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2. Acronyms

Abs
ACT
ADAs
ADCC
ADCP
ADCs
AMSG
APCs
ARMs
AZA / AAZ
B-BiTE
BCP-ALL
BITE
bsAbs
CAIX
CAR
CD19
CD20
CD8a
CDC
CDRs
CEACAMS
CLL
CRC
CRS
CTLA-4
DCs
DLBCL
DNP
DUPA
EpCAM
ESI

E:T
FcRn
FDA
FITC
FOLR1
GPCRs
HER2
HSA
hulgG1
ICB

ICE

antibodies

adoptive cell transfer

anti-drug antibodies

antibody-dependent cell-mediated cytotoxicity
antibody-dependent cellular phagocytosis
antibody-drug conjugates
avidity-mediated selectivity gain
antigen-presenting cells
antibody-recruiting molecules
Acetazolamide

bridging BiTE

B-cell precursor acute lymphoblastic leukemia
bispecific T cell engager

bispecific antibodies

carbonic anhydrase IX

chimeric antigen receptor

cluster of differentiation 19

cluster of differentiation 20

cluster of differentiation 8a
complement-dependent cytotoxicity
complementarity determining regions
carcinoembryonic antigen-related cell adhesion molecule 5
chronic lymphocytic leukemia

colorectal cancer

cytokine release syndrome

cytotoxic T-lymphocyte protein 4

dendritic cells

diffuse large B-cell ymphoma
2,4-dinitrophenyl group

2-[3-(1, 3-dicarboxy propyl)-ureido] pentanedioic acid
epithelial cell adhesion molecule
electrospray ionization

effector-to-target cell ratio

neonatal Fc receptor

U.S. Food and Drug Administration
fluorescein isothiocyanate

folate receptor alpha

G-protein coupled receptors

human epidermal growth factor receptor 2
human serum albumin

human immunoglobulin G 1

immune checkpoint blockade

innate cell engager
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ICI

Ig

IL2

KiH
LALA
LBCL
mADbs
MAC
mCRPC
MM
MSLN
MW
NHL
NK
NKCE
NLR
oToT
pARMs
PD1
PD-L1
PET
PRIT
pro-TCB / prot-TCB
PSMA
R/R
SEC-MS
scFv
SMDCs
SPR
STEAP1
TAA
TAMs
TCB
TCE
TCR

TIL
TME
TSA
WT

immune checkpoint inhibitor/inhibition
Immunoglobulin

interleukin 2

knobs-into-holes

L234A L235A mutations

large B-cell lymphoma

monoclonal antibodies

membrane attack complex

metastatic castration-resistant prostate cancer
multiple myeloma

Mesothelin

molecular weight

non-Hodgkin lymphoma

natural killer

NK cell engagers

NuclLightRed

on-target off-tumor

polymeric ARMs

programmed cell death protein 1
programmed cell death 1 ligand 1

positron emission tomography

pretargeted radioimmunotherapy
protease-activated T cell bispecific antibody
prostate-specific membrane antigen
relapsed/refractory

size-exclusion chromatography-mass spectrometry
single chain Fv

small molecule-drug conjugates

surface plasmon resonance
six-transmembrane epithelial antigen of prostate member 1
tumor associated antigen

tumor-associated macrophages

T cell bispecific antibody

T cell engager

T cell receptor

tumor infiltrating lymphocytes

tumor microenvironment

tumor specific antigen

wild-type
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3. Thesis summary

Bispecific immune cell engaging antibodies are highly promising agents for cancer
immunotherapy. However, one major obstacle to achieving efficacy across patient
populations remains inter- and intra-patient tumor heterogeneity. This heterogeneity has
been observed in terms of both tumor antigen profiles and immune cell compartments and
immune fitness. As such, one-size-fits-all drug approaches, targeting specific antigens and
specific immune cells within an indication, are bound to show limited therapeutic effects
across patients. A proposed solution gaining interest in the scientific community is treatment
personalization. While displaying high potential, personalization of drugs to each patient has
been proven to substantially increase therapy costs, and pose risks of delayed treatment due
to production timelines. An attractive approach, albeit not fully explored in previous studies,
would be a combination of personalization potential with off-the-shelf drug availability. In this
thesis, three universal and modular therapeutic antibody platforms are presented, aiming to
address these issues.

Firstly, a novel universal P329G-Engager antibody platform is developed. The modular
platform is based on two libraries enabling mix-and-match drug assembly. The first is a library
of tumor antigen-binding adaptor IgG antibodies, each of which bears P329G mutations in its
Fc portion. Upon identifying a tumor target of choice, the specific adaptor is selected. The
second library consists of bispecific immune engaging antibodies, recognizing both the P329G
mutation and an immune receptor of choice, resulting in P329G-T cell bispecifics (P329G-TCB),
ADCC-competent P329G innate cell engagers (P329G-ICE), P329G costimulatory molecules
(P329G-CD28/4-1BBL) or P329G immunocytokines (P329G-IL2v). A selection of a desired
antigen-targeting adaptor, and a desired immune engager, enables assembly into a functional
immunotherapeutic drug with a mode of action of choice. The antigen binders, the P329G
mutation, the P329G binder and immune receptor binders are all based on clinically-tested
and validated immunotherapeutics. In vitro assays presented here show all P329G-Engager
modalities induce anti-tumoral and/or immunomodulatory cell activity. Anti-tumoral efficacy
of secondary antibodies is observed only in the presence of tumor-targeted P329G adaptors
both in vitro and in vivo, while no effect is observed in their absence. Altogether, experimental
evidence is provided for the double universal character of the P329G-Engager antibody
platform, whereby tumor binding components and immune engaging components enable
assembly of functional drugs from modules of choice.

Secondly, in order to tackle on-target off-tumor toxicity linked to classical TCBs, a protease-
activated pro-P329G-TCB is developed. To ensure drug activation only in the tumor
microenvironment, a tumor-activated switch component is engineered and added to the
P329G-TCB structure — a tumor-associated protease-cleavable binder mask. Upon
encountering the protease-rich tumor microenvironment, the mask can be released,
resulting in activation of the drug. To retain P329G-binder universality a P329G-mutated CH2
fragments engineered as a mask. While the inactivating mask has the same structure as the
epitope on the P329G-mutated adaptors, protease-dependent release of the mask
enables adaptor-engager assembly and functional T cell engagement against tumor cells.
Pro-P329G-TCB is
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shown to release the mask upon cleavage by matriptase only when a specific cleavage site is
utilized. Moreover, due to being based on the P329G-Engager, pro-P329G-TCB is able to
assemble with different tumor-binding P329G-mutated IgG adaptors and exert protease-
dependent antitumoral efficacy in vitro on different cancer cells. Therefore, pro-P329G-TCB
enables next-generation tumor activation of a target-agnostic P329G-directed TCB.
Additionally, due to the potential of the P329G-masking being transferrable to other P329G-
Engagers such as P329G-ICE, a triple universality is enabled — in terms of protease masking,
antigen choice, and immune engager choice.

Thirdly, to capitalize on differences in pharmacological properties of small molecules and
antibodies, as well as high affinity hapten binding, an adaptor-based universal DOTAM-TCB
platform is developed. The tumor-binding adaptor library consists of a set of small molecules.
Their structure is derived from published small molecule ligands to surface tumor targets, and
designed to be covalently linked to the Ca%*-loaded chelator DOTAM serving as a hapten. This
results in new design of molecules such as Ca-DOTAM-DUPA and Ca-DOTAM-AAZ for targeting
PSMA and CAIX expressing tumors, respectively. The immune engager of choice is a bispecific
antibody with a hapten binder recognizing Ca-DOTAM and a binder to CD3e. X-Ray
crystallography reveals a deep binding pocket between VH and VL domains of the anti-DOTAM
antibody binder. The Ca-DOTAM interaction with the DOTAM antibody binder reaches double-
digit femtomolar affinity, enabling stable assembly of the adaptor with the adaptor-specific
DOTAM-TCB. This high affinity characteristic was utilized for the development of a
novel protocol of non-covalent small molecule-antibody complex formation. Native
mass spectrometry method is utilized and optimized to enable verification of the
complexing protocol. In functional in vitro assays, DOTAM-TCB combined with the
haptenated small molecule adaptors is shown to exert antitumoral efficacy on two tumor-
associated targets, in both complexed and separate formulations. Administration of adaptors
only or DOTAM-TCB only does not lead to tumor killing, highlighting the adaptor-TCB
assembly as a requirement for functionality. In vitro and ex vivo assessments show a lack of
nonspecific binding. While Ca-DOTAM-AAZ is based on published in vivo-tested AAZ ligands,
here, Ca-DOTAM-AAZ with DOTAM-TCB leads to rapid-onset toxicity in a HT-29 (CAIX+)-
bearing humanized CD47-BRGS mouse model. With no toxicity observed for Ca-DOTAM-AAZ
only, DOTAM-TCB only, and low toxicity observed in the CAIX-TCB group, the hypothesis is
raised that both CAIX expression and Ca-DOTAM-AAZ off-tumor activity may contribute
to the observed toxicity. Further directions are proposed for the development of small
molecule-based adaptors for use in cancer immunotherapy, and specifically, T cell
engagement. Despite the aforementioned in vivo results, all in all, in vitro proof of concept
for haptenated small molecule adaptors and universal DOTAM-TCB is achieved, providing
in depth biochemical characterization and preliminary data on functionality. Moreover,
the Ca-DOTAM high affinity interaction with DOTAM opens avenues to repurposing this
interaction for other immunotherapy modalities beyond TCBs.

In summary, this thesis describes three universal, target-agnostic, and modular platforms for
use with bispecific immune engagers in cancer immunotherapy. All platforms exploit
different avenues of antibody engineering, such as precise paratope use against a P329G Fc
mutation, conditional activation of prodrugs in the tumor microenvironment, and high
affinity hapten
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binding with stable non-covalent complex formation. Importantly, all three platforms
described here enable current or future implementation of double universality in terms of
targeting an antigen of choice and engaging an immune cell or pathway of choice. Additionally,
the platforms utilize antibody structures and binders based on clinical molecules for the
majority of their components. As such, the developments presented in this thesis may
ultimately be utilized for mix-and-match cancer immunotherapeutics, targeting
heterogeneous tumors with off-the-shelf drugs.
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4. Thesis introduction

4.1. Cancer burden and cancer immunotherapy

Cancer remains one of the leading causes of death worldwide [1]. Several types of treatments
exist as standard of care, such as surgery, chemotherapy, and radiotherapy [2], [3], [4], [5],
[6]. Despite the existence of these options, and constant developments of new therapeutic
approaches, survival rates in many cancer indications remain low [7]. Aside from potential low
efficacy, limitations of these treatments include, for instance, severe side effects, systemic
toxicity and lack of specific tumor targeting [8]. However, recent decades have brought new
successful modalities into the therapeutic landscape, such as targeted therapies, or targeted
radiotherapy [9], [10]. Another successful invention in oncology in the past years was the
development of immune checkpoint blockade, which functions by utilizing antibodies (Abs)
that block PD-1-PD-L1 or CTLA-4-CD80/CD86 interactions in the tumor microenvironment
responsible for inhibiting antitumoral immune responses [11]. This therapeutic approach has
significantly increased survival rates in many cancers [12], [13], [14], [15] and has led to the
Nobel Prize in Physiology and Medicine granted to James P. Allison and Tasuku Honjo for its
development in 2018 [16]. The success of checkpoint inhibition provided evidence for the
potential of the immune system to attack cancer cells. Therefore, the recent decade has seen
an increasing interest in dissecting tumor immunology and the development of therapies
engaging the patient’s own immune system against the tumor [17], [18]. However,
heterogeneity of tumors within and between patients has been a major obstacle to effective
off-the-shelf treatments, including cancer immunotherapy.

Development of tumors inside the body and the interactions of various tumor types with the
immune system has been a subject of multiple investigations. In 2013, Mellman and Chen
presented the model of the cancer immunity cycle as a description of the multi-step process
of developing and failing antitumoral immunity [19]. This review became an important
framework to understand tumor immunity by the scientist community, and was later updated
in 2023 to include further discoveries [20]. The cancer immunity cycle, as understood
currently, involves a release of neoantigens, their uptake by antigen presenting cells (APCs)
such as dendritic cells (DCs) for antigen presentation, T cell priming by the APCs, costimulatory
signaling, T cell killing of tumor cells, cytokine and chemokine signaling and more [19]. Besides
adaptive immune system, innate cells such as natural killer (NK) cells are also involved in
antitumoral immunity [21]. In tandem with antitumoral immunity, protumoral activity of
tolerance-inducing cells and metabolic factors are also present [19]. In essence, tumor control
by the immune system is based on a complex network of intra- and intercellular interactions,
and surveillance malfunction in any of the involved steps is set to lead to uncontrolled tumor
growth. The failure of the immune system to reject the tumors can often be multifactorial and
dynamic over time, as well as vary between cancer indications and between patients [19],
[20].

Due to the continuously expanding knowledge of tumor immunology and tumor
microenvironment (TME) heterogeneity, the field of cancer immunotherapy has seen
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developments of a plethora of different treatment strategies aiming to tackle different facets
of the tumor-immune system interactions. These strategies include, but are not limited to
recombinant cytokines [22], novel immune checkpoint inhibitors [23], innate cell engagers
[24], T cell engagers [25], costimulators [26] or chimeric antigen receptor (CAR) T cells (CAR-T
cells) or CAR-NK cells [27]. The diversity of these modalities offers engagement of different
immune cells and antitumoral mechanisms, an important considering the complexity and
heterogeneity of protumoral pathways contributing to cancer development.

4.2. Molecular design of T cell bispecific antibodies (TCBs) in
cancer immunotherapy

To enable targeting various tumor-intrinsic mechanisms, the field of cancer immunotherapy
has been focusing on the development of a wide range of therapeutic modalities, in order to
exploit their different properties. To this day, immunooncology treatments span drug forms
such as small molecules (SM) [28], [29], [30], (bispecific) antibodies [31], [32], [33], [34],
antibody-directed pretargeted radioimmunotherapy [35], [36], cancer vaccines [37], or
adoptive cell transfer [38]. While each format offers its own advantages and disadvantages,
antibody-based drugs and genetically engineered CAR-T cells are highly potent and constitute
a substantial portion of tested agents in clinical trials in the cancer immunotherapy field [39],
[40].

Monoclonal antibodies (mAbs), and especially a subcategory of bispecific antibodies (bsAbs),
have proven their immense versatility and potency in cancer treatment [34]. While potency
may vary across targets and indications, antibodies can be favorably differentiated from CAR-
T cells, with advantages such as off-the shelf availability for the patients, controllable batch
quality, costs and flexibility in engineering influencing e.g. the molecule’s activity and half-life
in circulation [41].

The specifics of the mode of action of therapeutic modalities in cancer immunotherapy and
beyond can be linked to their structural design and the resulting molecular interactions within
the human body. Similarly, their advantages and limitations may be addressed by introducing
structural modifications. In order to allow in-depth understanding of the structure-driven
technologies used in the field of drug discovery and in this thesis, here, the design features of
the common therapeutics are introduced.

Evolution of T cell Bispecific Antibodies in Cancer Treatment

One of the challenges for the established immune checkpoint inhibition strategy is its
dependency of the presence of tumor antigen-specific T cells in the tumor [42]. A
revolutionary approach, based on the cytotoxicity-inducing engagement of T cells against cells
regardless of their specificity, began with a 1985 study by Staerz, Kanagawa and Bevan. The
researchers presented a hybrid antibody specific to both Thy-1.1 antigen and a portion of a
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murine T cell receptor, which induced T cell cytotoxicity against Thy-1.1+ cells, without
restriction to TCR specificity [43], thus believed to become the first T cell engager (TCE) in non-
clinical use. This development was followed by many similar ones in the following decades
[34], [44]. The category of TCEs [45] are currently also known as BiTEs [46], or TCBs [47], [48],
[49], depending on their format and developing entity [50].

The mode of action of the first and the following TCBs have basis on its structure. Namely,
simultaneous binding of a singular antibody to both the tumor target of interest and the TCR
or CD3e [45], results in crosslinking of CD3¢e in the T cell receptor complex, and induction of
TCR downstream signaling activating T cell cytotoxicity in the physical direction of the target-
expressing cell [45], [51], [52]. Due to the TCR or CD3¢ crosslinking being responsible for the
cellular signaling, as opposed to TCR and peptide-loaded MHC interaction, T cell’s antigen
specificity is not required for T cell killing [45].

After the first TCB discoveries, research in the 1990s led to the development of the oncology-
focused CD3- and CD19-bispecific antibodies for the T cell-mediated lysis of CD19+ leukemic
cells [53], [54] and CD3- and EpCAM-bispecific antibody-based molecules for the lysis of
EpCAM+ solid tumor cells [55], [56]. The CD3 x EpCAM antibody concept was developed into
the first clinical T cell bispecific catumaxomab, approved in 2009 for use in patients with
malignant ascites [57]. It was later withdrawn from the market [58], but continues being
evaluated in oncology [58], [59].

In 2000, a notable CD19 x CD3 bispecific single-chain-based antibody was published [60],
which later ultimately changed the landscape of clinical cancer immunotherapy. The drug,
termed blinatumomab was the second clinical T cell engager, referred to as BiTE [46], and
displayed high efficacy in leukemia trials [46]. This led to its FDA approval for treatment of
Philadelphia chromosome-negative relapsed/refractory B-cell precursor acute lymphoblastic
leukemia (BCP-ALL) in 2014 [61]. The success of this T cell engager was succeeded by 8 further
regulatory approvals of this modality in the following decade [34], [62].

With these developments, and their high antitumoral efficacy, T cell engagers have become
one of the major classes of cancer immunotherapeutics. Importantly, they overcome the
aforementioned reliance of checkpoint inhibitors on preexisting infiltration of tumor antigen-
specific T cells.

Glofitamab is an example of a human IgG1-based CD20 x CD3e T cell bispecific antibody (CD20-
TCB) originally developed at the Roche Innovation Center Zurich, approved by the U.S. Food
and Drug Administration (FDA) for 3" line relapsed/refractory diffuse large B-cell ymphoma
(DLBCL) in 2023 [63]. Some of the most common features of antibody engineering can be seen
in the structure of this drug. As such, its features serve as an appropriate example of antibody
design and engineering, the principles of which are used in the work discussed in the
subsequent sections of this thesis.

The structure of CD20-TCB alongside an endogenous human IgG1 is presented in Figure 4.2.1
and described in more detail in the paragraphs below, as well as in [64].
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Figure 4.2.1. Structures of selected endogenous and engineered IgG antibodies. A) Structure of endogenous
human 1gGl. B) Structure and utilized antibody engineering technologies in the clinical cancer
immunotherapeutic antibody, glofitamab (CD20-TCB).
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Antibody Class

One of the first considerations during antibody drug discovery is the selection of the desired
drug format. For antibody-based therapeutics, natural human or animal-derived antibodies
serve as a template, modified to achieve the desired characteristics [50]. Human endogenous
antibodies can be divided into immunoglobulin (Ig) classes: IgA, IgE, IgD, IgM and IgG [65]. IgG
is the main neutralizing antibody of secondary responses [65], and thus an overwhelming
majority of therapeutic Abs are based on the IgG format [34], [66], [67]. Within the IgG class,
4 subclasses exist: 1gG1, 1gG2, 1gG3 and IgG4 [68]. Their differing properties include structure,
mass, half-life, stability, affinity to activating and inhibitory FcyRs, and potential for
complement activation [68]. 1gG1 subclass displays high stability and strong effector functions,
whereas 1gG4 possesses lower stability and minimal effector functions [68]. Therefore, 1gG4
has been used previously for antibodies where Fc-functions are not desired as the main
mode of action, such as anti-PD1 IgG4 pembrolizumab [69]. On the other hand, I1gG1 isotypes
continue to be used in Fc-competent antibodies, such as anti-CTLA4 IgG1 ipilimumab or anti-
CD20 1gG1 obinutuzumab [68], where antibody-dependent cell-mediated cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP) and complement-dependent
cytotoxicity (CDC), mediated by the Fc part, are desired. Notably, due to its generally
favorable characteristics, flexibility in engineering, as well as availability of in-depth
biochemical and clinical data in the field, the IgG1l format remains the most common
subclass used also in antibodies not reliant on Fc function, by introduction of Fc silencing
mutations [34]. In line with this, glofitamab has also been based on human IgG1 (hulgG1)
[70].

Antibody Format and Binding Properties

One of the crucial concepts in antibody design is avidity towards the antigen, which can be
defined as synergistic binding of a bivalent monospecific molecule to its target, leading to
increased apparent affinity compared to monovalent binding [71]. Strong binding to the
tumor target is usually a desirable characteristic, since it often correlates with increased
efficacy of T cell engagers [72]. On the other hand, lowering affinity may offer avidity-mediated
selectivity gain (AMSG) while using bivalent molecules, meaning selective binding to high
target expressing cells over cells with low target expression [73], [74], [75]. To introduce
avidity-based effects to bispecific antibodies, the 2+1 format can be used, i.e. consisting of 2
binders to the tumor target, and 1 binder to CD3¢ (part of the T cell receptor complex), such
as is the case in CD20-TCB. The peptide linker between the second Fab domains of the CD20
binder and the CD3e¢ retains flexibility, allowing both domains to bind to their respective
targets simultaneously [73].
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Antibody Species and Humanization

Another important aspect are the amino acid sequences of binders themselves. In the past,
antibody binders were derived largely from in vivo immunizations of animals, such as rabbits
or mice, with the target antigen, leading to non-human sequences of the binders.
Alternatively, today, many antibodies are derived from in vitro libraries via phage, yeast,
eukaryotic or ribosome display [76]. In case of antibodies derived from non-human species,
the use of original binders as drugs in patients can lead to the patient’s immune system
recognizing the non-self protein structures, and production of undesirable anti-drug
antibodies (ADAs), which limit the efficacy and safety of the drug [77], [78], [79]. Therefore,
non-human binders in development undergo a so-called humanization process. This process
involves grafting the complementarity-determining regions (CDRs) - protein fragments within
the antibody responsible for binding of the target — of the original non-human antibody, onto
the framework regions — the non-binding regions - of an unrelated human immunoglobulin,
such as human I1gG1 [79]. In CD20-TCB, both tumor and CD3¢ binders are humanized [64].

Antibody Chain Assembly

Endogenously produced IgG1 antibodies consist of 4 chains: two identical heavy chains, and
two identical light chains [80] (Figure 4.2.1A). Within the antibody-producing cell, be it
endogenous plasma cell or an engineered cell of another origin, assembly of constant domains
of heavy and light chains is required for proper antibody folding into its quaternary structure,
and therefore, antibody secretion [81], [82]. In nature, since each separate clone of an
endogenous IgG is produced by a single dedicated plasma cell, only one combination of heavy-
light chain pairing exists, and secretion of properly paired chains occurs [83]. However, in a
complex 2+1 format like the one of glofitamab, 4 distinct chains exist: two different heavy
chains (short and long arm), and two different light chains (Figure 4.2.1B). Clinical production
of glofitamab-like antibodies involves establishing a CHO producer cell line, by which all chains
are produced simultaneously, and are expected to assemble in the correct manner forming a
therapeutic antibody [84]. It has been observed that uncontrolled expression of multiple
antibody chains leads to multiple incorrectly assembled products, with low yield of the final
product [85]. To ensure correct self-assembly of the therapeutic antibody, three technologies
are employed in glofitamab-like antibodies. The correct association of two heavy chains is
ensured by the steric interactions via the knobs-into-holes (KiH) technology [86]. Heavy and
light chain assembly in a 2+1 TCB requires two distinct approaches, due to the presence of
two distinct binder types (anti-CD20 and anti-CD3g). One strategy is the introduction of
oppositely charged amino acids (charge pair, EE and RK) in heavy and light chains of the
binder [87]. Another is the use of CrossMab technology, developed by Schaefer, Klein and
colleagues, entailing heavy-light domain crossover of the variable or constant domains or
entire Fabs [88], [89], [90]. In 2+1 TCBs, the aforementioned modifications are implemented
to ensure high yield of properly assembled glofitamab [90] and others.
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Antibody Half-Life in Vivo

A crucial feature influencing therapeutic IgG activity is its long serum half-life of up to 21 days
in humans [91].This is opposed to several hours for Fc-free single chain Fv (scFv)-based
molecules such as bispecific T cell engagers (BiTEs) [92] and 5 min — 6h for small molecules
[93]. The long half-life of IgG1l-based Abs is due mainly due to FcRn-dependent antibody
recycling, although minimized clearance by kidneys due to the large size of IgGs also plays a
role [94], [95]. The IgG recycling is a process whereby antibodies endocytosed by cells bind to
the neonatal Fc receptor (FcRn) via their Fc portion, which triggers a shift towards a recycling
endosome pathway, culminating in a release of the antibody back to the extracellular space
[96], [97]. In absence of Fc — FcRn binding, the internalized protein is marked for degradation
in the lysosome [97]. Hence, antibody-based therapeutics which lack Fc, such as
blinatumomab, display shorter serum half-life (1.25 + 0.63h) [98] than their Fc-containing
counterparts (2-11 days) [99], [100]. Aside from the Fc, FcRn binds human serum albumin
(HSA), resulting in the same recycling pathway [101]. Long serum persistence of therapeutic
antibodies has been linked to not only lower number or duration of administrations per
treatment, providing logistical benefits to patients and hospitals [99], [102], but also to higher
efficacy [46], [103]. Therefore, while certain approved drugs, such as glofitamab, contained
an Fc from its conception [64], other molecules underwent half-life optimization during their
next generation development more recently. Both Fc [99], [100], [104] and HSA/HSA binding
tags [105], [106], [107] are being used as half-life extending moieties, including the new
generation of BiTEs [108].

Abrogation of Fc Function: P329G LALA

The Fc portion of an IgG1 mediates not only antibody recycling, but is the inducer of effector
functions in endogenous antibodies. ADCC, ADCP and CDC functions are all induced by an
IgG1 via the Fc binding to: FcyRllla on NK cells, FcRlla on macrophages or Clq of the
complement system, respectively [109]. While a necessary function for classical antibodies of
the 1gG1 isotype and innate cell engagers [110], Fc effector functions are not always desirable
[68]. T cell bispecific antibodies, specifically, exert their function by binding both tumor cells
and T cells via their Fab fragments [25]. Presence of an active Fc, therefore, could lead to
ADCC, ADCP and CDC directed against both tumor cells and T cells, the latter being an
unwanted effect. Therefore, certain T cell engagers such as blinatumomab were designed
without an Fc [111]. However, as mentioned above, Fc bears a crucial function in the
pharmacokinetics of antibodies, and designing an antibody without it, such as was the case in
the first generation BiTEs, is not always a viable option. Due to this challenge, strategies of
silencing Fc effector functions while retaining FcRn binding have been explored [112]. Initially,
the 1gG4 format was used for this purpose, due to its weak Fc effector functions, seen for
instance in pembrolizumab [69], [113]. However, the 1gG4 subclass does not offer full
abrogation of Fc functions, and has been observed to induce target cell depletion [114]. Due
to this and in parallel to 1gG4 developments, in 1990s, Fc-FcyR interaction interface was
investigated, leading to identification of amino acids crucial for binding, and resulting in
identification of L234A L235A (LALA) double mutation inhibiting Fc function [115], [116]. LALA-
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Fc has been later shown, however, to offer only partial abrogation of Fc binding to FcyRs
[117]. Consequently, further analysis of Fc-FcyR interface by Sondermann et al.resulted in
identification of the proline at the position 329 (P329) as a residue involved in IgG1 Fc binding
to FcyRIIl [118]. Taking this into account, Schlothauer et al. devised a P329G Fc-silencing
mutation, with substitution of proline to glycine at the 329 position. Combination of P329G and
LALA mutations led to full abrogation of Fc effector functions in a human IgG1 [117].
Consequently, P329G LALA-mutated Fc was introduced to the design of the novel 2+1 CD20-
TCB, currently known as the clinical molecule glofitamab [64], enabling its design to contain
half-life extending Fc.

4.3. Selected types of cancer immunotherapeutics: beyond TCBs

As described before, developments in cancer immunotherapy include molecules targeting
various cells, receptors and pathways. The overview of selected major modalities that have
contributed to the field, aside from classical TCBs, are described below.

