased the oligonucleotides from Integrated DNA

Technologies (USA).
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Figure 8: Schematic overview for gene assembly. The N NK randomized loop regions
were spliced into a full FN3 sequence and then annealed into the phagemid
(pComb3X) to be fused into the N -terminus of the plll coat protein.

The gene was assembled as follows Figure 8): 1) the gene sequence was divided
POUOWUT UT T wUT EUPOOUWI OUwWI EET w! " Ow#$OWEOE wwn& woC
end of FG loop section, the gene fragments should contain the required complementary
region paired with the phagemid gene for fusion later, including restriction enzyme sites
(Sfil); 3) All three genes should begin with 15 base pairs complementary to the region
preceding the insertion point and end with 15 base pairs complementary to the region
following the insertion point. Any randomization sequence should be inserted between
these regions; 4) The loop region was randomized using a degenerated codon NNK,
where N is a mixture of all four nucleotides and K is a 1:1 mixture of T and G. This
provides all codons for 20 amino acid residues; 5) all three sections were annealed and

amplified as double -stranded DNA using both forward and reverse primers by overlap
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extension PCR; 6 After th e confirmation of amplified FN3 fragments using agarose gel
electrophoresis, diversified FN3 fragments were cut, dissolved, and purified by Qiagen
gel extraction kits (Qiagen, Germany).

This method is greatly versatile because any template can be used with any
randomizatio n as long as the genes contain the equired complementary regions for
splicing. This method allows for the construction of many diversified libraries from a

single template.

2.2.2 Phage-displayed FN3 library

Figure 9 overviews the process to generate combnatorial phag e-displayed FN3

libraries and characterize their level of diversity.

Randomized FN3 O O Transformation

variants . (Electroporation)

FN3 variants
inserts into the
phagemid

“. Escherichia coli

120 130
GAT AAATCTGGTCTTATT,

Confirmation of
diversity by
Sequencing

Phage-displayed
FN3 libraries

Figure 9: Schematic overview for generating phage-displayed FN3 librar ies.
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2.2.2.1 Electroporation

The gene encoding the FN3 with randomized loops was inserted into the
pComb3X phagemid vector using Gibson assembly (Synthetic Genomics Inc., USA). This
phagemid vector was provided by the Antibody Engineering course from Cold Spring
Harbor and linearized after restriction enzyme digestion using Sfil. After the gene
assembly between the FN3 with randomized loops and the pComb3x encoding the plil
coat protein of M13 phage, FN3-inserted phagemid was transformed into the male E. coli
strain ER2738 by electroporation (Lucigen, USA). Since the diversity of phage-displayed
libraries is limited by the efficiency of transformation, high -voltage electroporation was
used, as it is the most efficient transformation method. Electroporation is a two -
component reaction where the electric field is applied to promote the DNA uptake into
E. col. This reaction is extremely sensitive to salt concentration and the DNA
concentration is limited by the need for low conductance. Thus, ethanol precipitation of
FN3-inserted phagemid was performed, and the final DNA solution was recovered in
ultrapure DN ase/RNasefree water (Invitrogen, USA). Also, the transformation
efficiency and yield can be improved by increasing the concentration of DNA. Therefore,
the final DNA con centration in water was 500 ng/pl.

To achieve at least ~ 1®0of diversity, we calculat ed the transformation efficiency
of single electroporation with its diversity. One electroporation with 500 ng of DNA

reliably produces diversities of an average of 1.7 x 107 cfu/ul from five trials. Thus, to
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cover at least ~10 of diversity, a total of 60 separate eledroporation reactions were

performed and pooled.

2.2.2.2 Purification

After electroporation, transformed cells were cultured in 2 mL of prewarmed
recovery medium at 37°C with shaking at 225 rpm for 1 hour. This culture was
transferred to 25 ml of autoclaved LB broth in a 150ml Erlenmeyer flask, tetracycline was
added for active ER2738 cells, carbenicillin was added for selecting only phagemid-
positive cells, and the flask was shaken again at 37°C for 30mins. A helper phage,
M13K07 (New England Biolabs, USA), was introduced for generating M13 phage
particles and the flask was shaken again at 37°C at 225 rpm for 1 hour. Kanamycin was
treated for helper phage-positive selection, and the flask was shaken at 37°C at 225 rpm
for 12 hours. Cells were centrifugated at 15,0009 for 10 mins at 4°C, and then, from their
pellets, phagemid DNAs were obtained by Qiagen Maxiprep kits (Qiagen, Germany).
These genes were analyzed by Sanger sequeneg for characterizing the diversity of
randomized variants. The supernatant was subjected to PEG precipitation to obtain
highly purified phage -displayed FN3 libraries.

For PEG precipitation, first, autoclaved PEG/NaCl (5X) stock solution (PEG-8000
20%, NaCl 2.5 M in ddH20) was prepared. A one-to-four volume ratio of PEG /NaCl
solution was added to the supernatant, and the mixture was incubated on ice. After a

few minutes, the mixture was checked for visible PEG-precipitated phages. If a
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precipitate was visible, the incubation time could be as short as 5 min, otherwise, it
could be up to an hour. The mixture was centrifuged again for 10 min at 15,000 g at 4°C,
and the supernatant was removed carefully. The pellet was centrifuged again for 10 min
at 15,000 g & 4°C. The second centrifugation was essential to collect all the phage
particles at the bottom of the tube and achieve complete removal of bacterial
supernatant. Pellet was resuspended with a 1:10 volume ratio of initial culture volume
of TBS (1x) (50 mMTris-HCI pH 7.5, 150 mM NacCl, sterile) and shaken vigorously to be
completely resolubilized on ice for 30 min. Then, the solution was centrifuged for 10 min
at 15,000 g at 4°C, followed by supernatant transferred to a clean tube and further

characterization.

2.2.2.3 Characterization

To quantify the number of phages in the cleen phage solution, UVl/vis
spectroscopy was used. The phage yirion) concentration was calculated by the equation
below.

Equation 1: The formula quantifying the concentration of phage (virion) solution,
established by Dr. George Smit h (118).

(Ayso = Aipg)- 6107

munber of basesfvirion

virions'ml =

After the quantification, pu rified phages were subjected to titration. Phages were

added to the ER2738 cells for infection. After 10 min incubation at room temperature,
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serially diluted cells were plated onto the LB agar plates treated with tetracycline and
carbenicillin. The colonies were counted to confirm the number of phages, and 50 of
them were picked up and added into the 3ml of LB -filled autoclaved 12ml culture tubes.
After incubatin g them at 37°C at 225 rpm overnight, from these cultures, phagemid
DNAs were extracted and purif ied by Qiagen miniprep kits (Qiagen, Germany). The
sequences of FN3 variants were characterized by Sanger sagencing (Genewiz, USA)

and the diversity of phage -display ed FN3 library was determined .

2.3 Results and discussion
2.3.1 Construction of FN3 variants library

Using the degenerate oligonucleotides for randomized BC, DE, and FG loops of
FN3, we successfully annealed the full sequence of FN3 using overlap extension PCR
and confirmed this by 2% agarose gel electrophoresis fFigure 10). This indicated that the

FN3 variants library was successfully constructed.

A B
g g Ifgfg — Sfi1-digested
e e P= phagemid
S— vector
Cmama _—
-~
- -

400bp* - - FN3 variants by

200bp S o PCR (300bp)

Figure 10. Agarose gel electrophoresis for the FN3 -inserted phagemid. (A) FN3

fragments were assembled u sing overlap extension PCR. The FN3 fragments include

randomized amino acid sequences for BC, DE, and FG loops. (B) The phagemid vector
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was digested using Sfil restriction enzymes such that this linearized vector can be
used for gene assembly with FN 3 variants inserts.

2.3.2 Construction of FN3-displayed phage library

The specific amino acid sequence used to construct the FN3 library is shown with

the brief structural information of FN3 in  Figure 11.

A

MVSDVPRDLEWAATPTSLLISWD
10 A 20 B
BC loop
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Figure 11: Structure of synthetic gene -coding for FN3. (A) The overall FN3 structure is

DOOUUUUEUI EWEOEWPOEOUEI U wtthnds (4G & 1B0pDADONI wdO i wAiA wE D
and C- terminus. (B) The amino acid sequence s of FN3 are shown with indications of
¢-strands (A-G) and randomized BC, DE, and FG loop regions

The library developed in this study contains ~10%3 independent clones with
around 5 x 1@ diversity of FN3 variants sequences. This calculation of diversity was
based on two assumptions: 1) EachE. colihas no more than one transformed phagemid;
2) If small subsets of colonies on a plate have all differentvariants confirmed by Sanger
sequencing, we hypothesized that every colony contains different variants on the plate.
Although both assumptions are not always per fectly true, this is an acceptable measure

in practical terms, commonly used to calculate the approximate coverage of constructed
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libraries and to determine the overall sizes of libraries before any selection/enrichment
117.

Althoug h our library could not completely cover all possible sequences coded by
15 positions of randomized amino acids, we believe that this size of a starting library of
15-mer peptides should provide some specific binders with reasonabl e affinities to start

wit h. Table 4 summarizes the overview of combinatorial phage -displayed FN3 libraries.

Table 4: Overview of constructed phage-displayed FN3 libraries

Library Randomized positions Protein diversity (207 Coverage
1 NNK at FG loop (X ) 2.56 x 10° ~5x 10°
2 NNK at BC (X ) & FG (X)) loops 4.10x 10t ~5x 10°
3 NNK at DE (X ) & FG (X) loops 2.05x 104 ~5x 10°
4 NNK at BC (X,) & DE (X)) & FG (X)) loops 3.28x 10 5% 10°

2.4 Conclusion and future directions

We have successfully onstructed FN3 loop-randomized variants and phage-
displayed FNS3 libraries. This demonstrated that the FN3 framework can be used as a
target-binding scaffold for molecular interactions. The compact size, well -defined
structure, and structural stability, and plasticity make FN3 an attractive scaffold. The
potential of this scaffold for specific target -binding is covered in the next chapter.
Although the focus of this thesis is to develop antibody -inspired, loop -based FN3
libraries, recent structural studies have suggested thepossibility of an alternative design

(68). This new design includes not only loop regions but also the face of a ¢-sheet of the
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FN3 molecule that provides a concave binding surface. Anticalins, affibodies, and
DARPiIns use non-loop positions for presenting amino acid diversity. These examples
show the FN3 does not have to exclusively utilize loop positions for bindin g surface and
suggest the potential for tailoring a new location such as the side-and-loop region of the

FN3 scaffold.
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3. Discovering PDL1-binding FN3

3.1 Introduction and motivation

With the phage-displayed FN3 libraries developed in chapter 2, we can isolate
specific phages from other phages by binding to certain targets of choice. This selection
processis cdled x EOODPOT 26 w31 1 wUx1 EPI PEwxT ET 1 wUOIEEUwWE E Qw
coli and subjected to additional several rounds of panning. Through these repetitive
procedures, the genes for a specific binding entity are enriched from non -binding or
weak-bindi ng and identified for further characterization.

For panning, a specific target should be determined. Since the research topic is to
develop antibody mimetics for cancer therapeutics, targets that aid in the treatment of
cance are considered. In recern years, cancer therapeutics have been greatly advanced
by the development of immune checkpoint inhibitors, which utilize our immune system
to destroy cancers (128130. As immune checkpoint inhibitors, antibody the rapeutics
show significant clinical success, but still possess significant shortcomings due to their
large sizes and structures, such as limited tumor penetration, fixed two valency, and
inflexible modularit y (24). Thus, a small FN3 scaffold can be developed as an alternative

immune checkpoint inhibitor.

3.1.1 Immune checkpoints

The anti-cancer immunity usually begins with the full activation of T cells. To
activate T cells, two different signals should be coactivated (131): 1) the first signal is
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derived from the interaction between the T cell receptor (TCR) from T cells and the
complex of antigenic peptide and the major histocompatibility complex (MHC) from
antigen-presenting cells (APC). Once APCs processesantigenic peptides and display
these peptides complexed by MHC molecules on their surfaces, T cells recognize these
complexes using TCRs. This engagement is the firs activation signal, 2) the second
signals require antigen-independent co-signaling molecules. In T cells, these ce

signaling molecules are either stimulatory or inhibitor y, also known as immune

checkpoints (132).
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Figure 12: Graphical re presentation showing immune checkpoints . Upon the binding
of TCR and the complex of antigen/MHC, T cell activatio n is regulated by multiple
co-signal molecules. These molecules can negatively (suppressive) or positively
(stimulatory) regulate the immune response. This image is extracted from (133.

These immune checkpoints tightly regulate and modulate T cell activation
(Figure 12). If the first signal is accompanied by the engagement of caestimulators such

as CD28, T cells are activated and prolifeated upon recognizing the specific antigen. On
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the other hand, if the first signal is accompanied by the engagement of co-inhibitors such
as CTLA4, T cell activation is suppressed. Usually, CTLA4 is not detectable in naive T
cells but is very rapidly indu ced after T cell activation to regulate the amplitude of T cell
activation (131). This regulation mainly occurs during the early priming phase in
lymphoid organs. CTLA 4 binds to B7 proteins which also bind to CD28, a co-stimulator.
This makes the binding of CTLA4 compete with that of CD28, naturally preventing
excessive immunity (131).

The purpose of co-inhibitory signals is to prevent excessive immunities and
minimize any d amage to normal tissues from autoimmunity. However, cancer cells
exploit these signals by producing co-inhibitory ligands on their surfaces that can bind
to co-inhibitory receptors on T cells (132. This binding prev ents T cells activation for

anti-tumor immunit y and makes cancer evade our normal immune system.

3.1.2 Immune checkpoint inhibitors

Since cancer cells utilize immune checkpoints to escape from the immune
system, drugs that target these checkpoints have emeged. These drugs are known as
immune checkpoint inhibitors (128). Currently, clinically approved drugs are
monoclonal antibodies targeting and inhibiting three different targets: anti -cytotoxic T
lymphocyte -associated antigent4 (CTLA4), anti-programmed cell death pr otein 1 (PD1),

and programmed cell death ligand 1 (PDL1).
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CTLAA4 is a cell-surface receptor that binds to the ligands CD80 (B7.1) and CD86
(B7.2) (134). This binding negates T cdls activation by reducing the availability of
CD80/CD86 to CD28. Ipilimumab, the fir st anti-CTLA4 monoclonal antibody, is used to
treat patients with malignant melanoma and continues to be tested for other cancers
(139.

In contrast to CTLA4 that negatively regulates pre -existing immune response,
PD1 receptors are significantly involved in the maintenance of peripheral immune
tolerance (131). To avoid undesired immunity to normal cells, normal cells express the
low level of PDL1 on their surfaces and PDL1 binds to PD1 on T cells. This engagemat
inhibits T cell proliferation and cytokine secretion. T o treat cancer cells overexpressing
PDL1 to escape from PDXmediated T cell recognition, drugs that bind either PD1 or
PDL1 have been used clinically. The first humanized monoclonal antibody against PD1
is pembrolizumab (136). This drug was first FDA -approved in 2014 for patients with
unresectable or metastatic melanoma. Since then, tke treatment was expanded to
different cancer types, including head and neck squamous cell carcinoma, metastatic
urothelial carcinoma, and cervical carcinoma (137). By the end of 2021, 5 nore antibody
drugs have been approved against PD1 and PDL1: PDZtargeting nivolumab and
cemiplimab, and PDL1-targeting atezolizumab, avelumab, and durvalumab (138).

These drugs do not directly kill cancer cells but harness the immune system to

invoke endogenous anti-tumor immunity. Although these drugs have shown
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compelling clinical ef ficacy in certain tumor types, around 30% of patients improve their
survival with most developing de novoor adaptive resistance (139, 140. Since the
efficiency remains unsatisfactory, many scientists have explored additional immune
checkpoint molecules that agonize T cells (141). Examples of such molecules areOX40
(142) and 4-1BB (143. Additional co-inhibitory molecules, other than PD1 or CTLA4,
include mucin-domain containing -3 (TIM-3), lymphocyte activation gene-3 (LAG-3),

ITIM domain (TIGIT), and V -domain Ig suppressor of T cell activation (VISTA) (144).

3.1.3 PDL1-binding scaffolds

In our research work, the PDL1 target is specifically chosen for two reasons: 1)
PDL1 antagonistic interaction does not require Fcmediated effector functions that are
hard to mimic in our modular protein therapeutics pl atform. For example, to make anti-
CTLA4 drugs efficacious, ADCC from the Fc of antibody is required (145. This is
because CTLA4 is mostly expressedon the surface of tumor-infiltrating T regulatory
cells (Tregs), and Tregs negatively affect the efficiency of ani-tumor immunity (146).
Thus, once the antibody binds to CTLA4 on Tregs, the antibody mediates ADCC to
deplete Tregs and induce tumor-reactive T cells. On the contrary, the PD1/PDL1
interation does not necessitate ADCC, and sometimes prefers to remove any Fanediate
effector functions, because these functions can deplete antigenpresenting cells which

are prerequisites for T cells activation (147); 2) PDL1 is overexpressed on tumor cells and
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targeting tumor cells are preferred in our modular protein therapeutics platform bec ause
of our delivery formats allow for sustained and localized delivery (1498).

Thus, in our modular protein therapeutics, PDL1 is our target. The therapeutics
strategy (Figure 13) is to activate T cells using anti-PDL1 binders that antagonize the
interaction between PDL1 expressed on tumor cells and PD1 on T cells
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Figure 13: Therapeutic strategy for anti -PDL1 binders. W ithout anti -PDL1 binders, T
cells are not activated, and cancer cells continue to grow. However, with anti -PDL1
binders, they inhibit the inter action between PD1 and PDL1 enabling T cells to be
activated, releasing IFN-ww EaUOODPOI UOw E OE w bases OamtdtlinorOOw 3 w E
immunity.
Many scientists have discovered and engineered small binding scaffolds as PDL1
antagonists, based on the structures ofnanobody (149, affibody (150, and monobody

(152). Table 5 illustrates some of these molecules. Many have been evaluated forin vivo

imaging because their small size contributes to short serum half-life and rapid diff usion.

45



For diagnostics, rapid clearance isdesirable for imaging becausethis reduces any toxic

burden to the body from imaging agents , especially if using radiation (152).

Table 5: Examples of scaffold proteins that target PDL1

Scaffold Target species Binding affinity Use References
Nanobody | Human and monkey (Kjlfym\jls?R) n ;/ii;rgnisizcssitu (149
Nanobody Human (|C5[:b(?/ :EL[I(Si)é thelrr;;)/ievtiics (153)
Nanobody Human (KSS}?SC;”R diellglrci)\;?ics (154)
Affimer ® Mouse (?éEBt)GylglF\% thelrr;;)/:avliics (156, 157
Adnectin cyno:uor;;?s ?nn:nkey (I(<)Dotif3 g'\F:IFa diallgr:/ci)\;ct)ics (159
Monobody Human (ég t;_ryOI'E:I%_r}'\SAA) di;gr\mlci)vsct)ics (159)

3.2 Materials and methods

3.2.1 Panning against PDL1

A target protein can be

immobilized on a solid surface

such as an

immunosorbent plastic plate or beads (160. Magnetic beads were chosen to be

conjugated with protein G because target immobilization can be achieved via the

interaction between protein G and Fc-fused target (161). In this way, the target protein

would be completely exposed, providing sufficient space for phagedisplayed FN3

libraries. Also, in our modular protein therapeutics, to readily evaluate the therapeutic
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efficacy of our FN3 in a preclinical setting, the abil ity to bind both human and murine
PDL1 is desired.