Innate Cell Engagers (ICE)

Alongside T cells, NK cells have a well-established potential for cytotoxicity against cancer
[119]. Therapeutically, mimicking endogenous mechanisms, they can be activated with the
use of tumor antigen-binding antibodies containing a functional Fc or FcyRllla (CD16)-binding
domain [119]. These bind to the FcyRllla on the surface of NK cells, and trigger antigen-
directed release of cytotoxic granules, an aforementioned process termed ADCC. Additionally,
both endogenous and therapeutic Fc-competent antibodies are capable of binding to FcyRlla
(CD32a) on macrophages, inducing ADCP, engulfing and eliminating target cells [119]. A third
mechanism driven by Fc function in antibodies is CDC, whereby antibodies opsonizing the
target cells recruit Clq, triggering the formation of the membrane attack complex (MAC),
resulting in target cell death [119]. Due to the multifaceted mode of action of Fc-competent
antibodies involving NK cells and macrophages, they are often termed simply mAbs, or more
specifically, NK cell engagers (NKCE) [120], [121] or innate cell engagers (ICE) [122], [123]. As
early as 1997, a CD20-targeted ICE rituximab has been approved for treatment of non-Hodgkin
lymphoma (NHL) [124], [125], and is now included in standard of care alongside chemotherapy
[126]. The approval was followed by other developments, including another CD20-ICE
obinutuzumab [127], and HER2-targeted trastuzumab [128] and pertuzumab [129].
Additionally, in 2013, Simpson et al. showed in mice that the efficacy of the anti-CTLA4
checkpoint blockade is also reliant on the Fc-mediated functions, resulting in Treg depletion
[130], which was later confirmed by other groups [131], [132], [133]. The advantages of ICE
therapies, besides efficacy, is for example a low risk of cytokine release syndrome initiated by
the treatment [134], [135]. An obstacle may be low activity and infiltration of NK cells in solid
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tumors [136], [137]. However, multiple ICE approaches, including improved therapeutic
strategies, are being currently developed [138].Interleukin 2 and PD1-IL2v

One of the first described cancer immunotherapies was scientifically based on then newly
discovered biology of a T cell growth factor, known as interleukin 2, and its role in boosting
the expansion of T cells [139], [140]. Therapeutic IL-2 was developed in a form of a
recombinant protein aldesleukin, and was approved by the FDA for high-dose use in
metastatic renal cell carcinoma and melanoma in 1992 and 1998, respectively [141], [142].
Since then, hundreds of clinical trials have been initiated to test various IL2-based therapies
for cancer patients (ClinicalTrials.gov). Despite continuous interest of scientific community in
the activity of IL-2, several challenges hinder its use in the original format — mainly its
preferential activation of immunosuppressive regulatory T cells (Tregs) [143] and systemic
delivery leading to toxicities such as vascular leak syndrome [144], [145]. Due to this, multiple
developments are being pursued to mitigate these obstacles [146], some of them mentioned
below.

IL2 receptor consists of three subunits: IL2Ra with high affinity to IL2, and IL2RB and IL2Ry,
forming a heterodimer, with intermediate affinity [147], [148], [149]. IL2Ra is constitutively
expressed on Tregs and only transiently on other T cells upon activation, but is dispensable for
IL2R signaling [147]. Due to the expression and affinity characteristics of IL2Ra, wild-type IL2
therapy generally leads to sequestration of IL2 by Treg cells, as well as their activation,
inhibiting IL2 activation of antitumoral T cells [150], [151], [152]. To combat the preferential
IL2 delivery to regulatory T cells, in 2013, Klein and others devised a mutated version of this
cytokine, termed IL2v, with abrogated binding to IL2Ra, and fused it to an antibody against
tumor associated antigen (CEA) [153], [154]. Indeed, IL2v was shown to not activate Tregs
preferentially over other T cells [155]. This approach resulted in both improvement of IL2
delivery to non-regulatory T cells, and accumulation of the molecule in the tumor site [155].
However, since IL2 and muteins can initiate signaling without antibody-led crosslinking, IL2R
activation was also observed outside the tumor, and delivered to non-tumor-specific cells
[156].

To further improve IL2-based treatments and increase the drug delivery to the tumor specific
T cells, Codarri Deak and colleagues developed PD1-IL2v with a novel mode of action, a cis-
targeted IL2v conjugated to an anti-PD1 blocking antibody [157]. Since PD1, alongside being a
checkpoint molecule, is often regarded as a bona fide marker for antigen specificity [158],
[159], [160], this molecular design was devised to deliver IL2v to antigen-experienced T cells.
Indeed, besides preferential targeting of tumor infiltrating lymphocytes (TIL), PD1-IL2v offered
expansion of better effector T cells from stem-like CD8+ cells, as well as resulted in antitumoral
efficacy in mice [157]. The molecule, called eciskafusp alfa, is being currently evaluated in a
clinical trial in patients with advanced and/or metastatic solid tumors (NCT04303858).

Protease-activated T Cell Bispecific Antibodies (proTCBs)

During the course of tumor development, cancer cells undergo multiple genetic or epigenetic
modifications, leading to the production and presentation of tumor-specific antigens (TSAs)
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[161]. However, due to the variability of their structure and expression patterns within tumors
and between patients, they are not often suitable as targets for antibody-based therapeutics
[162]. Another category of tumor antigens are tumor-associated antigens, which encompass
proteins overexpressed in, but not exclusive to the tumors [163], [164], [165]. As proteins
often involved in tumor survival [166], TAAs have been targets of multiple modalities within
cancer immunotherapy [167], [168], radiotherapy [169] and antibody-drug conjugates [170].
The expression of TAAs in healthy tissues remains an issue of concern due to potential toxicity
unrelated to the tumor, as mentioned above and in the literature [171]. Binding and activity
of the targeted therapeutics to the desired tumor target in the healthy tissue is called on-
target off-tumor toxicity (OTOT) [172]. This phenomenon, observed clinically for numerous
TAA-specific antibody binder-based therapeutics, including CAR-T cells constitutes a major
barrier for drug development, safety and efficacy [173], [174], [175], [176], [177]. Thus, to
improve tumor specificity, a new generation of conditionally active therapeutics has been
proposed and explored by many groups. More specifically, the current next generation
antibody drugs comprise molecules utilizing the tumor microenvironment characteristics as
an on-switch, namely acidic pH [178], [179], [180], increased activity of certain proteases
[181], [182], [183] or heightened ATP levels [184]. A notable example of such a molecule in
cancer immunotherapy is a protease-activated T cell bispecific antibody (termed pro-TCB or
prot-TCB). Geiger and colleagues developed a conditionally active Prot-FOLR1-TCB against
FOLR1 as a TAA [181]. A standard FOLR1-TCB directs T cell cytotoxicity against all cells
expressing FOLR1, including ovarian and other cancer cells, while also may be expected to bind
to FOLR1 that is known to be present in healthy lung or kidney [185]. As an activating
condition, the researchers selected the activity of matriptase and matrix metalloproteinase-
2,-9 (MMP-2, MMP-9), overexpressed in ovarian carcinoma. Thus, Prot-FOLR1-TCB was shown
to be active only upon encountering the protease-rich environments, and binding FOLR1 on
target cells and CD3¢ on T cells, minimizing on-target off-tumor effects [181]. Generally, the
tumor-activated prodrug approach has attracted substantial interest in drug discovery due to
the promise of minimizing drug toxicity [186]. A potential disadvantage of this approach is the
complexity of the molecular design required to reach efficient blocking of antibody activity.

Costimulatory Agonists

With TCBs populating the clinical space in an increasing pace, the drug discovery space has
seen rise in exploration of the molecules enhancing the activity of these drugs and T cells
themselves [187], [188]. Endogenously, T cell activation requires two to three signals to elicit
a functional response [65]. Signal 1 is provided by TCR binding of peptide-loaded MHC on
target cells, signal 2 constitutes costimulatory signaling, directed by receptors such as CD28
and 4-1BB on T cells, and signal 3 entails cytokine binding in the form or IL2 or IL12, among
others (reviewed in [189]). In presence of signal 1 but lacking signal 2, T cell may shift to an
anergic state [190], [191], whereas lacking signal 3 may lead to tolerance [189], [192]. TCB
activity, via crosslinking of CD3¢g, can be described as an analogous event to signal 1. However,
a notable feature of multiple described TCBs is their activity without external costimulatory
signals in vitro and in vivo [64], [193], [194], [195]. Despite this fact, costimulatory strategies
are hypothesized to improve TCB activity, particularly its proliferation, differentiation and
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long-term survival [196], [197], [198], [199]. For this reason, Claus et al. engineered a tumor
stroma- or tumor-targeted 4-1BBL fusion molecules, FAP-4-1BBL and CD19-4-1BBL
respectively, to combine with clinical CEA-TCB or CD20-TCB [200]. In preclinical settings, the
costimulators led to increased T cell functionality in human tumor samples, and tumor
remission with CD8+ T cell accumulation in mouse models. Alternatively, Sam and colleagues
developed a B cell-directed CD19-CD28 costimulatory bispecific antibody with agonistic
function towards CD28, for use with FDA-approved B cell-directed CD20-TCB (glofitamab)
used in NHL [201]. The first CD28-directed clinical antibody, TGN1412, has been developed
around two decades ago [202]. However, its superagonistic nature, i.e. ability to activate T
cells without signal 1, lead to severe systemic toxicity in a human trial [203]. The preclinical
safety assessment did not predict this toxicity [202], [204], and changed the landscape of
regulatory requirements for preclinical prediction of adverse events [202]. Importantly, the
CD19-CD28 molecule developed by Sam et al. in 2024 was shown to be not superagonistic and
torely on both signal 1, and binding to CD19, rendering it a suitable candidate for combination
with a TCB [201]. Addition of CD19-CD28 to the CD20-TCB treatment of tumor-bearing mice
enhanced tumor T cell infiltration and cytotoxic T cell signature. A triple combination of CD20-
TCB with two costimulators: CD19-CD28 and CD19-4-1BBL, a CD19-directed a 4-1BBL protein
fusion, further improved antitumoral efficacy [201]. Combination of CD20-TCB with CD19-
CD28 costimulation has reached clinical stage and is currently undergoing assessment in phase
| (NCT05219513). CD20-TCB with CD19-4-1BBL is also being evaluated clinically, currently in
phase I/Il (NCT04077723). Both combinations are being tested in patients with Relapsed or
Refractory B-Cell Non-Hodgkin Lymphoma. Altogether, promising data is emerging on the safe
and effective use of costimulators for combinations with TCBs.

CAR-T Cells

CAR-T cells are T cells genetically engineered to express a chimeric receptor consisting of an
antibody-based binder against the TAA, connected to the intracellular T cell activating
signaling domains [205]. Therefore, their engagement with the TAA leads to direct activation
of the CAR-T cell cytotoxicity, regardless of the TCR specificity [205]. CAR-T cell treatments
belong to the category of adoptive cell transfer (ACT) therapies encompassing cell-based,
‘living’ drugs [206]. As with other drugs, its design requires careful consideration of its
continuous biological activity and the advantages and limitations for this modality [207], [208].
While many novel concepts are being explored within the field, such as allogeneic T cells,
modified binders or other immune cells expressing CARs, here, the design principles of CAR-T
cell products approved to date are introduced. A typical production of CAR-T cells involves
harvesting patient’s own T cells, their activation, genetically engineering them to express the
CAR, cell expansion, and infusing them back to the patient after quality control processes
[209]. Standard CARs are synthetic receptors, consisting of an extracellular domain binding a
TAA, transmembrane domain, and intracellular signaling domain [208] (Figure 4.3.1). The
antigen-specific domains in the classical CAR-T cells form an antibody-based scFv [210], [211],
[212]. The transmembrane portion acts as an anchor, and a linker between the tumor-binding
and signaling domains. The intracellular domain design depends on the generation of the
product. Approved products until 2023 utilize 2" generation CARs: two intracellular signaling
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domains: CD3Y, providing endogenous function of TCR signaling as signal 1, and CD28 or 4-1BB
costimulatory domains, providing signal 2 [213]. New, 3™ generations of CAR-T incorporate
three intracellular parts, with CD3Z and two costimulatory domains, and more generations are
being developed [213]. Upon binding of the extracellular scFvs to the targets of interest, the
CARs form clusters at the immunological synapse, which commences signal transduction of
the intracellular domains. Consequently, a CAR-T cell is activated and initiates a cytotoxic
program against a TAA-expressing cell [208].

CAR-T therapies have provided remarkable antitumoral efficacy in patients suffering from
hematological malignancies [214]. Several limitations, as stated above, have been observed
for this modality, limiting its response rates, patient access and safety. The profile of tumor
associated antigen expression often changes upon therapeutic pressure, leading to antigen
loss, and limiting CAR-T cell efficacy [215]. Expansion of CAR-T cell use to other cancer types,
such as solid tumors, necessitates development of separate CAR constructs and production
protocols, increasing the required investment of resources eliminates the possibility of off-
the-shelf use [216], [217], [218]. As a consequence, manufacturing needs to be performed
separately for each patient, resulting in delayed therapy initiation and high costs per therapy,
reaching above $350 000, as opposed to circa $72 000 for antibody treatments [41]. Delayed
treatment initiation may lead to lowered antitumoral efficacy [219] and high costs entail
limited therapy accessibility. Moreover, CAR-T cell persistence after finishing the treatment
may pose the risk of secondary T cell cancers [220], [221], [222], [223], although the risk-
benefit ratio is being debated in the scientific community, as the occurrence appears to be
low [223]. All this prompted research to shift into developments of universal CAR-T cells with
a unified construct and an on-off-switch system, as discussed below.
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Figure 4.3.1. Design of a classical CAR-T cell (based on FDA approvals until 2023). Tumor associated antigens
are by bound the scFv-based CAR binding moiety. This binding leads to receptor crosslinking and downstream
signaling in the CAR-T cell, triggering costimulatory and CD3 pathways, ultimately leading to T cell-mediated
tumor cell killing. Figure adapted from Liu et al. [224].

Adaptor-based Universal CAR-T Cells

As a recent development, universal, also called modular or adaptor-based CAR-T cell systems
have been developed. There, interchangeable TAA-binding adaptors are used, comprising a
tag recognized by the universal CAR-T cell [225]. The concept of universal CAR-T cells is
depicted in Figure 4.3.2. By this design, only a single CAR construct needs to undergo the
development process, regardless of the TAA of interest. Additionally, TAA-binding adaptor
molecules can be exchanged and adjusted to the antigen profile within and across indications
[225], [226]. Notably, due to the inactivity of tag-specific CAR-T cells in the absence of the
adaptors, as well as limited half-life of the adaptor molecules, adaptors can act as on-switches,
potentially increasing the therapy safety profile [224], [227], [228].
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Figure 4.3.2. Design of a universal, adaptor-based CAR-T cell. Tumor cells are targeted with interchangeable
adaptors, consisting of a tumor associated-antigen binding domain and a tag (epitope) for recognition by the CAR
binding moiety. Simultaneous binding of the tumor cell and the universal CAR-T cell by the adaptor molecule
leads to receptor crosslinking and downstream signaling in the CAR-T cell. While in all adaptors the tag remains
the same, the TAA-binding domains in the adaptors can be selected to bind to the desired target or targets on a
specific cancer cell of choice. Figure from Liu et al. [224].

The design of the adaptor molecule format, as any molecule, can influence its antigen
specificity, biodistribution and PK/PD characteristics, immunogenicity, administration route,
as well as production complexity and costs [229] . In 2012, Urbanska and colleagues
introduced their proof-of-concept data for anti-biotin adaptor-based CAR-T cells combined
with biotinylated antitumoral adaptors, which included full-length antibodies or scFvs [230].
To date, the published TAA-binding adaptors for universal CAR-T cell systems have fallen into
the categories of: Fc-competent IgGs [231], [232], [233], bispecific antibodies [234], [235],
[236], FITC-labelled antibodies [237], [238], FITC-conjugated small molecules [238], [239],
[240], [241], leucine zipper-conjugated scFvs [242], diketone-conjugated small molecules
forming covalent bonds [243], and P329G-mutated IgGs developed by Darowski, Stock, Klein
and colleagues [226], [244], [245], among others.
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lgG Adaptor-based Anti-P329G CAR-T Cells

The aforementioned universal CAR-T cell using P329G-mutated IgGs entails the utilization of
full-length 1gG adaptors. They bear modified Fc regions for CAR recognition, diverging from
the conventional attachment of attached tags. The concept of this system is shown in Figure
4.3.3. Considering that the obstacles for CAR-T cell treatments are both resource
requirements during discovery, and CAR restriction to one TAA of interest, Darowski, Stock
and colleagues group developed universal CAR-T cells specific to adaptors with structure
based on clinical binders [226], [245], [246]. Since multiple antibody-based clinical-stage
therapeutics bear Fc silencing P329G LALA mutations (for instance, glofitamab in
NCT03075696 or IgG adaptors in NCT05199519), utilization of P329G-mutated IgGs as
adaptors was opted for, with tumor-binding moieties based on clinical antibodies. Darowski
et al. developed a novel antibody binder recognizing P329G-mutated CH2 domain of the IgG1
Fc specifically, and engineered CAR-T cells with P329G-specific CAR (P329G-CAR), for use with
a library of P329G-mutated human IgG1s as adaptors [246]. Initially, anti-P329G CAR-T was
used for a unique screening system employing anti-P329G CAR-Jurkat (P329G-CAR-J) reporter
cells, for use with P329G-mutated adaptors, to enable binder evaluation on target cells [246].
The P329G-CAR-J system continues being utilized in drug discovery Roche. To develop the
system further, investigating the utility of anti-P329G CAR-T was started for use in a
therapeutic context. Two clinical trials have been initiated, utilizing patient-derived anti-
P329G CAR-T cells. The trials utilized anti-P329G CAR-T cells combined with either
Claudin18.2-targeted P329G adaptor IgG for Claudin18.2-expressing cancers (NCT05199519)
or with BCMA-targeted P329G adaptor IgG for relapsed/refractory (R/R) multiple myeloma
(MM) (NCT05270928, NCT05266768) [247].

28



Development and Characterization of Universal and Modular Bispecific
Immune Cell Engagers for Cancer Immunotherapy

Tumor

,",a/vi /i':a"w'&’ <

v 7 4
LRI F(‘/p/’t & R e W

Human IgG1
P329G LALA

Figure 4.3.3. Concept of a universal anti-P329G CAR-T cell. Tumor antigen is bound by an antigen-specific full
length 1gG adaptors, which bear P329G mutations in their Fc. The P329G mutation is then recognized by an anti-
P329G scFV CAR. Simultaneous binding of the adaptors to the tumor antigen and the CAR, triggers CAR
crosslinking, leading to initiation of intracellular CAR signaling, and T cell mediated tumor cell killing. Figure from
Stock et al. [248].

Aside from clinical use, this adaptor system can be utilized for preclinical and academic
assessments of tumor biology and adaptor CAR-T biology. Recent work by Stock and
colleagues demonstrated the efficacy of P329G CAR-T cells only when paired with P329G-
mutated adaptor IgGs, thereby providing proof-of-concept data for non-tag adaptor
recognition within a therapeutic CAR-T cell system. Importantly, this study investigated
evidence of modularity in vivo with adaptor exchange. In a continuous in vivo study of mice
bearing HER2+ tumor cells, mice treated with HER2-targeted P329G-mutated adaptor and
anti-P329G CAR-T cells showed significant tumor control. The remaining mice from the study
were then re-challenged with mesothelin (MSLN)+ cancer cells, and administered MSLN-
targeted P329G-mutated adaptors, resulting in inhibited tumor growth. Thus, the adaptor-
based anti-P329G CAR-T cell system has been shown to provide effective tumor control in vivo
and universality in relation to the targeted antigen within the same, demonstrating the
potential of this approach for tackling antigen heterogeneity and potentially antigen escape.

While adaptor-based CAR-T cell systems offer numerous advantages such as tunable activity,
the development of a single construct for multiple targets and the potential for target
combination therapies, these systems are not without their disadvantages. CAR-T cell
therapies, despite promising results in both preclinical and clinical studies, still encounter
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challenges inherent to T cell-based adoptive cell transfer. These include: preclinical and clinical
development costs, therapy costs, treatment delays, batch variability, lack of off-the-shelf
availability for the majority of products, and more [41].

Furthermore, due to the design principles, CAR-T cell preclinical development requires
consideration of multitude of aspects. The presence of antibody-based TAA binders in these
engineered cells necessitates processes similar to that of antibody therapeutics — including
binder discovery [210], humanization [249], affinity/avidity modifications [250],
immunogenicity assessments [251], among others. The preclinical processes used in T cell
bispecific antibody development, but not applicable to CAR-T cells, are Fc- or HSA-based half-
life modifications [95], chain assembly [50], and Fc silencing technologies [252]. CAR-T specific
evaluations include selection of genetic engineering technology [253], [254], optimization of
transduction efficiency [254], assessment of CAR expression levels [255], CAR signaling
strength [256], batch variability [257], and localization of the manufacturing facility [216],
[258]. Altogether, CAR-T cell preclinical development necessitates substantial resource
investments in optimization processes, relating to both antibody and cellular aspects. This
issue, together with complex and personalized production protocols, contributes to the high
costs of CAR-T cell treatments even for adaptor-based concepts.

Universal Antibody-Based Immune Cell Engagers

In contrast, antibodies require lower preclinical and production costs [41], and enable off-the-
shelf use [200], [201], [259]. Direct, non-modular antibodies require extensive
characterization and development of production protocols; a process which needs to be
performed for each new TAA and immune cell receptor of interest.

Modular antibodies, on the other hand, could utilize a set of interchangeable adaptor
molecules and a single universal immune cell engager, enabling focus of resources on the
development of a single immunomodulatory antibody can be of value, especially in case of
structurally complex engagers. On the other hand, adaptors might be also used for
recruitment of endogenous antibodies, redirecting them against tumors [260], [261].
Additionally, tackling antigen heterogeneity or cost-effectiveness may be brought by adaptor
approaches.

While few studies have explored this topic, platforms published to date include several
categories of adaptor-based antibody immune cell engagers. One of the approaches are called
antibody recruiting molecules (ARMs). In 2009, Spiegel group published the concept of ARMs,
small molecules consisting of a ligand to PSMA, a TAA overexpressed in prostate cancer,
covalently linked to a 2,4-dinitrophenyl (DNP) group [261]. These small molecule adaptors
were designed to be bound by endogenous DNP-specific antibodies, resulting in cytotoxicity
against PSMA-expressing cancer cells. The general principle of ARM technology is depicted in
Figure 4.3.4.
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Figure 4.3.4. Design and mode of action of antibody recruiting molecules. A) Structure of ARM adaptors: tumor
binding module (TMB) is connected to an antibody binding module (ABM) via a linker. B) Mode of action of ARMs.
ARMs bind cell surface receptors on cancer cells via their TBM portion, and recruit endogenous antibodies via
their ABM portion to the surface of cancer cells. This, in turn, initiates immune-mediated attack of ARM-
decorated cancer cells. Figure from a publication by Achilli et al. [262].

As a further expansion of the ARM modality, Lake and colleagues introduced small molecule
polymeric ARMs (pARMs) enabling efficient targeting of cells with low antigen expression
[263]. pARMs were based on a backbone linking multiple PSMA ligands with multiple DNP
groups, for use with anti-DNP antibodies as effector moieties. These pARMs were
demonstrated to induce ADCP of PSMA+ cancer cells in vitro [263]. Generally, in the published
studies, SM adaptors have been used for redirection of ADCC and ADCP-competent
endogenous antibodies, limiting the type of immune engagement to be used against tumors.
While SM adaptors have been used as adaptors for CAR-T cells, exploiting T cell cytotoxicity,
their use with adaptor-specificimmune cell engaging antibodies in a modular fashion had not
been done to the best of current knowledge.

Small molecule-protein fusions have also been explored as ARM adaptors. In 2020, Sasaki et
al. further expanded the ARM recruitment of endogenous effector antibody repertoire by
devising an Fc- and TAA-bispecific ARM, termed Fc-ARM [264]. This adaptor consisted of a
small molecule ligand to folate receptor alpha (FOLR1), based on its natural ligand folic acid,
covalently linked to a peptide specific to an Fc portion of antibodies. Fc-ARM was able to
recruit human antibodies to the FOLR1+ tumor cells regardless of their specificity in in vivo
mouse models [264].
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Another, distinct adaptor system published by Martinko et al. in 2022 used antibodies binding
tumor targets, combined with separate antibodies binding CD3€. These molecules formed an
active TCB only upon antibody heterodimerization, induced by an addition of specific FDA-
approved small molecules repurposed for this platform [265]. The concept is depicted in
Figure 4.3.5.
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Figure 4.3.5. Design and mode of action of switchable T cell engagers. A) Design of the tumor-targeting adaptor
antibody fragment, based on 1gG structures, bispecific to HER2 and the small molecule venetoclax. B) Design of
the T cell engager effector molecule, based on IgG structures, bispecific to CD3¢ and venetoclax. C) Mode of
action of the switchable assembly of the triple complex. Venetoclax acts as an on-switch to assemble the tumor-
binding adaptor and the T cell-binding molecule into a functional T cell engager, which initiates T cell cytotoxicity
against adaptor-bound cancer cells. Figure taken from Martinko et al. [265].

The final category includes so-called bridging BiTE (B-BiTE) published by Konishi et al. in 2023
[266]. This concept uses a CD3e- and IgG Fc-bispecific molecule, designed for complex
formation with FDA-approved Fc-competent mAbs in multiple myeloma model. Assembly of
these molecules enable formation a functional TCB and redirect T cells against the mAb
targets. Importantly, the Fc binder enables repurposing of multiple clinical Fc-containing
antibodies. B-BiTE mode of action is depicted in Figure 4.3.6.
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Figure 4.3.6. Design and mode of action of bridging BiTEs. A) Modular design of B-BiTE, whereby a clinical mAb
targeted to the cancer cell is premixed with bispecific antibody- and CD3e-bispecific BiTE. B) Mode of action of
the B-BiTE concept. mAb binds target melanoma cells and recruits NK cells via their active Fc. In case of using the
B-BiTE, B-BiTE molecules recruit T cells to the mAb-decorated target cells and initiate T cell-mediated cytotoxicity
against them. Figure taken from Konishi et al. [267].
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4.4, Introduction to Chapter 1 —P329G-Engager: A novel universal
antibody-based adaptor platform for cancer immunotherapy

Altogether, multiple tumor-targeted adaptor-based systems have been developed to date,
with the ARM concept prevailing in the field. The molecules used as effector entities are
mostly endogenous antibodies [261], [263], [264], T cell engagers [265], [267], or a radioligand
fusion [265]. Despite these advances, current concepts describe systems of interchangeable
tumor-binding adaptors, while utilizing only a single or double universal effector entity,
limiting antitumoral activity to a certain type, such as ADCC or T cell cytotoxicity [260], [261],
[263], [266], without the flexibility to include cytokine or costimulatory signaling.
Alternatively, other published work shows various effector entities for use with custom small
molecule adaptors [265].To fully exploit off-the-shelf advantages of universal antibodies in
cancer immunotherapy, and tackle tumor heterogeneity, one ought to enable the use of
interchangeable components in terms of both tumor and immune cell targeting. Namely,
devising a doubly universal platform would be of value, where an array of tumor-targeted
adaptors can be used with an array of immune cell engagers, utilizing the same adaptor
recognition system. As such, decades of developments of various cancer immunotherapeutics,
such as these mentioned above, could be combined into one system.

Therefore, conceptualization and devising of an antibody-based adaptor platform was done
in this work, with interchangeable components enabling binding across tumor antigens and
immune cell receptors, to tackle antigen and immune heterogeneity (Figure 4.4.1A).
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Figure 4.4.1. Universal adaptor-based P329G antibody platform and its mechanism. A) Aim and the suggested
workflow of the off-the-shelf patient personalization, as enabled by the P329G platform development. B) Details
of the adaptor recognition via P329G mutations, and C) the crystal structure of the P329G-mutated Fc with a
bound anti-P329G Fab. Crystal structure adapted from PDB 6S5A.

Darowski and colleagues have previously repurposed clinically-based binders and IgG formats
as adaptors for the universal anti-P329G CAR-T cell system [226], [245], [246]. Also in the
currently described platform, universality was achieved in terms of binding to the TAA of
choice, but immune cell engagement was limited to the engineered T cells. Stock et al. showed
previously that the CAR-T cell-mediated cytotoxicity was indeed dependent on the binding of
the P329G-specific CAR to the P329G-mutated adaptors [226]. Therefore, for the doubly
universal engager platform in this work, the array of P329G-mutated adaptor IgGs as the
moieties targeting a TAA of choice was opted for. For universal immune cell engagement, it
was hypothesized that the P329G binder from the clinical CAR-T cell may be grafted on
bispecific antibodies (Figure 4.3.1B) with various immune engagement functions, and lead to
adaptor-dependent antibody function, such as TCB activity (mode of action depicted in Figure
4.3.2). Since the clinical P329G CAR was based on an antibody-derived scFv, the available
binder sequence was utilized to create an array of P329G-specific effector antibodies. Up to
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this point in the design process, all the components of the novel system were based on
clinically applied components — tumor binders, adaptor 1gG1 format, P329G binder and the
P329G mutations. To retain the advantages of basing new molecules on the clinical
therapeutics, such availability of in-depth characterization data and resource effectiveness,
immune engagement moieties were also utilized based on clinical or advanced and published
preclinical candidates. The immune engagement molecule fragments, as well as their antibody
formats, were based on molecules either undergoing clinical assessment or having been
approved for cancer treatment.
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Figure 4.3.2. Comparison of the modes of action of the classical TCB and the universal P329G-TCB. A classical
TCB binds its target antigen directly, and upon simultaneous CD3e binding initiates T cell activation and
cytotoxicity. A universal P329G-TCB, on the other hand, utilizes TAA-binding adaptors to target antigen of choice,
and the P329G-TCB itself binds P329G mutations on adaptor 1gG and CD3e on T cells, initiating adaptor-
dependent T cell activation and cytotoxicity.

Consequently, an array of P329G-specific immune cell engagers (P329G-Engagers) was
designed, utilizing antibody engineering technologies and sequences of well characterized
molecules. These P329G-Engagers included: anti-P32G x anti-CD3 T cell bispecific (P329G-
TCB), a glycoengineered, ADCC-competent anti-P329G ADCC-competent antibody/innate cell
engager (P329G-ICE) (based on [268]), anti-P329G-4-1BBL T cell costimulatory fusion protein
(P329G-4-1BBL) (based on [269]), anti-P329G x anti-CD28 bispecific T cell costimulator
(P329G-CD28) (based on [270]) and anti-P329G IL2v antibody fusion protein/immunocytokine
(P329G-IL2v) (based on [157]). This array of immune cell engagers was designed for use with
an array of various TAA-binding P329G-mutated adaptor IgGs. The overview of the platform,
with adaptors and engagers, is presented in Figure 4.4.3.
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Figure 4.4.3. Summary of the universal P329G-Engager antibody platform. On the top, a library of antigen-
specific adaptors is presented, each bearing P329G mutations in the Fc portion. On the bottom, a library of
bispecific P329G-binding immune engagers is shown. The two libraries enable selection of one or multiple
molecules from each of them, to fit the desired antigen and immune engagement of choice.

In this work, in vitro characterization of this novel platform is shown, and evidence that each
engager can be functionally directed against multiple antigens is provided. Additionally, it is
demonstrated that tumor antigens can be targeted by various engagers. The platform is
shown to provide a wide therapeutic window in various adaptor and engager formats, and can
be used in vitro for both hematological and solid tumor antigens. Moreover, evidence is
provided of in vivo antitumoral efficacy of the adaptor CEACAMS5 IgG with P329G-TCB in
humanized mice, utilizing a pretargeting approach. As such, a functional, doubly universal
P329G-Engager platform was devised, where tumor-targeted moieties of choice can be
combined with immune effector moieties of choice, forming a functional therapeutic entity
for use in cancer immunotherapy preclinically.
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4.5. Introduction to Chapter 2 — Universal protease-activated
cancer immunotherapy using target-agnostic antibodies

Antibody-based tumor targeting and the scarcity of tumor specific
antigens

Conventional antibody-based therapies offer substantial target specificity [271]. However,
when it comes to tumor associated antigens themselves, their expression is generally not
exclusive to the tumor [162]. Aside from notable B cell targets in hematological tumors, such
as CD20 in DLBCL, which selectively deplete mature B cells on cancer cells while sparing
precursor cells capable of replenishing a the B cell population, there has been a scarcity of
such selective and druggable targets [162]. Most target antigens in oncology for antibody-
based or adoptive cell therapies involve proteins that are overexpressed in the cancerous
tissue, but still present in lower numbers in non-targeted healthy organs [162]. One such
target antigen is FOLR1 of high interest in oncology, which demonstrates heightened
expression in tumors involving female-specific tissues, such as ovarian, endometrial and
breast cancer, and other cancers such as lung cancer or mesothelioma [272]. However, studies
have shown that while the majority of ovarian cancers display constitutive expression of
FOLR1, it is also present in lower levels in healthy ovaries [185], [273], [274]. Additionally,
FOLR1 expression is also observable in healthy kidneys and lungs [185]. This kind of expression
pattern is common also for other tumor associated antigens, with similar patterns being
observed for EGFR [275], CEACAMS [276], HER2 [277], ROR1 [278] and others. Despite risks of
targeting healthy tissues to some extent, lack of druggable and entirely tumor-specific cell
surface proteins rendered these tumor-overexpressing proteins viable targets for antibody-
based cancer therapy [162]. However, as drugs targeting these antigens entered the clinics,
non-specific expression of these targets, along with the off-target binding, has emerged as a
substantial concern due to the potential for causing severe on-target and off-target off-tumor
toxicities [176], [279], [280], [281], [282].

Current solutions to tackle on-target off-tumor toxicity

To tackle the problem of on-target off-tumor cytotoxicity, certain research groups pivoted to
developing antibodies exerting efficacy only against high target-expressing tumor cells,
remaining inactive in healthy low-expressing tissues [283]. Others focused their strategy on in
vivo assembly of functional therapeutics only upon binding two targets simultaneously,
increasing molecule selectivity [284], [285]. Another strategy for overcoming lack of tumor-
specific targeting is the use of local injections of the therapeutics into the tumor [286], [287],
[288]. While both antibodies and CAR-T cells offer the potential to leverage aforementioned
strategies, CAR-T cells also enable the use of more complex logic gating, such as activating
signaling cascades dependent on both the presence of one target antigen and the absence of
another, among others [289], [290], [291]. Logic gating in antibodies necessitates different
technologies, but has also been investigated, and is a subject of a growing field [292], [293],
[294].
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One of the next-generation strategies for overcoming on-target off-tumor activity that
surfaced in the recent years is exploitation of preexisting tumor microenvironment as a
prodrug-activating condition. More specifically, identification of tumor-specific non-protein
microenvironment characteristics lead to the discovery of low pH, increased protease activity,
and elevated ATP levels as tumor-specific characteristics [295], [296], [297], [298], [299].
Combining targeting of the tumor-overexpressed antigens that have low expression in healthy
tissue with molecule activation only in the tumor microenvironment, could offer enhanced
tumor specificity and potentially reduced toxicity, due to sparing healthy tissue from the
prodrug attack [300].

Protease-rich tumor microenvironment activated antibody prodrugs

One of the proteases of interest in tumor microenvironment studies is matriptase. Matriptase
is a type Il transmembrane serine protease which performs crucial enzymatic functions in
multiple physiological processes, such as degradation of the extracellular matrix of activation
of growth factors (reviewed in [296]). In cancer, such as ovarian and breast malignancies,
matriptase and other proteases are often overexpressed [301], [302], [303], [304]. Their high
levels and activity are also often correlated with poor prognosis [305], [306]. Importantly,
protein levels of matriptase do not directly correlate with its activity, since its regulated by
protease inhibitors [303]. For instance, in breast cancer, the increased activity of matriptase
has not been linked to an increase in protein or mRNA levels directly, but to an altered
matriptase:inhibitor ratio within the tumor, favoring protease activity [303]. This suggests that
while matriptase is present in both tumor and normal breast tissue, its presence and activity
may be key factors in tumorigenesis.

Due to these characteristics, matriptase activity has been explored as the activator of
immunotherapeutic prodrugs designed to be activated upon entering tumor
microenvironment [181], [307], [308], [309]. Protease-activated antibodies represent a novel
class of therapeutic agents that exploit this unique proteolytic environment of tumors. Many
of the protease-dependent approaches involve antibodies targeting a tumor orimmune target
of interest, with a masking moiety obstructing the binding site while in the prodrug state. The
mask can be cleaved off and released when encountering a protease-rich tumor
microenvironment, releasing the antigen binder and thereby activating the antibody [300].
This strategy can enhance the specificity of the therapeutic agent, reducing the risk of on-
target off-tumor effects in healthy tissues which express tumor-associated antigens but lack
matriptase activity.

An example of a protease-activated immunotherapeutic is Prot-FOLR1-TCB, a protease-
activated antibody targeting FOLR1 on ovarian cancer cells, and CD3€ on T cells [181]. This
drug utilizes matriptase activity as an additional condition for activation of the TCB, ensuring
that the prodrug TCB is converted to its active form preferentially within the tumor
microenvironment where matriptase is active, as opposed to benign tissues where its activity
is minimal. The design of Prot-FOLR1-TCB is based on a standard FOLR1-TCB, with added scFv-
based mask bearing affinity against the CD3e binder, connected to the rest of the antibody via
a linker containing a matriptase cleavage site. In absence of matriptase, Prot-FOLR1-TCB can
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bind FOLR1 but not T cells, therefore preventing unwanted T cell-mediated toxicity. Upon
encountering active matriptase, the linker is cleaved, releasing the mask and unlocking the
CD3e binder, activating the TCB [181].

Several other groups reported development of protease-activated immunotherapeutics. In
2012 Metz et al. presented a HER3- and cMET-bispecific antibody with the cMET binder
released sterically only upon proteolytic cleavage [310]. Within the innate cell engager
category, tumor-targeted protease activated Abs include anti-EGFR mAbs with masked tumor
binders [307], [311] and an anti-HER2 mAb with masked Fc [312]. Anti-CTLA4 antibody has
also been developed in a protease-activated format via binder masking [308]. Within the TCB
space, several approaches have been devised for condition activation. DuBridge group
developed EGFR-binding T cell engagers, which undergo domain exchange and assemble a
functional CD3¢ binder only upon protease cleavage [313], [314]. Cattaruzza et al. engineered
HER2- and EGFR- binding T cell engagers, with both TAA and T cell binders masked via steric
hindrance masks until occurrence of proteolytic cleavage [315]. Similarly, Liu et al. designed
double-masked PD-L1-binding T cell engager, where both binders are inactivated by steric
hindrance domain, released upon protease activity [316]. In general, this conditional activity
has been shown to be an attractive approach to improve the therapeutic index of cancer
treatments across many modalities, potentially leading to more effective and safer therapies
within the field of TAA-targeting therapies.

Resource-consuming development of TME-activated versions of
antibody-based drugs

While certainly a promising approach to cancer immunotherapy, an undeniable fact remains
that the development of TME-activated drugs, and especially antibodies, such as protease-
activated TCBs (pro-TCBs), requires additional investment in resources regarding time,
expertise, and development tools, on top of already complex and costly process of standard
antibody development. Considering anti-idiotypic masks (bearing affinity to the target-binding
part of an antibody, i.e. an idiotype), which can offer strong masking capacity [317], each new
developed lead binder must undergo a new phage/ribosome display campaign to identify an
efficient mask. Additional work package includes a breadth of functional assays determining
masking capacity, protease linker cleavage and eventual mask release. Moreover, a new
domain added to an antibody-based therapeutic introduces risks of additional protein sites
capable of inducing anti-drug-antibody production and necessitating evaluation of this risk.
The protease cleavage site also needs in-depth characterization in terms of survival of the
FcRn-based endosomal recycling, the resulting molecule half-life and exit of the active, cleaved
prodrug away from the tumor microenvironment, which can lead to toxicity. The prolongation
and complication of the TME-activated drug discovery process associated with TME-activated
drugs pose significant challenges, particularly in terms of resource consumption for each
newly developed binder or antibody. Balancing the potential benefits of enhanced tumor
specificity and reduced off-tumor effects with the resource-intensive drug development
remains a critical consideration in the pursuit of effective cancer immunotherapies.
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Introduction of double universality in TME-activated drugs: Pro-P329G-
TCB

Taking this into account, it was hypothesized that a target-agnostic protease-cleavable mask
would be of high value, where development resources can be focused one universal protease-
activated antibody, regardless of targeted protein of interest, therefore saving the resources
and costs of TME-activated antibody. To tackle this, the decision was made to utilize the
existing P329G-TCB universal antibody platform (Chapter 1), which by itself offers a target-
agnostic universal T cell engaging antibody, and add a universal protease-dependent element
to this TCB, eliminating the need for the binder selection campaign done for anti-idiotypic
antibodies. The goal of this project was to introduce a protease-cleavable mask that is
universal and can be used with multiple target binders, while also exploiting the advantages
of affinity-based masking.

While the P329G-TCB contains two different binders — anti-P329G and anti-CD3g, the efforts
were focused on masking the P329G binder. This decision was made, since the P329G binder
specifically was conferring target universality of the entire platform, as well as was usable in
modalities beyond TCBs. Masking the CD3¢ binder, while possible, would not allow further
studies with other modalities such as anti-P329G costimulators, anti-P329G CAR-T cells or anti-
P329G innate cell engagers. Therefore, by masking the P329G binders, the aim was to offer
protease-induced activity regardless of both the tumor target and the immune cell target,
maximizing the platform's potential for broad application, and retaining its double
universality. With this goal in mind, the task to develop a universal mask for the P329G binder
arose. The aim was to design a suitable mask while omitting the need for new anti-idiotypic
binder discovery campaign or fully new steric hindrance technology development.

In 2009, Donaldson and colleagues omitted the need for development of a fully new mask by
utilizing target antigen fragments as masks for the protease-cleavable antibodies [318]. There,
anti-EGFR antibodies were fused to the mutated EGFRvIII epitope fragments via protease-
cleavable linkers. The fragment mutations were introduced to reduce affinity to the antibody
binders, in order to facilitate the cell-bound EGFRvIII to outcompete the mask after linker
cleavage.

A 2023 study by Goudy et al. showed a similar design of masking for protease activation
[319]. The researchers developed a PD-1 mimetic and opted to utilize a masking moiety in
form of its endogenous ligand and a competitor of its target, PD-L1, connected to the antibody
via a protease-sensitive linker. Interestingly, intact linker stabilized the masking and prevented
binding to cellular PD-L1, while protease cleavage enabled competition between the cell
surface ligand and the mask, allowing for effective binding of the protease-activated PD-1
mimetic [319]. This study introduced to a concept of the target competing with the target-
resembling mask linked the therapeutic molecule. Based on the aforementioned promising
results in the PD-L1 mask study, the decision was made to design a concept that similarly
utilizes a mask that is competing with the target. In this case, it would constitute the target
being an adaptor P329G-mutated IgG. Considering that the P329G-binders recognize specific
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P329G-mutated CH2 Fc domains of the adaptors as targets, it was hypothesized that a CH2
domain containing P329G mutation, separated from an Fc and the rest of the adaptor IgG,
may serve as a blocking mask. Such a mask would offer previously undescribed advantageous
system - mimicking anti-idiotypic masks in terms of affinity present between the binder and
the mask, while simultaneously offering a universal masking design agnostic to the tumor and
immune target. To evaluate this idea, the structure of a standard P329G-TCB (itself mutated
with P329R LALA as Fc silencing mutations) was utilized as a structural basis, and
conceptualized a masked pro-P329G-TCB, where anti-P329G paratopes of the antibody are
masked by P329G-mutated CH2 domains, connected to the TCB via G4S-based linkers with
protease-cleavage sites. The structural details of the pro-P329G-TCB platform antibodies are
depicted in Figure 4.5.1.
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Figure 4.5.1. Structure of the pro-P329G-TCB with its adaptors. The tumor associated antigens (TAA) of choice
are targeted by adaptor P329G-mutated IgGs. In absence of proteases, pro-P329G-TCB retains its CH2 P329G-
mutated masks, which block binding by the anti-P329G Fabs, and therefore prevent binding to the adaptors.
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The linker details are shown in Figure 4.5.2, where two different matriptase cleavage sites are
inserted into the G4S linkers. By this design, in absence of proteases, the linkers remain intact,
stabilizing the mask attachment to the P329G binders. Upon protease encounter, the linkers
are intended to be cleaved at the specific protease cleavage site, enabling the detachment of
the mask in the covalent terms, and facilitating the adaptor P329G IgG binding to the pro-
P329G-TCB to outcompete the mask binding.
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Figure 4.5.2. Details of the protease-cleavable linkers, connecting the CH2 P329G-mutated masks and the anti-
P329G Fabs. Amino acid sequences of the linkers are depicted. Matriptase cleavage sites are shown in red.
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The mode of action of the pro-P329G-TCB concept is presented in Figure 4.5.3. As shown in
the Figure 4.5.3A, in healthy tissues expressing the target antigen but lacking enhanced
protease activity, adaptor P329G IgGs bind the antigen but remain inactive immunologically.
At the same time, the pro-P329G-TCB binds CD3€ on T cells, with its P329G binders remaining
masked, therefore preventing binding of the TCB to the adaptors, and therefore to the
antigen. This blocked interaction prevents crosslinking of the CD3e on T cells, subsequent TCR
signaling and T cell cytotoxic activity. The pro-P329G-TCB, therefore, remains inactive in
absence of proteases. Presented in the Figure 4.5.3B, in case of protease-rich and antigen-
expressing tumor microenvironment, the linkers connecting the P329G-mutated CH2 masks
to the pro-P329G-TCB are cleaved, leading to the release of the masks and unblocking the
P329G binders on the pro-P329G-TCB. The antigen-targeted adaptor P329G IgGs bound to the
tumor associated antigens are then bound by the unmasked pro-P329G-TCB. The pro-P329G-
TCB, binding both CD3g on T cells and the P329G on the adaptors, induces antigen-dependent
crosslinking of the CD3¢e within the TCR complex. This leads to TCR signaling, initiating a tumor
cell-directed release of cytotoxic proteins and cytokines, and T cell-mediated tumor cell killing.

To enable better control of target binding, confirmations of antibodies within the synapse and
avidity, multiple antibody formats ought to be produced. Considering the influence of TCB
formats on their activity, three formats were designed — 2+1, 1+1 and 1+1 one-armed TCBs in
the protease-cleavable format. As controls of masking and cleavage, unmasked P329G-TCBs,
as well as masked non-cleavable pro-P329G-TCBs were designed and produced (Figure 4.5.4).

Such a system, if successfully developed and validated, would provide a universal pro-P329G-
TCB as an inactive prodrug, active only in a microenvironment fulfilling two conditions —
presence of any tumor associated antigen of choice, and presence of active proteases. As such,
firstly, pro-P329G-TCB could minimize TCB on-target off-tumor activity, thereby potentially
increasing safety of the TCB treatment by reducing the risk of adverse effects in healthy
tissues. Secondly, this approach could broaden the target repertoire to include those that may
not exhibit highly tumor-specific expression patterns. Thirdly, the adaptor-based approach,
which to date has not been integrated with protease-activation, could offer an additional
potential feature enhancing safety. Namely, tumor pretargeting and enrichment of the
adaptors in the tissues is possible prior to pro-P329G-TCB administration, preventing the
accumulation of active TCBs in circulation. Fourthly, a P329G-mutated CH2 mask added to a
P329G-TCB is a truly universal mask, agnostic to both the tumor target and the immune cell
engager of choice. This universal mask can also be seamlessly integrated with various effector
cell-engaging modalities, including innate cell engagers, CAR-T cells or costimulators, further
expanding the scope of potential applications for the pro-P329G system. Overall, the pro-
P329G-TCB system holds potential to be a promising advancement in the field, offering a novel
strategy for selective and effective targeting of tumor cells while minimizing on-target off-
tumor and on-target off-tumor effects, while expanding the range of potential target antigens.
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4.6. Introduction to Chapter 3 — DOTAM-TCB: universal small
molecule-guided hapten- and T cell-bispecific antibodies for
cancer immunotherapy

Small molecule adaptor molecules

Despite the evident enhancements introduced by the adaptor-based systems in cancer
therapies, one must consider the distinct logistical, pharmacological and safety attributes of
the adaptors themselves. Antibody-based adaptors, while potentially mitigating the overall
high therapy costs, require their own characterization of developability, immunogenicity,
along with the establishment of their own production cell lines for clinical trials and beyond.
Additionally, a notable challenge associated with adaptors in form of IgG1 antibodies is the
relatively long half-life of around 21 days [91]. This may prove advantageous for efficacy, but
is undesirable in contexts of efficacy-related toxicities, such as such as cytokine release
syndrome (CRS) or on-target off-tumor activity, where prolonged exposure to an active drug
bears safety risks [320]. Another hurdle encountered with antibody-based adaptors, similar to
all antibody-based therapies, relates to the inherent difficulty in developing binders to certain
proteins, such as G protein-coupled receptors (GPCRs). Such targets have posed difficulties in
protein isolation for phage display, due to loss of original 3D structure during the process, until
recent advancements [321], [322]. Moreover, when contemplating the computational design
of molecules targeting defined antigens, in silico screening or antibody design against a
protein target with an empirically determined structure remains challenging, although it a
subject of continuous developments [323].

In contrast to antibodies, small molecules as target-binding agents offer a distinct set of
favorable characteristics. For instance, devoid of carrier proteins, small molecules are usually
not immunogenic and do not trigger anti-drug antibody (ADA) production by themselves
[324]. The production process of therapeutic small molecules does not require cell line
development, and is more cost-effective [325]. Moreover, short half-life of most small
molecules — between several minutes to several hours [93] may offer better control of the
duration of drug exposure. Additionally, in vitro and silico screening of small molecule ligands
to protein targets is well developed, and may facilitate the design of ligands to difficult-to-
express target proteins, provided their crystal structure is known [326], [327], [328], [329].

Small molecules as ligands to cell surface tumor antigens

Protein-specific small molecules have traditionally been utilized in cancer therapy primarily
for modulating the activity of intracellular targets, such as receptor tyrosine kinases [330], due
to their ability to permeate cell membranes, a characteristic not available for antibodies
without applying additional technologies [331]. However, recent years have witnessed a
growing interest in utilizing small molecules as ligands for cell surface antigens on tumor cells.
Examples of such approaches are the small molecule-drug conjugates [332], [333], [334],
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diagnostic or intraoperative imaging agents [335], [336], and delivery ligands for radiotherapy
[337].

The most known small molecule ligands of tumor-associated surface proteins are: folate,
targeting FOLR1 [338], 2-[3-(1,3-fdicarboxypropyl)ureido]pentanedioic acid (DUPA), targeting
prostate-specific membrane antigen (PSMA) [339], and acetazolamide (AAZ), targeting
carbonic anhydrase IX (CAIX) [340]. These proteins are cell-surface localized antigens
associated with several cancer types, including: ovarian and uterine (FOLR1) [273], [341],
prostate (PSMA) [342], [343] or renal cancers (CAIX) [344], [345].

Small molecules are generally known to exhibit lower target specificity and affinity than their
antibody counterparts [346], [347], [348]. However, notable reason for their development as
surface-binding agents is their potential not only to bind to transmembrane receptors, but
also to inhibit receptor enzymatic activity [349], [350]. Another role small molecules play in
drug development is in their use as haptens, which are small molecules that, combined with
a protein carrier, are capable of eliciting antibody production against them [65]. This
phenomenon enables the development of recombinant anti-hapten antibodies with several
potential applications. One notable use of this approach is pretargeted radioimmunotherapy
(PRIT), where bispecific anti-tumoral anti-hapten antibodies are administered to patients,
followed by the administration of a radioactive hapten; a process resulting in pretargeted
radiotherapy delivery [351], [352], [353].

Adaptors, small molecules and haptens in CAR-T cell context

With the developments in CAR-T cells and small molecule ligands as separate research
domains, an interesting new field has emerged combining both. Namely, tumor-targeting
capabilities of small molecule ligands are being explored for combination with immune
effector functions of T cells, in order to form one antitumoral therapeutic entity. Such
advancements involved the development of recombinant anti-hapten antibody binders in
CAR-T cells, paired with haptenated small molecule adaptors. In 2015, Kim et al. introduced
anti-FITC CAR-T cells for use with folate-FITC small molecule adaptors [239], with similar
approaches being explored by others [240], [354]. Next to FOLR1 antigen, CIAX and PSMA have
also been targeted in an adaptor-based CAR-T cell system [240]. Using a related approach,
Stepanov and colleagues pioneered the development of covalent CAR-T cells, recognizing
adaptors targeting folate and PSMA and forming a covalent bond with the CAR [355].

Adaptors, small molecules and haptens in antibody context

Given the inherent challenges and costs associated with personalization of CAR-T cell
therapies, an alternative approach that attracted interest was the redirection of patient’s
endogenous immune cells toward cancer cells using antibodies and small molecules. In 2002,
Lu and Low published a concept of a haptenated small molecule, folate-FITC, for recruitment
of endogenous hapten-specific antibodies to FOLR1-overexpressing cancer cells [356]. In
2013, the group developed a different approach involving this adaptor, where metastatic renal
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cell carcinoma patients underwent vaccination against a FITC-based hapten, and subsequently
were treated with folate-FITC, to elicit an immune response against FOLR1+ cells bound by
folate [357], [358]. The study reached a clinical trial phase Il, but was eventually terminated
(NCT00485563).

In 2009, Spiegel group pioneered a small molecule-based antibody redirection system, with a
PSMA ligand conjugated to a hapten tag DNP (2,4-dinitrophenyl), for use with anti-DNP
antibodies to induce antibody-dependent cell-mediated cytotoxicity (ADCC) [261]. Such
haptenated small molecules, termed antibody-recruiting molecules (ARMs), exhibited the
additional capability to inhibit the enzymatic activity of PSMA [261]. Since then, there have
been further reports of ARMs development, targeting tumor-associated antigens such as
PSMA with DUPA molecule [260] or FOLR1 with folate molecule [359]. When it comes to
endogenous T cell recruitment via antibody-based molecules, in 2013, Lee et al. introduced
an approach in which omitted the use of haptens, instead employing an anti-CD3¢ antigen-
binding fragment (Fab) covalently linked to a PSMA-targeting small molecule ligand DUPA
[360]. Remarkably, the molecule progressed to clinical trials in patients with metastatic
castration-resistant prostate cancer (mCRPC) [361], albeit it eventually underwent
termination (NCT04077021).

The development and characterization of small molecule tumor ligands, whether through
covalent attachment or hapten binding, have significantly expanded the landscape of
treatment modalities for cancer and beyond. Despite many advancements, the utilization of
haptenated small molecule tumor ligands as adaptors has been limited to tumor redirection
of CAR-T cells or endogenous antibodies. As such, the potential of engineered antibodies as
effector molecules has not been utilized within this space. For instance, redirection of
universal adaptor-binding TCBs, by a set or interchangeable haptenated small molecule
adaptors, remained unexplored. This presents an exciting area for further research,
potentially combining advantages of small molecules with desirable off-the-shelf features and
biological flexibility of the antibodies. Importantly, adaptor-based character of such a platform
could enable universality in terms of targeting a tumor antigen of choice, without the need for
separate production of an immune cell engager for each target. As part of this thesis, a novel
small molecule-hapten-T cell engaging bispecific antibody platform was developed.

DOTAM-TCB design

Considering the above, an aim arose to design a platform enabling the use of an array of
interchangeable small molecule-based tumor ligands, each conjugated to the same hapten,
redirecting a universal hapten-specific T cell engaging antibody. Despite the non-covalent
binding between such a hypothesized immune cell engager antibody and the adaptor small
molecule, it was postulated that a hapten — anti-hapten antibody interaction could provide
sufficiently high affinity. Consequently, the tumor-targeting adaptor small molecule, bearing
a hapten-based tag, would be recognized by an anti-tag T cell bispecific antibody (TCB), and
form a functional TCB. Such a small molecule adaptor-based TCB, in contrast to IgG-based
adaptor-based TCBs, could potentially offer a reduced size of the immunological synapse
owing to the smaller size of the small molecule adaptor.
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Figure 4.6.1. Mode of action of the universal DOTAM TCB 2+1 with haptenated small molecule adaptors.
Various tumor-associated antigens are targeted by interchangeable small molecule ligands (TAA ligands), which
are covalently bound to a Ca 2+-loaded DOTAM hapten, regardless of the targeted TAA. The adaptors are then
bound by DOTAM- and T cell- bispecific antibody (DOTAM-TCB) in the 2+1 format. This triggers CD3e crosslinking,
leading to activation of T cells, cytokine release and tumor-directed cytotoxicity. The same DOTAM-TCB can be
used with various adaptors, rendering it universal in terms of antigen targeting.

Given the considerations outlined above, a small molecule adaptor-based TCB platform was
designed, with its mode of action depicted in Figure 4.6.1.

For the proof of concept experiments, the small molecule adaptors were designed based on
small molecule ligands available in the literature, and use Ca%*-loaded DOTAM as the hapten
of choice, with anti-DOTAM anti-CD3¢e T cell engaging antibody as an effector molecule (Figure

4.6.2).
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Figure 4.6.2. Antibody engineering principles incorporated in the design of the DOTAM-TCB.