Briefly, our panning procedu re is as follows (Figure 14): 1) protein G-coated
magnetic beads (New England Biolabs, MA) are incubated with Fc protein from human
IgG1 (R&D Systems, MN), and the mixtures are washed for 3 times with 1X PBS
supplemented with 0.1% tween 20; 2) phages are d@ded and incubated for binding at
room temperature for 10 mins; 3) non-bound phages are subjected to the next step. This
process is called negative panning, meaning that we isolate the phagesthat do not bind
to the negative target; 4) Protein G-coated magnetic beads are incubated with higG1 Fc
fused human PDL1 (R&D Systems, MN) and the mixtures are washed for 3 times with
1X PBS supplemented with 0.1% tween 20; 5) The previous Bgatively-panned phages
are added to the mixture and incubated at room temperature for 15 mins; 6) non
specifically bound phages are removed by washing extensively for 10 times. The
washing buffer is 1X PBS supplemented with 0.1% tween 20; 7) the remaining phages
are added with acid buffer (10mM Glycine-HCI, pH 1.5), incubated for 7 mins at room
temperatures, and then eluted. This selection is called positive panning because we
select the phages that bind to the positive target; 8) the eluted phages are netralized
right after the elution using the neutralization buffer (0.1M Tris base, pH 8). These
phages are tittered and amplified by passage through an E. coli host using the same

culture condition for phage library construction; 9) The amplified phage pool is applied
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in 2 more rounds of positive panning step: first positive panning u ses murine PDL1 and

second uses human PDL1.

S > \Infection
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I"IT1°17 1717 '9G1 Fe Repeat X2 Phage |§olaFuon &
Protein G-coated magnetic beads mo_”'tor'”g
enrichment

Figure 14: Schematic diagrams showing the experimental panning procedures. A pool
of FN3 phage librar ies is screened against the immobilized PD -L1. Bound phages are
eluted and then amplified for multiple round s of screening.

Each round of the panning cycle enriches for clones that bind to PDL1, and the
final p hage pool is eventually dominated by specific PDL1 -binders. The progress of this
sorting is conveniently monitored by paper -based enzymelinked immunosorb ent assay
(ELISA) using tittered plates. LB agar plates are incubated overnight with the E. colicells
infected with the serially diluted phages eluted from the la st panning. To rigidly fi x the
colonies, a top agar solution is also applied. After colonies are developed, these colonies
on the plate are transferred to a Whatman membrane filter paper (Millipo re Sigma, MO).

The membrane filter is blocked using 1% skim milk, washed using 1X PBS
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supplemented with 0.1% tween 20, and incubated with Fc-PDL1 for 1 hour at room
temperature. After washing 3 times using 1X PBS supplemented with 0.1% tween 20, the
paper is applied with human IgGl Fc -specific antibody conjugated with alkaline
phosphatase AP) (Millipore Sigma, MO). After the ad dition of NBT/BCIP substrate s
(Thermo Fisher Scientific, MA), PDL1-bound phages are detected as insoluble, purple

colored dots.

3.2.2 Identifying sequences and phage ELISA

After successful panning and monitoring enrichment, we selected several
candidates for DNA analysis and their mat ched approximate binding affinity using

phage ELISA (Figure 15).

h \\\A 2\
Pellet MJM MMMM

Extracted DNA Sequencing

Figure 15: Schematic showing the experimental process for identifying sequences and
their bindi ng affinities. After the eluted phages infect E. coli cells, they are isolated
for multipl e dngl e clones. From these clones, genes are extracted for sequencing, and
phages are used for phage ELISA for binding affinity to PDLL1.

Using the E. colicells infected with the final phage, we placed them on LB agar

plates supplemented with carbenicill in and tetracycline and cultured each colony in
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each tube filled with LB media and two antibiotics overnight. After centrifugation, their
cell pellets are used for DNA extraction using a miniprep kit (Qiagen), and their
supernatants are quantified for the phage concentration and analyzed for their binding

affinity using phage ELISA .
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Figure 16: Schematic showin g the structures of phage ELISA. Anti -M13 antibody
specific to major coat prote in immobilizes the phages of choice. Once the phages bind
to PDL1, AP-conjugated antibodies can be captured releasing signals, measu red at 405
nm absorbance.

Briefly, the phage ELISA is performed as follows (Figure 16): 1) supernatants
from overnight cultu res are purified using PEG precipitation described in the previous
chapter; 2) phage concentrations are quantified using UV/vis spectroscopy described in
the previous chapter; 3) 96well Maxisorp immunoplates from Nunc (Rosklide,
Denmark) are incubated wit h M13 pVII | coat protein-specific antibody (clone: RL-ph2,
Thermo Fisher Scientific, MA) at 4°C overnight; 4) After lhour of blocking at room
temperature, serial dilution of quantified p hages are added into each well and incubated
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at room temperature for 1 hour; 5) Aft er washing 3 times using 1X PBS supplemented
with 0.1% tween 20, phages in wells are incubated with FGPDL1 for 1 hour at room
temperature; 6) After washing 3 times using 1X PBS supplemented with 0.1% tween 20,
phages in wells are incubated with human 1gG1 Fcspecific antibody conjugated with

alkaline phosphatase (AP); 7) If phages are bound to PDL1, the addition of para-
Nitrophenylphosphate (pNPP) forms soluble reaction prod ucts whose signals are

detected at 405 nm of wavelength using a multimode plate reader (Tecan).

3.2.3 Affinity maturation
3.2.3.1 Construction of gene library

Using the consensus sequences of firsgeneration naive libraries, we can design
second-generation libraries for affinity maturation. To make the pocket bind more
tightly to PDL1, we design a randomized sequence covering the sequence spacebased
on the previous binders. When several lead sequences include strong consensus
sequences, we fixedtheir amino acid residues and positions. If they are weak consensus,
those spaes are randomized with tailored degenerate codons to encode certain residues
with a particular characteristic. For instance, hydrophobic residues can be encoded by an
NTC codon, which encodes Phe, Leu, lle, or Val. The remaining nonconsensus positions
are hard-randomized using the NNK codon. Table 6 describes which degenerate base

codes should be used to encode certain nucleotides.
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Table 6: Degenerate base for encoding certain nucleotides

Degeneratebase designation | Actual base coded
N AT G,C
B T,G,C
D ATG
H ATC
\Y A G, C
K G T
M A C
R A G
S C,G
W AT
Y C,T

To construct secondgeneration libraries, we use divergent sequences with
homology to th e original sequence ofstrong binders. Some positions are fixed, and other
positions are biased to favor binding to PDL1. To extend the binding space for a tight fit,
we added two positions on the FG loop region with hard randomization. After the
design of new mutations of FN3, we constructed FN3 variants libraries using the same
method previously described in chapter 2.

Briefly, three gene fragments for BC, DE, and FG loops are annealed using
overlap extension PCR and inserted into the phagemid vector, pComb3x, which encodes

the p3 coat protein of M13 filamentous phages, using Gibson assembly.

3.2.3.2 Construction of phage libra ry

As previously described in chapter 2, the FN3inserted phagemid vectors are
transformed into male E. coliER2738 strains by eletroporation. To achieve a diversity of

52



1@, we performed a total of 27 transformations based on the calculated transformation
efficiency. We selected only phagemid-positive cells using carbenicillin antibiotics,
followed by the infection with helper phage, which will help the formation of the overall

intact structu re of phages. After the selection of only functional helper phages with the
addition of kanam ycin antibiotics, the phages continue to grow overnight and are
subsequently purified by the PEG precip itation method. The final phage concentration is
measured by UV/vis spectroscopy and titered using LB agar plates with the serial

dilutions of the phages.

3.2.3.3 Panning

With the previously constructed second -generation phage libraries, strong PDL1-
binding FN3 molecules can be further discovered by panning. In this panning step, we
used the same immobilization methods described previously in chapter 2: PDL1
proteins fused with the Fc domain are captured by protein G -coated magnetic beads. To
screen phages more stringently and remove any non-specific binding with serum
proteins, we used 1X PBS supplemented with 10% fetal bovineserum (FBS) and 0.1%
tween 20. To prevent any potential binding to the Fc fusion tag, we firstly negatively
screen our phagedisplayed FN3 libraries against Fccaptured protein G magnetic beads
and collect unbound phages. Then, these unbound phages are seened against Fe
PDL1-captured protein G magnetic beads. After washing steps to remove weakly or

non-specifically bound phages, only specifically and strongly bound phages are eluted.
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After the amplification of the phages, two more rounds of selection are used. We used
murine PDL1 for the first and third positive panning and human PDL1 for the second
positive panning.
3.2.3.4 Next-generation sequen cing

After the last round of panning, the final eluted phages inf ect E. colicells, and
from those cells, phagemid genes are extracted. Wedecided to use nextgeneration
sequencing to discover the sequences that have strong binding to targes and analyze the
frequency of amino acid residues in a whole population. Since our FN3 proteins consist
of around 300 base mirs of DNA, we utilize Mise q pair-end 250 base pairs by Illlumina.
To prepare the gene library for next-generation sequencing, four forward primers
starting with A -, T-, G-, and C- are designed to equally distribute them on microchip
channels, which affect the efficiency of sequencing. Table 7 illustrates the sequences of
these primers. The library is amplified with those primers and the universal reverse
primer with PCR, and the amplified DNA is submitted to Duk e Center for Genomic and

Comput ational Biology (Duke GCB). The sequencingresults are processed by Matlah

Table 7: Primers for next generation sequencing

Primer Sequence
Forward 1 | 52 A NNNN ATG GTTAGCGATGTTCCT - 37
Forward 2 | 52 TNNNN ATG GTTAGCGATGTTCCT - 3
Forward 3 | 52 G NNNN ATG GTTAGCGATGTTCCT - 3z
Forward 4 | 52 C NNNN ATG GTTAGCGATGTTCCT - 37
Reverse 52 GGT GCG GTA GTT AAT CG - 32
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3.2.4 PDL1-binding FN3
3.2.4.1 Mo lecular cloning

After identifying the DNA sequence of FN3 that binds to PDL1 mos t strongly,
the oligonucleotide encoding this sequence was purchased from Integrated DNA
Technologies (Coralville, IA). For ease of purification, we also inserted the genes
encoding a Histidine -tag (His8) on the C-terminus of the FN3 gene. This gene was
inserted downstream of the T7 promoter in the expression pET24 vector (Figure 17)
using Gibson assembly. After the confirmation of successful gene assembly by Sanger
sequencing, the plasmid was transformed into the BL21(DE3) expression strain of E. coli
(New England Biolabs, MA). Aliquots of the DNA st OEOUw Pl Ul wUUObd EwEUw N

=

transformed cell stocks with glycerolw I UT wUUOUI EwWEUwWNWY wS" 8

FN3 gene
fragment
T7 j
promoter E-coll . _ ﬁ
C : © o
PET 24 expression PDL1-binding
vector FN3

Figure 17: Schematic for gene assembly and protein expression. After the FN3
sequence binding to PDL1 is discovered, the gene with a histidine tag is inserted int 0o
the expression vector unde r the T7 promoter, and FN3 proteins are produced by th e E.
coli expression system.

3.2.4.2 Protein expression and purification

The PDL1-binding FN3 (aPDL1-FN3) was expressed in BL21(DE3)E. coliusing a
previously published prot ocol. We used autoclaved 2XYT media (16 g of tryptone, 10 g
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of yeast extract, 5 g of NaCl, and pH 7.0 in 1L of distilled H20) for bacterial cultures.
From the frozen glycerol stocks, small starters (50 ml) were grown overnight and used to
inoculate 6 of 1L flasks of 2xYT media supplemented with kanamycin (45 pg/ml). After
the flasks were incubated in a shaker at 37°C and 200rpm for 3 hours, the final
concentration of 0.5mM of isopropyl -¢-d thiogalactoside (IPTG, Gold Biotechnology)
was added per flask. Then, all flasks were incubated in a shaker at 18°C and 200 rpm for
24 hours.

The aPDL1-FN3 protein was purified by immobil ized metal affinity
chromatography (IMAC), due to the interaction between metal ions and a poly -histidine
tag. Briefly, the bacterial cell suspension was centrifuged at 4000 rpm for 15 min at 4°C;
the cell pellet was then resuspended in lysis buffer (Tris 25mM, NaCl 200mM, and 5mM
Imidazole, pH 7.0) and lysed by sonication on ice for 3 mins (10s on and 40s off)
(Misonix S-4000; Farmingdale, NY). After the centrifu gation at 14,000rpm for 15 mins at
4°C, the supernatant was subjected to the binding resin composed of agarose beads
derivatized with a tetradentate chelation moiety and loaded with divalent cobalt ions
(Thermo Fisher Scientific, MA). After the loading of supernatants to the resin, the resin
was washed with washing buffer (Tris 25mM, NaCl 100mM, and 30mM Imidazole, pH
7.0) to remove weakly bound contaminants with 5 times the volume of resin, and then
the elution buffer (Tris 256mM , NaCl 100mM, and 250mM Imid azole, pH 7.0) was added.

To remove any metal ions, 1/10 volume of 0.5M EDTA solution (pH 8.0) was added to
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the final eluted proteins. To remove excess imidazole from purified protein solutions

and exchange buffers for further functional studies, the final samples were dialyzed
against 1X PBS buffer at 4 °C for 24 h using SpectrumTM Laboratories Spetra/PorTM 2
1214 Standard RC dry dialysis kits (Thermo Fisher Scientific, MA). The purity of
protein in each step was confirmed by SDSPAGE gel (Mini-PROTEAN TGX, Bio-Rad

Laboratories, CA) stained with SimplyBlue solution (Thermo Fisher Scientific, MA).

3.2.4.3 Surface plasmon resonance

With the purified aPDL1 -FN3 protein, we can study the binding kinetics of them
to PDL1 using surface plasmon resonance (SPR). [gcifically, we used a BlAcore T200
(GE Healthcare) at 25 °C. In the SPR, the CM5 sensor chips which enable the
immobilization o f PDL1 were used for evaluating the specific binding affinity of the FN3
proteins to PDL1. In additi on, the specificity of FN3 to PDL1 can be examined by SPR
using other protein -immobilized surfaces such as PD1 and PDL2, which should not bind
to the purifi ed FN3. We characterized the binding affinity of our FN3 proteins to PDL1
using the interaction betw een protein G and Fc Figure 18).

In detail, the series S sensor chip CM5 (GE healthcare) was normalized usig 70%
glycerol. Protein G was immobilized in flow paths 1 and 2 of the CM5 chip, using
NHS/EDC coupling. A solution of 0.5M EDC/1IM NHS was injecte d at 5 pl/min for 7
minutes to activate the chip surface. 200 ug/ml of protein G in 10 mM sodium acetate

buffer (pH 4) was injected at 5 pl/min for 30 seconds to obtain a final RU (response unit)
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of around 600. Next, 1M ethanolamine was injected at 5 pl/min for 10 minutes to
inactivate the chip surface. In this way, the chip was securely immobilized with protein

G.
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Figure 18: Schematic showing the structures of SPR for binding kinetics. After the
immobilized protein G on the CM5 gold chip, Fcis  used as a reference, and FGPDL1
is used as an analyte. FN3 is flowed over the chip for its binding kinetics to PDL1 by
the subtraction of reference signal from that of an analyte

To characterize the binding affinity of FN3 to PDL1, the Fc-tagged version was
used and as a control, only Fc protein was used. Briefly, on flow path 1, we injected Fc
protein at a flow rate of 30 pl/min for 20 seconds, and on flow path 2, we injected Fc-
tagged PDL1 (FcPDL1) at a flow rate of 30 pl/min for 20 seconds. Our protein samples
were injected over immobilized Fc-PDL1 and Fc simultaneously on both flow paths at a

i OOPWUEUT woOil wt Yws OrvyOPOWEUwW! kwS" wi OUwtwadPOUUT U
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recorded for 180 seconds. Protein samples were replaced with running buffer (1X PBS)
for 600 seconds for dissaiation. After each experiment, the chip surface was regenerated
with 10 mM glycine -HCI (pH 1.5) for 30 seconds to remove bound molecules bebre the
next measurement. After injection of serially diluted protein samples in runnin g buffer
and subtraction of the signal of flow path 1, the final SPR sensorgrams were obtained.
The sensorgrams were analyzed using a 1:1 Langmuir binding model in BIAev aluation

software (GE Healthcare).

3.3 Results and discussion
3.3.1 Optimizing panning system against PDL1

Successiil panning requires the conformational integrity of target protein, which
necessitates additional interaction to immobilize the protein in solution. To capture the
PDL1 target, we use the specific interaction between protein G and the Fc region of an
antibody. For example, PDL1 protein which is fused with the Fc domain (Fc-PDL1) can
be captured by protein G-coated magnetic beads through the interaction between the
protein G and the Fc portion. In this way, we can fully expose our target protein to the
FN3-displaying phages, providing more extensive binding interaction between Fc -PDL1
and FN3.

To prevent any potential binding to the Fc fusion tag, we firstly screened our
FN3 phage library against Fc-captured protein G magnetic beads and collected unbound

phages. Then, these unbound phages were screened against FEDL1-captured protein G
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magnetic beads. After washing steps to remove weakly or non -specifically bound
phages, only specifically and strongly bound phages were eluted. Afte r the amplification
of the phages, two more rounds of selection were used and optimized. The successful
enrichment for PDL1 -binding was confirmed by paper-based ELISA (Figure 19). After
the second round of panning, more E. coliclones infected by phages exhibited the ability

to bind to PDL1. Bigger and stronger dots signify stronger binding to PDL1.

A

Figure 19: Paper-based ELISA showing the successful enrichment and panning

against PDL1. Each paper is transferred from (A) naive pha ges before panning, (B) t he
eluted phage after the fi rst round of panning, and (C) the eluted phage after the

second round of panning.

3.3.2 Discovering FN3 sequences that bind to PDL1

After the last round of panning, six candidates out of fi fty were selected, and
their clones were identified by Sanger sequencing as well as characterized for their

binding affinity to PDL1 by phage ELISA ( Figure 20).
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Figure 20: Phage ELISA of six sequences from naive librar ies. The final eluted phages
are isolated for single clones, genes are extaced for sequencing, and p hages ae used
for p hage ELISA for the characterization of their binding affinity to PD -L1.

Among these candidates, one promising FN3 sequence (Clone 4) was selected for
its sequence fa further affinity maturation. Table 8 desaibes the approximate binding
affinity measured by phage ELISA and corresponding DNA sequences. Since we
obtained several unigue DNA sequences, we utilized this information to design second -

generation libraries for affinity maturation.

Table 8: The sequences and binding affinit ies of six clones

Clone Kb BC loops DE loop FG loop
1 130 nM AVT TGKS GWSHPRSM
2 120 nM VVT MRFV RGTGRRAW
3 140 nM AVT GGSK TYWMVVAS
4 100 nM AVT TRIV SGRRTMHY
5 50 nM VVT TRFV YRQMGVGW
6 60 nM AVT TGSK PMMLGRTL
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Figur e 21: Synthetic gene-coding for second-generation libraries .

The sequences of three loop regions for seconegeneration libraries were
designed as follows; 1) the sequence of BC loop region was defined as XVT where X
covered hydrophobic residues like alanine and valine; 2) the sequence of [E loop region
was defined as XXXX which covered degenerate codons in order, RNK/BDK/VNG/VNG,
to cover the sequences of all binders from the previously eluted phages; 3) the sequence
of FG loop region was based on that of clone 5with the addition of two ra ndomized
positions for tighter binding. We included methionine residue in the middle of the
sequences because all sequences exhibit methionine in their binding surfaces. Other
residues were designed to en®de the sequences of dl binders from the previousl y
eluted phages. Figure 21 illustrates the FN3 gene sequences for the construction of

second-generation libraries
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3.3.3 Affinity maturation

Using the constructed second-generation libraries, three rounds of panning
against PDL1 were performed with more str ingent conditions with buffers containing
fetal bovine serum. This buffer removes the potential binding of FN3 to serum proteins,
further improving the specific binding of FN3 to PDL1.

After the last round of panning from secon d-generation libraries, two methods of
sequencing were used: Sanger sequencing and nexgeneration sequencing. Although
Sanger sequencing is laborintensive, while preparing the DNA for sequencing of
individual clones, corresponding FN3 -displaying phages can be simultaneously
produced by the infection of helper phages. This allows us to measure the binding
affinity of each FN3-displaying phage using ELISA and to match each FN3 sequence
with its approximate binding affinity. On the other hand, next -generation sequencing
can provide us with more sequences that could be undiscovered from the Sanger
sequencing due to its limited number of clones covered. To cover the depth of sequences
and analyze their population, next -generation sequencing was utilized (Miseq, lllumina
from Duke GCB).

Among five candidates selected for phage ELISA Figure 22) and Sanger
sequencing, the most promising FN3 sequence was hit2, which showed the strongest

binding affinity to PDL1. This sequence was also the most populated sequencefrom the
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results of next-generation sequencing. Thus, the sequence of hit 2 was finally chosen for

protein expression.
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Figure 22: Phage ELISA of final five hits for their binding affinity to PDL1 and their
sequences. The final eluted phages are isolated for single clones, the gene s of five hits
are extracted for sequencing, and phages are used for phage ELISA for binding
affinity to PD -L1. The hit 2 sequence is also the most populated sequence from next -
generation sequencing .

3.3.4 Characterization of PDL1-binding FN3 protein

The DNA fragment encoding both the PDL1 -binding FN3 (hit 2), as well as a
histidine tag, was synthesized, and this gene was incorporated into the pET24 E. coli
expression vector using Gibson assembly. Insertion of the correct sequene was
confirmed, and this pl asmid was transformed into BL21 (DE3) E. colicompetent cells for
protein expression. After the induction of IPTG and periplasmic extraction, the soluble
FN3 proteins were purified by IMAC. IMAC allows the his -tag-fused FN3 to be bound
and eluted, provid ing highly purified FN3 proteins, as confirmed by SDS -PAGE (Figure

23).
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Figure 23: SDS-PAGE showing the successful expression (left) and purification (right)
of His -tag-fused FN3 (12.87kDa). The FN3 is produced by the addition o f IPTG (+) and
is soluble af ter sonication. IMAC purifies FN 3 proteins.

SPR was used for the characterization of the binding kinetic of FN3 to human
and murine PDL1 as well as its specificity to PDL1 as compared to PD1, PDL2, EGFR,
and HER2 (Figure 24). Our PDL1-binding FN3 (aPDL1-FN3) did not show any
significant binding affini ty to PD1, PDL2, EGFR, and HER2. The binding kinetics of FN3
was evaluated and fitted in the 1:1 Langmuir model, resulting in FN3 dissociation
constants (Ko) of 16 nM for human PDL1 and 36 nM for murine PDL1. Table 9 illustrates
the detailed binding kineti cs profiles of aPDL1-FN3 to human and murine PDLI.
Altogether, this data demonstrates the specific binding of aPDL1-FN3 to PDL1 and the

potential of aPDL1-FN3 as a PDL1 antagonist

Table 9: The binding kine tics of aPDL1-FN3

Target Kon (On-rate, 1/Ms) | kot (off-rate, 1/s) Ko (nM)
Human PDL1 1.61E5 2.61E3 16.2
Mouse PDL1 5.01E4 1.83E3 36.4
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Figure 24: The binding kinetic profiles of the FN 3 by the SPR: with the immobilized
(A) mouse PDL1, (B) human PDL1, (C) human PDL2, (D) human PD1, (E) human
HER2, and (F) human EGFR. Each concentration is shown and indicated by different
types of color .

3.4 Conclusion and future directions

To discover FN3 proteins that bind to a target, we extensively utilize an M13
phage display system. Using the constructed naive libraries described previously, we
screened them against PDL1 that is overexpressed by cancer cells for their escape from
the immune system. As a binder to PDL1, FN3 can antagonize the interaction of PDL1 to
PD1, inducing cancer-specific immunity. Thus, this chapter aims to discover PDL1 -
binding FN3 sequences.

Here, the isolation of FN3 mutants that bind to PDL1 and their enrichments was
confirmed by a paper-based ELISA. Using phage ELISA and Sanger seaiencing, PDL1-

binding FN3 sequences were successfully discovered and used for the basis of second
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generation libraries for affinity maturation. The second -generation libraries were
constructed and screened more stringently against PDL1. The final phages were
subjected to phage ELISA, Sanger sequencing, and nexgeneration sequencing. All these
results suggest a promising FN3 sequence whose binding affinity is around 10 nM, as
measured by phage ELISA. This FN3 sequence is introduced tothe E. coli expression
vector, and the aPDL1-FN3 protein is produced, purified, and analyzed by SPR. This
aPDL1-FN3 protein shows specific binding to human and mouse PDL1.

Using this optimized screening method, we can further expand our target to
differe nt immune checkpoints (130). In the future, we can develop more robust methods
for screening and analyzing hit sequences based on the results of this chapter. It is
encouraged to perform an affinity maturation step to select the best binders to a new
target for three reasons: 1) it ishard to obtain the strongest binder using the sparse
sampling of the sequence space as well as hard randomization using NNK codons; 2)
using the clones from this first library, however, provides a good structural basis for the
second-generation libraries w here all three loops can makea significant contribution t o
binding; 3) the introduction of desired binding functions can be readily achieved
without concerns about the bias from stringent conditions. Since the panning from
affinity mat uration step already begins with sequences that have binding affinity to a
target, more stringent designs of negative and positive panning improve specific

binding affinity.
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We can also further improve the currently developed aPDL1-FN3 in terms of
PDL1 binding affinity, specificity, and stability. We beli eve that this protein retain s the
global folding structure of FN3, showing that this protein can accommodate and tolerate
many mutations in the three loops. Although the stability of aPDL1-FN3 is lower than
that of the wild -type FN3 protein, aPDL1-FN3 can tolerate chemical denaturation and
reversible folding. To further improve this protein, computational methods (162 and/or

phage display can be utilized.
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4. Optimizing the valency of aPDL1-FN3

4.1 Introduction and motivation

Despite the sub-nanomolar affinity of aPDL1-FN3, many biological situatio ns
require more elaborate and strong binding affinit ies where monovalent affinity m ay not
be sufficient to accomplish the desired therapeutic effect. In nature, multip le copies of
ligands are involved in th eir molecular recognition (163. For example, antibodies have
bivalency to achieve a picomolar range of binding affinity (164), and virus particles
contain large copy numbers of proteins to bind to host cells (165. This multi valent
interaction is characterized by its avidity and enhances the individual binding affinity
allowing it to be stronger and tighter (166). Thus, to design a drug that can compete with
antibody therapeutics and multivalent biological interactions, w e create multivalent
versions of aPDL1-FN3 proteins. Since multivalent presentation is hypothesized to
possess avidity effects, mult ivalent aPDL1-FN3 proteins should exhibit improved
binding affinity , potency, and efficacy. In this chapter, the valency of aPDL1-FN3
proteins is optimized in terms of their PDL1 binding af finity and potency to inhibit the

interaction between PDL1 and PD1.

4.1.1 Modularity and multivalency

An advantage of using the FN3 scaffold protein is its modularity: the ability to
readily assemble more than two other proteins to exhibit desired architectures and
function s. Because of their minimal size and structural plasticity, FN3 scaffold proteins
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can contain a multiplicity of their domains to facilitate specific interactions from

multip le partners (80). As a result, the assembled complexeshave emergent properties.
Such modular design and concerted binding interactions can allow for proteins to
effectively sense their targets and transduce their downstream molecules in a well-
controlled manner (167). The ability to use a modular FN3 protein is especially valuable

as they are small and hencevery effici ent at targeting tissue uptake and penetration.

5

Valency T

e

Y

(aPDL1-FN3), — (aPDL1-FN3),

Figure 25: Schematic for the construction of aPDL1-FN3 oligomer s. aPDL1-FN3
proteins are linearl y repeated for multivalent presentation.

Specifically, in our drug design, owing to the modularit y of FN3, aPDL1-FN3 can
be oligomerized using genetic tandem repeats, and unlike bivalent antibodies, the
num ber of valencies is not restricted (Figure 25). Thus, when engineered multivalently,
aPDL1-FN3 oligomers change the doseresponses of the PDLZtactivated pathway,

improve their threshold sensiti vity, and serve potent PDL1 inhibitors .
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4.1.2 Multivalency and therapeutic effects

To determine the therapeutic effects of a drug, we consider two factors: 1)
potency which refers to the concentration of drug required to generate a certain
therapeutic effect; 2) efficacy which refers to a maximum therapeutic response that can
be achieved by a drug. We believe that the nultivalent presentation of aPDL1 -FN3
would improve its p otency compared to that of its monovalent version due to its
avidity. As demonstrated by many scientists, avidity effects determine the potency and
efficacy of drugs (168170). For example, multivalent formats of antibody -like domains
in self-assembled nanoparticles can reduce the critical concentration of cluster
formatio n, improving their neutralization potency and capacity compared to a full
bivalent antibody (165, 17).

The structural plasticity and stabilit y of FN3, combined with recent advances in
protein engineering enable us to increase the rumber of aPDL1-FN3 proteins in the
multimer, thu s increasing its avidity effects. This enhanced avidity can further improve

the overall binding affinity to PDL1 and i ts antagonizing potency .

4.2 Materials and methods
4.2.1 Construction of (aPDL1-FN3),

(aPDL1-FN3)» domains were oligomerized w here the valency (n) of aPDL1-FN3
was systematically varied from 1 to 5. Flexible (Gly «Ser} peptide linkers were used to

tether these proteins to one another. To construct the genes encoding these sequences,
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several dsDN A fragments were designed to possess 15 to & complementary base pairs
between each other. They were then synthesized by Integrated DNA Technologies
(Coralville, 1A) . Fragments for different constructs were assembled and cloned by
Gibson assembly into the pET24 ector. All genes encode a Histidine-tag (Hiss) on the C-
terminus for purification. After successful gene assembly was confirmed by Sanger
sequencing, the correct plasmid was transformed into the BL21(DE3) expression strain
of E. coli(New England Biolabs, MA). Aliquots of the DNA sto ckswere sUOUI E wE

=~

and transformed cell stocks were stored with glycerol EU wN WY wS" &

4.2.2 Expression and purification of (aPDL1-FN3),

The (aPDL1-FN3)n proteins were expressedin BL21(DE3) E. coliusing autoclaved
2xYT media (16 g of tryptone, 10 g ofyeast extract, 5 g of NaCl, and pH 7.0 in 1L of
distilled H 20). From frozen glycerol stocks, small starters (50 ml) were grown overnight
and used to inoculate 6 of 1 L flasks containing 2xYT media supplemented wit h
kanamycin (45 pug/ml). After the flasks were incubated in a shaker at 37°C and 200 rpm
for 3 hours, the final concentration of 0.5 mM of IPTG (Gold Biotechnolog y) was added
per flask. Then, all flaskswere incubated in a shaker at 18°C and 200 rpm for 24 hours.

The FN3 protein was purified by IMAC. Briefly, the bacterial cell suspension was
centrifuged at 4000 rpm for 15 min at 4 °C; the cell pellet was then resuspended in lysis
buffer (Tris 25mM, NaCl 100mM, and 5mM Imidazole, pH 7.0) and lysed by sonication

on ice for 3 mins (10s on and 40s off) (Misonix S-4000; Famingdale, NY). After
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centrifugation at 14,000 rpm for 15 mins at 4 °C, the supernatant was subjected t
binding resin composed of agarose beads derivatized with a tetradentate chelation
moiety and loaded with divalent cobalt ions (Thermo Fisher Scientfic, MA). After
loading of supernatants to the resin, the resin was washed with washing buffer (Tri s 25
mM, NaCl 100 mM, and 30 mM Imidazole, pH 7.0) to remove weakly bound
contaminants with 5 times the volume of resin, and then eluted with e lution buffer ( Tris
25 mM, NaCl 100 mM, and 250 mM Imidazole, pH 7.0) . To remove any metal ions, 1/10
volume of 0.5 M EDTA solution (pH 8.0) was also added to the final eluted proteins. To
remove excess imidazole from purified protein solutions and exchange buffers for
further functional studies, the final samples were dialyzed against 1X PBS buffer at 4 °C
for 24 h). The purity of each protein was confirmed by SDS-PAGE gel (Mini-PROTEAN
TGX, Bio-Rad Laboratories, CA) stained with SimplyBlue solution (Therm o Fisher
Scientific, MA).

4.2.3 Biophysical characterization

4.2.3.1 M assspectrometry

To confirm the molecular weight of (aPDL1-FN3)» proteins, we used matrix-
assisted laser desorption/ionization-time of flight mass spectrometry (MALDI -TOF MS)
Specifically, we usad a Bruker Autofl ex Speed LRF MALDI-TOF (Bruker Daltonik
GmbH, Bremen, Germany) equipped with an Nd/YAG laser (355 nm). The instrument

was calibrated against an aldolase (Sigma Aldrich, Mw = 39,211.28 Da) or apomyoglobin
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(Sigma Aldrich, Mw = 16,952.27) standard. Samples for MALDI -TOF-MS analysis were
xUl xEUIl Ew Eaw OPRPOT w hvw 5+w O w xUanbV-&dngan x UOUI E
hydroxycinnamic acid matrix (a saturated solution was prepared by suspending 10 mg
Ol wOT T wOEUUPRwWPOWKkYYws +w' | . wHwWwYdt w3 % wWEOEwWkYY
huw4 + wO i xturle ivad depddi@d onto a polished steel sample plate and dried in air at

room temperature.

4.2.3.2 Dynamic light scattering

Dynamic light scattering (DLS) measurements of proteins were performed using
a Wyatt DynaPro temperature -controlled instrument (Wy att Technology, Santa Barbara,
CA), with 10 acquisitions collected at room temperature. Samples for the DLS system
were prepared in 1X PBS and filtered through Whatman Anotop sterile syringe filters
(0.2 um; GE healthcare, PA) into a black 96 well plate (@rning®). The data points
presented for this characterization represent the mean of R, of the sample, illustrating
the polydispersity.
4.2.3.3 Surface plasmon resonance

We used a Biacore T200 SPRnstrument . First, the series S sensor chip CM5 (GE
healthcare) was normalized using 70% glycerol. Protein G was immobilized in flow
paths 1 and 2 of the CM5 chip, using NHS/EDC coupling. A solution of 0.5 M EDC/1IM
NHS was injected at 5 pl/min for 7 minutes to activate the chip surface. 200 ug/ml of

protein G in 10 mM sodium acetate buffer (pH 4.0) was injected at 5 pl/min for 30
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seconds to obain a final RU (response unit) of around 800. Next, 1M ethanolamine was
injected at 5 pl/min for 10 minutes to inactivate the chip surface. To characterize the
binding af finity of FN3 to PDL1, the Fctagged version was used and as a control, only
Fc protein was used. Briefly, on flow path 1, we injected Fc protein at a flow rate of 30
pl/min for 20 seconds and on flow path 2, we injected Fctagged PDL1 (FGPDL1) at a
flow rate of 30 pl/min for 20 seconds. Our protein samples were injected over
immobilized Fc-PDL1 and Fc simultaneously on both flow paths at a flow rate of 30
41/min at 25 °C for 3 mins. Then, protein sampleswere replaced with ru nning buffer (1X
PBS) for5 mins for dissociation. Afte r each experiment, the chip surfa cewas regenerated
with 10 mM glycine -HCI (pH 1.5) for 30 secs. After injection of serially diluted protein

samples in running buffer and subtraction of the signal of flow path 1, the final SPR

senorgrams were obtained and analyzed using a 1:1 Langmuir binding model in

BlAevaluation software (GE Healthcare).

4.2.3.4 Fluorescent labeling and confirmation

To fluorescently label proteins, 1 mg of AlexaFluor488-NHS ester was dissolved
in 100 ul DMSO. The N-terminal amine of prot eins was labeled with AlexaFlu or488-
NHS ester by incubating 20 - 100 uM protein with ten molar equivalents of dye, rotating
for 1 hour at room temperature in sodium phosphate buffer, pH 6.0. Ex cess unlabeled

dye was removed with a Zeba desalting spin column, extensive dialysis, or centrifugal
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ultrafiltration (Amicon ™ Ultra-15, 10kDa MWCO). The purity of labeled proteins was
assessed by size exclusion chromatography.

For size exclusion chromatography analysis of the purity of fluor escently labeled
proteins, a Shodex OHPak SB804 HQ column (New York, NY) was used with an
isocratic flow of 0.5 ml/min of 1X PBS. We used Shimadzu's high-performance liquid
chromatography system (Shimadzu Scientific Instrument s, Columbia, MD). HPLC -grade
solvents were purchased from VWR Int ernational (Radnor, PA). All buffers and samples

were prepared in 1X PBS and filtered through 0.2 pm.

4.2.4 In vitro characterization
4.2.4.1PD1/PDL1 blockade assay

CHO TCR/hPDL1 cells were prepared in their growth medi a ' EOz U
supplemented with 10 % FBS. First, cells were washed with 1X DPBS, trypsinized with
0.25 % trypsin/EDTA, and harvested by centrifugation at 250 g for 5 mins. The cell pellet
was resuspended in warm media and the cells were counted with a hemocytometer after
1:1 dilution into 0.4 % Trypan blue solution ( Thermo Fisher Scientific, MA). The cell
density was adjusted to 4 x 1C cells/ml by the addition of warm media, and the cell
suspension was transferred to a sterile reagent reservoir. Using a multichannel pipette,
100 pl of cells were added to eachwell of 96-well flat, white clear -bottom assay plates

(Corning ®). The plate was incubated in a 37 °C, 5% CO:z incubator overnight.
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To prepare protein samples in an assay buffer (RPMI 1640 supplementedwith
1% FBS), a sterile clear bottom 9avell plate was prepared. In the case of 2.5fold
dilution, 250 pl of proteins were added to the first well, and 150 pl of assay buffer was
added to other wells. The 100 pl of proteins from the first well was transferred to the 150
pl of assay buffer and gently mixed. This step was repeated until a sufficient range of
concentration was covered. These protein sampleswere added to the plate coated with
CHO TCR/hPDL1 cells.