DOTAM is a known chelator of bivalent cations, and is used in radiotherapy applications [362],
[363]. Ca**-loaded DOTAM with DOTAM antibody binder was selected as the hapten anti-
hapten binding pair, due to the host group’s previous work on DOTAM-specific high affinity
antibodies [363]. In detail, the design of the small molecule adaptor consisted of: 1) the
hapten, Ca%*-loaded DOTAM, where Ca?* was added to stably load DOTAM, 2) a linker, and 3)
a small molecule ligand to a tumor associated cell surface antigen. Three antigens were
selected for targeting the tumor: PSMA, CAIX and FOLR1, due to their tumor association, and
the availability of the structure of the surface-bound small molecule ligands in the literature:
DUPA, AAZ and folate binding to PSMA, CAIX and FOLR1, respectively [238], [240], [360], [364],
[365]. As a result, three adaptors were designed: Ca-DOTAM-DUPA, Ca-DOTAM-AAZ, and Ca-
DOTAM-Folate, with their chemical structure depicted in Figure 4.6.3. The ligands and their
linkers were derived from FITC-conjugated adaptors published by Low group [240]. Given the
widespread expression of these antigens across various cancer types, it was concluded that
targeting them can provide universality of the platform not only across antigens, but also
indications. As an immune engaging moiety, anti-DOTAM anti-CD3e T cell bispecific antibody
was used, referred to here as DOTAM-TCB. The TCB structure was derived from an FDA-
approved CD20-TCB antibody, glofitamab [63], [70]. The binding between the haptenated
small molecule ligand and the DOTAM-TCB antibody, was designed to form a functional T cell
engager. With this approach, the aim was to combine the benefits of small molecules, hapten
binding and antibody-mediated T cell engagement, while retaining target-agnostic character
of the effector antibody.
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In this study, in vitro proof-of-concept data for the DOTAM-TCB antibody with literature-based
small molecule ligands is shown, whereby antitumoral T cell-mediated efficacy is dependent
on the presence of both components. It is demonstrated that a single universal hapten-and T
cell-bispecific DOTAM-TCB can be used to induce T cell activation against different tumor
antigens. Moreover, Ca%*-DOTAM and anti-DOTAM binding is demonstrated to be highly
stable and reach femtomolar affinity range, enabling the formation of stable non-covalent
complexes of adaptors and TCBs with slow off-rates, and offering the use of the system as
either modular or single molecule modality. After characterization in vitro, preliminary results
from an in vivo study of DOTAM-TCB with CAIX-targeting acetazolamide-based adaptor were
shown. Anti-tumor efficacy is reported, limited by ligand-driven on-target off-tumor toxicity,
offering preliminary insights into risks associated with small molecule tumor targeting.
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Figure 4.6.3. Structures of the small molecule adaptors for use with DOTAM-TCB. A) Ca-DOTAM-AAZ for
CAIX targeting, B) Ca-DOTAM-Folate for FOLR1 targeting, and C) Ca-DOTAM-DUPA for PSMA targeting.
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5. Objectives and scope of the thesis

This doctoral thesis deals with and explores antibody and small molecule adaptor-based
platforms for cancer immunotherapy. More specifically, it presents the development and
characterization of the libraries of tumor antigen-specific adaptors and the libraries or singular
adaptor- and immune receptor-bispeciflc antibodies engaging immune cells against cancer.
Furthermore, this work investigates the assembly of the immune-inactive adaptors and
immune-inactive immune cell engagers into functional immunotherapeutics. This is based on
mix-and-match principles, potentially enabling future off-the-shelf selection of the
components based on tumor antigen and tumor immune profile.

In Chapter 1 of the thesis (P329G-Engager: A Novel Universal Antibody-based Adaptor
Platform for Cancer Immunotherapy), the goal was preclinical development and investigation
of the library of P329G-mutated tumor-binding adaptor IgGs with the library of P329G- and
immune cell receptor-bispecific immune cell engaging antibodies. This research aimed to
provide the first preliminary evidence of the proof of concept of the platform. The scope was
planned as the initial step, enabling future exploration in more advanced settings, such as
incorporating tumor and immune profiling on tumor samples to enable personalization.

In Chapter 2 of the thesis (Universal Protease-Activated Cancer Immunotherapy Using Target-
Agnostic Antibodies), the aim was to expand the double universal P329G-Engager platform,
P329G-TCB specifically, to include next-generation technology of conditional activation of the
molecules by proteases in the tumor microenvironment. The project’s goal was to develop
molecules which do not show on-target off-tumor activity, and enable increased safety profile
when targeting antigens which are not fully tumor-specific. On a technical level, the goal was
identify a protease-activated system, which would not only retain universal character of the
P329G-TCB, but also similarly utilize clinical stage components. The scope of the chapter
included design, production and preliminary in vitro proof of concept characterization.

In Chapter 3 of the thesis (DOTAM-TCB: Universal Small Molecule-Guided Hapten- and T Cell-
Bispecific Antibodies for Cancer Immunotherapy), the goal was preclinical exploration of small
molecules as potential tumor-binding adaptor molecules, and combination with an
appropriate hapten-specific T cell bispecific antibody. Specifically, the aim included design of
haptenated small molecule adaptors, based on separately published structures of its
components — tumor ligands, linkers, and the Ca?*-loaded DOTAM acting as a hapten, as well
as design of a DOTAM- and T cell- bispecific antibody. Moreover, functionality and affinity of
the assembly of such a system was analyzed. The scope of the chapter included multiple
biochemical, structural and in vitro functional characteristics of the DOTAM-TCB platform,
with several tumor-targeted adaptors. Additionally, preliminary in vivo test was conducted,
and indicated potential toxicity liabilities. These results laid the groundwork for potential
future directions of research into specificity of small molecule ligands, and their suitability for
TCB redirection.
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6. Materials and methods

6.1. Molecule synthesis methods

Synthesis of Ca-DOTAM-DUPA
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Figure 6.1. Synthesis steps of Ca-DOTAM-DUPA.

The synthesis of Ca-DOTAM-DUPA was planned by Dr. Dario Venetz (Roche Innovation Center
Zurich), Antonio Ricci and Dr. Moreno Wichert (Roche Innovation Center Basel), and
performed at a CRO. The steps are summarized in Figure 6.1.

The peptide was synthesized using standard Fmoc chemistry. Resin preparation: To the 2-CTC
Resin (1.00 mmol, 1.00 eq, Sub 1.00 mmol/g) was added ethane-1,2-diamine (3.00 eq) and
DIPEA (4.00 eq) in DCM (10.0 mL) was agitated with N, for 2h at 20°C. Then added MeOH (1.00
mL) for another 30 min. The resin was washed with DMF (10.0 mL * 3) and filtered to get the
resin. 20% Piperidine in DMF (10.0 mL) was added and agitated the resin with N, for another
30 min. The resin was washed with DMF (10.0 mL * 5) and filtered to get the resin. Coupling:
A solution of Fmoc-Phe-OH (2.00 eq), DIEA (4.00 eq) and HBTU (1.90 eq) in DMF (5.00 mL) was
added to the resin and agitated with N2 for 30 min at 20 °C. The resin was then washed with
DMF (10.0 mL * 3). Deprotection: 20% piperidine in DMF (10.0 mL) was added to the resin and
the mixture was agitated with N, for 30 min at 20 °C. The resin was then washed with DMF
(10.0 mL * 5). Coupling steps were repeated for the following amino acids (Table 6.1):
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Table 6.1. Coupling reagents used in the synthesis of Ca-DOTAM-DUPA.

# Materials Coupling reagents
1 ethane-1,2-diamine (3.00 eq) DIEA (4.00 eq)
FMOC-Phe-OH (2.00 eq) HBTU (1.9 eq) and DIEA (4.00 eq)
FMOC-Phe-OH (2.00 eq) HBTU (1.9 eq) and DIEA (4.00 eq)

8-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)octanoic acid (2.00 HBTU (1.9 eq) and DIEA (4.00 eq)
eq)

(S)-4-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-5-  (tert-butoxy)-5- HBTU (1.9 eq) and DIEA (4.00 eq)
oxopentanoic acid (2.00 eq)

CDI (3.00 eq) DMAP (3.00 eq)

(S)-di-tert-butyl 2-aminopentanedioate (5.00 eq) DMAP (1.00 eq)

B
2|
I
6 |

20% piperidine in DMF was used for Fmoc deprotection for 30 min. The coupling reaction was
monitored by ninhydrin test, and the resin was washed with DMF for 5 times. After Fmoc
deprotection, the resin was washed with DMF (10 mL *3), THF (10 mL *3). Then CDI (486.4
mg, 3.0 eq) and DMAP (366.5 mg, 3.0 eq) was added to the resin and agitated with N; for 2
hours at 20 °C in THF (5 mL). The resin was then washed with DMF (10 mL * 3) THF (10 mL *
2). (S)-Di-tert-butyl 2-aminopentanedioate (1.30 g, 5.00 eq) and DMAP (122.1 mg, 1.0 eq) in
THF (5mL) was added to the resin and agitated with N3 for 1 h at 20°C. Cleavage buffer (90%
TFA / 2.5% EDT / 2.5% TIS / 2.5% H20 / 2.5% methylsulfanylbenzene) was added to the flask
containing the side chain protected peptide at room temperature and stir for 2.5 hours. The
peptide was precipitated with cold tert-butyl methyl ether, filteres, and the filter cake was
collected. The filter cake was washed with tert-butyl methyl ether washes two times. The
crude peptide was dried under vacuum 2 hours. The crude peptide (0.90 g) was purified by
prep-HPLC (A: 0.075% TFA in H,0, B: ACN) to give the product Compound 1B (380 mg) as a
white solid.

To a solution of compound 1B (118 mg, 1.5 eq) in DMF (5 mL) / H20 (1 mL), then DIEA was
added to adjust pH=9, to get solution 1. To a solution of 2-[4,7,10-tris(2-amino-2-oxo-ethyl)-
6-[(4-isothiocyanatophenyl)methyl]-1,4,7,10-tetrazacyclododec-1-ylJacetamide- compound
2A (60 mg) in DMF (5 mL) and H,0 (1 mL), to get solution 2. Then solution 2 was added into
the solution 1 dropwise. The mixture was stirred at 20 °C for 30 min. The reaction solution
was purified by prep-HPLC (A: 0.075% TFA in H,0, B: ACN) and lyophlized by 0.05% HCI/H,0
again to give the product compound 3B (51.8 mg, 36.2 umol, 41.9% vyield, 96.6% purity, HCI)
as a white solid; m/z: [M+1] * = 1345.9. To a clear solution of compound 3B (20.0 mg, 0.013
mmol, 1.0 eq) in water (0.2 mL) was added calcium acetate hydrate (6.0 mg, 0.034 mmol, 2.5
eq). The reaction mixture was stirred at 25 °C for 5 min. The reaction mixture was dried by
lyophilization directly to afford compound 4A (16 mg, 99% yield) was obtained as a white
solid; m/z: [M+1]* = 1345.7.
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Synthesis of Ca-DOTAM-AAZ
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Figure 6.2. Synthesis steps of Ca-DOTAM-AAZ.

The synthesis of Ca-DOTAM-AAZ was planned by Antonio Ricci, and performed at a CRO. The
steps are summarized in Figure 6.2.

A mixture of compound 1C (25 g, 112.49 mmol, 1.00 eq), HCI (12 M, 37.5 mL, 4.00 eq) in
ethanol (250 mL) was heated to reflux for 16 hours at 78 °C. The reaction solution was cooled
to 30 °C, then concentrated under reduced pressure to remove ethanol. The residue was
diluted with H,0 60 mL, and the mixture was adjusted pH = 7 with saturated NaHCO3 solution.
The mixture was filtered and the filtered cake was dried over vacuum to afford compound 2C
(13 g, 72.14 mmol, 64.1% yield) as white solid. To a solution of compound 3C (1.50 g, 3.93
mmol, 1.00 eq) in DCM (10.0 mL) thionyl chloride (523.95 mg, 4.40 mmol, 319.4 uL, 1.12 eq)
was added. The solution was cooled to 0 °C. The DMF (114.96 mg, 1.57 mmol, 121.0 uL, 0.40
eq) was added dropwise to mixture. The mixture was stirred at 20 °C for 3 hours. The reaction
mixture was concentrated under reduced pressure to remove DCM to get residue. The crude
(1.90 g) was used to the next step without further purification. A solution of compound 2C
(675.94 mg, 3.75 mmol, 1 eq) and pyridine (593.38 mg, 7.50 mmol, 605.5 uL, 2.00 eq) in DMF
(5.00 mL) was cooled to 0 °C, then a solution of compound 4C (1.50 g, crude) in DCM (10 mL)
was added dropwise into the resulting mixture at 0 °C, the mixture was stirred at 25 °C for 12
hours. Water (20.0 mL) was added into reaction solution, and precipitation was formed. The
suspension was filtered and the filtered cake was washed with water (5.0 mL *2), then the
filtered cake was dry under reduced pressure to afford compound 5C (1.60 g, 2.71 mmol,
72.1% vyield, 92% purity) as white solid; m/z: [M+1] * = 544.3. To a solution of compound 5C
(1.30 g, 2.20 mmol, 92% purity, 1.00 eq) in DMF (8.00 mL) piperidine (1.59 g, 18.62 mmol, 1.84
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mL, 8.5 eq) was added. The mixture was stirred at 20 °C for 2 hours. The reaction mixture was
concentrated under reduced pressure to remove DMF, the residue was purified by prep-HPLC
(NH4CO3) to afford compound 6C (376 mg, 1.17 mmol, 48.8% vyield) as a white solid; m/z:
[M+1] * = 321.9. To a mixture of compound 6C (140.85 mg, 0.44 mmol, 1.2 eq) and
triethylamine (0.08 mL, 0.55 mmol, 1.5 eq) in anhydrous DMA (5 mL) (dried over 4A MS)
compound 2A was added (200.0 mg, 0.37 mmol, 1.0 eq) in portions at 25 °C, after addition
the reaction mixture was stirred at 25 °C for 16 hours. The reaction mixture was diluted with
MTBE (35 ml) and separated by centrifugation. The residual was dissolved in water (3.5 ml)
and filtered. The filtrate was purified by prep-HPLC column: Unisil 3-100 C18 Ultra
150*50mm*3 um; mobile phase: [water (FA)-ACN]; B%: 1%-27%, 7min and dried by
lyophilization to afford compound 7C (150.0 mg, 0.17 mmol, 47.3% vyield) as a light yellow
solid; m/z: [M+1] * = 869.9. To a clear solution of compound 7C (150.0 mg, 0.17 mmol, 1.0 eq)
in water (8 mL) diacetoxycalcium (81.9 mg, 0.52 mmol, 3.0 eq) was added in portions. The
reaction mixture was stirred at 25 °C for 2 hours. The reaction mixture was dried by
lyophilization directly to afford compound 8C (200.0 mg, 0.19 mmol, 99.4% vyield) was
obtained as a white solid; m/z: [M+1]* = 907.2.

Synthesis of Ca-DOTAM-Folate
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Figure 6.3.Synthesis steps of Ca-DOTAM-Folate.
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The synthesis of Ca-DOTAM-Folate was planned by Dr. Dario Venetz (Roche Innovation Center
Zurich), Antonio Ricci and Dr. Moreno Wichert (Roche Innovation Center Basel), and
performed at a CRO. The steps are summarized in Figure 6.3.

The peptide was synthesized using standard Fmoc chemistry. Resin preparation: To the 2-CTC
Resin (1.00 mmol, 1.00 eq, Sub 1.00 mmol/g) was added ethane-1,2-diamine (3.00 eq) and
DIPEA (4.00 eq) in DCM (10.0 mL) was agitated with N2 for 2 hours at 20 °C. Then added MeOH
(1.00 mL) for another 30 min. The resin was washed with DMF (10.0 mL * 3) and filtered to
get the resin. Coupling: A solution of Fmoc-Glu-OtBu (2.00 eq), DIEA (4.00 eq) and HBTU (1.90
eq) in DMF (5.00 mL) was added to the resin and agitated with N2 for 30 min at 20 °C. The
resin was then washed with DMF (10.0 mL * 3). Deprotection: 20% piperidine in DMF (10.0
mL) was added to the resin and the mixture was agitated with N2 for 30 min at 20 °C. The resin
was then washed with DMF (10.0 mL * 5). Coupling: A solution of Pteroic acid (CAS# 119-24-
4) (2.00 eq), DIEA (4.00 eq) and HBTU (1.90 eq) in DMSO (10.00 mL) was added to the resin
and agitated with N2 for 30 min at 20 °C. The resin was then washed with DMF (10.0 mL * 3)
and MeOH (10.0 mL * 3). The peptide resin was dried under vacuum and get 1.6 g.

Cleavage buffer (90% TFA / 2.5% EDT / 2.5% TIS / 2.5% H20 / 2.5% methylsulfanylbenzene) 16
mL was added to the flask containing the peptide resin (1.6 g) at room temperature and stir
for 2.5 hours. The molecule was precipitated with cold tert-butyl methyl ether, filtered, and
filter cake was collected. The cake was washed wit tert-butyl methyl ether two more times.
The crude peptide was dried under vacuum for 2h. The crude peptide (0.50 g) was purified by
prep-HPLC (A: 0.075% TFA in H20, B: ACN) to give the compound 1A (180 mg, TFA salt) as a
white solid. To a solution of compound 1A (105 mg, 1.5 eq) in DMSO (5 mL) and H20 (1 mL),
then DIEA was added to adjust pH=9, to get solution 1. To a solution of 2-[4,7,10-tris(2-amino-
2-oxo-ethyl)-6-[(4-isothiocyanatophenyl)methyl]-1,4,7,10-tetrazacyclododec-1-ylJacetamide-
compound 2A (100 mg, , 1.0 eq) in DMSO (5 mL) and H20 (1 mL), to get solution 2. Then
solution 2 was added into the solution 1 dropwise. The mixture was stirred at 20 °C for 30 min.
The reaction was monitored by LCMS, and purified directly after the main peak was observed
to be the desired m/z. The reaction solution was purified by prep-HPLC (A: 0.05% HCl in H20,
B: ACN) and lyophilized to give the product compound 3A (50.5 mg, 48.9 umol, 33.9% vyield,
94% purity, HCl salt) as a yellow solid; m/z: [M+1] + = 1031.7. To a clear solution of compound
3A (20.0 mg, 0.016 mmol, 1.0 eq) in water (0.2 mL) was added calcium acetate hydrate (7.0
mg, 0.04 mmol, 2.5 eq). The reaction mixture was stirred at 25 °C for 5 min. The reaction
mixture was dried by lyophilization directly to afford compound 4A (16.2 mg, 99% yield) was
obtained as a white solid; m/z: [M+1] + = 1069.4.

Antibody synthesis

The antibody production was performed by teams at Roche Innovation Center Zurich, by a
CRO, or by the thesis author.
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Antibodies were synthesized with Roche internal or CRO external technology via transient
transfection in HEK-293T cells, followed by triple purification process and sterilization. Quality
control process included liquid chromatography-mass spectrometry protein identification,
purity control, endotoxin quantification and concentration determination. The antibodies
were stored in sterile 20 mM Histidine, 140 mM NacCl, pH 6.0 buffer.

SM-TCB complexing

Ca-DOTAM-Ligands (SM) and DOTAM-TCBs were mixed in in protein buffer (20mM Histidine,
140mM Sodium chloride, pH 6.0) at the molar ratio of SM:TCB of 4:1 or 100:1. Then the mix
was incubated for 1h at RT at a laboratory tube carousel. Subsequently, the preparations were
purified by Amicon Ultra Centrifugal Filter, 30 kDa MWCO (Milipore # UFC5030) according to
manufacturer’s protocol. The protein concentration was measured by a Dropsense
spectrophotometer (Trinean #100382).

6.2. Analytical and biochemical methods

KinExA binding measurement

Polymethylmethacrylate (PMMA) beads (Sapidyne Instruments #440176) were absorption
coated according to the KinExA Handbook protocol for biotinylated molecules (Sapidyne
Instruments). Briefly, 10 pg of Biotin-BSA (Sigma #A8549) in 1 ml PBS pH7.4 (Roche
#11666789001) was added per vial (200 mg) of beads. After rotating for 2 h at RT, the
supernatant was removed and beads were washed 5x with 1 ml of PBS. Then, 1 ml of 100 pg
of NeutrAvidin Biotin-Binding Protein (Thermo Scientific #31000) in PBS containing 10 mg/ml
BSA (Sigma-Aldrich # A2153) was added to the beads and incubated at RT for additional 2 h.
The NeutrAvidin-coated-beads were then rinsed 5x with 1 ml PBS. Finally, the beads were
coated with 200 ng/ml biotinylated Pb-DOTAM-Isomer Mix (50 ng for each Isomer) (Roche-in
house) in PBS and incubated for further 2h at RT. Beads were then resuspended in PBS and
used immediately.

All KinExA experiments were performed at RT using PBS pH 7.4 as running buffer. Samples
were prepared in running buffer supplemented with 1 mg/ml BSA as sample buffer. A flow
rate of 0.25 ml/min was used. For Ca-DOTAM, Ca-DOTAM-folate and Ca-DOTAM-DUPA, a
constant amount of anti-DOTAM antibodies - DOTAM-TCBs (200 pM and 1 pM) was titrated
with antigen by twofold serial dilution starting at 2 nM for 200 pM anti-DOTAM antibody
(concentration range 0.97 — 2000 pM) and 100pM for 1 pM anti-DOTAM antibodies - DOTAM-
TCBs (0.048 -100 pM). One sample of antibody without antigen served as 100% signal (i.e.
without inhibition). Antigen—antibody complexes were incubated at RT for 24 - 72h to allow
equilibrium to be reached. Equilibrated mixtures were then drawn through a column of Pb-
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DOTAM-coupled beads in the KinEXA system permitting unbound antibody to be captured by
the beads without perturbing the equilibrium state of the solution. Captured antibody was
detected using 250 ng/ml AF647-conjugated anti-human Fc antibody (Jackson #109-605-097)
in sample buffer. Each sample was measured in duplicates for all equilibrium experiments.
KinExA data were analyzed with the KinExA software (Version 4.2.14) using the “standard
analysis” method. The software calculated the Kp and determined the 95% confidence interval
by fitting the data points to a theoretical Kp curve. The 95% confidence interval was given as
Ko low and Kp high. For the final Kp determination, an n-curve analysis of at least 2
measurements using different constant anti-DOTAM antibody concentrations was performed.
This global analysis is used to analyze multiple standard Kp experiments on the same axis to
obtain a more accurate determination of the Kbp.

SPR: TCB-SM complexes binding to their respective receptors

SPR experiments were performed on a Biacore T200 at 25 °C with HBS-EP as running buffer
(Cytiva #BR100669). An anti-P329G antibody (Roche, in house) was directly coupled on a CM3
sensor chip (Cytiva #BR100536) at pH 5.0 using the standard amine coupling kit (Cytiva
#BR100050). The immobilization level was approximately 300 RU.

The complexes of Ca-DOTAM-AAZ with DOTAM-TCB 1+1 were captured for 60 seconds at 15
nM. The recombinant human CAIX homodimer, Fc Tag (Sino Biologicals #10107-h02h) was
passed at a concentration range from 0.41 to 33 nM with a flow rate of 30 pL/min through the
flow cells over 240 seconds. The other molecules tested were: FOLR1-TCB 2+1 or a complex
of Ca-DOTAM-Folate with DOTAM-TCB 1+1 for FOLR1 binding, or PSMA-TCB 2+1 or a complex
of Ca-DOTAM-DUPA with DOTAM-TCB 1+1 for PSMA binding, and empty DOTAM-TCB 1+1 as
negative control. The molecules were captured for variable contact times at 15 nM. The
recombinant human PSMA homodimer Avi-Biot Fc tag (Roche, in house) or the recombinant
human FOLR1 monomer Avi-Biot Fc tag (Roche, in house) were passed at the concentration
of 300 nM with a flow rate of 30 puL/min through the flow cells over 240 seconds.

The dissociation was monitored for 600-1500 s. The chip surface was regenerated after every
cycle using two injections of 10 mM Glycine pH 2.0 for 60 s each. Bulk refractive index
differences were corrected by subtracting the response obtained on a reference flow cell. The
affinity constant was not calculated due to the dimeric form of the analyte.

SPR: FcyRllla binding to P329X IgG variants

SPR experiments were performed on a Biacore T200 at 25 °C with HBS-EP as running buffer
(Cytiva #BR100669). An anti-His I1gG antibody (Qiagen #34650) was directly coupled on a CM3
sensor chip (Cytiva #BR100536) at pH 5.0 using the standard amine coupling kit (Cytiva
#BR100050). The immobilization level was approximately 6500 RU. Subsequently, 1 M
ethanolamine was injected to block unreacted groups. The His-FcyRllla (Roche, in-house) was
captured at 10 nM with a flow rate of 30 uL/min through the flow cells for 60 s. The P329X IgG
variants or controls were captured sequentially at 150 nM, 300 nM and 600 nM with a flow
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rate of 30 puL/min through the flow cells 90 s each. The dissociation was monitored for 65 s.
The chip surface was regenerated after every cycle using two injections of 10 mM Glycine
pH 1.5 for 65 s each. Bulk refractive index differences were corrected by subtracting the
response obtained on a reference flow cell.

SPR: anti-P329G binding to P329X 1gG variants

SPR experiments were performed on a Biacore T200 at 25 °C with HBS-EP as running buffer
(Cytiva #BR100669). An anti-P329G antibody (Roche, in house) was directly coupled on a CM3
sensor chip (Cytiva #BR100536) at pH 5.0 using the standard amine coupling kit (Cytiva
#BR100050). The immobilization level was approximately 1200 RU. The P329X IgG variants or
controls were captured at 500 nM with a flow rate of 10 pL/min through the flow cells over
240 seconds. The dissociation was monitored for 800 s. The chip surface was regenerated after
every cycle using two injections of 10 mM Glycine pH 2.1 for 60 s each. Bulk refractive index
differences were corrected by subtracting the response obtained on a reference flow cell.

ELISA with SM spike

For ELISA, streptavidin-coated plates (Roche #604192) were coated with either biotinylated
recombinant human PSMA (R&D Systems #AVI4234-025) at 12 nM or biotinylated
recombinant human CAIX (MedChemExpress #HY-P72348-20uG) at 12 nM, diluted in 15%
SuperBlock Blocking Buffer (Thermo #37515), by incubation for 1h at RT. The plates were then
washed 3x with PBST buffer (Roche, in-house). Serial dilutions of the analytes (empty TCB or
SM-TCB complexes, starting from 10 nM) were prepared in 15% Superblock. In case of SM
spike, the analytes were mixed with constant concentration of SM (144 nM) to provide excess
SM. The molecule dilutions were mixed, added to the plates, and incubated for 2h at RT. The
plates were washed 3x with PBST buffer. Digoxin-fusion anti-huFc (Roche, in-house) was
diluted 1:50 000 in 15% Superblock and added to the plate, followed by 1h incubation at RT.
After 3 washes with PBST buffer, POD anti-Dig antibody (Roche #11633716001) was diluted in
15% Superblock (1:2000 dilution) and added to the wells. The plates were incubated for 1h at
RT. After 3 washes with PBST buffer, the POD substrate (Roche #55198300) was added to the
wells. The plates were shaken to achieve substrate distribution and were incubated for 20 min
at RT. The readout consisted of calculated ODags — ODago measurements at the TECAN EVO
machine (Tecan, custom).

Native Size Exclusion Chromatography-Mass Spectrometry (native SEC-
MS)

Protein samples were prepared in a native buffer containing 100 mM Sodium phosphate, pH
7.1, at 1 mg/mL and were deglycosylated for 16h with PNGase F (Promega #V4831) at 37°Ciin
a thermocycler at 400 rpm. Native size exclusion chromatography was performed on a
Vanquish Horizon UPHLC system (Thermo Scientific #lQLAAAGABHFAPUMZZZ) and a high-
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resolution SEC column (Acquity Premier Protein SEC, 250 A 1.7 pum, 4.6 x 300 mm (Waters
#PN186009964) equilibrated with the native mobile phase (200 mM ammonium acetate, pH
5.4). The column was maintained at a constant temperature of 25°C. A flow rate of 0.25
ml/min was used, and the injection volume was 5 pL. The chromatography system was
coupled to a mass spectrometer through a nano electrospray ionization (ESI) source. To obtain
the required low flow rate for nano-ESI the eluting flow from the UHPLC system is splitted at
ratio 1:100. The MS instrument used was a Q Exactive UHMR Mass Spectrometer (Thermo
Scientific #0726090). The mass spectrometer was operated in positive ion mode with a
capillary voltage of 2.1 kV. The source temperature was set to 250°C. The mass range was set
to m/z 350-15000 to capture the intact mass of the protein complexes. The standard method
involved desolvation/fragmentation step with the in-source CID of 30.0 eV and IST desolvation
of -175. The soft method involved desolvation/fragmentation step with the in-source CID of
20.0 eV and IST desolvation of -25.