Jurkat/PD1 cells were prepared, and the cell density was adjusted to 1.25 x 10
cells/ml by the addition o f assay buffer. Using a multichannel pipette , 40 ul of cellswere
added to each well of the plate coated with CHO TCR/hPDL1 cells followed by the
addition of protein samples. The plate was incubated again in a 37 °C, 5% CQ incubator
for 6-8 hours.

Since protein samples effectively antagonize the interaction between CHO
TCR/hPDL1 cells and Jurkat/PD1 cells, TCR activation induces the luminescence of the
NFAT pathway ( Figure 26). After taking out th e plate and equilibrating it to room
temperature for 10 mins, 80 ul of Bio-Glo™ reagents (Promega WI) was added to each
well. In 10-30 mins, the luminescence signalwas measured by a multimode plate reader

(Tecan).
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Figure 26: Representation of the PD1/PDL1 blockade assay. This consists of two
genetically engineere d cell lines, Jurkat/PD 1 reporter cell and CHO TCR/PD L1 cells.
When co-cultured, PD1/PDL1 interaction inhibits TCR -mediated luminescence via
activation of the NFAT pathway. When this interactio n is disrupted by the aPDL1 -
FN3 or antibodies, TCR activation induce s luminescence that can be readily detected.

4.2.4.2 Flow cytometry

Overnight cultures of CHO-hPDL1 cells were prepared for flow cytometry. First ,
cells were trypsinized with 0.25% trypsi n/EDTA and harvested by centrifugation at 5009
for 3 mins. The cel pellet was resuspended in 1X PBS and the cellsvere counted with a
hemocytometer after 1:1 dilution into 0.4% Trypan blue solution (Thermo Fisher

Scientific, MA) The cell density was adjusted to 2 x 1@ cells/ml by the addition of

blocking buffer (5% rat serum, 5% mouse serum, 1% CD16/32 (clone 93, eBioscience, San

Diego, CA). Then, the cellswere incubated with fluorescently labeled proteins by gently
mixing 190 ul of the cell suspension and 10 pl of proteins at the final concentration of 1
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KM of prot eins. The mixture of cells and proteins was incubated at 37 °C for 1 hour.
After incubation, cells were collected, washed 3 times with 0.2ml of 1XPBS with 1%BSA
on ice, and adjusted to a final cell concentration of 1 x 10 cells/ml for flow analysis. Live

cells were analyzed for population fluorescence on a BD Accuri C6 (BD Biosciences, CA).

4.2.4.3 3D spheroids and confocal imaging

Overnight cultures of CT26.WT cells were prepared and accurately counted for
producing aggregates of 3D tumor spheroids. To ease the piocess, we usd
T 1T Ul 64800 @éwell plates (Stemcell Technologies Canada), as described in the
rinsing solution, the plate was centrifuged at 1300 g for 5 mins, and the plate was
carefully rinsed with warm media (RPMI 1640 supplemented with 10% FBS) to remove
any bubbles. After aspiration of all rinsing media, 1.2 x 10¢ cells were added to each well
(4000cells per microwell), and warm media was added to sufficiently adjust the volum e
to 2 ml per well. The plate was centrifugated at 100 g for 5 mins to capture cells in
microwells and observed under a microscope to verify the cells were evenly distribu ted
among the microwells. Over 10 days of incubation at 37 °C,50% of media was carefully
changed every other day. In 10 days, spheroidswere harvested using a 37 um reversible
strainer (Stemcell Technologies, Canada). Using this strainer, the aggregates emained
on the filter during the harvest, and single cells flowed through. After washing three

times, the strainer was inverted, and the addition of wa rm media eluted spheroids.

79



The spheroids were placed on a 12well plate and incubated with fluorescently
labeled 1 uM of proteins and 1 uM of Hoechst (Thermo Fisher Scientific, MA) fo r
nucleus staining. The mixture of spheroids and proteins was incubated at 37 °C for 1
hour. After incubation, 3D spheroids were collected and washed 3 times with 0.05ml of
1X PBS with 10% FBS. The spheroidswere placed in a 35 mm glass botom petri dish
and imaged with the Andor Dragonfly Spinning Disk confocal microscope using a 40X
oil immersion objective. The fluorescence signal from Alexa 488was acquired using a
488 nm laser wit h a 525/50 nm bandpass filter while Hoechst fluorescence was captured
using a 405 nm laser with a 450’50 nm bandpass filter. A Z-stack of the spheroid was

acquired, and the center slice(s)were processed for analysis.

4.3 Results and discussion

4.3.1 Qualitative characterization of (aPDL1-FN3), constructs with gel
electrophoresis

We hypothesized that creating lin ear tandem repeats of aPDL1-FN3 hit (Hit 2)
would increase their PDL1 affinity due to their increased valency. To study this, we
cloned, expressed, and purified (aPDL1-FN3) through (aPDL1-FN3)s with flexi ble
(Gly4Sern)3 peptide linkers between monomers to enable each monomer to engage a
PDL1 receptor on the tumor cell surface. An agarose gel of double-digested expression
vectors confirmed the succesdul insertion of differen t numbers of FN3 gene repeats ino

a pET 24 expression vector Figure 27).
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Figure 27. Agarose gel image of the genes of aPDL1-FN3 oligomers. This image
confirm s the correct sizes of aPDL1-FN3 genes ranging from mono-valent to penta-
valent that were introduced to the expression vector.

We used the E. coliexpression system to expresstandem repeats of aPDL1-FN3
protein ranging from mono -valency to penta-valency. After bacterial cell expression, we
purified (aPDL1-FN3)» oligomers using the interaction between their His-tag at the C-
termin al and metal ions such as nickel and cobalt After the purifi cation of (aPDL1-FN3)a
oligomers by the IMAC, we confirm their purity using sodium dodecyl sulfate -
polyacrylamide gel electro phoresis (SDS-PAGE), followed by Simply blue staining. The
stained SDSPAGE image of purified multivalent aPDL1 -FN3 proteins exhibited a single
band with no other visible contaminants ( Figure 28A).

Also, to confirm the complete expression of aPDL1-FN3 oligomers, we used a
trans-blot tu rbo transfer system (Bio-Rad Laboratories, CA). Briefly, proteins on the gel
were transferred to a membrane, and the membrane was blocked for 10 mins using an
Everyblot blocker buffer (Bio -Rad Laboratories, CA) and incubated with an anti-His-tag

antibody conjugated with alkaline phosphatase (Bio-Rad laboratories, CA) for 1 hour
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with gentle shaking at room temperature. After washing 3 t imes with 1X PBS
supplemented with 0.1% tween 20, the addition of NBT/BCIP stock solution resulted in
an insoluble, purple -colored band, indicating that His-tags were present on those bands.
A western blot image confirmed the complete expression of proteins by His-tags

without any truncation ( Figure 28B).

A )
SDS-PAGE WB (his-tag)
kDa kDa
"* = AP 51 23 3

. 1=12868Da 50
| 2=24332Da
' 3=37322Da

~ 4=47395Da
. 5=60965Da

Figure 28: SDS-PAGE (A) and WB (B) images of multivalent (aPDL1 -FN3)» protei ns.
These confirm the full -length expression and successful purification of multivalen t
(aPDL1-FN3)n proteins as they have a Hiss-tag at their C-terminus .

4.3.2 Biophysical characterization of (aPDL1-FN3),

To confirm the correct molecular weights of purified aPDL1-FN3 oligomers, we
decided to use matrix -assisted laser desorpton/ionizatio n-time of flight (MALDI -TOF)
mass spectrometry. This is becauseMA LDI is a soft ionization technique that usually
causes minimal to no fragmentation of analysts and allows the molecular ions of
analytes to be readly identified even in mixture s of biopolym ers (172. Thus, MALDI
allows our proteins to be ionized as protein + H]* and/or [protein + 2H]? with out any
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fragmentation (173. These ionized proteins travel to a detector, which measures their
times for travel. This data results in the determination of the ratio of protein molecular
mass tocharge. We successfully obtained the molecular mass of aPDL1-FN3 oligomers

and confirm ed their correct sizes(Figure 29).
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Figure 29: Purified (aP DL1-FN3)» proteins are characterized for their molecular
weights: (A) (aPDL1 -FN3):, (B) (aPDL1-FN3)., (C) (aPDL1-FN3)s, (D) (aPDL1-FN3)4,
and (E) (aPDL1-FN3)s are all confirmed for their correct sizes. The calculated

molecular weights are tabulated next to panel (A) and the experimentally me asured

MWs are shown in each panel and agree the calculated MWs within the error o f the
technique .

Since multivalency presentation can causeaggregation or instability of proteins,
we also analyzed their hydro dynamic radius (Rn) using dynamic light scattering (DLS).

Fortunately, we did not detect any significant aggregation of these proteins (Figure 30).
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Figure 30: Purified (aPDL1 -FN3)n proteins are characterized for their hydrodynamic

radius (Rn): (A) (@PDL1-FN3)1, (B) (aPDL1-FN3)., (C) (aPDL1-FN3)s, (D) (aPDL1-FN3)4,

and (E) (aPDL1-FN3)s. All constructs have 1 | szconsistent with their size and no
construct showed any significant aggregation or micell

are shown in each panel.

e formation. The measured Rn

4.3.3 Characterization of the binding kinetics of (aPDL1-FN3)

We analyzed the binding kinetics of purified (aPDL1 -FN3)» oligomers to human
and murine PDL1 using SPR. The data suggestthat the binding affinity for
increases with increasing valency from 1 to 4. Secifically, the off-rate of the tetramer

becomes very slow (Figure 31). The very slow off-rate is desirable for drug candidate s

becauseslower dissociation results in alonger residence time.
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Figure 31: SPR sensorgrams of (aPDL1-FN3)» oligomer s. The (aPDL1-FN3), (aPDL1-
FN3)s, and (aPDL1-FN3)4, show binding to human PDL1 (A, B, C), and lack of binding
to human PD1 (D, E, F). Increased valency slows their off -rates (kort), and significant ly

increases their K o.

The aPDL1-FN3 tetramer, (aPDL1-FN3)s, has a remarkably high binding affinity

for PDL1, with a Ko of 94 pM for human PDL1 . The (aPDL1-FN3)4 shows no off-target

binding to h uman PD1 or human PDL2. Table 10 describes the details of binding kinetic

profiles of (aPDL1-FN3). proteins.

Table 10: The binding kine tics of (aPDL1-FN3)~ oligomers

Construct Kon (On-rate, 1/Ms) | Kot (off-rate, 1/s) Ko (nM)
(aPDL1-FN3), 1.27E5 1.83E4 1.44
(aPDL1-FN3), 2.18E5 9.74E5 0.45
(aPDL1-FN3), 2.51E5 2.35E5 0.094

4.3.4 Characterization after fluorescence conjugation

Next, we used the primary amine grou p on the N-terminus of pr oteins as the site

of conjugation for fluorescent dyes. We specifically chose to use Alexafluor488 because

85



this dye molecule is stable and the conjugation of this dye to our proteins doesnot cause
significant aggregation or micelle formation. Because the engineered loop regios of
aPDL1-FN3 proteins contain lysine residues that could be hampered by this conjugation,
we optim ized the reaction conditions for Alexafluor488 conj ugation. We performed pilot
reactions, varying the length of reaction time (30 mins, 1 hour, and 3 hours), the molar
ratio of protein to fluorescent dyes (1:5, 1:10, and 1:15), and the pH of buffer (60, 6.5 and
7.0). From this experiment, we determined that 1 hour with a molar ratio of 1:10 is a
suitable condition for high efficiency. We chose to maintain the pH of a buffer as 6.0
becausein general, lower pH levels are kinetically favorable for N-terminus conjugation

over lysine conjugation due to their different pl values.
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Figure 32: Characterization of Alexa fluor 488conjugated (aPDL1-FN3)» proteins. (A)
SDS-PAGE fluorescence image shows (aPDL1-FN3). labeled with Alexa fluor 488
fluorescent dye. (B-F) SEGHPLC of (aPDL1-FN3) (n = 15 in panels B-F) show
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colocalized peaks at A280 (protein) and A4 95 (fluorescent dye), indic ating that the
proteins were successfully fluorescent |y labeled.

Using this optimized condition, we successfully conjugated the (aPDL1-FN3)a
oligomers wit h Alexafluor488 dyes. We confirmed the successful reaction and purity of
our conjugated proteins using SDSPAGE as well as size exclusion chromatography
(SEC) (Figure 32). In SEC, due to the characterigic absorbance of Alexafluor488 dyes at
495 nm for its maximum excitation and that of protein at 280 nm, their co-localized

peaks indicate that proteins are succesdilly conjugated with Alexafluor48 8 dyes.

4.3.5 Characterization of the potency of (aPDL1-FN3),

Although (aPDL1 -FN3)» proteins have a strong binding affinity to PDL1, for their
therapeutic efficacy, their binding to PDL1 should effec tively antagonize the interaction
between PD1 and PDLL. To characterize this inhibitory interaction, we decided to utilize
in vitro PD1/PDL1 blockade assay. This ass@y is comprised of two genetically
engineered cell lines, Jurkat/PD1 reporter cells and CHO TCR/PDL1 cells. When co
cultured, the PD1 on Jurkat cells and PDL1 on CHO cells are bound, preventing TCR
from being activated, resulting in no luminesc ence ativation. However, if anti -PDL1
binders are present and successfully antagonize this interaction TCR is activated
inducing luminescence signals that can be detected by a plate reader. Using the serial
dilution of (aPDL1 -FN3)» proteins, we can characterize their potency, determined by the

ICso values of this assay:.
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Figure 33: A PDL1 blockade assaywas used to characterize the ICso values of (aPDL1-
FN3)» proteins (n=1-5).

Table 11: The ICsoof (aPDL1-FN3)» oligomers

Construct IC_, [nM]
(aPDL1-FN3), 30.3~57.6
(aPDL1-FN3), 2.69 ~ 10.4
(aPDL1-FN3), 0.97 ~ 1.84
(aPDL1-FN3), 0.19 ~ 0.36
(aPDL1-FN3), 0.21 ~0.52

According to the results of this assay, the potency of (aPDL1-FN3). proteins
increases with increasing valency from 1 to 5 and is specifically saturated with the
tetramer (Figure 33). (aPDL1-FN3)a shows high antagonism of the PD1/PDL1 interaction
in this in vitro assay, with a half-maximal inhibitory concentration (IC so) of around 260
pM. Table 11 summarizes the ICso of (aPDL1-FN3)» oligomers. These reslts are

competitive with those of an FDA-approved monoclonal antibody that binds PDL1 ,
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atezolizumab, which has a Ko of 433 pM for human PDL1 and 134 pM for murine PD L1,

and an ICso of 140 pM.

4.3.6 Quantifying the effect of multivalency on in vitro PDL1-
binding with flow cytometry

We next validated the in vitro PDL1 -binding of (aPDL1-FN3). proteins using
genetically engineered CHO-hPDL1 cell lines that stably express human PDL1 receptors
on their cellular membranes. This cell line is very useful for evaluating the in vitro PDL1-
binding of (aPDL1-FN3).. It is also useful for determining the valency most optimal for

saturating all receptors on the cellular level sinceall cells expressthe PDL1 receptor.
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Figure 34: Flow cytometry was performed us ing CHO -hPDL 1 cells to characterize the
in vitro PDL1 binding of (aPDL1 -FN3)n proteins (n=1-5). (A) All protei ns successfully
bind to hPDL1 receptors on CHO cells. ( B) Hig her valency leads to the increased
number of cells that were bound by. (aPDL1-FN3)s+ and (aPDL1-FN3)s proteins
significantly bind to more CHO -hPDL1 cells than (aPDL1-FN3): protein (*p<0.05,
**n<0.00, one-way ANOVA ). Based on the neutralization cell reporter assay and flo w
cytometry, (aPDL1-FN3)s was chosen for the fusion with ELP .
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For this, we used the fluorescently labeled (aPDL1-FN3)» proteins, incubated
them with CHO-hPDL1 cell lines, and analyzed cell population s for fluorescence by flow
cytometry (Figure 34). The data demonstrate that the percentage of cells bound to PDL1
increases as the valency increases from 1 to 5, and saturates with the tetramer. This
result is well-matched with a PDL1 blockade assay, suggesting that (aPDL1FN3)4
protein is the most optimal candidate for the fusion with biopolymer before in vivo

testing.

4.3.7 In vitro characterization of tumor spheroids uptake and
penetration

To evaluate the effect of multivalency on PDL1-binding on a 3D level, we
generated a tumor spheroid model using cancer cell lines. We specifically chose the
CT26.WT cdl line because this cel line has PDL1-binding and has been proven to form a
3D spheroid model using various methods (174, 175. To generate a CT26éspecific
spheroid model, we utilize d an aggregaion method based on the hanging drop method
(174). In this method, a cell suspension is positioned in the U-shaped bottom of a
microwell in a plate, using centrifugation . This force is similar to the force of gravity,
and the cells spontaneously form cellul ar aggregates, giving rise to a single spheroid.
This method produces a large number of spheroids with manageable control of their
sizes. To ensure that cdk are assembled into spheroids in environments that govern cell-
cell and cell-extracellular matrix (ECM) interactions, cell aggregates are continwusly

supplemented with growth media under close monitoring and maintained for 10 days to
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provide sufficient time for cells to proliferate, aggregate, and differentiat e. Using this
method, spheroids have a diameter of 200 um or more, usually with a spheric al shape,
and exhibit three zones of cell populations: 1) an internal zone is filled with necrotic cells

due to their low accessibility of nutrients and oxygen and hig h accumulation of waste
and debris; 2) a middle zone contains quiescent cells; 3) an extenal zone includes the
most vibrant cells that are proliferating and migrating. These different populations a nd
ECM recapitulate many characteristics of in vivo tumor models. Thus, these features
make spheroids a promising model for studying the effect of multivalency on tumor

uptake and penetration.

A: Monomer

B: Tetramer

Figure 35: Montage of Z -stack images of (A) (aPDL1-FN3): and (B) (aPDL1-FN3)4
proteins . (aPDL1-FN3)4 protein more evenly bind sto PDL1 than (aPDL1-FN3):
protein . Hoechst is labeled blue, and protein is labe led green. The scale bar is shown
on the bottom right .
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To validate the choice of (aPDL1-FN3)s for the next step, we compared the
specific PDL1-binding of (aPDL1 -FN3)s with (aPDL1 -FN3): protein. For this, we used the
fluor escently labeled (aPDL1XFN3): and (aPDL1-FN3): proteins, incubated them with
CT26-spheroids, stained with Hoechst for nuclear staining, and imag ed the spheroids
for the specificity of PDL1-binding. The result (Figure 35) shows that (aPDL1-FN3)4 has
a more even distribution of PDL1 -binding as compared to (aPDL1-FN3).. This result
suggests that higher valendes require lower concentration to saturate receptors on 3D

spheroid models as well as on 2D cells

4.4 Conclusion and future directions

In this chapter, using the discovered aPDL1-FN3 sequencefrom phage display,
we modulated the affinity and valency of aPDL1 -FN3 proteins by creating a set of
modular (aPDL1-FN3)» domains where the valency (n) of the FN3 domains was
systematically varied from 1 to 5. The multivalent (aPDL1-FN3)» proteins were
succesdully cloned, produced in E. coli and purified by IMAC. Purified (aPDL1 -FN3)n
proteins were characterized for their biophysical properties, including their molecular
weights, hydrodynam ic radius, aggregation or micelle formation after fluorescence
conjugation, and specific binding affinity to PDL1. Owing to the multivalency
presentation and avidity ef fects, higher valency enhancedPDL1-specific binding affin ity
by around ~170fold, into the picomolar regime, reducing its dissociation rate. Also,

increased valency greatly improves its antagonistic interaction between PD1 and PDL1
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by around ~160fold, characterized by their ICso. Importantly , a PDL1 blockade asay
and flow cytometry show that specific PDL1 binding i s saturated with the tetra-valency
of (aPDL1-FN3)s. Thus, we chose (aPDL1FN3)s for the recombinant fusion with
biopolymers before in vivo evaluation.

With the methods and principles described in this chapter, we successfully
demonstrated a proof-of-concept platform where multivalency can be optimized for
therapeutic purposes. Although we specifically chose (aPDL1-FN3)« for this thesis,
different valencies and orientations can be explored for various applications (154). For
example, for diagnostic tools, a very slow off-rate is not desired, but a faster onrate and
off-rate are more favorable to avoid any toxicities. We believe this platform can be
robustly utilized for optimizing diag nostic agents ortherapeutic binders that are multi-

specific or multi -valent.
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5. Developing the fusion between (aPDL1-FN3)s and ELP

5.1 Introduction and motivation

Small binding scaffolds are advantageous due to their small sizes. However,
because of these smadl sizes they are rapidly cleared by glomerular filtration, thus
suffering a very short serum half-life (176). This restricts their use as therapeutics ly
themselves and always requires further conjugation with biopolymer s (177). Thus, the
criteria for the choice of biopolymers would be as follows: 1) extending serum half-life;
2) imparting stealth properties; 3) increasing solubility and stability; 4) sustained release
formulation. All th ese criteria would increase the accumulation of target ti ssue in vivo
whil e reducing off-target effects and maintaining a continuous level of drug
concentration for therapeutic efficacy. One promising solution that fulfills all of these

criteria is the genetic fusion of elastin-like polypeptide (ELP).

5.1.1 Recombinant fusion with ELP

The short seum half-life of oligomers of the FN3 domain potentially reduces
their uptake by solid tumors. To improve the plasma circulation duration of rapidly
excreted peptide and protein drugs, we have previously developed a gendically
encoded delivery system that in volves the fusion of a protein -drug to an ELP (96).

ELP is not only biodegradable, non-toxic, and non-inflammatory, but also very
versatile. It can be readily prepared in different formulations, i ncluding soluble unimers,
(unassembed chains), micellular nanoparticles, and macroscale coacervate§l78). This is
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because ELP exhibits reversible lower critical solution temperature (LCST) phase
transition behavior. By modulating the length and the hydroph obicity of ELP, it can be
optimize d for the most suitable delivery f ormats (179. The relationship between the
sequence properties of ELPs and LGST behavior has been extensively studied, allowing
us to rationally engineer ELP-based platforms for various applications (180, 18).
Previously, we have shown that the hydrophobic drug conjugatio n to ELP triggers its
self-asembly into nanoparticles that significantly extends the pharmacokinetics of a
native drug (182, 183. Also, the ELP systemenables us to dewvelop an injectable depot

formulation (95), which is useful for the delivery of immune checkpoint inhib itors.

5.1.2 Sustained and localized release of ELP

As a fusion partner of (aPDL1-FN3)s;, we specifically chose to use ELP asan
injectable depot-forming module. This depot formu lation is desired because this format
can provide sustained and localized delivery of anti-PDL1 drugs with enhanced
pharmacokinetics and bioavailability. The LCST behavior of ELP can be tuned 6 form
an insoluble coa®rvate upon heating above a critical transition temperature (Tt) (184).
Thus, the Tt can be precisely optimized between room temperature (25 °C) and body
temperature (37 °C) such that the fusion with ELP and drug can be injected as a solution
and transitioned into a depot upon injection in vivo. As this ELP depot is continuou sly
diluted from the boundary, the fusion ELP -drug is slowly released into circulation (92,

185, 186.
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We have previously shown that a fusion of glucagon -like peptide (GLP1) to ELP
can be sulrzutaneously injected through a narrow-gauge needle into diabetic mice (91). It
createsa depot that continuously releases the drug and controls blood glucose levels for
up to 10 days (92). This 10-day duration of glucose control is better than that provided
by two FDA -approved sustained-release technologies: Trulicity, an Fc fusion of GLP-1,
and Bydureon, a degradable microsphere formulation. These results also show that an
ELP depot can exceed the performance of an antibodybased drug.

Combining an immune checkpoint inhibitor with an ELP has not yet been
previously explored and requires thorough optimization. Using the optimized (aPDL1 -
FN3)4 protein, we designed a genetic fusion method to produce sets of (aPDL1:FN3).-
ELP proteins (Figure 36). The gaal of this work is to endow (aPDL1-FN3)s with the

reversible phase transition behavior of ELPs for sustained and localized delivery.

Affinity Half-life
(aPD;_J -FN3), + ELP

Figure 36: The schematic shows the modular design of (aPDL1 -FN3). fused with ELP.
ELP protein was chosen to improve the serum half -life of the drug. ELP was fused to
the C-terminus of (aPDL1 -FN3)a.
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5.2 Materials and methods
5.2.1 Construct design and synthesis

BecauseELPs contain highly repetitive genes, PCR-based traditional methods for
genetic fusion are not possible. Thus, to fuse the protein with ELP, we commonly use
plasmid reconstruction by recursive direc tional ligation (PRe-RDL) (Figure 37) (187).
Briefly, we used tw o plasmids: one contained the ELP construct, and the other contained
the (aPDL1-FN3)s construct. Then, for a C-terminus fusion of ELP, (aPDL1-FN3)s-
encoding plasmid was cleaved by Bgll and Acul while ELP-encoding plasmid was
cleaved by Bgll and BseR1. Afte ligating these two halves, we reconstructed a final
plasmid that encodes the fusion protein between (aPDL1-FN3)s and ELP. The successful
fusion was confirmed by Sanger sequencing, and the final plasmid was transformed into
the BL21(DE3) expression strainof E. coli (New England Biolabs, MA). Aliquots of th e

DNA stocks were UUOUIT EWEUwWNI YwS" wE OE uith glyeddd)wete St&rédE wET O Ou

E U wiCWy
FN3 gene
fragment BseR1
Acu1 FN3
+ —_—
Bgi1 Bgl1
FN3-encoding ELP-encoding FN3-ELP fusion-
plasmid plasmid encoding plasmid

Figure 37: The schematic shows a plasmid reconstruction for FN3-ELP fusion by
recursive directional ligation (PRe -RDL).
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5.2.2 Protein expression and purification

The (aPDL1-FN3)+-ELP proteins were expressed in BL21(DE3) E. coli using
autoclaved 2xYT media (16 g of tryptone, 10 g of yeast extract,5 g of NaCl, and pH 7.0 in
1L of distilled H 20). From the frozen glycerol stocks, small starters (50 ml) were grown
overnight and used to inoculate 6 of 1 L flasks of 2xYT media supplemented with
kanamycin (45 pg/ml). After the flasks were incubated in a shaker at 37 °C and 200 rpm
for 3 hours, the final concentration of 0.5 mM of IPTG (Gold Biotechnolog y) was added
per flask. Then, all flasks were incubated in a shaker at 18°C and 200 rpm for 24 hours.
Cells were harvested by centrifugation at 4,000 rpm and 4 °C for 15 mins, and the cells
were resuspended in the phosphate buffer. 1 L cells were resuspended in 80 ml of buffer.

Becausethe fusion with ELP endows its reversible phase transition behavior to
the fusion protein, we can readily purify (aPDL1-FN3)+-ELP using inverse transition
cycling (ITC) (188, 189. After sonicating the resuspended cell pelets, the cell lysate was
centrifuged at 4 °C (below the Tt) to remove insoluble cell fragments. The supernatant
was then heated at 37 °C with a high concentration of ammonium sulfates to tr igger the
phase transition of ELP fusion proteins. This suspension was then centrifuged at 37 °C to
form a pellet by ELP fusion protein at the bottom of th e centrifuge tube, along with
aggregated contaminants. This pellet was then dissolved by the addition of low salt
buffer (1X PBS and incubated at 4 °C. These stepswere repeated 2-3 times until the

fusion protein was highly pure, confirmed by SDS-PAGE.
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5.2.3 Biophysical characterization
5.2.3.1 Dynamic light scattering

Dynamic light sc attering (DLS) measurements of proteins were performed using
a Wyatt DynaPro temperature -controlled instrument (Wyatt Technolog y, Santa Babara,
CA), with 10 acquisitions collected at both 25 °C and 37 °C. Samples for the DLS system
were prepared in 1X PBSand filtered through Whatman Anotop sterile syringe filte rs
(0.2 um; GE healthcare, PA) into a black 96 well plate (Corning®). The data points
presented for this characterization represent the mean of R, of the sample, illustrating
the polydispersity .
5.2.3.2 UV/vis spectroscopy

Temperature-triggered phase separdion was characterized by UV-vis
spectrophotometry (Cary 300 Bio Agilent). Briefly, serial diluted ELP fusion proteins (1-
100 uM in PBS)was heated from 25 °C to 50 °C at a rate of 1 °C/min, and theoptical
density at 350 nm (OD 350 nm) was measured. As the temperature was increased
towards the Tt (solution -to-coacevate), the OD350 nm increased rapidly, indic ating the

coacervation of ELP-fused proteins and the formation of micron -size aggregates

5.2.3.3 Surface plasmon resonance

We use a Biacore T200 SPkhstrument . First, the series S sensor chip CM5 (GE
healthcare) was normalized using 70% glycerol. Protein G was immobilized in flow

paths 1 and 2 of the CM5 chip, using NHS/EDC coupling. A solution of 0.5M EDC/1IM
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NHS was injected at 5 pl/min for 7 minutes to activate the chip surface. 200 pg/ml of
protein G in 10 mM sodium acetate buffer (pH 4.0) was injected at 5 pl/min for 30
secondsto obtain a final RU (response unit) of around 800. Next, 1M ethanolamine was
injected at 5 pl/min for 10 minutes to inactivate the chip surface. To characterize the
binding affinity of FN3 to PDL1, the Fctagged version was used and as a contrd, only
Fc protein was used. Briefly, on flow path 1, we injected Fc protein at a flow rate of 30
pl/min for 20 seconds, and on flow path 2, we injected Fctagged PDL1 (FcPDL1) at a
flow rate of 30 ul/min for 20 seconds. Our protein samples were injected over
immobilized Fc-PDL1 and Fc simultaneously on both flow paths at a flow rate of 30
41/min at 25 °C for 3 mins. Then, protein samples were replaced with ru nning buffer (1X
PBS) for5 mins for dissociation. After each experiment, the chip surfacewas regenerated
with 10 mM glycine-HCI (pH 1.5) for 30 secs. After injection of serially diluted protein

samples in running buffer and subtr action of the signal of flow path 1, the final SPR
sensorgrams were obtained and analyzed using a 1:1 Langmuir binding model in

BlAevaluation software (GE Healthcare).

5.2.3.4 Fluorescent dye labeling and confirmation

To fluorescently label proteins, 1 mg of AlexaFluor488-NHS ester was dissolved
in 100 ul DMSO. The N-terminal amine of proteins was labeled with AlexaFluor488 -
NHS ester by incubating 20 - 100uM protein with ten molar equivalents of dy e, rotating

for 1 hour at room temperature in sodium phosp hate buffer, pH 6.0. Excess unlabeled
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dye was removed with a Zeba desalting spin column, extensive dialysis, or centrifugal
ultrafiltrat ion (Amicon™ Ultra-15, 10kDa MWCO). The purity of labeled prote ins was
assessed by size exclusion chromatography.

For size exclusion chromatography analysis of the purity of fluorescently labeled
proteins, a Shodex OHPak SB304 HQ column (New York, NY) was used with an
isocratic flow of 0.5 ml/min of 1X PBS. We use Slkmadzu's high-performance liquid
chromatography system (Shimadzu Scientific Instrument s, Columbia, MD). HPLC -grade
solvents were purchased from VWR International (Radnor, PA). All buffers and samples

were prepared in 1X PBS and filtered through 0.2 pm.

5.2.4 In vitro characterization
5.2.4.1 Cell culture

CT26.WT cells were purchased from ATCC. These cells were cultured at 37 °C
with 5% CO:2 in RPMI1640 (ATCC modification, A1049101, Gibco) supplemented with
10% fetal bovine serum (FBS) and penicillin/ streptomycin. MC38 cells were purchased
from Kerafast and culture d at 37 °C with 5% CO: in Dulbecco's modified MEM with 10%
FBS, 2nM glutamine , 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 10 mM
HEPES 50ug/ml gentamycin sulfate, and penicillin/ streptomycin. B16.F10 cellswere
cultured at 37 °C with 5% CO:2 in Dulbecco's modified MEM with 10% fetal bovine
serum, 4 mM L-glutamine, 4500 ng/L glucose, 1 mM sodium pyruvate, and 1500 mg/L

sodium bicarbonate. CHO-hPDL1 cells were purchased from Promega and cultured at
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37 °C with 5% CO: POw' EOz Uw %hl w Ol E 2E0updgd byigrontygng ands! 2 O
250pg/ml G-418 sulfate solution. JurkatPD1 cells were purchased from Promega and
cultured at 37 °C with 5% CO:2 in RPMI1640 media with 10% FBS, 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate, 200 pg/ml hygromycin, and 500u g/ml G-418

sulfate solution.

5.2.4.2 PD1/PDL1 blockade assay

CHO TCR/hPDL1 cells were prepared in ' EOQOz Uw %hul wUUxx O1 01 OUI Eu
FBS First, cellswere washed with 1 X DPBS, trypsinized with 0.25% trypsin/EDTA, and
harvested by centrifugation at 250g for 5 mins. The cell pellet was resuspended in warm
media and the cells were counted with a hemocytometer after 1:1 dilution into 0.4%
Trypan blue solution (Thermo Fisher Sdentific, MA). The cell densit y was adjusted to 4
x 1 cells/ml by the addition of warm media, and the cell suspensionwas transferred to
a sterile reagent reservair. Using a multichannel pipette, 100 pl of cells were added to
each well of a 96-well flat, white clearbottom assay plate (Corning ®). The plate was
incubated in a 37 °C, 5% CQincubator overnight.

To prepare protein samples in an assay buffe (RPMI 1640 supplemented with
1% FBS), a sterile clear bottom 9avell plate was prepared. In the case d 2.5fold
dilution, 250 ul of proteins were added to the first well, and 150 pl of assay buffer was
added to other wells. The 100 pl of proteins from t he first well was transferred to the 150

ul of assay buffer and gently mixed. This step was repeated until a sufficient range of
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concentration was covered. These protein sampleswere added to the plate coated with
CHO TCR/hPDL1 cells.

Jurkat/PD1 cells were prepared, and the cell density was adjusted to 1.25 x 10
cells/ml by the addition of assay buffer. Using a multichannel pipette, 40 pl of cells were
added to each well of the plate coated with CHO TCR/hPDL1 cells followed by the
addition of protein sampl es. The plae was incubated again in a 37 °C, 5% CQ incubator
for 6-8 hours.

Since protein samples efectively antagonize the interaction between CHO
TCR/hPDL1 cells and Jurkat/PD1 cells, TR activation induces the luminescence of the
NFAT pathway . After taking out the plate and equilibrating it to room temperature for
10 mins, 80 pl of Bio-GloTM reagents (Promega, WI) was added to each well. In 10-30

mins, the luminescence signalwas measured by a multimode plate reader (Tecan).

5.2.4.3 Flow cytometry

Overnight cul tures of mammalian cells (CHO-hPDL1, Jurkat-PD1, CT26.WT, and
MC38 cells) were prepared for flow cytometry. First cells were trypsinized with 0.25%
trypsin/EDTA and harv ested by centrifugation at 500g for 3 mins. The cell pellet was
resuspended in 1X PBS and the cells were counted with a hemocytometer after 1:1
dilution into 0.4% Trypan blu e solution (Thermo Fisher Scientific, MA) The cell density
was adjusted to 2 x 10 cells/ml by the addition of blocking buffer (5% rat serum, 5%

mouse serum, % CD16/32 ¢lone 93, eBioscience, San Diego, CA). Then, the cellwere
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incubated with fluorescently labeled proteins by gently mixing 190 upl of the cell
suspension and 10 pl of proteins at a final concentration of 1 UM of proteins. The
mixture of cells and proteins was incubated at 37 °C for 1 hour. After incubation, cells
were collected, washed 3 timeswith 0.2ml of 1XPBS with 1%BSA on ice, and adjusted to
a final cell concentration of 1 x 1@ cells/ml for flow analysis. Live cells population s were

analyzed for fluor escence on a BD Accuri C6 (BD Biosciences, CA).

5.2.4.4 3D spheroids and confocal imaging

Overnight culture s of CT26.WT cells were prepared and accurately counted for
producing aggregates of 3D tumor spheroids. To ease the process, we usg
Aggre6 I O @80 2-well plates (Stemcell Technologies Canada), as described in the
rinsing solution, the plate was centrifuged at 1300 g for 5 mins, and the plate was
carefully rinsed with warm media (RPMI 1640 supplemented with 10% FBS) to remove
any bubbles. After aspiration of all rin sing media, 1.2 x 10 cells were added to each well
(4000 cells per nicrowell), and warm media was added to sufficiently adjust the volume
of 2 ml per well. The plate was centrifugated at 100 g for 5 mins to capture cells in
microwells and observed under a microscope to verify the cells were evenly distributed
among the microwells. Over 10 days of incubation at 37 °C, 50% of mediawas carefully
changed every other day. In 10 days, spheroids were harvested using a 37 um reversible

strainer (Stemcell Technobgies, Canada). Using this strainer, the aggregates remain on
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the filt er during the harvest, and single cells flow through. After washing three ti mes,
the strainer was inverted, and the addition of wa rm media eluted the spheroids.

The spheroids were placed on a 12well plate and incubated with fluorescently
labeled 1 pM of proteins and 1 pM of Hoechst (Thermo Fisher Scientific, MA) for
nucleus staining. The mixture of spheroids and proteins was incubated at 37 °C for 6
hours. After incubation, 3D spheroids were collected and washed 3 times with 0.05ml of
1X PBS with 10% FBSThe spheroids were placed in a 35 mm glass bottom petri dish
and imaged under Andor Dra gonfly Spinning Disk confocal microscope using a 40X oil
immersion objective. Fluorescence signal from Alexa 48 was acquired using a 488 nm
laser and a 525/50 nm bandpass filter while Hoechst fluorescence was captured using a
405 nm laserwith a 450/50 nmbandpass filter. A Z-stack of the spheroid was acquired,
and the center slice(s)were processed for analysis.