SDS-PAGE and Western blot

The molecules were mixed with either PBS (Gibco #10010023) or 5.3 nM recombinant
matriptase thawed on ice (Enzo #50-200-7957) in pH 9.0 matriptase buffer (Roche, internal)
and incubated overnight at RT. Subsequently, the samples were reduced and analyzed via SDS-
PAGE followed by Coomassie staining or by Western blot according to Invitrogen NuPAGE
Technical guide (Invitrogen #IM-1001). The Western blot staining was done by either directly
by an anti-huFc HRP (Sigma #A0170) or by a murine anti-PG antibody (Roche, internal)
followed by anti-murine 1gG HRP (Jackson # 515-035-062). The image acquisition was
performed with BioRad ChemiDoc MP machine.

6.3. Structural analysis

X-Ray crystallography

For crystallization, the anti-DOTAM Fab fragment, with the sequence derived from the
DOTAM-TCB, was concentrated to 28.7 mg/mL. The Ca-DOTAM-AAZ compound was dissolved
in DMSO and added to the Fab fragment solution in a molar excess of 1.5:1. The mix was
incubated for 3h on ice. Crystallization trials were performed in sitting drop vapor diffusion
setups at 21 °C using a JCSG+ screen (Qiagen). Spherulites appeared within 1 day out of various
screening conditions. Plate type clusters grew within 20 days out of 0.1 M Tris pH 8.5, 20 %w/v
PEG 1000 and 0.2 M MgCl,. These clusters were crushed into micro crystals and used in fresh
crystallization setups as nucleation seeds. With seeding three dimensional crystals could be
obtained out of 0.1 M KSCN and 30% w/v PEG MME 2000.

For data collection, the crystals were flash-cooled at 100K with 20 % ethylene glycol (VWR
#BDH1125-4LG) added as a cryo-protectant. X-ray diffraction data were collected at a
wavelength of 1.0005 A using an Eiger2X 16M detector (Dectris) at the beamline X10SA of the
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Swiss Light Source (Villigen, Switzerland). Data were processed with XDS (MPI for Medical
Research) and scaled with SADABS software (Bruker). The crystals belong to space group
P21212; with cell axes of a=56.18 A, b= 66.64 A, c= 105.56 A and diffract to a resolution of 1.45
A. The structure was determined by molecular replacement with Phaser software (University
of Cambridge) using the coordinates of an in-house Fab fragment structure as a search model.
Difference electron density was used to place the compound Ca-DOTAM-AAZ. The Ca-DOTAM
moiety of the compound was well defined, whereas no electron density could be observed for
the remaining part of the compound. The structure was refined with programs from the CCP4
suite (Rutherford Appleton Laboratory). Manual rebuilding was done with Coot software
(University of Oxford).

6.4. Cell-based biological assays

Cell lines and cell culture

Cell lines were ordered from an internal Roche cell biorepository (previously derived from
ATCC, DSMZ, Promega or academic/industrial collaborators), and cultured according to ATCC
or DSMZ protocols, without antibiotics.

Assay medium

Assay media used in all functional in vitro and ex vivo experiments consisted of sterile RPMI
1640 with GlutaMAX (Gibco #61870036), 10% FBS (Sigma-Aldrich #F2442), 1x NEAA (Gibco
#11140050) and 1mM NaPyr (Gibco # 11360070).

Binding assay

Tumor cells from selected cell lines were harvested with TrypLE Express Enzyme (Gibco
#12605010), and washed 2x with assay media. Subsequently, the cells were plated at 0.100 x
106 cells/well in a U-bottom clear 96-well plate (TPP #92097). Next, the molecules (premixed
small molecule adaptors and effector molecules) were added to the plate at 100 nM each. The
assay components were incubated for 1h at 37°C and 5% CO,. After the incubation time, the
cells were washed 1x with assay media and 2x with FACS buffer (Roche, in-house). Then, the
cells were stained with the secondary PE- or £AF647-conjugated anti-P329G antibody (Roche,
in house) diluted in FACS buffer (Roche, in house), and incubated for 20 min at RT. The cells
were washed 3x with FACS buffer, resuspended in FACS buffer, and acquired at BD
FACSymphony A5 (BD, custom) or BD LSRFortessa (BD, custom). The flow cytometry data was
analyzed using Flowjo software.

Human PBMC and pan T Cell isolation

Healthy human donor buffy coats were sourced from Blutspende Ziirich SRK. PBMCs were
isolated via a standard protocol by Lymphoprep (STEMCELL #07851). Pan T cells were isolated
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either from PBMCs with the Pan T Cell Isolation Kit, human (Miltenyi #130-096-535) or directly
from buffy coats by RosetteSep Human T Cell Enrichment Cocktail (STEMCELL #15061).

Jurkat reporter assays

Tumor cells from selected cell lines were plated at 0.002 x 108 cells/well in a flat-bottom,
white-walled clear bottom 384-well-plate (Corning #3826) in assay medium one day before
the assay. In case of P329G-pro-TCB and control antibodies, the molecules were mixed with
either PBS (Gibco #10010023) or 5.3 nM recombinant matriptase thawed on ice (Enzo #50-
200-7957) in protein buffer (20mM Histidine, 140mM Sodium chloride, pH 6.0) and incubated
overnight at RT. On the assay day, Jurkat reporter cells - Jurkat CD3/NFAT (Promega
#CS176501), Jurkat FcyRIll (Promega, custom cell line), or Jurkat NFkB (Promega, custom cell
line) were plated in assay medium to obtain a final effector-to-target cell ratio (E:T) of 5:1.
Subsequently, diluted molecules were added to the assay plate to obtain a final volume of 40
ul. The adaptors and effector molecules were premixed before addition, with the exception
of cross-titration assays with separate administration to the assay plates. The assay
components were incubated for 5-6h at 37°C and 5% CO,. After the incubation time, 40 pl of
a luciferase substrate, ONE-Glo Luciferase Assay reagent (Promega #E6120) was used,
allowing for a measurement of relative luminescence units (RLU). Readout was performed
using a Tecan Spark 10M reader. The luminescent signal was acquired for 300 ms/well, and
calculated to reflect RLU/s per well.

Jurkat CD3/NFAT reporter assay with SM/TCB spike

HT-29 cells were plated at 0.002 x 10° cells/well in a flat-bottom, white-walled clear bottom
384-well-plate (Corning #3826) in assay medium one day before the assay. On the assay day,
Jurkat CD3/NFAT (Promega #CS176501) reporter cells were plated in assay medium to obtain
afinal effector-to-target cell ratio (E:T) of 5:1. The molecules were prepared in a serial dilution.
For SM or TCB spiking, the serial dilutions were mixed with a constant concentrations of either
Ca-DOTAM-AAZ or DOTAM-TCB 2+1 to achieve a final assay concentration of 100 nM and 1
nM, respectively. The diluted molecules were added to the 384 well plate to obtain a final
volume of 40 pl. The assay components were incubated for 5-6h at 37°C and 5% CO.. After the
incubation time, a luciferase substrate, ONE-Glo™ Luciferase Assay reagent (Promega #E£6120)
was used according to the manufactures protocol, allowing for a measurement of relative
luminescence units (RLU). Readout was performed using a Tecan Spark 10M reader. The
luminescent signal was acquired for 300 ms/well, and calculated to reflect RLU/s per well.

pSTATS assay

For T cell preactivation to induce PD1 expression, 6-well plates were coated with 1 pg/ml of
anti-human CD3 antibody (Biolegend #317325) diluted in PBS (Gibco #10010023) overnight at
4°C. Next, PBS solution was carefully removed, 4 ml/well of healthy donor PBMCs were added
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to the wells in assay media at 2.5 x 106 cells/ml and 1 pg/ml of soluble anti-human CD28
antibody (Biolegend #302933). The cells were incubated for 4-5 days at 37°C and 5% CO2. Cells
were pooled and washed 2x with assay media. Next, the cells were resuspended in fresh assay
media and rested for 3-4hin 37°Cand 5% CO2, to remove residual IL2 signaling. Then, the cells
were washed 2x with assay media and and plated in a V-bottom 96-well plate (fNUMBER) at
the final number of 0.350 x 106 cells/well in assay media. Subsequently, the adaptor IgGs were
added into all wells, and the assay components were incubated for 30 min at room
temperature. The cells were then washed 2x with assay media. Assay media containing IL2v
fusion molecules and Human TruStain Fc Receptor Blocking Solution (Biolegend #422302) was
added to all wells simultaneously. The assay components were incubated for 12 min at 37°C
and 5% CO2. The IL2 signaling was stopped by the addition of 37°C-prewarmed BD Cytofix
Fixation buffer (BD #554655) simultaneously to all wells, followed by a 30 min incubation at
37°Cand 5% CO2. The cells were subsequently washed 2x with FACS buffer (Roche, in-house),
and resuspended in 4°C-precooled BD Phosflow Perm Buffer Il (BD #558050). The cells were
incubated overnight at -20°C. The cells were washed 2x with FACS buffer, and were stained
with surface and intracellular markers simultaneously. The staining panel consisted of
Phosflow protocol-compatible antibodies a-CD3 in FITC (Biolegend #300406), a-CD4 in APC
(Biolegend #300537), a-CD8a in PerCP/Cy-5.5 (Biolegend #344710) not competing with
internal anti-CD8 binder, and anti-pSTAT5 in PE (BD #562077), diluted in FACs buffer, and
incubated with cells for 30 min at 4°C. The cells were washed 2x with FACS buffer,
resuspended in FACS buffer, and acquired at BD FACSymphony A5 (BD, custom) or BD
LSRFortessa (BD, custom). The flow cytometry data was analyzed using Flowjo software.

Incucyte imaging

NLR-expressing tumor cells from selected cell lines were plated at 0.005 x 10° cells/well in a
flat-bottom, transparent 96-well plate (TPP #92696) or 384-well-plate (Corning #3701) in
assay medium one day before the assay. On the assay day, human pan T cells from healthy
donors were plated in assay medium to obtain a final effector-to-target cell ratio (E:T) of 5:1.
Subsequently, diluted antibodies were added to the plate. The assay components were places
into an incubator containing Sartorius Incucyte S3 system (Sartorius, custom), and incubated
for 5-7 days at 37°C and 5% CO:. Bright-field and red fluorescence imaging of all wells were
obtained at 4h intervals. Readout and data analysis, including quantification of NLR-containing
cells was performed in Sartorius Incucyte software.

Killing assay: cytotoxicity, cytokine release and T Cell activation

Tumor cells from selected cell lines were plated at 0.012 x 10° cells/well in a flat-bottom,
white-walled clear bottom 384-well-plate (Corning #3826) in assay medium one day before
the assay. In case of P329G-pro-TCB and control antibodies, the molecules were mixed with
either PBS (Gibco #10010023) or 5.3 nM recombinant matriptase thawed on ice (Enzo #50-
200-7957) in protein buffer (20mM Histidine, 140mM Sodium chloride, pH 6.0) and incubated
overnight at RT. On the assay day, either PBMCs or pan T cells from healthy donors were used.
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The cells were plated in assay medium to obtain a final effector-to-target cell ratio (E:T) of
10:1 for human PBMCs or 5:1 for human pan T cells. Subsequently, diluted small molecules or
antibodies (adaptors and effector molecules premixed, except for cross-titration experiments)
were added to the assay well plate. The assay components were incubated for 48h-72h at
37°C and 5% CO2. After the incubation time, supernatant was collected for cytotoxicity
readout and cytokine readout, and the cells were harvested for flow cytometry staining.

Cytotoxicity representing dead cell proteases was measured with a Cytotox-Glo kit (Promega
#G9291), according to manufacturer’s protocol, and read with a Tecan Spark 10M reader. The
luminescent signal was acquired for 300 ms/well, and calculated to reflect RLU/s per well.
Cytokine release was assessed by Bio-Plex Pro Human Cytokine 8-plex Assay (Bio-Rad
#M50000007A), and read with Bio-Plex 200 System (Bio-Rad #171000205). T cell activation
was assessed by harvesting and washing the cells with PBS (Gibco #10010023), followed by a
Live/Dead staining with Zombie Aqua (Biolegend #423102) for 20 min at RT. The cells were
washed 2x with PBS and, in case of using PBMCs, resuspended in FACS buffer containing
Human TruStain Fc Receptor Blocking Solution (Biolegend #422302) followed by a 15 min
incubation at RT. Subsequently, the cells were stained for 20 min at RT in FACs buffer
containing the following antibodies: a-CD4 in PerCP/Cy5.5 (Biolegend #317428), a-CD8a in
BV711 (Biolegend #301044), a-CD25 in PE (Biolegend #302606) and a-CD69 in FITC (Biolegend
#310904). The cells were washed 3x with FACS buffer, resuspended in FACS buffer, and
acquired at BD FACSymphony A5 (BD, custom) or BD LSRFortessa (BD, custom). The flow
cytometry data was analyzed using Flowjo software.

6.5. In vivo and ex vivo experimental methods

Histology staining of tumor samples from mouse studies

The tumors were collected from mice after sacrifice, and fixed in 4% paraformaldehyde
(Thermo # 160401.AK) overnight. Then, the tumors were embedded in paraffin with a Sakura
VIP6 Al tissue processor (Sakura # 6040). Paraffin sections (3 pum) were prepared using a
microtome (Leica #RM2235). Immunohistochemistry was performed on paraffin sections with
either a standard H&E protocol, using Mayer's hematoxylin solution (Biosystems #3870.2500)
and eosin 2% (Biosystems #84-0023-00), or with an anti-human CD3 antibody (Diagnostic
Biosystems @RMABOQO5), or with an anti-human CAIX antibody (Cell Signaling #5649) in the
Leica Autostainer platform (Leica #ST5010) following the manufacturer’s instructions. Images
were captured with the slide scanner (Olympus #VS200).

In vivo efficacy study — P329G-TCB

Humanized NSG mice were purchased from the Jackson Laboratory. The study protocol was
approved by The Institutional Animal Care and Use Committee of Roche Innovation Center

67



Development and Characterization of Universal and Modular Bispecific
Immune Cell Engagers for Cancer Immunotherapy

Zurich as well as the Cantonal Veterinary Office of Zurich under the Veterinary License ZH
180/2020 in agreement with The Swiss Animal Welfare Act. The MKN-45 cell line was ordered
from a Roche internal cell bank, and expanded according to DSMZ culture protocol (DSMZ
HACC 409). The cells were authenticated and tested (negative) for pathogens and
mycoplasma. On the inoculation day, the cells were harvested with TrypLE Express Enzyme
(Gibco #12605036), and mixed with Matrigel (Corning #354230) on ice, in the volume ratio 1:1
to achieve the concentration of 1 x 10° cells in 100 pl. The cells were injected subcutaneously
into the shaved left flank in the volume of 100 ul per mouse. Body weight was measured 3
times per week, and tumor growth was measured 3 times per week by calipers. Upon reaching
a median tumor volume of 110 mm?3, the mice were randomized into treatment groups. The
next day, the treatments were initiated. In each treatment cycle, groups with 5mg/kg of
adaptor CEACAMS IgG in protein buffer (20mM Histidine, 140mM Sodium chloride, pH 6.0)
were injected intravenously, followed by a 24h window, and intravenous injection of other
treatments (protein buffer as vehicle or 0.5 mg/kg of effector molecules). At scout time point,
representative mice were anesthetized, and blood was collected by retro-orbital bleeding into
heparin tubes (Sarstedt #41.1503.015). The scout mice were sacrificed, and tumors and
spleens were collected in PBS (Gibco #10010023) and stored at 4 °C.

In vivo efficacy study — DOTAM-TCB

Humanized BRGS-CD47 mice were purchased from the Jackson Laboratory. The study protocol
was approved by The Institutional Animal Care and Use Committee of Roche Innovation
Center Zurich as well as the Cantonal Veterinary Office of Zurich under the Veterinary License
ZH 180/2020 in agreement with

The Swiss Animal Welfare Act. The HT-29 cell line was ordered from an internal cell bank, and
expanded according to ATCC culture protocol (ATCC #HTB-38). The cells were authenticated
and tested (negative) for pathogens and mycoplasma. On the inoculation day, the cells were
harvested with TrypLE Express Enzyme (Gibco #12605036), and mixed with Matrigel (Corning
#354230) on ice, in the volume ratio 1:1 to achieve the concentration of 2 x 108 cells in 100 pl.
The cells were injected subcutaneously into the shaved left flank in the volume of 100 ul per
mouse. Body weight was measured 3 times per week, and tumor growth was measured 3
times per week by calipers. Upon reaching a median tumor volume of 125 mm?3, the mice were
randomized into treatment groups and the treatments were initiated. In a treatment cycle,
groups with 0.45 mg/kg of adaptor Ca-DOTAM-AAZ in protein buffer (20mM Histidine, 140mM
Sodium chloride, pH 6.0) were injected intraperitoneally, followed by a 2h time window,
followed by intravenous injection of other treatments (protein buffer as vehicle or 5.0 mg/kg
of effector molecules).

Ex vivo co-culture assay

Humanized BRGD-CD47 mice were purchased from the Jackson Laboratory. The study
protocol was approved by The Institutional Animal Care and Use Committee of Roche
Innovation Center Zurich as well as the Cantonal Veterinary Office of Zurich under the
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Veterinary License ZH 177/2020 and in accordance with the Swiss Animal Welfare Act. The HT-
29 cell line was ordered from an internal cell bank, and expanded according to ATCC culture
protocol (ATCC #HTB-38). The cells were authenticated and tested (negative) for pathogens
and mycoplasma. On the inoculation day, the cells were harvested with TrypLE Express
Enzyme (Gibco #12605036), and mixed with Matrigel (Corning #354230) on ice, in the volume
ratio 1:1 to achieve the concentration of 2 x 10° cells in 100 pl. The cells were injected
subcutaneously into the shaved left flank in the volume of 100 pl. Body weight was measured
2-3 times per week, and tumor growth was measured 2-3 times per week by calipers. Upon
reaching a tumor volume of ~400 mm?3, the scout mouse was sacrificed, and tumor was
collected in PBS (Gibco #10010023).

The tumor was cut into small pieces and placed in the RPMI 1640 (Gibco # 11875093)
containing 50x diluted collagenase D (Roche #11088882001) and 200x diluted DNAse | (Sigma
Aldrich #10104159001). The suspension was placed inside gentleMAC C Tubes (Miltenyi #130-
093-237), followed by dissociation in the gentleMAC Octo Dissociator with Heaters (Miltenyi
#130-096-427). Next, the cells were strained through MACS SmartStrainers 100 um (Miltenyi
#130-098-463), and washed 3x with assay media.

Subsequently, the single cell suspension of the tumor cells was prepared in assay media + 1x
Penicillin-Streptomycin (Gibco # 15140122), and was plated at 0.030 x 10° cells/well in a U-
bottom clear 96-well plate (TPP #92097). As effector cells, PBMCs from two healthy human
donors were plated to obtain a final effector-to-target cell ratio (E:T) of 10:1. Subsequently,
molecules (premixed adaptors and effector molecules or direct molecules) were added to the
plate to obtain a final volume of 200 pul. The assay components were incubated for 48h at 37°C
and 5% CO..

T cell activation was assessed by harvesting and washing the cells with PBS (Gibco #10010023),
followed by a Live/Dead staining with Zombie Aqua (Biolegend #423102) for 20 min at RT. The
cells were washed 2x with PBS and, in case of using PBMCs, resuspended in FACS buffer
containing Human TruStain Fc Receptor Blocking Solution (Biolegend #422302) followed by a
15 min incubation at RT. Subsequently, the cells were stained for 20 min at RT in FACs buffer
containing the following antibodies: a-CD4 in PerCP/Cy5.5 (Biolegend #317428), a-CD8a in
BV711 (Biolegend #301044), a-CD25 in PE (Biolegend #302606) and a-CD69 in FITC (Biolegend
#310904). The cells were washed 3x with FACS buffer, resuspended in FACS buffer, and
acquired at BD FACSymphony A5 (BD, custom) or BD LSRFortessa (BD, custom). The flow
cytometry data was analyzed using Flowjo software.

Scout ex vivo digestion and staining of blood, tumor and spleen samples

The tumors were cut into small pieces and placed in the RPMI 1640 (Gibco # 11875093)
containing 50x diluted collagenase D (Roche #11088882001) and 200x diluted DNAse | (Sigma
Aldrich #10104159001). The suspension was placed inside gentleMACS C Tubes (Miltenyi
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#130-093-237), followed by dissociation in the gentleMAC Octo Dissociator with Heaters
(Miltenyi #130-096-427). Next, the cells were strained through MACS SmartStrainers 100 um
(Miltenyi #130-098-463), and washed 3x with assay media. The spleens were placed on MACS
SmartStrainers 100 um (Miltenyi #130-098-463) and smashed with syringe pistons (BD
#309658), followed by flushing the strainer with 20 ml of FACS buffer (Roche, in-house). The
cell suspension was washed 1x, and each pellet was resuspended in 3 ml of 1x BD Pharm Lyse
(BD #555899) lysis buffer, and incubated for 3 min at RT. The cells were then washed 1x with
FACS buffer. Blood samples were mixed with 3 ml of 1x BD Pharm Lyse (BD #555899) lysis
buffer, and incubated for 3 min at RT, and washed 3x with FACS buffer. Cells from all organs
were placed in a U-bottom 96-well plate (TPP #92097), and were washed with PBS (Gibco
#10010023), followed by a Live/Dead staining with Fixable Blue Dad Cell Stain Kit (Invitrogen
#1L23105) for 20 min at RT. The cells were washed 2x with PBS and, in case of using PBMCs,
resuspended in FACS buffer containing Human TruStain Fc Receptor Blocking Solution
(Biolegend #422302) followed by a 15 min incubation at RT. Subsequently, the cells were
stained for 30 min at 4°Cin FACS buffer containing the following antibodies: AF700 anti-human
CD45 (Biolegend #368514), BV605 anti-human CD3 (Biolegend #317322), BV737 anti-human
CD8 (BD Horizon #612754), APC-Cy7 anti-human CD4 (Biolegend #317418), BV421 anti-human
CD69 (Biolegend #310930), PE-Dazzle 594 anti-human CD25 (Biolegend #356126), BV510 anti-
human PD-1 (Biolegend #367424), BV711 anti-human TIM3 (Biolegend #345024), PE-Cy5 anti-
human CD127 (Biolegend #351324). Next, the cells were washed 3x with FACS buffer, followed
by permeabilization and intracellular staining procedure using eBioscience Foxp3 /
Transcription Factor Staining Buffer Set (Invitrogen #00-5523-00). The cells were stained with
AF647 anti-human FOXP3 (Biolegend #320014), PE anti-human GrB (BD Pharmigen #561142),
PE-Cy7 anti-human Ki67 (Biolegend #350526) according to manufacturer’s protocol. After the
final wash, the cells were resuspended in FACS buffer and acquired at BD FACSymphony A5
(BD, custom) or BD LSRFortessa (BD, custom). The flow cytometry data was analyzed using
Flowjo software.

6.6. Data analysis methods

Data visualization

Raw data from all experiments were plotted using Tibco Spotfire for Roche pRED 13&14
coupled with Microsoft Excel 2016, or using GraphPad Prism 10.2.3. Non-linear regression
curves were calculated and drawn either in Tibco Spotfire or GraphPad Prism. Molecule and
cell pictograms were created in Biorender.com.
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Statistical analysis

Statistical analysis was performed with GraphPad Prism 10.2.3. For dose response curves, area
under the curve values were calculated from two to three technical triplicates and one to
three biological replicates (PBMC/T cell donors or separate experiments). For protease-
activated molecules, area under the curve values were calculated to obtain fold-change to
area under the curve values of non-binding, non-protease-activated controls. The values were
statistically analyzed by paired one-way ANOVA with either Dunnett’s multiple comparison
test for comparison to one control group, or Tukey’s multiple comparison test for comparison
between all groups. Experiments with time and dose variables with multiple groups were
analyzed with unpaired two-way ANOVA with Tukey’s multiple comparison test. P values in
the figures were represented by the following: *p<0.05, **p<0.01, ***p<0.001and
*#**p<0.0001.
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7. Results

7.1. Chapter 1 — P329G-Engager: A novel universal antibody-
based adaptor platform for cancer immunotherapy

Universal P329G immune cell engagers show proof of concept activity
across tumor and immune targets

In the first step, a P329G-targeting T cell bispecific antibody (P329G-TCB) was generated,
comprising two humanized anti-P329G Fabs and one humanized anti-CD3e Fab (format
termed TCB 2+1) in a hulgG1 subclass. The detailed design of this T cell engager is based on
the design of the recently approved CD20-TCB glofitamab [64], [366]. The silencing mutations
introduced to the Fc consisted of L234A and L235A (termed LALA). The P329G binder sequence
was derived from previously published work describing a P329G CAR-T cell [246]. For ensuring
correct chain assembly, CrossMab format [90], as well as knobs-into-holes [86] technology
were utilized.

To test the universality of the P329G-Engager platform, several antibody-based anti-P329G
immune cell engagers with alternative MoAs were generated. Among those were: a
glycoengineered, ADCC-competent anti-P329G ADCC-competent antibody/innate cell
engager (P329G-ICE), anti-P329G-4-1BBL T cell costimulatory fusion protein (P329G-4-1BBL),
anti-P329G x anti-CD28 bispecific T cell costimulator (P329G-CD28), and anti-P329G IL2v
antibody fusion protein/immunocytokine (P329G-IL2v). The engagers are depicted in Section
4.4, Figure 4.4.3.

In order to evaluate the activity of the P329G platform antibodies, in vitro assays were
performed with readouts corresponding to the mode of action of the specific immune cell
engager. The selected method for majority of these initial proof of concept experiments were
custom Jurkat reporter assays, which generate a luminescent signal correlating with receptor
crosslinking and signaling capacity, which occurs upon simultaneous binding of the molecules
to the target antigen and the effector Jurkat cells.

TCB modality was tested with Jurkat CD3/NFAT reporter cells on target-expressing cell lines
for its potential for target-dependent CD3 crosslinking. The reporter cells were successfully
activated in a dose-dependent manner when induced by adaptor FOLR1 IgG with P329G-TCB
2+1 on FOLR1+ cells Hela (Figure 7.1.1A) or same molecules on FOLR1+ SKOV-3 huCEA cells
(Figure 7.1.1B). Innate cell engaging molecules were tested for target-dependent FcyRIll
crosslinking, by Jurkat FcyRIll reporter cell activation upon co-culture with tumor cells (Figure
7.1.1C,D). The reporter cells were strongly activated by adaptor CD20 IgG with P329G-ICE on
CD20+ OCI-LY18 cells (Figure 7.1.1C) or adaptor HER2 1gG with P329G-ICE on HER2+ NCI-N87
cells (Figure 7.1.1D), indicating successful target-mediated FcyRlll-crosslinking. Costimulatory
molecules were tested with Jurkat NFkB reporter cells, due to the impact of both CD28 and 4-
1BBL on NFkB signaling pathway. The reporter cells were co-cultured with SKOV-3 huCEA
(huCEA-overexpressing SKOV-3) tumor cells, a constant and suboptimal concentration of the
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Figure 7.1.1. In vitro efficacy of a range of P329G-mutated adaptor IgGs and a range of anti-P329G universal
immune cell engagers. A-B) CD3/NFAT reporter cell activation capacity of the universal P329G-TCB against
FOLR1+ cells HelLa (A) or FOLR1+ cells SKOV-3 huCEA (B). C-D) FcyRIIl reporter cell activation capacity of the
universal P329G-ICE against CD20+ cells (C) or HER2+ cells (D). E-F) NFkB reporter cell activation capacity of the
universal P329G-4-1BBL (E) or the universal P329G-CD28 (F) against CEACAMS5+ cells. G-H) STATS
phosphorylation capacity of the universal P329G-IL2v upon binding to PD1+ cells (G) or to CD8+ cells (H). The
graphs show representative data of 1 to 3 independent experiments or separate T cell donors. Data collected in
technical triplicates. Error bars indicate standard error.
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molecules (Figure 7.1.1E,F). The reporter cells were activated in a dose-dependent manner
when treated with adaptor CEACAMS5 IgG with P329G-TCB and with P329G-4-1BBL (Figure
7.1.1E) or for adaptor CEACAMS5 IgG with P329G-TCB and with P329G-CD28 (Figure 7.1.1F),
showing successful triggering of NFkB signaling. Finally, IL2v constructs were tested for their
potential for induction of phosphorylated STAT5 (pSTATS5) levels, which indicate IL2R signaling.
Treatment of preactivated CD3+ cells with PD1 IgG with P329G-IL2v resulted in a dose
response in terms of a percentage of primary human pre-activated CD3+ T cells with
phosphorylated STATS (Figure 7.1.1G), with a potency observed in-between the effects of
direct PD1-IL2v and untargeted P329G-IL2v. Treatment with CD8 IgG with P329G-IL2v resulted
in a strong pSTAT5 dose response in the CD8+ cell population, exceeding the signaling strength
of both direct CD8-IL2v and P329G-IL2v (Figure 7.1.1H). Based on previous reports on cis-
targeted activity of direct PD1-IL2v [157] and presented here untargeted P329G-IL2v response
curves, it may be concluded that adaptor IgGs with P329G-IL2v initiated IL2R downstream
signaling also in a cis-targeted manner upon binding to PD1 or CD8 on specific T cells.