Images were then analyzed in ImageJ according to the method described by
3T UUET Uw EOEwWw 6PUUUUx8w ! UPI I Oa O uibody, inaisg Tafdlz w x DRI
autofluorescence were reduced using the despeckle function. A threshold was set to
eliminate background signal and autofluorescence ard the pixels above the threshold
were captured in a binary mask. Heterogeneity in receptor expression results in areas
saturated with the constructs but with intensity values below the set threshold. The se
areas (holes)were then filled by a series of erosion and dilation of pixels. This method

was automated to avoid and process differences between images.The sample front and
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outer perimeter were then traced manually for each image and penetration depth s were
measured. Threespheroids were analyzed for each sample and at least 30 masurements
were performed per image. Statistical significance between the observed mean

penetration depth was analyzed by one-way ANOVA.

5.2.5In vivo studies
5.2.5.1 Pharmacokinetics

Pharmacokinetics were measured using Alexafluor4 88-labeled proteins. To
remove any unreacted fluorophores, extensive dialysis and ultrafiltration were used in
PBS. Before in vivo injection, all fluorescently labeled proteins were confirmed by the
SEC/HPLC, and their endotoxin levels were ensured to be under 0.25 EU/ml. Balb/c
female mice (The Jackson Laboratory) were administered with 67 nmol/kg BW of
Alexafluor 488-labeled proteins via either an intraperitoneal (i.p.) injection or intravenous
(i.v.) injection via tail vein. 104l blood samples were collected from the tail vein in
micro centrifuge tubes with 10041 of heparin at certain time points. The concentration of
fluorescently labeled protein in the blood was measured by a fluorescence plate reader
(Tecan). Under identical condition s, the serial dilution s of proteins for in vivo injections
were measured and used for a standard curve. Then, blood concentration time-course
data was analyzed with a standard two -compartment PK model for i.v. and non-

compartmental model fo r i.p. PK data to as@rtain the pharmacokinetic parameters.
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Pharmacokinetic parameters were analyzed as follows. The dimination half -life
(ti2, mm) was calculated from the slope of the linear regression fit to the elimination
portion of the log concentration vs. time curve. For i.p. data, the elimination half -life was
calculated by calculating the slope of the time points after Cmax (Mmaximum serum
concentration). tmax for i.p. PK data was determined as the time required to reach Cmax.
The area under the curve (AUC) was calculated by GraphPad Prism 9 software (La Jolla,
CA) using the trapezoidal rule. The serum concentration at t =0 (Co), for the i.v. data was
extrapolated by fitting a linear line through the early time points (45 st4h range). The
volume of distribution (V o) which reflects the degree of extravascular tissues and organ
distribution of polypeptide, was calculated as VD = (Dose injected i.v.)/(Co). The
clearance of proteins from systemic circulation (CL), was calculated as (dose x F)/AUC
where F (bioavailability) =1 for i.v. bolus injection. All pharmacokinetic parameters were

reported as mean+ SEM.

5.2.5.2 Efficacy

All animal experiments were performed under protocols approved by the Duke
Institutional Animal Care and Use Committee (IACUC).

B16.F10 model: C57bl/6 mice (The Jackson Laboratory, male,10 weeks old)
were shaved and subcutaneously inoculated on the ril T UamkRwvith 1 x 10° B16.F10
melanoma cells. Mice were treated on days 4, 7 and 10 (postinoculation) with one of the

following : an equivalent volume of PBS (NonsenseFN3)-ELP, (aPDL1-FN3)+-ELP, anti-
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mousePDL1 antibody (clone number: 10F.9G2, Bixcell), and atezolizumab-based anti-
PDL1 antibody (Invivogen). Each dose for treatment was 67 nmol/kg BW, an equimolar
dose of 10 mg/kg BW of antibody.

CT26.WT model: Balb/c mice (The Jackson Laboratory, female, 610 weeks old)
were shaved and subcutaneously inoculated on the right flank with 1 x 105 CT26.WT
cells. When tumor volumes reach ~70 mm?, mice were treated 3 times 3 days apart with
one of the following : an equivalent volume of PBS (aPDL1-FN3)+-ELP, anti-mouse PDL1
antibody (clone number: 10F.9G2, Bioxcell), and atezolizumab-based antiPDL1
antibody (Invivogen). Each dose was 67 nmol/kg BW, the same as 10 mg/kg BW of
antibody.

MC38 model: C57bl/6 mice (The Jackson Laboratory, male and female, 10
weeks old) were shaved and inoculated subcutaneously on the right REOOw b B 1 whiw A w
MC38 cells. Using MC38 cells, we studied two different conditions for t he initiation of
treatments: 1) When tumor volumes reach ~70 mme, mice were treated 3 times 3 days
apart with one of the following : an equivalent volume of PBS (aPDL1-FN3)+-ELP, anti-
mousePDL1 antibody (clone number: 10F.9G2, Bioxcell), and atezolizumabbased anti
PDL1 antibody (Invivogen). Each dose was 67 nmol/kg BW, same as10 mg/kg BW of
antibody; 2) Mice were treated on days 4, 7 and 10 (postinoculatio n) with on e of the
following : an equivalent volume of PBS (NonsenseFN3)-ELP, (aPDL1-FN3)+-ELP, anti-

mousePDL1 antibody (clone number: 10F.9G2, Bioxcell), and atezolizumabbased anti
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PDL1 antibody (Invivogen). Each dose was 67 nmol/kg BW. In this study, we had
tumor-free survivors for treatment groups. Thus, those mice were used for tumor -
reinocul ation to study if mice develop systemic anti -tumor immunities.

For all inoculations, cells were suspended in DPBS at a concentration appropriate
i OU w H injecijors Micewere UEEUDr El Ewbi wUI T awExxI EUI
their baseline body weig ht, or if the tumor volumes exceeded 2000 mm?. Tumor volumes
were calculated using the formula: Volume (mm?3) = length x width? x 0.52. Mice were

randomized to treat ment groups using the list randomizer from random.org .

5.2.5.3 Rechallenge

With the mice surviving from the first tumor inoculation, we decide d to re-
inoculate the same number (1G) of tumor cells (MC38) at the same location (right flank).
We used naive mice with out receiving treatments before as a control. At day 85 post-
inoculation , survivors were shaved, and s.c.inoculated with the 105 of MC38. Their body
weights and tumor sizes were monitored. Mice surviving from this re -inoculation were
subjected to secondre-inoculation with the same number of cells but at the opposite
location (left flank). On day 170 postinoculation, survivors were shaved, and s.c.
inoculated on the left flank with the 10 5 of MC38. Their body weights and tumor sizes
were monitored. Tumor dimensions (length and width) were measured every other day,

and tumor volumes w ere calculated using the formula described above.
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5.2.5.4 Biodistribution

Organ distribution of (NonsenseFN3) +-ELP, (aPDL1-FN3)s-ELP, and anti-PDL1
antibodies were determined by radiolabelin g a tyrosine residue of the proteins with 129,
as previously described (186, 190, 191 Briefly, 2004I of proteins at 1004M was added
to a pre-coated IODO-Gen tube with 2 mCi [*?8]Na on ice and incubated for 15min. The
reaction mixture was purified by a ZebaSin desalting column (Thermo Fisher
Scientific). Balb/c mice (The Jackson Laboratory)were shaved and subcutaneously
inoculated with 1 x 10° CT26.WT cells. Then, micewere placed on 0.4wt% potassium
iodide water to block radionuclide accumulation in the thyroid. After around 7 days,
tumor volumes reached ~70mme. Then, mice were randomly divided (n =5 per group).
Each mouse was weighed before injection and received treatments based on their
weights. Each treatment involved the intraperitoneal injectio n of 4 4Ci 124 equival ents of
67 nmol/kg BW of proteins, and we perform ed a total of three injections two days apart.
Two days after the last injection, whole organs were harvested and the concentration of
proteins in each organ was determined by measuring 125l activity with an aut omated
gamma counter (LKB-Wallac) in counts per minute (CPM). Simultaneously, under
identical condition s, serial dilution s of 125l labeled proteins used for injections were
measured to create a standard curve. Then, using this sandard curve, CPM was
converted to the percent injected dose (%ID), and then the %IDwas normalized against

the weight of the organ to calculate %ID/g of tissue.
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5.2.5.5 Immu nomodulation profiles

Balb/c mice were shaved s.c. inoculated with 1¢° of CT26.WT cells and when
tumor volume reached 70mmé3, mice were treated with an equivalent volume of PBS,
(NonsenseFN3)-ELP, (aPDL1-FN3)«-ELP and anti-PDL1 antibody (Bioxcell) three times
two days apart. Eat dose was 67 nmol/kg BW. After two days from the last inj ection of
drugs, mice were sactificed and tumors were harvested, processed, and analyzed for

tumor -infiltrating lymphocytes. Figure 38 illustrate s the overview of this experiment.

Staining w/
surface markers

& — fm ﬂ

Tumors

Flow

Singl |
ing'e ce cytometry

suspension

Figure 38: The schematic shows the methodology . Tumor tissues are harvested and
digested with DNase | and Collagenase IV at 37°C for 1 h. The cells are filtered
through a strainer, yielding a single cell suspension. After staining with various
surface markers, the fluore scence intensity of the cells was measured by flow
cytometry to identi fy the immune cells that reside in the tumor tissue.

Briefly, tumors were mechanically dissociated and then enzymatically degraded
i OUwt YwOPOWEUwWt AwS" wbOw' ! 2lagenadsiyde U@ikcd, Giamdd OB OT wk
Island, NY) and 0.2 mg/mL DNAase | (Roche, Indianapolis, IN) supplemented with 5%
FBS. The solutionwas EPOUUT EwbDOw/ ! 2 WEOEwx EU Wl Gells Wdred OUT T wA

UT 1 OQwxl 001 Ul EwEawEl OUUDPI UT EUPOOWEOEwWUI UUUxI OE
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Biological, Gaithersburg, MD) for 10 min, after which the solution was diluted with PBS.
Cells were pelleted and counted by Trypan blue exclusion. One millio n cells were used
for antibody staining. Zombie Live/Dead Aqua stain (Biolegend, San Diego, CA) was
applied for 30 min. Cells were then blocked (5% rat serum, 5% mouse seum, 1%
"#Hht vt WwPEOOOI wNt Owli ! BPOUEDPI OEIl Ow2EQuw# @ridli O0w" |
30 uM EDTA) for 30 min. Cells were then stained antibodies for 30 min, washed 3 times

R UrBphore information can be found in Appendix A.

5.3 Results and discussion
5.3.1 Depot vs Soluble ELP for (aPDL1-FN3)4 fusion
5.3.1.1 (aPDL1-FN3)s-ELPuepot is tuned for transition temperature below 37 °C

We creatad two different ELP fusion protein therapeutics by fusing (aPDL1-
FN3)s to two types of ELP: (1) soluble ELP (ELRoube) that remains soluble at body
temperature (37°C) because its transition temperature at 100 uM is around 50 °C. The
ELPsonie consists of 120 repeats of the VPGXG pentamer, wiere X is 90% Ala and 10%
Val; (2) our optimized depot -forming ELP (ELPuaepot) that forms a depot below body
temperature (37°C), because its transition temperature at 100 UM is 31°C. The ELRepot
consists of 120 repeats of the VPGXG pentamer, where X is 20%\la and 80% Val. The

(aPDL1-FN3)4 was fused to the N- or C-terminus of the ELP (Figure 39).
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Figure 39: SPRdetermines the C-terminus fusion of ELP. FN3-ELP hasa faster on-rate
and slower off -rate than ELP-FN3.

Using SPR, we found that the ELP-(aPDL1-FN3)4 fusion had a much slower on-
rate and a faster off-rate than the oppositely oriented (aPDL1-FN3)+-ELP fusion. We,

therefore, decided to continue solely with the (aPDL1 -FN3)s-ELP fusion.
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Figure 40: (aPDL1-FN3)s-ELPuepot is tuned for Tt below 37 °C. (A) Optical turbidity as a
function of temperature for a heating cyc le (circles) and cooling cycle (squares). The
Tt is 31 °C as defined by the inflection point of the curve. ( B) Tt of (aPDL1-FN3)4-
ELPdepot as a function of concentration.

Both (aPDL1-FN3)4-ELPdepot and (aPDL1-FN3)s-ELPsonie show reversible LCST

phase transition behavior which enables them to rapidly transition from a so luble state
113



to an insoluble coacervate with the addition of heat, and there is no significant hysteresis
between heating and cooling cycles (Figure 40A). The concentration-dependent Tt of
(aPDL1-FN3)4-ELPdepot varies from 28°C to 40°C, over the range of @500 pM, which

spans the likely range of injection concentration (Figure 40B).

5.3.1.2 (aPDL1-FN3)4-ELPuaepot Shows strong PDL1 antagonism

To examine how (aPDL1-FN3)+-ELPudepot retains its PDL1 antagonism despite the
fusion with ELP, we used a PDL1 blockade assay The result shows that (aPDL1-FN3).-
ELPdepot remains strong antagonists of both human and murine PDL1, wi th an ICsoof 250

pM, close to 140 pM ICso of anti-PDL1 antibody controls (Figure 41).
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Figure 41: PDL1 blockade assay shows that (aPDL1-FN3)s-ELPdepot antagonizes PDL1
signaling, with an IC50 of 250 pM.

5.3.1.3 (aPDL1-FN3)s-ELPsouvie shows better in vivo tumor eff icacy than (aPDL1-FN3)s-
ELPuepot at their equimolar doses

With both (aPDL1-FN3)4-ELPaepst and (aPDL1-FN3)s-ELPsoune cONstructs, we

studied in vivo efficacy to determine whether a depot formulation has advantages for
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tumor regression efficacy. Because PDLlantagonist-based immunotherapy necessitates
intact in vivo immunity, we chose to ut ilize aCT26 syngeneic colorectal cancer model in
Balb/c mice. On day 0, mice were subcutaneously §.c) injected in the right flank with 10 >
CT26 cells. When tumor volume reached 80 - 100mm3, mice were injected s.c. with
(aPDL1-FN3)4-ELPdepot 0Or (aPDL1-FN3)+-ELPsowne at equimolar doses or with vehicle
control (PBS). From the tumor growth curves and survival rates, (aPDL1-FN3)s-ELPsoluble

shows better in vivo tumor effi cacy than (aPDL1-FN3)s-ELPaepot (p<0.05;Figure 42A and

42B).
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Figure 42: In vivo anti-cancer efficacy in a CT26 syngeneic mouse model. 105 of CT26
colon cancer cells were implanted s.c. in Balb/c mice, and tumors were allowed to
grow to 80~100 mn®. Mice were then treated (day 0) s.c. with PBS, (aPDL1-FN3)s-
ELPsobe Or (aPDL1-FN3)s-ELPdepot (n = 810 mice). (A) The primary tumor growth
curve and (B) survival plot indicate tumor growth inhibition for mice one time treated

with the fusion protein . With the same administration route, ( aPDL1-FN3)4-ELPsoubie
shows better efficacy than (aPDL1 -FN3)s-ELPaepot (p<0.05). Data and error bars
represent mean + SEM. *p<0.05, **p<0.06

Next, to investigate if the localized delivery of protein therapeutics has
advantages over systemic delivery, we injected (aPDL1-FN3)s-ELPuaepot intratumorally

(i.t.) in the same mice model. When the tumor volume reached 80 - 100mm?, mice were
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injected with either (aPDL1-FN3)s-ELPdepot (S.C.0r i.t.) or (aPDL1-FN3)s-ELPsolubie (S.C.O0r
intrap eritoneally (i.p.)) at equimolar doses. To maximize their therapeutic efficacy, we
treated each drug three times, three days apart. This frequency of drug injection was
determined based on the previous tumor growth curve; after a single injection of drug

(day 0), tumor growth grew again 4 days later. With multiple injections and different

delivery formats, the systemic delivery of (aPDL1-FN3)s-ELPsoune Shows better efficacy
than the localized and systemic delivery of (aPDL1-FN3)s-ELPdepot (Figure 43A and 43B).
We, therefore, decided to continue solely with the (aPDL1 -FN3)s-ELPsoubie fusion, and its
term is referred to (aPDL1-FN3)+-ELP. Also, we decided to use i.p. injection for the
preclinical study to match the administration routes of anti -PDL1 antibodies, enabling
us to directly compare in vivo activities between (aPDL1-FN3)+ELP and anti-PDL1

antibodies.
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Figure 43: In vivo efficacy with three injections in CT26 model. Mice are treated 3
times 3 days apart (day 0, 3, and 6) with one of the following : 1) s.c. (APDL1-FN3)4-
ELPsoluble ; 2) Ip (aPDLl-FN3)4-ELPSOIubIe; 3) S.C. (aPDLl-FN3)4-ELPdep0t; and 4) i.t.
(@aPDL1-FN3)s-ELPdepot. The (aPDL1-FN3)+-ELPsoune shows the best efficacy among
these groups. (A) Primary tumor growth curve and ( B) survival plot showed
significant tumor growth inhibition for mice 3 times treated with (aPDL1 -FN3)4-ELP.
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Tumor growth curves were analyzed by two -PEaw - .5 wEOEw 3da®d] az Uw U

survival data by log -rank test. Data and error bars represent mean + SEM.
5.3.2 Qualitative characterization with gel electrophoresis

To create an experimental control that does not possessPDL1-binding for our
protein therapeutics, (Nonsensd-N3)+-ELP was synthesized. This scaffold has the same
ELP with (aPDL1-FN3)+-ELP, whose sequences are 120 epeats of VPGXG where X is
comprised of 90% alanine and 10% valine. However, the (Nonsensd-N3)s domain does
not have PDL1-binding because its BC, DE, and FG loop regions are changed to
(GlynSer) linkers. Thus, (Nonsensd-N3)+-ELP is a perfect scaffold control for us to

examine the effect of PDL1-binding on in vitro and in vivo characterization .

kb
10; b kbp a b kbp a b
— ‘l"ezz - %=s —
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y 3 - a: (NonsenseFN3),-ELP
Moot P2 e \ 23 s W (1395 bp+ 1872 bp = 3267 bp)
ELP 159 s b: (aPDL1-FN3),-ELP
“BamH1 o .- - (1395 bp+ 1872 bp = 3267 bp)
Expression “*  Ndel, "™ Nde1, == Nhe1,
Vector Nhe1 BamH1 BamH1
digestion digestion digestion

Figure 44: Characterization of fusion proteins using an agarose gel. DNA agarose gel
of restriction digests confirms the successful insertion of  (Nonbi nding) +-ELP and
(aPDL1-FN3)s-ELP genes into a pET-24 expression vector.