As demonstrated in this set of experiments, a set of P329G-mutated adaptor IgGs, directed to
either tumor or immune cell targets, could recruit various P329G-directed immune cell
engagers to exert an immune function of choice in a dose-dependent manner.

Universal P329G-TCB induces reporter T cell activation against a range
of tumor targets in vitro

Next, T cell activation capacity of the combination of adaptor P329G-mutated adaptor IgGs
with P329G-TCB 2+1 was evaluated, across many tumor targets. The universal P329G-TCB was
tested in CD3/NFAT Jurkat reporter assay across a range of 8 tumor targets on several cancer
cell lines: liquid tumor antigens CD19 and CD20 (Figure 7.1.2A and B, respectively), and solid
tumor antigens PSMA, HER2, EpCAM, CEACAMS5, and STEAP1 (Figure 7.1.2C-G, respectively).
The target-binding adaptor IgGs and P329G-TCB 2+1 were co-titrated in a molar ratio 2:1.
The target-binding adaptor IgGs with P329G-TCB 2+1 activated Jurkat cells in a dose-
dependent manner across all tested targets, while P329G-TCB with non-binding P329G-
mutated IgGs or non-binding direct TCB did not (Figure 2 A-H). The adaptor IgGs with P329G-
TCB, as compared to the target-binding direct TCBs used as positive controls, displayed lower
(Figure 7.1.2 A-H) or higher (Figure 7.1.2 F,G) Jurkat T cell activation capacity.

Overall, various adaptor IgGs combined with the same P329G-TCB 2+1 elicited a response in
all tested cell lines and targeted tumor-associated antigens, providing evidence for
universality of the P329G-TCB.
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Figure 7.1.2. In vitro efficacy of a range of P329G-mutated adaptor IgGs and corresponding targets with one
universal P329G-TCB. CD3/NFAT Jurkat reporter cell activation capacity of the universal P329G-TCB against
multiple targets on several cancer cell lines. A) CD19 targeting on SU-DHL-8 cells. B) CD20 targeting on SU-DHL-
8 cells. C) PSMA targeting on LNCaP cells. D) HER2 targeting on LNCaP cells. E) EpCAM targeting on LNCaP cells.
F) CEACAMS targeting on MKN-45 cells. G) STEAP1 targeting on LNCaP cells. The graphs show representative
data of 1-5 independent experiments on at least 2 cell lines for each target. Data collected in technical triplicates.
Error bars indicate standard error. Statistics show comparison between adaptor IgG + P329G-TCB 2+1 vs. either
direct TCB or vs. non-binding 1gG + P329G-TCB 2+1.
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A novel P329R LALA-mutated Fc enables improved silencing of Fc
effector functions in anti-P329G antibodies

With the objective of further development of P329G-TCB for therapeutic purposes, additional
modifications in the antibody sequence were necessary, specifically an improved Fc silencing.
Since the development of P329G mutation for its combination with LALA mutations [367],
While suitable for direct tumor-targeted TCBs, P329G-directed TCB is incompatible with the
incorporation of P329G mutation, due to TCB-TCB binding. For this reason, the initial proof of
concept design of the P329G-TCB included solely LALA mutations. However, it has been
demonstrated that LALA mutations alone do not adequately attenuate the Fc effector
functions of 1IgG1s [367].

In line with this, P329G-TCB bearing LALA mutations only, regardless of combined adaptor IgG,
lead to non-specific CD8+ T cell activation in absence of target cells, as measured by CD25
expression (Figure 7.1.3A). P329G-TCB did not induce T cell activation when cultured with pan
T cells only (left panel), but lead to non-specific T cell activation when cultured with PBMCs
only (middle panel) or with target tumor cells and PBMCs (right panel). This indicates TCB
cross-linking of effector CD8+ T cells with targets that are present in PBMCs but not in T cells,
such as FcyRs.

Such a non-specificity is undesirable in vivo, due to ubiquitous presence of FcyR-expressing
cells. Therefore, for the P329G-TCB and the general platform development, efforts were
undertaken to identify a novel Fc-silencing mutation that remains unrecognized by anti-P329G
antibodies while improving Fc silencing beyond LALA alone. To achieve this aim, four amino
acid substitutions at the position 329 were proposed: P329L, P329I, P329A, and P329R
(termed P329X, developed by Diana Darowski and Ekkehard Moessner, Roche Innovation
Center Zurich). Correspondingly, four P329X hulgG1 antibodies incorporating each of these
mutations, as well as LALA mutations, in the Fc were produced for experimental assessment.

The initial step involved assessing the interaction of the P329X IgGs to FcyRs via surface
plasmon resonance (SPR, performed by Reto Gianotti, Roche Innovation Center Zurich, and
Christian Spick, Roche Innovation Center Munich). Figure 7.1.3B illustrates the configuration
of the SPR assay (left panel) and a sensorgram depicting the binding profile of the P329X IgGs
to FcyRllla (right panel). All four variants of P329X LALA hulgG1s demonstrated robust and
comparable capacity to abrogate the binding of the Fc region to FcyRs. Subsequently, the
binding of the anti-P329G antibody to P329X IgGs was evaluated via SPR. Figure 7.1.3C
illustrates the configuration of the SPR assay (left panel) and a sensorgram depicting the
binding profile of the P329X IgGs to an anti-P329G antibody (right panel). All four variants of
P329X LALA hulgG1s showed extremely low binding akin to that of the negative control.

While all P329X variants possessed desirable characteristics, P329R amino acid substitution
was selected as the lead mutation to be utilized. This was done in conjunction with the LALA
mutations, for the subsequent designs and synthesis of P329G-TCBs and other P329G-based
immune cell engagers where Fc effector function is undesirable, such as P329G-IL2v, among
others.
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Figure 7.1.3. Impact of Fc-silencing mutations on antibody specificity, and development of new Fc-silencing
mutations P329X: P329L, P3291, P329A, and P329R. A) CD8+ T cell activation, as measured by CD25 expression,
induced by adaptor I1gG and P329G-TCB with incompletely silenced Fc bearing LALA mutations only. B) SPR
binding results of P329X LALA-mutated hulgG1 antibodies to the FcyRllla. C) SPR binding results of P329X LALA-
mutated hulgG1 antibodies to anti-P329G hulgG1. D) CD8+ T cell activation, as measured by CD25 expression,
induced by adaptor I1gG and P329G-TCB with improved silenced Fc bearing P329R LALA mutations. The graphs
show representative data from 2 experiments/PBMC donors on 2 different cell lines. Data collected in technical
duplicates or triplicates. Error bars indicate standard error.
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To test whether the P329R LALA Fc indeed results in improved Fc silencing, and consequently
reduced non-specific T cell activation, an in vitro functional assay was performed, analogous
to the assay depicted in Figure 7.1.3A. However, instead of P329G-TCB with LALA Fc,
P329G-TCB with the novel P329R LALA Fc was assessed and compared to previous results. As
shown in Figure 7.1.3D, P329G-TCB, regardless of combined adaptor IgG, did not induce CD8+
T cell activation in absence of target cells, as measured by CD25 expression. This effect was
irrespective of being cultured with pan T cells only (left panel) or with PBMCs only (middle
panel). Similarly, in the assay with target cells and PBMCs, there was no non-specificity
observed for non-binding adaptor IgG combined with P329G-TCB P329R LALA.

Together, these data provide evidence of the impact of Fc silencing mutations on the TCB
tumor non-specific activity. Additionally, the results introduce P329L, P329I, P329A, P329R as
potential substitutes of the well-established P329G mutation, with P329R being the most
promising candidate. In subsequent phases of the project, P329G-TCB variants with the P329R
LALA mutation were utilized.

Universal P329G-TCB induces activation and anti-tumoral activity of
human primary T cells in vitro

Following the optimization of the Fc silencing of the P329G-TCB, the molecule was suitable for
more in-depth evaluation regarding its effects on primary human T cells, as well as its
consequent primary T cell-mediated antitumoral efficacy. For this purpose, a series of killing
assays were performed using co-culture of human cancer cell lines and human primary pan T
cells.

An imaging-based Incucyte assay was conducted to assess both the tumor killing capacity of
the P329G-TCB when combined with suitable adaptors, as well as kinetics of the P329G-TCB
activity as compared to direct TCBs (Figure 7.1.4A). As target cells, human cancer cells
expressing red fluorescent protein were used. As visible in Figure 7.1.4A on the left panel,
P329G-TCB 2+1 led to tumor cell death as measured at 180 h when combined with adaptor
CEACAMS IgG, but not when used with non-binding IgG, in the assay using CEACAM5+ cells.
Analogously, on the right panel with FOLR1+ cells, P329G-TCB 2+1 led to tumor cell death at
180 h when combined with adaptor FOLR1 IgG, but not when combined with non-binding
IgG. The kinetics of the assay are presented in Figure 7.1.4B. At a concentration of 0.5 nM
TCB (and IgG:TCB ratio 2:1), tumor cell lysis for adaptor 1gG with P329G-TCB 2+1 occurred
with comparable kinetics to the direct TCB 2+1, for both CEACAMS5 and FOLR1 targeting. In
terms of maximal tumoricidal activity, adaptor CEACAM5 IgG with P329G-TCB 2+1 displayed
comparable effects to the direct CEACAMS5-TCB 2+1, while adaptor FOLR1 IgG with
P329G-TCB 2+1 displayed weaker antitumoral effects when compared to the direct FOLR1-
TCB 2+1.

Additional characterization of P329G-TCB activity included quantification of cytokines released
into the supernatant during the killing assay. The quantified levels of IL-2, IFN-y AND TNF-a
released by pan T cells upon co-culture with MKN-45 (CEACAM5+) cells are depicted in
Figure 7.1.4C. For all tested cytokines, the combination of the adaptor CEACAMS5 IgG with
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Figure 7.1.4. Capacity of human primary T cell killing, cytokine release and T cell activation induced by P329G-
TCB against two targets in vitro. A) Incucyte imaging readout of red fluorescent tumor cell killing capacity by
primary pan T cells activated by adaptor IgG and P329G-TCB against CEACAMS5+ or FOLR1+ cells. B) Incucyte
guantification of tumor cell killing capacity over time by T cells, as induced by adaptor + P329G-TCB. C) Cytokine
release into the supernatant upon tumor cell killing mediated by T cells, as induced by adaptor CEACAMS IgG
with P329G-TCB. D) T cell activation upon co-culture with MKN-45 tumor cells, induced by adaptor CEACAM5
IgG with P329G-TCB. Statistical annotations show comparison between adaptor IgG + P329G-TCB 2+1 with
either direct TCB or non-binding IgG + P329G-TCB 2+1. Data collected in technical triplicates. Cytokines
measured on pooled triplicates. Error bars indicate standard error.
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P329G-TCB 2+1 resulted in a dose-dependent release, in a similar range to the release induced
by direct CEACAM5-TCB 2+1.

To verify if the pan T cell used in the killing assay are displaying signs of activation, the cells
from a FOLR1 targeting assay were assessed by flow cytometry for the expression for
activation markers CD69 and CD25. Figure 7.1.4D depicts dose-dependent upregulation of
CD69 and CD25 on CD8+ and CD4+ T cells, as induced by adaptor FOLR1 IgG with P329G-TCB
2+1, and the comparison to the direct FOLR1-TCB 2+1. The upregulation by the adaptor with
the P329G-TCB was detectable and dose-dependent, although reached a lower extent than
the direct TCB. This is in line with the tumor cell lysis comparison depicted in Figure 7.1.4B.

Collectively, these data demonstrate that the P329G-TCB is capable of activating primary T
cells, prompting the release pro-inflammatory cytokines and eliciting tumor cell killing in a
human cell setting in vitro. Additionally, owing to comparable results of P329G-TCB to those
of a direct TCB, CEACAMS targeting emerged as a viable option for forthcoming in vivo efficacy
studies.

P329G-mutated adaptor IgGs and P329G-TCB display wide efficacious
windows in terms of optimal concentration ratios

To ensure thorough preparation for the forthcoming in vivo efficacy study, it was deemed
necessary to explore the influence of concentration levels and of ratios of adaptor:TCB on
therapeutic efficacy. The intent was to evaluate whether precise concentrations of both the
adaptor and the TCB are required to remain within the therapeutic window.

One of the factors contributing to the narrowing of the therapeutic window at higher
concentrations is so-called bell-shaped curve. In the context of bispecific antibody therapy,
low concentrations lead can lead to low efficacy, but excessively high concentrations can
result in oversaturation and complete antibody occupancy of the binding sites on both the
target and effector cells. This leads to the bispecific antibodies saturating these cells
separately, thereby preventing simultaneous engagement of the antibody with both target
and effector cells. This simultaneous engagement is required for activity of many bispecifics,
including TCBs.

While a known phenomenon, a bell-shaped curve needs to be investigated for each
antibody. Splitting a TCB into adaptor and an anti-adaptor TCB, such as is the case of
P329G-TCB, introduces additional complexity and warrants additional caution. Figure 7.1.5A
exemplifies the mechanism of antibody activity in the case of optimal concentration of both
adaptor 1gG and P329G-TCB (left panel) and oversaturation of both adaptor IgG and
P329G-TCB (right panel), hypothetically leading to drop in efficacy described in bell-shaped-
curve scenarios.

To investigate the optimal adaptor IgG:TCB ratios, optimal concentrations and determining
the width of the therapeutic window in various targets in vitro, a set of cross-titration Jurkat
CD3/NFAT reporter assays was performed. Figure 7.1.5B depicts a heat map of the reporter
cell activation level upon co-culture of the reporter cells with human cancer cells SU-DHL-8
and the molecules. The molecules were cross-titrated, such that a 4-fold serial dilution of
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bivalent adaptor CD20 IgG, starting from 800 nM, was mixed with a 4-fold serial dilution of
P329G-TCB 2+1, starting from 100 nM. The resulting concentration combinations lead to an
array of IgG:TCB ratios (of which selected several are depicted on the heat map), where a wide
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Figure 7.1.5. Characterization of the optimal adaptor IgG : P329G-TCB 2+1 concentration ratios and elucidation
of the therapeutic window in a CD3/NFAT Jurkat T cell reporter assay. A) Mechanism of P329G-TCB-mediated
killing with optimal concentrations (left) and an expected mechanism of the drop in efficacy upon high
concentration (bell-shaped curve) of the adaptor and/or P329G-TCB (right). B) Cross-titration of the adaptor
CD20 IgG and the P329G-TCB 2+1, and comparison to a direct CD20 TCB, on CD20+ SU-DHL-8 cancer cells and
CD3/NFAT Jurkat reporter cells. Selected IgG:TCB molar ratios are indicated on the heat map. C) Cross-titration
of the adaptor CECAMS5 IgG and the P329G-TCB 2+1, and comparison to a direct CEACAMS5-TCB, on CEACAMS5+
MKN-45 cancer cells and CD3/NFAT Jurkat reporter cells. Selected 1gG:TCB molar ratios are indicated on the heat
map. D) Cross-titration of the adaptor FOLR1 1gG and the P329G-TCB 2+1, and comparison to a direct FOLR1-
TCB, on FOLR1+ Hela cancer cells and CD3/NFAT Jurkat reporter cells. Selected IgG:TCB molar ratios are indicated
on the heat map. The graphs show representative data from 2 independent experiments. Data collected in
technical triplicates.
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range of both adaptor concentrations and of TCB concentrations induced reporter cell
activation. Despite this fact, the signal was lower as compared to direct CD20 TCB 2+1. Figure
7.1.5C depicts results from an analogous assay, with CEACAMS targeting on MKN-45 cells.
Here, the resulting combinations led to a narrower, yet still relatively broad range of
concentrations resulting in reporter cell activation. However, in CEACAMS targeting, several
tested conditions outperformed the positive control direct CEACAMS5-TCB 2+1. Figure 7.1.5D
depicts results from an analogous cross-titration assay, with FOLR1 targeting on Hela cells.
The resulting combinations led to a relatively broad range of concentrations inducing reporter
cell activation, with direct FOLR1-TCB 2+1, however, leading to the highest signal overall. The
result from CD20-, CEACAMS5- and FOLR1-targeted cross-titrations indicate that a very specific
concentration or IgG:TCB ratio is not a prerequisite for achieving efficacy and remaining within
the therapeutic window. One must note that these results are specific to the tested cell lines
and their target expression levels. However, overall, the adaptor IgG with P329G-TCB seemed
to be efficacious across a range of 1gG:TCB ratios and IgG and TCB concentrations. Given the
difficulty in ensuring specific concentrations at the tumor site in vivo, the data showing a wide
therapeutic window was favorable with regards to dosing complexity levels in planned mouse
efficacy studies.

Antibody format and valence of both adaptor IgGs and P329G-TCBs
influence efficacy

An additional parameter to consider in therapeutic antibody development, particularly for
TCBs, is antibody valence and its influence on antibody potency. This aspect is significant for
the direct TCBs; however, it has even more importance in an adaptor-based system. This is
because the binding of adaptor and effector antibodies to each other can lead to a
multiplication of the valence of the assembled molecule. Such binding can influence the ratio
of the number of bound tumor targets per single CD3 beyond the capability of a standard TCB.
This, in turn, can affect avidity or, potentially, a number of T cells engaged against the tumor
cell.

To test the influence of both the adaptor and P329G-TCB valence and their various
combinations, a set of P329G platform and control molecules was produced, consisting of:
bivalent adaptor 1gG, monovalent adaptor IgG, TCB 1+1, TCB 1+1 one-armed (OA), TCB 2+1
(Figure 7.1.6A). An example of valence influencing target:CD3 engagement ratio for the
adaptor-based system is depicted in Figure 7.1.6B. The produced molecules in various formats
were evaluated in a CD3/NFAT Jurkat reporter assay co-cultured with human cancer cells
expressing CEACAMS (Figure 7.1.6C). For a more comprehensive assessment of the influence
of the antibody format, valence, and their combination on target engagement and T cell
activation capacity, an additional variable was introduced in form of various target expression
levels. Figure 7C depicts a heat map of reporter cell activation across adaptor format, TCB
format and target expression level.

The adaptor CEACAMS IgGs were cross-titrated with P329G-TCBs in the available formats, as
well as matched with corresponding direct CEACAMS5-TCBs. Both direct and P329G-TCB
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combined with adaptor IgG showed low signal on low-expressing target cells HT-29, with very
low dependence on format visible. On medium- and high-expressing cells, the strongest signal
was observed for P329G-TCB 2+1 regardless of adaptor valence. Additionally, on these cells,
regardless of TCB format, the use of monovalent adaptor IgG led to a stronger signal than the
bivalent adaptor IgG. Of all conditions, the strongest signal was provided by P329G-TCB 2+1
combined with monovalent adaptor IgG, followed by P329G-TCB 2+1 combined with bivalent
adaptor 1gG. These data showed that TCB format had apparent stronger influence on TCB
potency than adaptor format. This demonstrated that the hypothesis of target:CD3
engagement ratio alone is insufficient to account for the experimental observations,
highlighting the complexity of the molecular interactions in an adaptor-based system.

In light of these findings, P329G-TCB in a 2+1 format was selected as the lead T cell engaging
molecule. With regards to the adaptor IgG, the bivalent format was selected as the lead
adaptor format, due to the anticipated impact of avidity on potency to a greater extent in vivo
beyond what can be observed and concluded in vitro.
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Figure 7.1.6. Characterization of the P329G-TCB activity across the following variables: mono- vs. bivalent
adaptor 1gG formats, 2+1 vs. 1+1 vs. 1+1 one-armed TCB formats, and low vs. medium vs. high antigen
expression on target cells. A) Pictograms of tested antibody formats: bivalent IgG, monovalent IgG, TCB 1+1, TCB
1+1 OA (one-armed) and TCB 2+1. B) Example theoretical target:CD3 engagement ratios dependent on the
specific combination of used adaptor IgG and TCB formats. C) CD3/NFAT Jurkat T cell reporter assay upon cross-
titration of bivalent CEACAMD5 adaptor IgG or monovalent CEACAMS adaptor IgG, with P329G-TCB 1+1 or P329G-
TCB 1+1 OA or P329G-TCB 2+1, on CEACAMS5-low-expressing HT-29 cells or CEACAM5-medium-expressing LoVo
cells or CEACAMS5-high-expressing MKN-45 cells. The graphs show data from one experiment, collected in
technical triplicates.
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Universal P329G-TCB induces antitumoral activity in humanized NSG
mice

To test P329G-TCB efficacy in a more biologically complex and relevant system, an in vivo proof
of concept study was designed in human xenograft tumor bearing fully cord-blood stem cell-
humanized NSG mice. Following a comprehensive characterization and development of
adaptor IgGs and P329G-TCBs, selected lead target was CEACAMS5 on MKN-45 cell line, the
lead adaptor was bivalent adaptor CEACAMS5 IgG, and lead TCB was P329G-TCB 2+1 P329R
LALA. The adaptor was injected 24h prior to the P329G-TCB 2+1. As a positive control, direct
CEACAMS5-TCB 2+1 was used, an as negative controls, protein buffer (vehicle), adaptor alone
and P329G-TCB 2+1 alone were used. Study design details are depicted in Figure 7.1.7A,B. The
model consisted of tumor cells injected subcutaneously into humanized NSG mice, and
initiation of therapy injections after the tumors had reached 110 mm3. In the treatment group
of adaptor CEACAMS5 IgG combined with P329G-TCB 2+1, the adaptor was injected 24h prior
to TCB treatment to allow for enrichment of the antibody in the tumor (Figure 7.1.7B). As
shown in Figure 8C, adaptor CEACAMS5 IgG combined with P329G-TCB 2+1 provided partial
tumor growth control, in contrast to the adaptor alone or the P329G-TCB 2+1 alone, effects
of which were comparable to the vehicle control. The direct CEACAM5-TCB 2+1 displayed the
highest efficacy of all groups tested. The treatment did not lead to substantial reductions of
body weight in any of the groups, as illustrated in Figure 7.1.7D. On day 14 of the study, blood,
spleen and tumor tissue samples were harvested from a subset of mice, and analyzed via flow
cytometry for immune cell count, followed by normalization to tissue weight. Figure 7.1.7E
shows CD45+ CD3+ cell count in blood, spleen and tumor for all the groups. Particularly
evident in tumor samples, mice treated with direct CEACAMS5-TCB 2+1 demonstrated the most
pronounced T cell infiltration/expansion. Mice treated with adaptor CEACAMS5 IgG with
P329G-TCB 2+1 had a T cell count in blood and spleen higher than the control groups and
comparable to positive control direct TCB, while in tumor the T cell count was significantly
lower than the positive control. This difference in T cell infiltration to the tumor is in line with
the observed results in the differences in tumor growth inhibition extent between adaptor
with P329G-TCB and direct TCB.

Figure 7.1.8F shows a summary of quantified infiltration of various T cell types per group in
tumor tissue. For majority of evaluated cell populations, including CD4+ cells, CD8+ cells, CD8+
CD25+ cells, CD8+ GrB+ cells, cell infiltration was higher in mice treated with direct CEACAM5-
TCB 2+1, as compared to mice treated with adaptor IgG with P329G-TCB 2+1. This finding is
consistent with the results observed in the tumor growth inhibition.

Overall, in the tested model, adaptor CEACAMS IgG combined with P329G-TCB 2+1 showed
tumor growth inhibition and therefore provided the first proof of concept data for in vivo
efficacy for the P329G-TCB approach. The combination of the adaptor with P329G-TCB
resulted in lower number of T cells and activated T cells in the tumor tissue relative to the
direct TCB treatment. The diminished T cell presence in the tumor microenvironment s in line
with, and may account for lower efficacy of the adaptor combined with P329G-TCB treatment
as compared to the direct TCB.
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Figure 7.1.7. In vivo anti-tumoral efficacy of adaptor CEACAMS5 IgG with P329G-TCB against MKN-45
subcutaneous tumors in humanized NSG mice. A) Details of the groups in the efficacy in vivo study. B) Scheduling
details of the efficacy in vivo study. C) Mean tumor volume upon treatment over time. Error bars indicate SEM.
D). Mean body weight upon treatment over time. Error bars indicate SEM. E) CD45+ CD3+ T cell count, normalized
per tissue weight, measured at the scout time point from individual mice (n = 3-4). From the top: T cell count in
plasma per treatment group, T cell count in spleen per treatment group, T cell count in tumor per treatment
group. (Number of mice n = 3-4). F) Various cell type counts in the tumor, normalized per tissue weight, measured

at the scout time point from individual mice (n = 3-4). The graphs show data from one experiment.
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7.2. Chapter 2 — Universal protease-activated cancer
immunotherapy using target-agnostic antibodies

Matriptase cleaves the protease-cleavable Ilinker and enables
detachment the P329G binder-blocking mask from the universal pro-
P329G-TCB in vitro

To test whether matriptase can successfully cleave the designed linkers, the molecules
depicted in Section 4.6, Figure 4.6.3 were tested. As the first step, analytic assays of pro-
P329G-TCBs were performed. Freshly thawed recombinant matriptase was incubated with
pro-P329G-TCBs containing PMAKK linkers in 1+1 format and 1+1 OA format, including a
positive control based on the sequence of the pro-FOLR1-TCB described previously [181]. As
further controls, masked TCBs with non-cleavable linkers (G4S linkers without the cleavage
site) and non-masked TCBs were included. As an analytic method, Western blot was used, with
molecules prepared under reducing conditions and analyze bands for resulting antibody
chains. To exemplify the detection method, Figure 7.2.1 depicts an example hulgG1 antibody
with its chains, domains and their respective molecular weight predicted by amino acid
sequence, before and after reducing conditions. Reducing conditions break disulfide bridges,
and produce several separate proteins (chains) with different molecular weights detectable in
SDS-PAGE or Western blot.

Standard hulgG1: 150 kDa S-S bonds (pink) are broken during
reduction, resulting in the following

separate chains:

\ — / Disulfide (S-S) bonds
12.5 kDa 12.5kDa
‘ 125 125 ' ‘

kDa kDa
12.5kDa 12.5kDa
12.5kDa 12.5kDa
reduction
25 kDa 25 kDa
12.5kDa 12.5kDa . l

12.5kDa l '1 2.5kDa

Figure 7.2.1. Structure and molecular weight of a standard hulgG1 and its chains before and after reduction
process performed for SDS-PAGE and Western blot assays.

50 kDa 50kDa
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anti-huFc staining
Matriptase-preincubated molecules, PMAKK linker

4o
>
<
N . O S
&\@® \06\0« Q- 0\00
A & O N

X\ \X RS N
N
&%&&%&&%ﬁ
eQ:@ 000¢0 \'y\'
T SO
Gavc)w%oooc(boio&\,
FEFEEELLEE
_
| —
250 kDa
150 kDa " T
. f==7]
100 kDa W o
75 kDg =2 e el -
50 kDa _"—-. | . o=
37 kDa
- —
25 kDa
20 kD2 g
15 kD2 e

Figure 7.2.2. Western blot results with anti-huFc staining of matriptase-preincubated test antibodies. The pro-
P329G-TCB and control antibodies with PMAKK matriptase-cleavable linker, pre-treated with matriptase
overnight, assessed via Western blot. Data from one experiment.

Figure 7.2.2 shows a summary of Western blot results of the matriptase-preincubated
molecules analyzes after reducing conditions and stained with an anti-human Fc antibody.
Figures 12.3-5 offer a detailed view of tested molecules of the same Western blot, and the
interpretation of the bands. Figure 7.2.3A shows three tested 1+1 P329G-TCB variants:
cleavable, non-cleavable and unmasked/wild-type (WT), as well as the chains resulting from
reducing conditions. Interpretation of the Western blot is shown in Figure 7.2.3B. For cleavable
masked pro-P329G-TCB 1+1, the visible bands represent predicted molecular weight of
unmasked or WT chains (~50 kDa) and the detached P32G-mutated mask (~12.5 kDa). The mask
was detected by anti-Fc antibody due to being based on CH2 part of the Fc. As shown, the chains
predicted molecular weight (MW) and the observable, protein-ladder matched MW differ,
showing e.g. a band at ca. 18 kDa instead of 12.5 kDa. This is a known phenomenon in SDS-
PAGE-based assays, with displayed MW being larger than the one predicted by amino acid
sequence. This is likely due to e.g. protein charges influencing migration or post-translational
modifications, such as protein glycosylation, not being incorporated in the
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Figure 7.2.3. Chains resulting from a reduction process of pro-P329G-TCB 1+1, and anti-huFc Western blot
analysis. A) Possible chains resulting from reduction of pro-P329G-TCB 1+1 and control TCBs. B) Bands
representing chains of matriptase-pretreated pro-P329G-TCB 1+1 and the control TCBs. Data from one
experiment.
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Figure 7.2.4. Chains resulting from a reduction process of pro-P329G-TCB 1+1 OA, and anti-huFc Western blot
analysis. A) Possible chains resulting from reduction of pro-P329G-TCB 1+1 OA and control TCBs. B) Bands
representing chains of matriptase-pretreated pro-P329G-TCB 1+1 OA and the control TCBs. Data from one
experiment.
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sequence-based MW prediction [368], [369][. For non-cleavable pro-P329G-TCB 1+1, a band
representing masked (non-cleaved) chains is visible (~62.5 kDa), as well as WT chains K not
bearing the mask (~50 kDa). The band representing the cleaved masks (~12.5 kDa) is not
detectable. For non-masked WT P329G-TCB 1+1, only bands representing WT chains (~50 kDa)
are present, with no detectable masked chains or cleaved masks. None of the molecules had
detected levels of light chains (~25 kDa), which is due to the staining for Fc containing chains
only. This data shows that the pro-P329G-TCB 1+1 underwent full cleavage and detachment of
the mask, which was dependent on presence of the PMAKK protease-cleavable site in the linker
joining the mask and P329G binder.

Figure 7.2.4 show analogous details of the assay performed on pro-P329G-TCB 1+1 OA
formats. Figure 7.2.4A shows amino acid sequence-predicted MW of the chains resulting from
reduction process, and Figure 7.2.4B shows band interpretation of the Western blot
experiment. Cleavable pro-P329G-TCB 1+1 OA analysis showed no presence of masked chain,
with detectable levels of unmasked chain (~75 kDa), Fc-only H chain (~25 kDa), and detached
mask (~12.5 kDa). Non-cleavable pro-P329G-TCB 1+1 OA analysis showed only masked chain
(~87.5 kDa), Fc-only H chain, no unmasked chain (~75 kDa) and no mask (~12.5 kDa). Non-
masked WT pro-P329G-TCB 1+1 OA analysis showed WT chain K (~75 kDa) and Fc-only chain
H (~25 kDa). Similarly to pro-P329G-TCB 1+1, these results for pro-P329G-TCB 1+1 OA show
that the mask is successfully cleaved and detached, in a manner dependent on the presence
of PMAKK cleavage site.

Figure 7.2.5 shows details of the Western blot performed on positive control pro-FOLR1-TCB
2+1 formats. The mask in pro-FOLR1-TCB 2+1 was based on an scFv format, resulting in a
different MW of the mask than the P329G-mutated CH2 mask, as well as no predicted
detection by anti-Fc staining. The linker between the mask and the CD3 binder in pro-FOLR1-
TCB was the same as in the pro-P329G-TCBs (Figure 7.2.5A). As shown in Figure 7.2.5B,
Cleavable pro-FOLR1-TCB 2+1 analyzed by Western blot showed bands representing fully
unmasked chains (~75 kDa) or WT H chains (~50 kDa), with no detectable levels of non-cleaved
chains (~104 kDa). Non-cleavable pro-FOLR1-TCB 2+1 analysis showed presence of masked
chains (~104 kDa) and WT H chains (~50 kDa), with no detectable levels of unmasked chains
(~75 kDa). This dataset also shows successful cleavage of the mask dependent on the PMAKK
cleavage site. For the sake of completion, the pictograms of chains resulting from reduction
of pro-P329G-TCBs 2+1 are included in Figure 7.2.6, which were analyzed at a later time point.
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Figure 7.2.5. Chains resulting from a reduction process of the pro-FOLR1-TCB 2+1, and anti-huFc Western blot
analysis. A) Possible chains resulting from reduction of pro-FOLR1-TCB 2+1 and control TCBs. B) Bands
representing chains of matriptase-pretreated pro-FOLR1-TCB 2+1 and the control TCBs. Data from one
experiment.
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Additionally to the anti-Fc staining for the samples, anti-P329G staining was included for the
matriptase-preincubated antibodies for more specific details on the detected chains (Figure
7.2.7). Pro-P329G-TCBs do not contain P329G mutation in the Fc part, but rather a P329R
mutation, which was verified in this thesis to not be bound by anti-P329G antibodies (Figure
7.1.3 in Chapter 1). The only P329G-containing part of the molecule, being potentially
detected by anti-P329G staining, was the P329G-mutated CH2 mask. Therefore, anti-P329G
staining would allow verification of presence of any masked, pro-P329G-TCB chains and
identify any cleaved P329G masks. As shown in Figure 7.2.7, Western blot with anti-P329G
staining resulted in detection of 2 bands, representing masked chain H of the non-cleavable
pro-P329G-TCB 1+1 (~62.5 kDa), and masked chain K of the non-cleavable pro-P329G-TCB 1+1
OA (~87.5 kDa). In contrast, cleavable pro-P329G-TCBs were not detected, suggesting a lack
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Figure 7.2.6. Chains resulting from a reduction process of the pro-P329G-TCB 2+1. Possible chains resulting
from reduction of pro-P329G-TCB 2+1 and control TCBs.
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Figure 7.2.7. Chains represented in the anti-P329G Western blot analysis of reduced pro-P329G-TCBs. A) Bands
representing chains of matriptase-pretreated pro-P329G-TCBs and the control TCBs. B) Pictograms of chains
represented by the visible bands. Data from one experiment.

of the P329G mask. Interestingly, ~12.5 kDa bands representing the P329G masks were not
observed. This may be due to lower sensitivity of anti-P329G staining as opposed to anti-Fc
staining, low mass of the mask in the gel, or some denaturation of the mask upon cleavage.
As expected, WT TCBs were not detected due to the absence of P329G. This data shows that
the ~62.5 kDa and ~87.5 kDa bands seen in the anti-Fc blot were indeed P329G masked
antibodies. Additionally, full cleavage of the cleavable pro-P329G-TCBs was confirmed.

Next, pro-P329G-TCBs with another matriptase cleavage site in the linker, namely PQARK,
were designed and produced. Analogously to the Western blot assay for PMAKK linker, the
aim was to test the cleavage capacity of the matriptase on the tested linker. To this end, a
methodologic shift to SDS-PAGE was done, to increase assay throughput (as compared to
Western blot throughput). This was possible due to the samples containing pure identified
protein solutions and no need for distinguishing a mix of different proteins within a sample.
Additionally, to show matriptase dependency, pro-P329G-TCBs with PQARK linker and their
controls were preincubated with either matriptase or PBS. SDS-PAGE results of the samples
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run under reducing conditions, as well as band description based on MW are shown in Figure
7.2.8. The upper panel shows a gel with the data from pro-P329G-TCBs in 1+1 and 1+1 OA
formats, and the lower panel shows a gel with the data from pro-P329G-TCBs in 2+1 formats
and the positive control pro-FOLR1-TCB 2+1. All tested cleavable TCBs showed different band
profile with and without matriptase, retaining the mask without preincubation, and having
completely cleaved off masks when preincubated with the tested protease. Non-cleavable
TCBs had the same chain profile with or without matriptase, with the mask retained. The WT
TCBs remained unchanged with or without matriptase. Together, these data shows that the
masked pro-P329G-TCB molecules have successfully cleaved off masks only when
preincubated with matriptase and only with cleavage site present in the linker.

Masked cleavable pro-P329G-TCBs induce reporter cell activation only
in the presence of matriptase and the adaptor P329G IgG

After having established matriptase dependency in analytical assay, functional activity of the
TCBs was tested. To do this, a CD3/NFAT Jurkat reporter assay was utilized, which is an assay
that produces luminescence relative to the strength/level of CD3e crosslinking-induced NFAT
signaling. The molecules were preincubated with matriptase or PBS overnight, and then co-
cultured human cancer cells expressing target of interest (HelLa for FOLR1-targeting in Figure
7.2.9A or MKN-45 for CEACAM- targeting in Figure 7.2.9B) with the PMAKK cleavable, non-
cleavable or unmasked (WT) pro-P329G-TCBs 2+1 bearing P035-093 CD3¢ binder, and with
the CD3/NFAT Jurkat cells. As shown in Figure 7.2.9A,B, the positive control pro-FOLR1-TCBs
2+1 or CEACAMS5-TCBs 2+1 (in blue) showed a dose-dependent activity with and without
matriptase, and were active also as an unmasked version for both targets. This suggested
incomplete masking of the binder, removing the activity dependence on matriptase. In
contrast, for both targets, pro-P329G-TCBs 2+1 combined with the adaptor FOLR1 IgG or
adaptor CEACAMS IgG mutated with P329G (in red) resulted in minimal activation without
matriptase and in unmasked format, and relatively stronger dose-dependent activity when
preincubated with matriptase. Of note, pro-P329G-TCB without an adaptor was mostly
inactive at lower concentrations, but showed some non-specific activity in both cleavable and
non-cleavable format at high concentrations. Despite this phenomenon, adaptor+pro-P329G-
TCB offered a sizeable therapeutic window of activity. The adaptor IgGs alone did not induce
activity in any of the tested conditions. Despite lower activity than the positive control, pro-
P329G-TCB showed better masking and higher matriptase dependent activity. Additionally,
pro-P329G-TCB 2+1 was active against both targets, highlighting its target-agnostic universal
potential of the molecule.
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SDS-PAGE, Matriptase-preincubated molecules, PQARK linker

250 kDa
150 kDa

100 kDa
| 75 kDa

Predicted molecular weight
of antibody chains based
on their amino acid

Matriptase: - 4+ - "4 -4 -4 o 2T g o

250 kDa
150 kDa

100 kDa
75 kDa

Figure 7.2.8. SDS-PAGE analysis of matriptase- or buffer-pretreated pro-P329G-TCBs and control molecules. A)
SDS-PAGE results of pro-P329G-TCBs in 1+1 and 1+1 OA formats. B) SDS-PAGE results of pro-P329G-TCBs in 2+1
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Figure 7.2.9. Matriptase-dependent Jurkat CD3/NFAT reporter cell activation of universal pro-P329G-TCBs
containing PMAKK linker and P035.093 CD3¢ binder on FOLR1+ and CEACAMS5+ cancer cells. A) Matriptase-
dependent Jurkat activation on FOLR1+ Hela cells. B) Matriptase-dependent Jurkat activation on CEACAMS5+
MKN-45 cells. Graphs show representative data from 2 or 3 independent experiments. Data collected in technical
triplicates. Error bars indicate standard error.
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Figure 7.2.10. Matriptase-dependent Jurkat CD3/NFAT reporter cell activation of universal pro-P329G-TCBs
containing PMAKK linker and clone 22 CD3¢ binder on FOLR1+ and CEACAMS5+ cancer cells. A) Matriptase-
dependent Jurkat activation on FOLR1+ Hela cells. B) Matriptase-dependent Jurkat activation on CEACAMS5+
MKN-45 cells. Data of one (A) or representative of two (B) independent experiments. Data collected in technical
triplicates. Error bars indicate standard error.
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CD3¢ binder influences specificity of the pro-P329G-TCB activity

With an aim to reduce the non-specific Jurkat cell activation induced by P035.093/PMAKK pro-
P329G-TCB 2+1, the same set of antibodies were produced with changed CD3¢ binder clone
22 that has circa 10-fold lower affinity for CD3e, and decided to test its influence in an
analogous CD3-NFAT Jurkat assay. The positive control molecules tested had the P035.093
CD3¢ binders and PMAKK linkers as tested previously. As shown in Figure 7.2.10A,B, clone
22/PMAKK-containing pro-P329G-TCBs, combined with adaptor FOLR1 IgG (Figure 7.2.10A, in
red) or CEACAMS IgG (Figure 7.2.10B, in red), displayed dose-dependent activity only in WT
format or cleavable format only when preincubated with matriptase. Non-cleavable pro-
P329G-TCBs showed no activity, with or without adaptor molecules, achieving reduced non-
specificity. While the pro-FOLR1-TCB and pro-CEACAMS5-TCBs showed the highest activity of
all tested molecules, both showed high level of non-specificity. The data from Figure 7.2.9
(P035.093 binder) and Figure 7.2.10 (clone 22 CD3 binder) are summarized in Figure 7.2.11 as
area under the curve (AUC) and AUC fold change of matriptase-preincubated antibodies over
no matriptase-preincubated antibodies. Both P035.093 and clone 22 pro-P329G-TCBs
displayed matriptase-dependent activity in cleavable variants and complete masking in both
matriptase-untreated cleavable and non-cleavable variants. The data showed that P035.093
CD3e binder was contributing to a low level of non-specific activation, and clone 22 CD3¢
binder offered improved specificity profile for the pro-P329G-TCBs. While lowering activity of
the pro-P329G-TCB 2+1, clone 22 binder’s improved specificity resulted in the selection of this
clone as the lead CD3¢ binder in further experiments.

Proteolysis of both PMAKK and PQARK matriptase cleavage sites result
in comparable efficacy profile of the pro-P329G-TCBs

Having established matriptase-induced cleavage of pro-P329G-TCBs with either PMAKK or
PQARK cleavable linkers using SDS-PAGE/Western blot, evaluation and comparison of their
activity was proceeded with in functional assays. A CD3/NFAT Jurkat reporter assay was used
as described above, with MKN-45 cells (CEACAMS5+) as target cells. As shown in Figure 7.2.12,
cleavable pro-P329G-TCB (clone 22 variants, PMAKK or PQARK linkers) combined with adaptor
CEACAMS IgG resulted in the same activity profile with both linkers when preincubated with
or without matriptase. Both molecules combined with the adaptors showed a strong dose
response with matriptase and a sizeable therapeutic window in terms of matriptase
dependence.
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CD3/NFAT Jurkat assay: Area Under the Curve (AUC)
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Figure 7.2.11. Area under the curve values from Jurkat CD3/NFAT reporter cell assays representing matriptase
dependency and masking efficiency of pro-P329G-TCBs with PMAKK linkers and two different CD3¢ binders,
against two tumor targets. A) Area under the curve results across matriptase conditions and molecule formats
for CEACAMS targeting and FOLR1 targeting. B) Fold change of areas under the curves (from average values) over
conditions of no matriptase pretreatment (average values), across molecule formats, for CCACAMS5 and FOLR1
targeting. Data from 1 or 2 independent experiments, collected in technical triplicates. Error bars indicate
standard error.
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Figure 7.2.12. Comparison of PMAKK and PQARK linkers in matriptase-dependent Jurkat CD3/NFAT reporter
cell activation of universal pro-P329G-TCBs containing clone 22 CD3¢ binder on CEACAM5+ cancer cells. Data
from 1 to 3 independent experiments, collected in technical triplicates. Error bars indicate standard error.

Pro-P329G-TCB shows matriptase- and adaptor-dependent activity in
three antibody formats: 2+1, 1+1 and 1+1 OA

In order to evaluate activity of all the produced TCB formats, a further CD3/NFAT Jurkat assay
was performed, on the same target MKN-45 with the same adaptor CEACAMS5 P329G-mutated
IgGs but different TCB formats: 2+1, 1+1 and 1+1 OA. As shown in Figure 7.2.13, all tested
formats showed dose-dependent and matriptase dependent activity when combined with the
adaptor IgG: pro-P329G-TCB 2+1 (Figure 7.2.13A), pro-P329G-TCB 1+1 (Figure 7.2.13B), and
pro-P329G-TCB 1+1 OA (Figure 7.2.13C). 1+1 format showed non-specificity at high
concentrations (without an adaptor) (Figure 7.2.13B), nevertheless providing a therapeutic
window when compared to the adaptor-combined pro-P329G-TCB. An overlay of the dose
response curves from all the cleavable formats in the matriptase-preincubated conditions are
shown in Figure 7.2.14. All formats show similar activity profile. This data shows that all TCB
formats can be utilized for the universal pro-P329G-TCB platform.
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Figure 7.2.13. Antibody format comparison in matriptase-dependent Jurkat CD3/NFAT reporter cell activation
of universal pro-P329G-TCBs (clone 22) on CEACAMS5+ cancer cells. A) Matriptase-dependent Jurkat activation
of pro-P329G-TCB format. B) Matriptase-dependent Jurkat activation of 1+1 pro-P329G-TCB format C)
Matriptase-dependent Jurkat activation of 1+1 OA pro-P329G-TCB format. Data from one experiment, collected
in technical triplicates. Error bars indicate standard error.
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Figure 7.2.14. Summary of antibody format comparison (2+1, 1+1 and 11+1 OA) in matriptase-dependent
Jurkat CD3/NFAT reporter cell activation of universal pro-P329G-TCBs with PQARK linkers on CEACAM5+
cancer cells. Data from one experiment, collected in technical triplicates. Error bars indicate standard error.

Pro-P329G-TCB induces T cell activation and T cell-mediated tumor cell
killing in vitro in presence of matriptase and adaptor IgG

To further explore functional activity of matriptase-dependency of the pro-P329G-TCB, the
molecule’s potential for inducing primary T cell activation and tumor cell killing was
investigated. To accomplish this, a killing assay was performed, where the pro-TCBs with
adaptors were preincubated with recombinant matriptase or PBS overnight, and then co-
cultured with FOLR1- expressing Hela cells and human primary PBMCs from a healthy donor.
After 48h, cytotoxicity was measured via relative quantification of dead cell proteases
released into the supernatant. Additionally, cells were collected and stained for viability, CD4
and CD8 T cell markers, CD69 and CD25 T cell activation markers. As shown in Figure 7.2.15,
adaptor FOLR1 IgG combined with pro-P329G-TCB 2+1 showed no cytotoxicity induction in
the non-cleavable format. Cleavable pro-P329G-TCB 2+1 combined with the adaptor FOLR1
IgG (in red) induced a dose-dependent cytotoxicity in presence if matriptase, while no
matriptase condition had some residual activity at the highest concentration. Of note, cells in
the assay might have expressed an active protease affecting the interpretation of the no
matriptase condition. Importantly, matriptase preincubation did not diminish the efficacy of
the WT non-cleavable P329G-TCB combined with the adaptor I1gG. Effects of the molecules on
T cell activation are shown in Figure 7.2.16. In all tested T cell populations: CD69+ [% of CD4+],
CD25+ [% of CD4+], CD69+ [% of CD8+], CD69+ [% of CD8+], there was observable dose-
dependent T cell activation only in the matriptase preincubated pro-P329G-TCBs. The positive
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control pro-FOLR1-TCB induced T cell activation regardless of matriptase conditions, as well
as presence of the cleavable linker, suggesting the inadequate masking of the specific antibody
used. Together, this data provides evidence that adaptors combined with pro-P329G-TCB have
the capacity of T cell activation and inducing T cell mediated cancer cell killing in a matriptase-
dependent manner.
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Figure 7.2.15. Matriptase-dependent primary T cell-mediated cytotoxicity induced by universal pro-P329G-
TCBs against FOLR1+ Hela+ cancer cells. Data from one experiment, collected in technical triplicates. Error
bars indicate standard error.
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7.3. Chapter 3 — DOTAM-TCB: Universal small molecule-guided
hapten-and T cell-bispecific antibodies for cancer immunotherapy

DOTAM-TCB binds Ca-DOTAM-Ligands with femtomolar-range affinity

Two small molecule ligands were designed by Dr. Dario Venetz (Roche Innovation Center
Zurich) in collaboration with Antonio Ricci and Moreno Wichert (Roche Innovation Center
Basel). Two small molecule ligands, Ca-DOTAM-DUPA and Ca-DOTAM-Folate, were prepared.
To validate binding of the DOTAM-TCB to the newly produced Ca-DOTAM-Ligands, KinExA
affinity measurement was performed (Daniela Matscheko, Roche Innovation Center Munich).
Ca-DOTAM-DUPA and Ca-DOTAM-Folate were tested against two formats of the TCB: DOTAM-
TCB 1+1 and DOTAM-TCB 1+1 OA. Figure 7.3.1A shows binding curves representing free
fraction of constant binding partners. Dose responses were observed for all conditions. Figure
7.3.1B depicts a summary of ECso values derived from the curves. The Kp values calculated
from the observed interactions were in double-to-triple femtomolar range (51-263 fM), as
depicted in Figure 7.3.2. The values fell within an expected range, as previous experiments
performed for the DOTAM antibody binder to Ca-DOTAM (lacking the tumor ligand part)
resulted in similar observed affinity [363] Altogether, binding of Ca-DOTAM-Ligands by
DOTAM-TCB was confirmed for both 1+1 and 1+1 OA formats with very high affinity.

Surface Plasmon Resonance (SPR) characterization of binding kinetics

To expand the platform, an additional ligand, Ca-DOTAM-AAZ was designed. Preparation took
place in collaboration with Antonio Ricci (Roche Innovation Center Basel). To characterize
binding of the adaptors with the DOTAM-TCB to the selected tumor associated antigens, SPR
experiments were conducted (performed by Reto Gianotti and Regula Buser, Roche
Innovation Center Zurich). In contrast to the cell-based binding assays, by virtue of utilizing a
system with strictly defined ligands, SPR allows for a verification of the binding partners, as
well as kinetics and affinity. For CAIX binding tests, Ca-DOTAM-AAZ premixed with DOTAM-
TCB 1+1 was used as various concentrations against a recombinant CAIX at pH 7.0. As expected
from the literature on AAZ, binding was indeed observed. The adjusted SPR sensorgram are
depicted in Figure 7.3.3A. The equilibrium dissociation constant Kp based on the observed
interactions was determined to be 0.378 nM. Analogously to CAIX targeting, DOTAM-TCB 1+1
were mixed with either Ca-DOTAM-DUPA or Ca-DOTAM-Folate and tested for their kinetic
binding interaction at pH 7.0 with PSMA or FOLR1, respectively. Direct PSMA-TCB 2+1 and
FOLR1-TCB 2+1 were used as positive controls. As expected, for both targets, positive controls
displayed rapid association with the respective binding partners (Figure 7.3.3B,C). However,
the response rate for adaptor-loaded DOTAM-TCBs were low for both PSMA- and CAIX-
targeting molecules (Figure 7.3.3B,C). This was in contrast to the cell binding assays and the
functional assays performed on the same molecule batches at a later time point (data not
shown). Therefore, it was hypothesized that the technical conditions of the SPR acquisitions,
such as buffer composition, may have influenced the binding results in that system. For this
reason, as well as dimeric form of PSMA used, Kp values were not calculated.
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Figure 7.3.1. KinEXA measurements of the interactions between DOTAM-TCB formats with Ca-DOTAM-
Ligands. Concentration-dependent free fraction of the binding partner, of A) Ca-DOTAM-DUPA with DOTAM-
TCB 1+1 and 1+1 OA, and B) Ca-DOTAM-Folate with DOTAM-TCB 1+1 and 1+1 OA. C) Summary of ECso values
including standard error from all conditions. Data from one experiment with technical duplicates. Error bars

indicate standard error.
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Figure 7.3.2. Kp values derived from KinExA measurements of the interactions between DOTAM-TCB and Ca-
DOTAM-Ligands. Data from one experiment with technical duplicates. Error bars indicate 95% confidence
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Figure 7.3.3. SPR sensorgrams of the binding kinetics between recombinant CAIX, PSMA and FOLR1 receptors
and the Ca-DOTAM-Ligands mixed with DOTAM-TCB 1+1. A) Sensorgram of binding kinetics between CAIX and
Ca-DOTAM-AAZ mixed with DOTAM-TCB 1+1 or empty DOTAM-TCB 1+1 at different concentrations. B)
Sensorgram of binding kinetics between PSMA and Ca-DOTAM-DUPA mixed with DOTAM-TCB 1+1 or empty
DOTAM-TCB 1+1. C) Sensorgram of binding kinetics between FOLR1 and Ca-DOTAM-Folate mixed with DOTAM-
TCB 1+1 or empty DOTAM-TCB 1+1. Data from one experiment is shown.
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In line with this, determination of Kp values for DOTAM-TCB 1+1 mixed with Ca-DOTAM-DUPA
and Ca-DOTAM-Folate were not feasible, and further SPR set up optimization is warranted.
Moreover, Kp value of the interaction between CAIX and Ca-DOTAM-AAZ with DOTAM-TCB
1+1 may need further verification. Due to the fact that the structures of the receptor-binding
ligands within the adaptors were based on the literature, the Kp values of the original small
molecule ligands provide additional information even in absence of SPR data. The data on the
literature-derived Kp values is depicted in Table 7.3.1, including both small molecules and
control antibodies against CAIX, PSMA and FOLR1. Importantly, the antibody binders depicted
in Table 7.3.1 were added to the TCB frame, and used in the TCB format as positive controls
throughout this chapter. Nevertheless, it is important to note these values cannot be
translated to the novel adaptors. This is due to the fact that addition of linkers and Ca-DOTAM-
haptens to the original ligand structures might have changed the capability of the adaptors to
access binding pockets in the target receptors. Moreover, Ca-DOTAM positioning in the
binding pocket of the anti-DOTAM antibody may have also affected accessibility of the tumor
ligand to reach its target. Therefore, further characterization of the adaptor themselves
requires optimization.

Table 7.3.1. Kp values of interactions between human CAIX, PSMA and FOLR1 and selected
published small molecule ligands and antibody binders.

Target receptor Ligand

CAIX AAZ / AAZ conjugates 3.4 nM [370], 10-50 nM [371]
Antibody binder G250 4 nM [372]

PSMA DUPA / DUPA conjugates 8 nM [373] / 14 nM [374]
Antibody binder J591 1.83 nM [375]

FOLR1 Folate / folate conjugates 1.5 nM [376]
Antibody binder 16D5 39.5 nM [377]

Due to the potential technical artifacts in SPR, cell-based assays were deemed as more reliable
readouts. As mentioned above, Ca-DOTAM-Folate with DOTAM-TCB did not show binding on
FOLR1-overexpressing cells. These negative results prompted consideration of deprioritizing
Ca-DOTAM-Folate for further experiments. However, since flow cytometry binding assay
might be impacted by a cell harvesting protocol, for example shedding the antigen from the
target cell, it might not be fully indicative of a binding potential. Therefore, further validation
of the functionality of Ca-DOTAM-Folate with DOTAM-TCB was planned for other cell-based
assays.
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DOTAM binder crystal structure reveals Ca-DOTAM-ligand binding
pocket

To gain deeper insights into the interaction between anti-DOTAM and Ca-DOTAM-Ligands, X-
ray crystallography was employed to elucidate the spatial organization of the bound
molecules (performed and analyzed by Dr. Jorg Benz and Andreas Ehler, Roche Innovation
Center Basel). Ca-DOTAM-AAZ was selected for testing. Imaging of the obtained crystals of Ca-
DOTAM-AAZ with anti-DOTAM Fab revealed Fab-bound small molecules (Figure 7.3.4A) with
multiple van der Waals and hydrogen bonds contributing to the interaction (Figure 7.3.4B).
An electron density map of the Ca?* in the DOTAM cage is depicted in Figure 7.3.4C.
Importantly, small molecules were observed with incomplete structures, wherein only Ca%*-
loaded DOTAM with an exit vector was visibly discernible from the electron density map
(Figure 7.3.4D) Electron density was observed for the adaptor up to the linker and first phenyl
group. The part of the DOTAM with the exit vector for the linker and functional moiety pointed
towards the solvent region. The remaining part of the molecule had no defined localization
based on the observed electron density in the crystals. This observation likely stemmed from
the flexibility of the free/unbound part of the adaptor molecule and lack of a single defined
space occupied by it.

The Ca-DOTAM portion was observed bound within a pocket situated between the VH and VL
of the anti-DOTAM Fab. The binding pocket was formed by amino acid residues from CDR1
and CDR3 of light and CDR2 and CDR3 of heavy chain. Van der Waals interactions of the
DOTAM cage were observed for side chains of TYR29L, TYR100L PHE49H and TYR57H. The
amid groups of the DOTAM moiety coordinated the binding of the central calcium atom with
three of the amid groups also being involved in hydrogen bonding with residues ASP55H,
GLU97H and APS33L of the antibody (Figure 7.3.4B and Table 7.3.2). The Ca-DOTAM portion
observed bound within a pocket situated between the complementary determining regions
(CDRs) of the VH and VL domains of the anti-DOTAM Fab illustrates the high shape
complementarity as basis for the high affinity binding.
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Figure 7.3.4. Crystal structure of anti-DOTAM Fab and Ca-DOTAM-AAZ. A) Modelled anti-DOTAM Fab with Ca-
DOTAM-AAZ, displaying the antibody pictogram, the crystal structure of the Fab with the bound haptenated
small molecule adaptor. B) Localization of the Ca2+ ion and Van der Waals and hydrogen bonds observed
between the side chains of the amino acids in the anti-DOTAM Fab and the Ca-DOTAM-AAZ. C) 2Fo-Fc electron
density map of the bound Ca2+-loaded DOTAM. Ca2+ showed as a grey star. D) Observed 2Fo-Fc electron density
map of the Ca-DOTAM-AAZ, with defined Ca2+ in the DOTAM cage and the exit vector. Remaining part of the
small molecule structure with no defined localization was overlaid on the observed electron density map.
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Table 7.3.2. Ligand interactions report for the crystal obtained for anti-DOTAM Fab and Ca-
DOTAM-AAZ.