We used PRe-RDL to produce both (Nonsensd-N3)s-ELP and (aPDL1-FN3)+-ELP
(187). To confirm their genetic fusion using agarose gel, we utilized three restriction
enzyme sites embedding in their sequences Ndel at the 5z0f FN3 gene fragments, Nhel

at the junction between FN3 and ELP fragments, and BamH1 at the Cz of ELP gene
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fragments. An agarose gel of double-digested expression vectors confirmed the
successful insertion of constructs for (Nonsensd=N3)+-ELP and (aPDL1-FN3)s-ELP into a

PET 24 expression \ector (Figure 44).
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Figure 45: Characterization of fusion proteins using SDS-PAGE and WB. (A) SDS-
PAGE confirm s the correct size of fusion pr oteins. The calculated sizes are shown. (B)
Western blot of native gels showed that (aPDL1 -FN3)s-ELP are detected by PDL1
protein. T his confirmed that (aPDL1 -FN3)+-ELP binds PDL1 whereas (NonsenseFN3)s-
ELP does not.

We used the E. coli expresson system to express (NonsenseFN3)s:-ELP and
(aPDL1-FN3)+-ELP. After bacterial cell expression, we purified both (Nonsensd=N3).-
ELP and (aPDL1-FN3)+-ELP proteins using ITC. Then, the purity of these proteins was
confirmed by SDS-PAGE (Figure 45A). Also, to ensure only (aPDL1-FN3)+-ELP has
PDL1-binding, we utilize a western blot method. Briefly, purified proteins were
separated in the native gel electrophoresis system. Then, the gel was transferred to a
membrane, incubated at room temperature with blocking buffer for 15 mins, with Fc-
PDL1 for 1 hour, and with AP-conjugated anti-Fc antibody for 1 hour. After washing 3
times using 1X PBS with 0.1% tween 20, NBT/BCIP solution was added to the

membrane, resulting in an insoluble , purple -colored band indicating the bindi ng affinity
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to PDL1. Using this system, we successfully confirmed that (aPDL1-FN3)+-ELP has

PDL1-binding while (Nonsensé=N3)+-ELP does not (Figure 45B).

5.3.3 Biophysical characterization of (aPDL1-FN3)4-ELP

With the purified (aPDL1-FN3)s:-ELP protein, we characterized its biophysical
properties: 1) hydro dynamic rad ius (Rn) was measured by DLS to confirm if ELP fusion
causes any significant aggregation or micelles formation ; 2) the purity was confirmed by
analytical SEGHPLC; 3) reversible phase transition behavior was studied using UV/vis
spectrophotometry . Since a phase trandtion behavior is temperature-dependent and
exhibits a visual change in its turbidity , the optical density of the protein sample is

measured at the wavelength of 350 nm as a function of solution temperature .
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Figure 46: Biophysical c haracterization of (aPDL1-FN3)+-ELP fusion protein . (A)
UV/vis spectrophotometry shows that (aPDL1-FN3):-ELP remains soluble at body
temperatur e. (B) SEC-HPLC shows that (aPDL1-FN3)s+-ELP is highly pure. ( C) DLS
shows that (aPDL1-FN3)s-ELP is a unimer without micelles formatio n or aggregation.

Figure 46 illustrate s the biophysical characterization of the (aPDL1-FN3)+-ELP
construct. Since this construct has soluble ELP, UV/vis spectrophotometry at 350 nm

showed that (aPDL1-FN3)+-ELP does not show LCST behavior at body temperature (37
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°C) at a concentration of 12.5uM that is used for in vivo injection in animal experiments.
SEGHPLC showed that purified (aPDL1-FN3)+-ELP is >95% pure.Finally, DLS showed

that (aPDL1-FN3)+-ELP is a unimer with an Rn of 7.4 nm and that no larger aggregates

were observed.

5.3.4 Characterization of the binding kinetics of (aPDL1-FN3)4-ELP

With the purifie d (aPDL1-FN3)+-ELP protein, we utilized SPR to analyze its
specific binding to PDL1 as well as to characterize its binding kinetics to human and
murine PDL1. The data suggestthat (aPDL1-FN3)s-ELP exhibits the ability to bind to

human PDL1 and murine PDL1 and does not bind to human PD1 and human PDL2

(Figure 47).
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Figure 47: Characterization of t he specific PDL1 binding kinetics of
ELP using SPR. The SPR sensograms of (aPDL1-FN3)+ELP showing binding to
human PDL1 and murine PDL1, and lack of binding to human PD1 and human PDL2.
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Also, the binding kinetics of (aPDL1-FN3)+ELP is 136 pM for human PDL1 and
225 pM for murine PDL1. This result indicates that the fusion with ELP successtilly
endows the LCST behavior of ELP without significantl y changing the properties of
(aPDL1-FN3)4 protein. Despite the ELP fusion, (aPDL1-FN3)s-ELP retains its specific

PDL1 binding .

5.3.5 Characterization after fluorescence conjugation

Next, we used the primary amine group on the N-terminus of (aPDL1-FN3)+-ELP
as the dte of conjugation for Alexafluor48 8 dyes. We utilized the identical method and
condition s for the conjugation of aPDL1-FN3 oligomers as described in the previous
chapter. Using this condition and method, we successfully conjugated the (aPDL1-
FN3)+-ELP proteins with Alexafluor488 dyes. We confirmed the successful reaction and
purity of our conjugated proteins using SDS-PAGE as well as size exclusion

chromatography (SEC) (Figure 48A and 48B).

A B
Ladder (aPDL1-FN3)4-ELP
kDa 3000
«—Alexa488- — A280
75 conjugated > 2000 — A495
(aPDL1-FN3),-ELP z’ 1000
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= 0 e . ———
20 40 60
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Figure 48: Successful conjugation of (aPDL1-FN3)+-ELP with Alexafluor488. (A)
Fluorescence image of SDS-PAGE shows (aPDL1-FN3)s-ELP labeled with
Alexafluor 488 fluorescent dye. (B) SECGHPLC of (aPDL1-FN3)4-ELP shows
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colocalized peaks with absorbance at 280 nm (protein) and 495 nm (fluorescent dye),
indicating the p rotein was successfully labeled with Alexa fluor 488

In SEGHPLC, due to the characteristic absorbance of Alexafluor488 dyes at 495
nm for its maximum excitation and that of protein at 280 nm, their co-localized peaks

indicate that (aPDL1-FN3)+-ELP construct is successfully conjugated with Alexafluor488

dyes.
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Figure 49: Biophysical characterization of (aPDL1-FN3)+-ELP conjugated with
Alexafluor488 . (A) UV -vis absorbance at 350 nm of 12.5 uM solution of (aPDL1 -FN3).-
ELP in 1X PBS buffer. The baseline absorbance shows that the fusion protein does not
undergo an LCST phase transition between 20 -40 °C, suggesting that it will rem ain
soluble upon in vivo concentration at this injection concentration. (B-C) SPR
sensorgrams of flu orescenceconjug ated (aPDL1-FN3)4+-ELP binding to murine PDL1
(B) and murine PD1 (C). The SPR data show that (aPDL1-FN3)4-ELP binds strongly to
murine PDL1 b ut does not bind to murine PD1.
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We also confirmed that the conjugation of Alexafluor488 dyes did not
significantly change the biophysical properties of (aPDL1-FN3)s-ELP using UV/vis
spectrophotometry (Figure 49A) and SPR(Figure 49B and 49C). Aft er the conjugation,
(aPDL1-FN3)s+-ELP maintains its ELP properties. Specifically, (aPDL1-FN3):-ELP
remains soluble at a concentration of 12.5uM that is used for in vivo injection in animal
experiments. Also, Alexafluor488-labeled (aPDL1-FN3)s-ELP retains (aPDL1-FN3)4

properties: strong and specific PDL1 binding .

5.3.6 Characterization of the potency of (aPDL1-FN3)4-ELP

To characterizethe PDL1 antagonism of (aPDL1-FN3)+-ELP, we used two assays:
1) in vitro PD1/PDL1 blockade assayas described in the previous chapter; 2) AlphaLISA

PD1/PDL1 blockade assay

Emission
\O 615 nm

\

His Tagged mPD-1

— 0000Q

Excitation
680 nm

Biotinylated
mPD-L1

Streptavidin Anti-His AlphaLISA
Donor beads Acceptor beads

Figure 50 Schematic showing the mechanism of AlphaLISA assay for mouse PDL1
antagonism. W hile a bio tinylate d mouse PDLL1 is captured by streptavidin -coated
donor beads, his-tagged mouse PD1 is captured by anti -His acceptor beads. When
mouse PD1 and mouse PDL1 bind together, the donor beads excite acceptor beads,
releasing a light emission at 615 nm. However, when (aPDL1-FN3)s-ELP antagonizes
mouse PDL1, this energy transfer is prohibited without re leasing light.
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We specifically chose AlphaLISA becauseit allows us to characterize the patency
of (aPDL1-FN3)+-ELP against mouse PDL1. In the Alphal ISA mouse PDL1 assay(Figure
50), while a biotinylated mouse PDL1 binds to streptavidin -coated Alpha donor beads,
his-tagged mouse PD1 is bound by anti-6X-His Alpha LISA acceptor beads.

When PD1 binds to PDL1, donor beads and acceptor beadscome into proxi mity
to each other. The excitation of the Donor beads releasessinglet oxygen molecules,
promoting a cascade of energy transfer in the acceptor beadsThis transfer results in
light emission at 615 nm. Thus, once the PDL1 antagonist exists and antagonizes the
interaction between PD1 and PDL1, this energy transfer is prohibited , and no light is
released at 615nm

Using the serial dilution of (aPDL1-FN3)s+-ELP and (NonsenseFN3)-ELP
proteins, we characterized their potency compared to those of anti-PDL1 antibodies.
According to the results of this assay (Figure 51), while (NonsenseFN3)-ELP did not
show any PDL1 antagonism, (aPDL1-FN3)s-ELP successfully antagonized the interaction
between PD1 and PDL1. Thisdemonstrates the specific PDL1 binding and antagonism
from the engineered loop regions of aPDL1-FN3. Also, the ICso of (aPDL1-FN3)+-ELP is
around 242 pM for mouse PDL1 and 506 pM for human PDL1. These values are
competitive with those of anti -PDL1 antibodies whose ICso values are around 120-140

pM for mouse PDL1 and 227 pM for human PDL1.
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Figure 51: Characterization of IC s of (aPDL1-FN3)s-ELP as compared to anti-PDL1
antibodies. The ICsovalues are quantified by a curve -fit of the dose-response curves in
both (A) AlphaLISA and (B) in vitro PDL1 blockade assay and are listed in the
adjacent table. While (NonsenseFN3)s:-ELP did not show any PDL1 ant agonism,
(aPDL1-FN3)4-ELP showed similar picomolar ICso values with anti -PDL1 antibodies
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We also performed AlphalLISA using the (aPDL1-FN3)s:-ELP conjugated with
either iodine - or Alexafluor488 - molecules (Figure 52). This study is to ensure that after
conjugation, (aPDL1-FN3)s-ELP maintains its strong mouse PDL1 antagonism before in
vivo studies. We successfuly confirmed that Alexafluor488-conjugated, iodine-

conjugated versions retain their strong PDL1 antagonism as much as unconjugated

(@aPDL1-FN3)+-ELP. The iodine-conjugated (aPDL1-FN3)s-ELP has the lowest ICso of
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around 2 nM because tyrosine residue used for the conjugation contributes to the

binding pocket in the FG loop of aPDL1-FN3.
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Figure 52: AlphaL ISA for murine PDL1 binding showing the normalized AlphaL  ISA
signal as a function of protein concentration of the Alexafluor488 - conjugated, iodine -
conjugated, and unconjugated (a PDL 1-FN3)+-ELP. The curves were fit to calculate the
ICsofor PDL1 antago nism, which are shown in the adjacent table.

5.3.7 In vitro quantifying specific PDL1-binding of (aPDL1-FN3)4-ELP
with flow cytometry

We next validated the in vitro PDL1-binding of (aPDL1-FN3)-ELP using four
different cell lines: 1) genetically engineered Jurkat-PD1 cell lines that do not have any
PDL1 expression. This cell lineis useful to evaluate if (aPDL1-FN3)+-ELP proteins exhibit
any non-specific bindin g for PD1 receptors; 2)genetically engineered CHO -hPDL1 cell
lines that stably express human PDL1 receptors on their cellular membranes. This cell
line is very useful to vali date the in vitro PDL1-binding of (aPDL1-FN3)+-ELP and
determine if (aPDL1-FN3)s-ELP can saturate all PDL1 receptors at the cellular level
becauseall cells expressthe PDL1 receptor; 3) CT26.WT colon cancer cell lines that are

known for PDL1 expre ssion and used for anti-PDL1 therapy in the preclinical model; 4)
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MC38 colon cancer cd lines that are utiliz ed the most for in vivo anti-PDL1 therapy.
Using thesetwo cancer cell lines, we canconfirm the PDL1 expression levels of eachand
decide if these candidates are suitable forin vivo testing in the future .

For this study, we used the fluorescently labeled (aPDL1-FN3):-ELP and
(NonsenseFN3)+-ELP, incubated them with these four cell lines that have a range of
PDL1 expression levels, and analyzed these cell population s for fluorescence by flow
cytometry. First, (aPDL1-FN3)~ proteins and their ELP fusion prot eins did not bind to
Jurkat cells expressing PD1 (Figure 53). This indicates a lack of PD1 binding of aPDL1-

FN3.

Jurkat

A =1 (aPDL1-FN3),
/‘\“ == (aPDL1-FN3), (NonsenseFN3),-
- —= (aPDL1-FN3); ELP

(aPDL1-FN3), ==
(aPDL1 'FN3)5 (aPDL1 -FN3)4-

%\\ =1 Negative ELP

(IJI Ty lémq T -4-'-."-. Ty ws--.--q
10 10 10 10

FL1-A :: FL1-A

Figure 53: Flow cytometry data analysis using Jurkat/PD1 cells. Flow cytometry
histograms of (aPDL1-FN3)» proteins and their ELP fusion prot eins to Jurkat cells that
express PD1show a lack of binding of the FN3 to PD1 .

With CHO cells that stably express human PDL1 receptors, around 95% of
(aPDL1-FN3)4+-ELP successfully bound to PDL1 on these cells, while (NonsenseFN3)a-

ELP did not bind to PDL1 (Figure 54). This result indicates that (aPDL1-FN3)s+-ELP
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almost saturates PDL1 receptors due to their valency and potency, and their specific

PDL1-binding is becauseof the aPDL1-FN3 domain, not the scaffold.
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Figure 54: Flow cytometry data analysis using CHO-hPDL1 cells. (A) While
(Non senseFN3)s-ELP protein does not bind t o hPDL1 receptors on CHO cells, (aPDL1 -
FN3)s-ELP binds, retaining their PDL1 binding after the fusion. (B) The gating
strategy is used for the quantification of proteins bound to CHO c ells that express
hPDL1 (CHO -hPDL1). Each gating strategy is referred to as CHO cells, followed by
single cells and fluoresc ence population. T he percentage of cells for each gating is
indicate d in the panels. First, 84.5% of cells arechosen aslive CHO cel Is. Then, 96.4 %
of single cells are selected. In this sample, 100%of cells exhibit no fluorescence .

With CT26.WT and MC38 cancer cell lines, we quantified the PDL1 expression
level using the bindin g capability of fluorescently conjugated (aPDL1-FN3)4-ELP (Figure
55). In CT26.WT cells, around 62% cells were lound by (aPDL1-FN3)+-ELP while in
MC38 cells, approximately 58% cells were bound by (aPDL1-FN3}-ELP. Because of

stable expression, CHO-hPDL1 cells exhibit a significantly greater fraction of cells
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(~95%) bound by (aPDL1-FN3)+ELP. Altogether, these results that (aPDL1-FN3)+-ELP
successfully binds to PDL1 receptors and two cancer cell lines, CT26 WT and MC38,
express PDL1 re@ptors, which is a prerequisite for anti-PDL1 therapy. These two cell

lines can be used forin vivo testing.
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Figure 55: Flow cytometry data analysis of binding of (NonsenseFN3)s-ELP and

(aPDL1-FN3)s-ELP to PDL1 receptors on CT26.WT, MC38, and CHO -hPDL1 cells. (A)

Flow cytometry histogram s show that (aPDL1-FN3)s-ELP binds to CT26.WT (A) and

MC 38 (B) cells. (C) Percent of cells with bound proteins quanti fied by flow cytometry

using the gating strategy shown in (D -F). The percentage of cells that are not bound

by fluorescently conjugated pro teins (negative) are indicated in each inlet with the
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number of percentages. CHO -hPDL1 cells have a significantly gre ater fraction around
95%| that are bound by (aPDL1 -FN3)s-ELP than CT26.WT or MC38 cells (*p<0.05,
**p<0.005, one-way ANOVA test).

5.3.8 In vitro characterization of 3D tumor spheroids uptake and
penetration of (aPDL1-FN3)4-ELP

To evaluate the tumor penetration and uptake of (aPDL1-FN3)s-ELP as compared
to those of anti-PDL1 antibodies, we utilized CT26 WT-based tumor 3D spheroid models
as previously described. After seeding CT26.WT céls, cell aggregates were maintained
for 10 days to allow them to assemble into spheroid s governing cell-ECM interactions.
Then, using the spheroids with a diameter larger than around 200 pum, Alexafluor488 -
conjugated-(aPDL1-FN3)s-ELP, (NonsenseFN3)-ELP, and anti-PDL1 antibodies were
incubated for the final concentration of 1 uM for 1 hour at 37 °C. Simultaneously,
Hoechst solution was also incubated for nucleus staining. After washing, spheroids were
placed in a 35 mm glass bottan petri dish and imaged by Andor dragonfly spinning
disk confocal microscopy. The processed Z-stack images are illustrated in the following
figures: (NonsenseFN3)s-ELP (Figure 56), (aPDL1-FN3)+-ELP (Figure 57), Bioxcellz anti-
PDL1 antibody (Figure 58), and Invivogen z anti-PDL1 antibody (Figure 59).

According to the montage of Z-stack images, (NonsenseFN3)s-ELP did not have
significant binding to CT26 spheroids, while (aPDL1-FN3)+-ELP exhibited PDL1-
targeted tumor uptake and penetration. Compared to the images of anti-PDL1
antibodies, (aPDL1-FN3)s-ELP has a more uniform distribution inside the spheroids and
deeper penetration. How ever, antibodies remain in more peripheral areas of spheroids.
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Figure 56: Montage of Z -stack images of (NonsenseFN3)+-ELP using CT26 spheroids.
The DIC image is shown in the top right. Ho echst is labeled blue, and protein is
labeled green. The scale bar is shown on the bottom right.

Figure 57: Montage of Z -stack images of (aPDL1-FN3)s-ELP using CT26 spheroids.
The DIC image is shown in the top right. Hoechst is labeled blue, and protein is
labeled green. The scale bar is shown on the bottom right.
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Figure 58: Montage of Z -stack images of Bioxcellz anti-PDL1 antibody using CT26
spheroids. The DIC image is shown in the top right. Hoechst is labeled bl ue, and
protein is labeled green. The scale bar is shown on the bottom right.

Figure 59: Montage of Z -stack images of Invivogenz anti-PDL1 antibod y using CT26
spheroids. The DIC image is shown in the top right. Hoechst is labeled blue, and
protein is | abeled green. The scale bar is shown on the bottom right.

Based on theseimages, we also calculated the penetration depth for each sample
(Figure 60). While Invivogen z and Bioxcellg anti-PDL1 antibodies have an average of

335 um or 20.8um for the depth of penetration respectively, (aPDL1-FN3)s-ELP exhibits
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62.4 um. This result indicates that (aPDL1-FN3)s-ELP penetrates 3D tumor spheroids
around 2~3 significantly deeper than anti-PDL1 antibodies. This better penetration and
tumor uptake could be becauseof the smaller size, tetravalency, and modularity of

(aPDL1-FN3)+-ELP protein therapeutics.

Figure 60: Tumor penetration depth for (aPDL1-FN3)s-ELP and anti-PDL1 antibodies .
(aPDL1-FN3)s-ELP exhibits 2-3 times deeper penetration of tumor than antibodie s
using CT26 spheroids (*p<0.05, **p<0.005, one-way ANOVA and Tukey 7 test).

5.3.9 Pharmacokinetics of (aPDL1-FN3)4-ELP

We studied the effect of the genetic fusion of ELP on half-life and cumulative
plasma exposure after either i.p. or intravenous (i.v.) administrations in Balb/c mice. We
performed a single i.p. injection of either fluorescently labeled (aPDL1-FN3)4 or (aPDL1-
FN3)+-ELP, or a single i.v. injection of fluorescently labeled (aPDL1-FN3)s-ELP. At time
points from 15 seconds to 120 hours, we cdlected blood from the tail veins of mice and

measured fluorescence intensity in plasma. The concentraton of (aPDL1-FN3)s and

133



(aPDL1-FN3)+-ELP in plasma at various time points were then calculated using a
standard curve that relates fluorescence intensity to their protein concentration. Then,

the concentraton of proteinsin plasma was plotted as a function of time (Figure 61).
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Figure 61. Pharmacokinetics show circulating proteins in plasma as a fun ction of time
following a single injection  of (A) i.p. (aPDL1-FN3)s, (B) i.p. (aPDL1-FN3)+-ELP, and
(C)i.v. (@PDL1-FN3)4+ELP.

To determine the PK parameters shown in Table 12, we used the PK solver
program (192). The i.p. data were fit to a hon-compartm ental model while the i.v. data
were fit to a two-compartment model. Fusion to an E+/ w DOEUI EUI Ew U1 T w x
elimination half -life from 1.6 hours to approximately 11 hours, providing a 6-fold
improvement in the serum half-life of the anti-PDL1 drug. This prolonged the
effectiveness of the drugs in plasma. According to preclinical data of anti-PDL1
antibodies (193), the minimum effective concentration of antibodies for their therapeutic
effects is 40 nM. Above this minimum effective concentration, the fusio n with ELP

maintained effectiveness in plasma for 28.5h, compared to 2.2 h for the (aPDL1-FN3)4

alone. The fusion with ELP also prevented burst release and promoted slow release into
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the systemic circulation, as evidenced by the 26-fold lower C max value and 2.8-fold
longer tmax value |
profile is beneficial for drug delivery as it preve nts wasted drugs, better maintains
plasma drug concentration within the therapeutic window
This minimization in burst release is also reflected in the total cumulative blood
exposure of the drug, measured by the area under the plasma concentration versus time
curve (AUC). The 57300, ¢ AUC of (aPDL1-FN3).-ELP is 4.8 times greater than the
11930, ¢AUC of (aPDL1-FN3)s. The bioavailability of i.p. injection for (aPDL1-FN3)a-
ELP was 76.%%. Using this bioavailability (F), we calculated the c learance ofthe protein
from systemic circulation " + AwbP D UT wUT T wi OUOU AmiGarBLA-BN3)W ¢ w %y
is 4.30 ml/h/kg while the CL of (aPDL1-FN3)sELP is 0895 ml/h/kg, which is 48-fold

slower. All these parameters $iow the significant enhancementof pharmacokinetics due

to the fusion with EL P.

Table 12: Pharmacokinetics parameters

defined as the time it takes for a drug to reach its Crax. This release

, and minimi zes side effects.

i.p. (@PDL1-FN3), | i.p. (@PDL1-FN3)-ELP | i.v. (aPDL1-FN3) -ELP

i, 172 1.598 + 0.263 h 10.58 £ 0.91 h 5.09 + 0.1

4o 2.182+0.352 h 28.5+23h 21.7+2.1h

C o 131.7 £ 12.41 nM 346.6 +29.19 nM 3527+ 155.6nM

LI 1.07+0.32 h 3.048 £2.616 h ~0h

C, 106.8+24.90 nM 20.37 + 29.67 nM 3527 + 155.6 nM

CL 4.30 ml/h/kg 0.895 ml/h/kg 8.943 ml/h/kg

AUC | huhuNt wp whu KAt Ywpuwt KI AKNI wpwt KI

F (%) - 76.5 % 100 %
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To compare the pharmacokinetics of (aPDL1-FN3)+-ELP with those of anti -PDL1
antibodies, we i.p. administered fluorescently conjugated (aPDL1-FN3)+-ELP or anti-
PDL1 antibodies in Balb/c mice. After a single injection of an equimolar dose of 67
nmol/kg, blood samples were collected at various time points between 15 seconds to7
days. Using a standard curve, the concentration of protein in plasma was plotted as a

function of time.
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Figure 62: Pharmacokinetics of (aPDL1-FN3)+ELP and anti-PDL1 antibo dies. The
protein concentration in plasma was plotted as a function of time following a single

i.p. injection of (aPDL1-FN3)s+-ELP, Invivogen z anti-PDL1 antibodies , and Bioxcell
anti-PDL1 antibo dies.

After the data was fit to a non-compartmental model, we quantified the PK
parameters of (aPDL1-FN3)+-ELP as well as anti-PDL1 antibodies shown in Table 13.
Although (aPDL1-FN3)+-ELP increases the proteing elimination half -life due to the
fusion with ELP, anti-PDL1 antibodies exhibit a much longer serum half-life: Bioxcellz
anti-PDL1 antibodies show around 7 times that of (aPDL1-FN3)-ELP and Invivogen

anti-PDL1 antibodies show around 10 times that of (aPDL1-FN3)s-ELP. Especially, IgG1-
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based Invivogenz mAb has aound 4-5 days of serum half-life while 1gG2-based
Bioxcellz mADb has around 3 days of serum half-life. We believe that this difference is
mainly due to the di fferent types of isotypes. We believe that this difference is mainly

due to the different type s of isotypes contributing to pharmacokinetics (194, 199.

Table 13: Pharmacokinetics parameters as compared to anti-PDL1 antibodies

i.p. @PDL1-FN3) ELP | jp.! DORET OQip.( OYDPYOI |
Lo, 12 9.381+3.206 h 74.01+3.42 h 107.4+9.479 h
t o 27.3+3.41h 177.7+11.24 h 2517+45.47 h
C 255.3+8.67 nM 278.5+68.6 nM 371.3+57.92 nM
t 2.525+0.447 h 7.151+1.43 h 9.321+2.319 h
C, 28.069.202 nM 30.16+69.35 nM 21.40+54.75 nM
AUC 132914853 wo, ¢| | Yt YWpKhWw Kt I Whpkt N

5.3.10 Evaluating in vivo efficacy of (aPDL1-FN3)s-ELP
5.3.10.1 Primary tumor gro wth

Having shown improved pharmacokinetics of (aPDL 1-FN3)+~ELP, we next
examined the therapeutic effect of (aPDL1-FN3)+ELP on antitu mor immune responses
and compared its efficacy with those of anti-PDL1 antibodies. We chose to utilize two
different anti -PDL1 antibodies for thorough comparisons: (1) anti-mouse PDL1 antibody
(clone number: 10F.9G2, Bioxcell) that hasbeen commonly used for in vivo research (196
199; (2) atezolizumab-based antiPDL1 antibody (Invivog en) that features a PDLZX:
binding Fab region equivalent to that of the FDA -approved atezolizumab d rug. The Fc

region of atezolizumab is a fully -humanized IgG1 that contains an N298A mutation to
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restrict both antibody -dependent cytotoxicity (ADCC) and complement-dependent

cytotoxicity (CDC) (200, 20). To utilize this property of atezolizumab in pre clinical mice

SOUUEDI UOw ( &-BPDLD antibGdy Has murine 1gG1 with D265A exhibiting no

ADCC and low CDC. We believi wUT I wOUIl wOi wEOUT wHebDIE @D Uz WE (
gauge the efficacy of our fusion drug compared to current standard treatments. We

evaluated the in vivo anti-tumor efficacy of (aPDL1-FN3)+-ELP using the following
immunocompetent mouse models, which are known to respond to anti-PDL1

checkpoint blockade: (1) B16.F10 (ATCC CRLE6475) s.c. melanoma model in male

C57BI/6 mice; (2) MC3 s.c colon cancer model in male and female C57bl/6 mice; and (3)

CT26 (CT26.WT, ATCC CRL:2638) s.c. colon cancer model in male and female Balb/c

mice.

B16.F10melanoma modeOn day 0, male C57H/6 mice were inoculated s.c.with 105 of

B16.F10 cells. Ondays 4, 7, and 10, mice were treated three times with one of the

following treatment grou ps: (i) PBS contol; (ii) (NonsenseFN3)+-ELP scaffold control ;

(i) (@PDL1-FN3)+-ELP drugOw B Y A w &anB-OBR ENOQEHDUDPEOEAOWEOE W pVY A u
anti-PDL1 antibody . Each drug administration was i.p. at a dose of 67 nmol/kg, the same

conditions for atezolizumab in precl inical studies. In this tumor regres sion study (Figure

63), all treatment groups slowed tum or growth, compared with the no -treatment control

groups (p<0.05. Notably, (NonsenseFN3)+-ELP had no therapeutic effect on the overall

tumor growth, compared to the PBS group, suggesting that the anti-tumor efficacy of
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(aPDL1-FN3)s-ELP was induced by its PDL1 antagonistic effect, not by the protein

scaffold. Also, we did not detect any significa nt toxicities after treatments.

A B "’E 2500 - PBS
B16.F10 E 2000 = (NonsenseFN3),-ELP
E 1500 -+ Invivogen's mAb
(105Icells) 1 1 - § 1000 * =~ Bioxcell's mAb
Dalyg :; !( 1(') 5 so0 ~+ (aPDL1-FN3),-ELP
I £

0 5 10 15 20 25

Drug injections (i.p.) Days after tumor inoculation

¢ D

) & 1007 ~ PBS
G ~ PBS ry ~ (NonsenseFN3),-ELP
= 28 NS = (NonsenseFN3),-ELP ® . .
=) 26 [N -+ Invivogen's mAb T 50 = Invivogen's mAb
= A 4] ; g
%’ = Bioxcell's mAb 2 - Bioxcell's mAb

24
2 53 ~+ (aPDL1-FN3),-ELP § - (aPDL1-FN3),-ELP
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Figure 63: In vivo anti-cancer efficacy in a B16.F10syngeneic mouse model. (A) The
schematic shows the dosing schedule. 10° of B16.F10 melanoma cells were implanted
s.c. in C57bl/6 mice (day 0). On days 4, 7, and 10, micewere treated i.p. with PBS,
(NonsenseFN34+ELP, (aPDL1-FN3):-$ +/ Ow ( OYPY &DUL G Fwrm®Wau ! pORET O
anti-PDL1 mAb. We chose a sample size of n = 58 mice. Mi ce were given three
injections three days apart with a do se of 67 nmol/kg per injection. Pa nels (B-C) show
results for the B16.F10 model: primary tumor growth curve (B) , body weig ht (C), and

survival plot ( D) and demonstrate tumor growth inhibition for mic e treated with anti -
PDL1 antagonists (*p<0.05).

MC38 cola cancer mdel A total of 10> MC38 cells were inoculated s.c.in male and
female C57bl/6 mice and allowed to grow to the size of 70 ~ 90 mm. Mice were then
treated on day 0 with one of the following treatment groups: (i) PBS control; (ii) (aPDL1 -
FN3):-ELPO wpD D b A w ! -FDORaBtibddyd gr (MulE ivogenz U w-BOd Daddtibody. In

this study, we did not include ( NonsenseFN3)+-ELP control because we already
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confirmed that this protein exhibited no therapeutic efficacy. The treatment schedule
and dose ae identical as described aove: threei.p. injections three days apart with each
dose of 67 nmol/kg. Results from the MC38 tumor regression study (Figure 64B) showed
that (aPDL1-FN3)+-ELP significantly slowed primary tumor growth, compared with PBS

(p<0.005) and two anti-PDL1 antibodies (p<0.05). (aPDLXFN3)+-ELP also improved
overall survival (p <0.05, logrank) than PBS and! D OR E |1 GRDE1UantiBo@yJ(Eigure

64D). Moreover, (aPDL1-FN3)s-ELP exhibited no overt signs of toxicity and weight loss

(Figure 64C).
A B
1500 . _
MC38 Tumor size
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I ]
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Figure 64: In vivo anti-cancerin an MC38 syngeneic mouse model. (A) The schematic
shows the dosing schedule of thi s study. 10° of MC38 colorectal cancer cells were
implanted s.c.in C57bl/6 mice. After t umors were allo wed to grow to 70~90 mm?, mice
were then treated (day 0) i.p. with PBS, (aPDL1-FN3)4-ELP, or anti-PDL1 mAbs (n = 81
12 mice) with a total of three inject ions three days apart at a dose of 67 nmol/kg.
Primary tumor growth curves (B), body weights (C), and survival plots (D) show
signific ant tumor growth inhibition for mice treated with (aPDL1-FN3)+ELP
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compared to PBS (p<0.0®) or anti-PDL1 antibody (p<0.05). Overall, (aPDL1-FN3)+ELP

shows improved survival than PBS and Bioxcell z U w-PH. I 8ntibody (p<0.05, log-
rank).

A B
_ - PBS
E 297+ Invivogen's mAb
CT26 PR B (aPDL1-FN3)4-ELP .
Tumor size £ ] ok
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257 100
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— - (a - - = ]
g u- 4 E ~ (aPDL1-FN3),-ELP
= 21 c>u E
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Figure 65: In vivo anti-cancer efficacy in a CT26.WT syngeneic mouse model. (A) The
schematic shows the dosing schedule of this study. 10 5 of CT26 colorectal cancer cells
were implanted s.c.in female Balb/c mice. Tumors were allo wed to grow to 70~90
mm?3 over 8 days. Mice were then treated (day 0) i.p. with PBS, (aPDL1-FN3)4+-ELP, or
anti-PDL1 mAb (n = 812 mice) with a total of three inject ions three days apart at a
dose of 67 nmol/kg. Primary tumor growth curves (B), body weights (C) , and survival

plots (D) show signific ant tumor growth inhibition for mice treated with ( aPDL1-
FN3)s+-ELP compared to PBS (p<0.@5) or anti-PDL1 antibody (p<0.05). Overall,

(aPDL1-FN3)s-ELP shows improved survival than PBS and anti-PDL1 antibody
(p<0.05, log-rank).

CT26WT colon cancerTo investigate the therapeutic potential of (aPDL1-FN3)4+-ELP on
different mice strains, we chose to use the CT26 modé Female Balb/c mice were injected
s.c.in the right flank with CT26. When the tumor size reached 70 ~ 90 mms3, mice were

injected i.p. with PBS, (aPDL1-FN3)+ELP OUw ( OY B Y O-PDOLD artinwdy. OAll B
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treatment conditions are identified as described above The (aPDL1-FN3)s-ELP

significantly reduced primary tumor growth relative to PBS (p<0.0054A OWE OEw( OYDPY OT |
anti-PDL1 antibody (p<0.05) Figure 65B), and improv ed overall survival (p< 0.05, log

rank) (Figure 65D). These results indicate that (aPDLXIFN3)+-ELP has possble

therapeutic advantages over the existing anti-PDL1 antibodies in terms of tumor growth

inhibition. The treatment triggered no sig nificant body we ight decrease §igure 65C).

5.3.10.2 Tumor r echallenge

In recent experiments that we carried out to maximize the therapeutic efficacy of
(aPDL1-FN3)+-ELP as well as anti-PDL1 antibodies, we started treatments based on the
days of inoculation, rather than the tumor sizes. All conditions of these treaments
(groups, dose, and schedule) were the same as in theprevious B16.F10 mice model
study.
In this study (Figure 66), while all PBS and (NonsenseFN3)s-ELP groups
continued to grow tumors, (aPDL1-FN3)+-ELP and two anti-PDL1 antibodies treatments
resulted in surviving mice: 11 mice for (aPDL1-FN3)+ELP; 9 mice fOUw! DOREI OO0z Uw |
PDL1 antibody; and 90D ET wi OU w ( O YbIYL@mtibodyz Alluréatthénts did not

exhibit overt toxicities .
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Figure 66: In vivo anti-cancer efficacy in an MC38 syngeneic mouse model showing

some tumor -free mice. (A) Treatments did no t exhibit overt toxicit ies. (B) The survival

plot shows that treatment groups have 9-11 survivin g mice. (C) Treatments delayed or

inhi bited the initiation of primary tumor growt h. (D-H) Individual tumor growth

curves. 10 of MC38 colon cancer cells were im planted s.c.in male and female C57bl/6

mice (day 0). On days 4, 7, and 10, mice were treated i.p. with (D) PBS, €
(NonsenseFN3)+ELP, (F) (aPDL1-FN3)+ELP, (G) Invivo Gen's or HAw! DPOREF OOz UwE
PDL1 antibodies . Tumor growth curves were analyzed by two -way ANOVA and

3 UOI &gt hndBurvival data were analyzed by log -rank test. Data and error bar s

represent mean £ SEM. *p<0.05, **p<Q005, ***p<0.0001
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Figure 67: In vivo rechallenge experiment in an MC38 syngeneic mouse model. (A)
The schematic shows the dosing schedule of this study. (B) The survival plot shows
that (aPDL1-FN3)+-ELP groups had 9 mice surviving from the re -challeng e (81%), and
each mAb group had 6 surviving mice fro m the re-challenge (67%). (C-F) Individual
tumor growth curves of mice that were previously treated with (C) none, (D)
(OYDYOMAbOEEA w ! B O RniAb,Gebd; (F)w(@PDL1-FN3).-ELP, after tumor re -
inoculati on. Survival data were analyzed by log -rank test.

The (aPDL1-FN3)+-ELP groups had 11 surviving mice and antibody groups h ad 9
surviving mice that were used for the rechallenge experiment in Figure 67. On day 85
after the initial tumor inocula tion, survivi ng mice were reinoculated with the same
number (1) ofMC38 cells at the same location (right flank) as the original primary
tumor. As a control for the treatment groups, we used mice that did not receive any
drugs before. On day 170 after reinoculation, the (aPDL1-FN3)+-ELP groups had 9 mice
surviving fr om the re-challenge (81%), and each mAb group had 6 surviving mice from
the re-challenge (67%). These results show that (aPDLAFN3)4+-ELP successfully induces

systemic activation of anti-tumor immunity and i mmunological memory .
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