Fab fragment

Amino Interaction . Distance
Atom acid/water | type Interaction role (A]
localization and
position
C19 0G1 THR 99 (L) H-donor 3.74
Cc21 0oD2 ASP 55 (H) H-donor 3.65
Cc21 0] HOH 47 (W) H-donor 3.94
N23 0oD2 ASP 55 (H) H-donor 2.85
N23 0oD2 ASP 99 (H) H-donor 3.01
C26 0G1 THR 99 (L) H-donor 3.46
Cc28 OE1l GLU 97 (H) H-donor 3.63
N30 OE1l GLU 97 (H) H-donor 2.77
N30 0] ARG 98 (H) H-donor 2.99
C32 0 HOH 85 (W) H-donor 3.91
Cc33 0G1 THR 99 (L) H-donor 3.77
C35 0oD2 ASP 33 (L) H-donor 3.55
C35 0 HOH 5 (W) H-donor 3.50
N37 oD1 ASP 3 (L) H-donor 3.02
c40 0] TYR 3 (L) H-donor 3.35
024 CB ASP 99 (H) H-acceptor 3.24
057 0] HOH 57 (W) H-acceptor 2.97
C25 6-ring PHE 49 (H) H-pi 4.18
C28 6-ring PHE 49 (H) H-pi 3.86

Ca-DOTAM-Ligands combined with DOTAM-TCB bind to the target-
expressing cells or recombinant targets in vitro

To assess the binding of the molecules on cancer cells, a binding assay. Having established
binding of the DOTAM binder to Ca?*-loaded DOTAM-Ligands and Ca-DOTAM-Ligands to the
recombinant target antigens, a binding of the small molecules to the cancer cells was assessed.
Examination of the binding capacity of combined Ca-DOTAM-AAZ, Ca-DOTAM-DUPA, or Ca-
DOTAM-Folate with DOTAM-TCB towards their respective target-expressing cells was
conducted. Antigen positive cancer cells were incubated with DOTAM-TCB and the molecules:
HT-29 (CAIX+) cells with Ca-DOTAM-AAZ, LNCaP (PSMA+) cells with Ca-DOTAM-DUPA, and
Hela (FOLR1+) cells with Ca-DOTAM-Folate. To detect bound molecules, flow cytometry
readout was employed, utilizing an anti-P329G IgG in PE as a secondary antibody. The P329G
mutation served as an Fc silencing mutation, and was present in the DOTAM-TCB but not in
the adaptor molecules. Consequently, in this set-up, any observed binding events would imply
the presence of cell-bound molecules containing either cell-attached small molecule adaptors
subsequently bound by the DOTAM-TCB, or solely DOTAM-TCB. As shown in Figure 7.3.5,
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Figure 7.3.5. Binding of the adaptors combined with DOTAM-TCB to different target-expressing cancer cells.
Histograms derived from flow cytometry binding assay of DOTAM-TCB combined with: A) Ca-DOTAM-AAZ on
CAIX+ HT-29 cells, B) Ca-DOTAM-DUPA on PSMA+ LNCaP cells, and C) Ca-DOTAM-Folate on FOLR1+ Hela cells.
Representative histograms of triplicates from 2 experiments are shown.
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across all three tested cell lines, secondary antibody negative control or DOTAM-TCB only with
secondary antibody staining resulted in negative populations. Binding of DOTAM-TCB was
observed only when combined with cell line-appropriate small molecule adaptor. Specifically,
Ca-DOTAM-AAZ with DOTAM-TCB demonstrated stronger binding compared to the positive
control direct CAIX-TCB (Figure 7.3.5A), while Ca-DOTAM-DUPA with DOTAM-TCB exhibited
weaker binding than the positive control direct PSMA-TCB (Figure 7.3.5B). In contrast, Ca-
DOTAM-Folate with DOTAM-TCB did not yield a positive population, whereas weak binding
was observed with the positive control direct FOLR1-TCB (Figure 7.3.5C).

Universal DOTAM-TCB shows in vitro proof of concept T cell activating
activity when combined with Ca-DOTAM-DUPA or Ca-DOTAM-AAZ
against PSMA+ cancer cells or CAIX+ cancer cells, respectively

As a next step, functional activity experiments were performed. The potential of universal
DOTAM-TCB to crosslink CD3e when bound to the adaptors targeting cancer cells was
assessed. For this purpose, the CD3/NFAT Jurkat reporter assay was used. Target-expressing
cells were seeded into plates, and after overnight incubation allowing for renewed expression
of surface proteins, co-cultured with CD3/NFAT Jurkat reporter cells and the molecules. As
controls, cell lines known not to express the targeted antigen were included. As illustrated in
Figure 7.3.6A, Ca-DOTAM-DUPA combined with DOTAM-TCB in a 2+1 format (dosed in molar
ratio SM:TCB 2:1) resulted in dose-dependent Jurkat cell activation across the three target-
expressing cell lines while remaining inactive on target non-expressing cells. Both the adaptor
and DOTAM-TCB alone, which served as negative controls, were inactive. Similarly, Ca-
DOTAM-AAZ with DOTAM-TCB induced Jurkat cell activation only when combined and solely
on target-expressing cells (Figure 7.3.6B).

Notably, while exhibiting a higher ECso compared to the positive control CAIX-TCB, the activity
plateau for Ca-DOTAM-AAZ with DOTAM-TCB was significantly elevated. In the case of FOLR1
targeting, Ca-DOTAM-Folate with DOTAM-TCB failed to demonstrate efficacy, despite the
positive control FOLR1-TCB activating the Jurkat cells in a dose-dependent manner (Figure
7.3.6C). This discrepancy of this data with the SPR binding results led to hypothesize that the
negative results of Ca-DOTAM-Folate with DOTAM-TCB were unrelated to the target (FOLR1)
expression.

An additional hypothesis arose that the assay media, typically containing folate in a molecular
form akin to the folate-based adaptor, might have competed with Ca-DOTAM-Folate and
interfered with adaptor binding to the cancer cells. To verify this, folate-free and standard
folate-containing media were prepared and the molecules were tested on two FOLR1+ cell
lines in the CD3/NFAT Jurkat assay. Ca-DOTAM-Folate + DOTAM-TCB were preincubated prior
to the assay. Figure 7.3.6D depicts impact of the presence of folate in the assay media on the
activity of FOLR1-targeting TCB molecules. Activity of the antibody-based positive control
FOLR1-TCB was unaffected by folate. For antigen targeting with Ca-DOTAM-Folate and
DOTAM-TCB, a significantly increased dose-dependent Jurkat activity was observed in folate-
free media, compared to standard media, on Hela cells, but not on SKOV-3 cells. Both
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conditions on both cell lines exhibited very low Jurkat activating capacity. Due to the low
efficacy, coupled with the presence of folate in circulation in humans, it was elected to
discontinue Ca-DOTAM-Folate from further proof-of-concept experiments. In summary, these
findings demonstrate that Ca-DOTAM-DUPA and Ca-DOTAM-AAZ, but not Ca-DOTAM-Folate,
when combined with DOTAM-TCB, possess the capability to induce CD3e crosslinking when
bound to target-expressing cells. Importantly, as intended, the small molecule adaptors alone
and DOTAM-TCB alone were inactive in terms of inducing CD3& downstream signaling.

Universal DOTAM-TCB shows in vitro proof of concept T cell-mediated
tumor cell killing activity with comparable kinetics to direct TCBs.

To further explore the functionality of the molecules, tests were conducted to evaluate the
cancer cell killing capacity via target-directed activation of human primary T cells. Additionally,
it was sought to investigate potential differences in the kinetics of killing in vitro. This was of
particular interest, due to the adaptor and TCB molecules being separate entities, as opposed
to classical direct TCBs, therefore enforcing the necessity of binding to each other to form a
functional molecule, aside from binding to T cells and target cells. For this purpose, the
Incucyte imaging platform was utilized and co-cultured NucLightRed (NLR) (red fluorescent
protein)-expressing target-expressing cancer cells with the molecules and human primary T
cells isolated from healthy donors (NLR-negative). Cell growth and T cell-mediated killing
kinetics were monitored by imaging every 4 hours for 5+ days, with the red fluorescent area
quantified for each image. As shown in Figure 7.3.7A, Ca-DOTAM-AAZ with DOTAM-TCB
(molar ratio SM:TCB 2:1) led to cancer cell growth inhibition in a kinetic manner similar to that
of the direct CAIX-TCB. The dose responses of both were comparable, with strong tumor killing
efficacy observed at the dose of 20.05 nM TCB. Representative images from the assay
depicting tumor cells with and without treatment by Ca-DOTAM-AAZ with DOTAM TCB at Oh
and 132h are presented in Figure 7.3.7B.

Figure 7.3.7C shows the assay results for Ca-DOTAM-DUPA with DOTAM-TCB and the controls.
The direct PSMA-TCB displayed stronger efficacy, partially visible at a dose of 0.005 nM TCB
and complete tumor cell killing at 20.05 nM. Ca-DOTAM-DUPA with DOTAM-TCB
demonstrated efficacy starting from 0.5 nM, reaching levels comparable to direct TCB at a
concentration of 50 nM TCB. In terms of kinetics, Ca-DOTAM-DUPA with DOTAM-TCB
exhibited a similar profile to the direct TCB, with the exception of conditions at suboptimal
concentrations of 0.5 nM TCB, where Ca-DOTAM-DUPA with DOTAM-TCB exhibited
antitumoral activity more rapidly than PSMA-TCB. Representative images from the assay
illustrating tumor cells with and without treatment by Ca-DOTAM-DUPA with DOTAM TCB at
Oh and 132h are provided in Figure 7.3.7D.

As part of the in vitro assessment of molecule functionality, non-image-based killing assays
were conducted, allowing evaluation of target cell killing alongside T cell activation and
cytokine release. To this end, target-expressing cancer cells were co-cultured with human
primary PBMCs isolated from healthy donors and the molecules. After a 48h incubation
period, several readouts were collected. From the supernatant, dead cell proteases were
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Figure 7.3.7. Kinetics and efficacy of T cell-mediated tumor killing induced by Ca-DOTAM-Ligands with
DOTAM-TCB 2+1. Treatment with Ca-DOTAM-AAZ and DOTAM-TCB 2+1 against CAIX+ NLR+ tumor cells: A)
Kinetics of tumor growth over time, B) Representative images at Oh and 132h. Treatment with Ca-DOTAM-
DUPA and DOTAM-TCB 2+1 against PSMA+ NLR+ tumor cells: C) Kinetics of tumor growth over time, D)
Representative images at Oh and 132h. Graph show representative data of 3 healthy pan T cell donors. Data
collected in technical triplicates. Error bars indicate standard error.
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Figure 7.3.8. Ca-DOTAM-DUPA and universal DOTAM-TCB 2+1 induction of primary T cell activation,

cytokine release and cytotoxicity against different

PSMA+ tumor cells: LNCaP, 22Rvl and HEK 293T

huPSMA. A) T cell-mediated cytotoxicity against PSMA+ cells upon treatment. B) T cell activation marker

expression upon treatment. C) T cell-mediated
representative data of 3 healthy PBMC donors. Data
standard error.

cytokine release upon treatment. Graph show
collected in technical triplicates. Error bars indicate
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Figure 7.3.9. Ca-DOTAM-AAZ and universal DOTAM-TCB 2+1 induction of primary T cell activation, cytokine
release and cytotoxicity against different CAIX+ tumor cells: HCC1806, HT-29 and SW620. A) T cell-mediated
cytotoxicity against PSMA+ cells upon treatment. B) T cell activation marker expression upon treatment. C) T
cell-mediated cytokine release upon treatment. Graph show representative data of 3 healthy PBMC donors.
Data collected in technical triplicates. Error bars indicate standard error.
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guantified in a relative manner, reflecting cytotoxicity, as shown in Figure 7.3.8A for PSMA-
targeting, and Figure 7.3.9A for CAlX-targeting. The adaptors combined with DOTAM-TCB
induced cytotoxicity in a dose dependent manner in all tested cell lines, while remaining
inactive when tested separately. Additionally, T cells were stained for viability, CD4 and CD8
markers, as well as T cell activation markers CD69 and CD25, and assessed via flow cytometry
(Figure 7.3.8B for PSMA targeting, Figure 7.3.9B for CAIX targeting). The data was analyzed to
show percentages of activated cells within CD4 and CD8 T cells, using CD69 as early activation
marker and CD25 as late activation marker, representing the state of molecule-treated T cells.
Either adaptor, combined with DOTAM-TCB, induced dose-dependent activation of T cells,
reflected by an increase in the activated population of CD4+ CD69+, CD4+ CD25+, CD8+ CD69+,
and CD8+ CD25+ T cells. Furthermore, the remaining assay supernatant was analyzed for the
presence of human cytokines, including GM-CSF, IFNy, TNFa, IL-2, IL-4, IL-6, IL-8, and IL-10
(Figure 7.3.8B for PSMA targeting, Figure 7.3.9B for CAIX targeting). Both adaptors combined
with DOTAM-TCB resulted in release of cytokines into the supernatant in a dose-dependent
manner. Together, these data show capacity of tested molecules in terms of inducing cancer
cell killing in a dose-dependent manner, linking efficacy to T cell activation and cytokine
release.

DOTAM-TCB displays antitumoral activity in vitro in various antibody
formats

The valence and format of antibodies are some of the most important features in antibody
design, dictating avidity and thus impacting efficacy. To explore the influence of antibody
valence and format on the efficacy of the molecules, DOTAM-TCBs in the following formats
were produced and tested: 2+1 (two binders against DOTAM, one binder against CD3¢), 1+1
(one binder against DOTAM, one binder against CD3¢), and 1+1 one-armed (OA) (one binder
against DOTAM, one binder against CD3€ on the same arm) (Figure 7.3.10A). The cytotoxic
and T cell activation potential of these DOTAM-TCB antibodies combined with Ca-DOTAM-
DUPA (all dosed in molar ratio SM:TCB 2:1) were directly assessed. All formats exhibited dose-
dependent cytotoxic efficacy and CD8+ T cell activation capacity against PSMA+ LNCaP cells
(Figure 7.3.10B) and PSMA+ 22Rv1 cells (Figure 7.3.10C). The 2+1 TCB format demonstrated
the lowest ECsp, while the 1+1 OA format achieved the highest efficacy plateau at saturating
concentrations, likely due to higher occupancy. Of note, the 1+1 and 1+1 OA formats, despite
having the same valence for both DOTAM binder and CD3¢ binder, displayed different activity
profiles. This observation aligns with previous experiments showing superiority of TCBs in the
1+1 OA format over the 1+1 format (Chapter 1, Figure 7.1.6), likely due to a formation of a
stronger T cell synapse, and highlights the fact that valence alone is not the sole determinant
influencing antibody activity. In general, the high concentrations at which the 1+1 OA format
exhibits superior activity are not relevant for in vivo experiments. Consequently, considering
its low ECsp, and the fact that in vivo bivalency and avidity may stabilize the binding the optimal
TCB format for DOTAM-TCB for further experiments was determined to be a 2+1 TCB.
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Figure 7.3.10. DOTAM TCB antibody format comparison upon combination with Ca-DOTAM-DUPA, on two
different PSMA+ cell lines: LNCaP and 22Rv1. A) LNCaP-directed cytotoxicity and T cell activation marker
expression upon treatment by 2+1, 1+1 and 1+1 OA TCB formats. B) 22Rv1-directed cytotoxicity and T cell
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of 3 healthy PBMC donors. Data collected in technical triplicates. Error bars indicate standard error.

122



Development and Characterization of Universal and Modular Bispecific
Immune Cell Engagers for Cancer Immunotherapy

DOTAM-TCB lacking 1°' N-terminal amino acid in anti-DOTAM VH
displays different activity to full-sequence DOTAM-TCB / Single amino
acid change in the DOTAM binder impacts activity

Due to antibody production issues, DOTAM-TCB 1+1 and DOTAM-TCB 1+1 OA antibodies were
delivered, lacking the first N-terminal amino acid in the VH framework part of the DOTAM
binders. Since this amino acid position falls within the framework region, it is not expected to
impact binding via CDRs, unless it affects protein folding or 3D conformation. Therefore,
further functional in vitro tests were proceeded with using these molecules, hypothesizing
comparable activity to full-sequence antibodies. However, the first step was to verify this
assumption. A co-culture assay of cancer cells, primary PBMCs and molecules showed that the
TCBs missing the 1st amino acid achieved lower efficacy in terms of T cell activation capacity,
when compared to full sequence antibodies (Figure 7.3.11A,B).

In light of these intriguing findings, the molecules’ binding capacity was validated, combining
DOTAM-TCBs with different adaptors. KinExA measurement was conducted (performed in by
Daniela Matscheko, Roche Innovation Center Munich) for 1+1 and 1+1 OA TCB formats
combined with the following adaptors: Ca-DOTAM-DUPA, Ca-DOTAM-Folate, and Ca-DOTAM.
Figure 7.3.12 displays binding curve overlays from KinExA results of TCBs with different
sequences, together with ECso and AUC values. The dose response curves of the free fraction
of the constant binding partner showed similar patterns. However, overall, as visible in Figure
7.3.13 depicting Kp values of the tested interactions, DOTAM-TCBs in both 1+1 and 1+1 OA
formats displayed loss of affinity to Ca-DOTAM-DUPA upon the loss of the N-terminal
framework amino acid. Similar observations of weakened binding were made for Ca-DOTAM-
Folate with DOTAM-TCB 1+1 OA, while DOTAM-TCB 1+1 results were inconclusive.

Collectively, these data indicate that despite adaptors being bound by the CDR region, the first
N-terminal amino acid in the VH framework of the DOTAM binder is essential for retained
binding properties of the TCB-adaptor complexes. Therefore, after these assessments were
completed, full sequence antibodies were used for all further testing.
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Figure 7.3.11. Functionality comparison of two DOTAM-TCB variants: with full and truncated sequences lacking
1st N-terminal amino acid in DOTAM binder VH. A) T cell activation induced by both TCB 1+1 sequence variants
against 22Rv1 PSMA+ cells. B) T cell activation induced by both TCB 1+1 OA sequence variants against 22Rvl
PSMA+ cells. Graph show data of one healthy PBMC donor, with data collected in technical triplicates. Error bars
indicate standard error.

Ca-DOTAM-Ligands with DOTAM-TCB can be complexed into a
functional TCB in a non-covalent manner due to affinity of Ca-DOTAM-
anti-Ca-DOTAM interaction

With a determined double-digit femtomolar affinity between the DOTAM binder and Ca-
DOTAM-Ligands, it was hypothesized that the small molecule adaptors might form a non-
covalent stable complex with the DOTAM-TCBs through a simple process of co-incubation. It
has been reported that an antibody-hapten binding may result in the complex gaining the
pharmacokinetic/pharmacodynamic (PK/PD) properties of the antibody [378]. Obtaining such
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a complex for the molecules was of special interest for future in vivo proof of concept studies,
where a single molecule (SM-TCB complex) with antibody-like PK/PD properties could serve
as a positive control of a small molecule-directed TCB, providing maximal efficacy without
separate optimizations of dosing for SM and TCB. The separately injected small molecule
adaptor and DOTAM-TCB would be used in an experimental test group to verify complex
formation in vivo.

To assess the hypothesis of the potential complex formation in a simple preincubation
process, a complexing protocol was developed as part of this thesis (Figure 7.3.14A). In this
newly developed procedure, the SM adaptor was incubated with DOTAM-TCB 2+1 at a molar
ratio of SM:TCB 4:1 (with SM in excess) for 1 hour at room temperature, followed by removal
of unbound SM using centrifugal filters with a molecular weight cut-off (30 or 50 kDa). The
retained molecules in the protein solution after this procedure theoretically include molecules
above 30-50 kDa including, fully complexed SM-TCB (TCB + 2 SM), half-complexed SM-TCB
(TCB + 1 SM), or empty TCB (TCB + 0 SM). The relative amounts of these forms in the protein
solution would depend on the complexing efficiency.

To verify and quantify this complexing efficiency, native size-exclusion chromatography-mass
spectrometry (native SEC-MS) was performed (by Theresa Kober and Dr. José Bonfiglio, Roche
Innovation Center Munich). The results of DOTAM-TCB 2+1 complexed with Ca-DOTAM-AAZ
are presented in Figure 7.3.14B. Peaks corresponding to all predicted theoretical forms were
observed, with empty TCB comprising 28.6% of the protein in the sample, half-complexed SM-
TCB constituting 43.9%, and fully complexed SM-TCB accounting for 27.5%. Since both half-
complexed and fully complexed SM-TCBs could theoretically exhibit TCB activity, the
percentage of functional complexes for Ca-DOTAM-AAZ—DOTAM TCB 2+1 was determined to
be their sum, resulting in the value of 71.4%. As a concept from the field of antibody drug
conjugates, the drug antibody ratio (DAR), where the small molecule adaptor takes place of
the 'drug', was calculated to summarize the results, yielding a value of 0.99. As a reference,
the desired full complexing would result in a DAR of 2 (2 SM per 1 TCB). The results of DOTAM-
TCB 2+1 complexed with Ca-DOTAM-DUPA are shown in Figure 7.3.14C. Empty TCB
constituted 8.5%, half-complexed SM-TCB was 44.6%, and fully complexed SM-TCB was 47%
of the yield. The DAR for DOTAM-DUPA—DOTAM TCB 2+1 was 1.39. These data demonstrate
that the established complexing protocol did result in complexed SM-TCB, albeit with
relatively low to medium efficiency according to the Native SEC-MS standard method.
Interestingly, the complexing efficiencies appeared to be different for the two tested
adaptors. Importantly since the SM-TCB complexes are non-covalent, one cannot exclude
impact of the native SEC-MS method on its observed integrity. Due to these limitations, the
decision was made to expand the complex evaluation to functional and binding assays which
do not require harsh processing of the sample. Nevertheless, the obtained mass spectrometry
results did confirm that a sufficient level of complexing efficiency is achieved by the developed
protocol.
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Figure 7.3.12. KinExA measurements of the interactions between DOTAM-TCB variants and formats with Ca-
DOTAM-Ligands. Concentration-dependent free fraction of the binding partner, of A) Ca-DOTAM-DUPA with
DOTAM-TCB 1+1 and 1+1 OA sequence variants, B) Ca-DOTAM-Folate with DOTAM-TCB 1+1 OA sequence
variants, and C) Ca-DOTAM with DOTAM-TCB 1+1 and 1+1 OA sequence variants. Data from one experiment with
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Figure 7.3.13. KD values derived from KinExA measurements of the interactions between DOTAM-TCB
sequence variants and formats with Ca-DOTAM-Ligands. Data from one experiment with technical duplicates.
Error bars indicate 95% confidence interval.
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Figure 7.3.14. Complexing protocol of Ca-DOTAM-Ligands with DOTAM-TCBs and its efficiency. A) Complexing
protocol and possible hypothetical products. B) Native SEC-MS analysis of the complexing product of Ca-DOTAM-
AAZ with DOTAM-TCB 2+1. C) Native SEC-MS analysis of the complexing product of Ca-DOTAM-DUPA with
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Complexed Ca-DOTAM-Ligand-DOTAM TCBs display comparable in vitro
activity to separate Ca-DOTAM-Ligand combined with DOTAM-TCBs

With encouraging the verification of complex formation in the established protocol, functional
assays were conducted to compare the activity of complexed versus separately added SM
adaptors and DOTAM-TCBs. Ca-DOTAM-DUPA was complexed with either DOTAM-TCB 2+1,
DOTAM-TCB 1+1, or DOTAM-TCB 1+1 OA. Killing assays were performed, involving co-culture
of PSMA-expressing LNCaP cells, human primary PBMCs from healthy donors, and the
molecules. Complexed and separately added Ca-DOTAM-DUPA and DOTAM-TCBs were
utilized as test molecules.

The cytotoxicity results are presented for TCB format 2+1 (Figure 7.3.15A), TCB format 1+1
(Figure 7.3.15B), and format 1+1 OA (Figure 7.3.15C), while T cell activation is shown for TCB
format 2+1 (Figure 7.3.16A), TCB format 1+1 (Figure 7.3.16B), and format 1+1 OA (Figure
7.3.16C). In all tested conditions, complexed and separate molecules exhibited comparable
activity profiles with largely overlapping dose-response curves. As an additional readout, the
cytokines released into the supernatant were quantified. The results are displayed for TCB
format 2+1 (Figure 7.3.17A), TCB format 1+1 (Figure 7.3.17B), and format 1+1 OA (Figure
7.3.17C). Analogously to cytotoxicity results, the cytokine release profiles were similar
between the complexed and separate groups. This was with the exception of the 1+1 OA TCB
format, where the complexed Ca-DOTAM-DUPA—DOTAM TCB complex showed a lower ECsg
than the separately added molecules.

Together, these data suggests that both complexed SM-TCB and separately added SM and TCB
have comparable efficacy profiles, including dose-dependency. Since such results were in
conflict with the obtained native SEC-MS data, two hypotheses were developed to provide an
explanation for this phenomenon. Firstly, full complexing may not be necessary to reach
comparable efficacy of complexed and separately added molecules. Secondly, the native SEC-
MS process used might have partially disassembled the complexes during the acquisition
process, providing inaccurately low numbers on complexing efficiency.

ELISA-based assessment of SM-TCB complexing efficiency

In preparation for in vivo testing, it was deemed necessary to determine the complexing
efficiency with DOTAM TCB 2+1 in a reliable manner, to appropriately match the dosing to the
control groups. Therefore, another method was sought for that does not involve harsh sample
processing to avoid potential disassembly of the complexes. An ELISA with a coated target
protein was decided on as a tool, since it had been previously developed for the planned
mouse pharmacokinetic study. The hypothesis posited that empty TCB or half-complexed SM-
TCB could exhibit increased target binding if additional SM is spiked into the protein solution
after complex purification, effectively occupying residual empty DOTAM binders.

To test this, samples were collected from the Ca-DOTAM-AAZ—DOTAM TCB 2+1 complexing
procedure and were divided into unmodified samples and samples spiked with SM (with Ca-
DOTAM-AAZ). As a control, an empty non-complexed (non-processed) DOTAM-TCB 2+1 were
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Figure 7.3.15. Cytotoxicity comparison of complexed and separately used Ca-DOTAM-DUPA and DOTAM-
TCBs on PSMA+ LNCaP cells, across different TCB formats. T cell activation induced by complexed or separately
used Ca-DOTAM-DUPA with: A) DOTAM-TCB 2+1, B) DOTAM-TCB 1+1, C) DOTAM TCB 1+1 OA. Graph show
representative data of 3 healthy PBMC donors. Data collected in technical triplicates. Error bars indicate
standard error.
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Figure 7.3.16. T cell activation comparison of complexed and separately used Ca-DOTAM-DUPA and DOTAM-
TCBs on PSMA+ LNCaP cells, across different TCB formats. T cell activation induced by complexed or separately
used Ca-DOTAM-DUPA with: A) DOTAM-TCB 2+1, B) DOTAM-TCB 1+1, C) DOTAM TCB 1+1 OA. Graph show
representative data of 3 healthy PBMC donors. Data collected in technical triplicates. Error bars indicate
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used, and spiked with the SM as well to verify if occupying empty DOTAM binders during
spiking occurs (Figure 7.3.18A). After the SM spike, the samples were tested with ELISA for
binding to plate-coated CAIX, where only SM adaptors bound to the DOTAM-TCBs were
expected to be detected, and SM alone or TCBs alone were not (Figure 7.3.18B). As illustrated
in Figure 7.3.18C, empty DOTAM TCB 2+1 exhibited no binding, while SM spiking of the empty
TCB resulted in a similar binding curve to Ca-DOTAM-AAZ—DOTAM-TCB 2+1 complex,
confirming the efficacy of SM spiking. The Ca-DOTAM-AAZ—DOTAM-TCB 2+1 complex
displayed overlapping binding curves with and without SM spike. This data suggests that the
Ca-DOTAM-AAZ—DOTAM-TCB 2+1 complex possibly had too few available empty DOTAM
binders for the SM to increase the binding via spiking, indicating high efficiency of the
complexing protocol.

Analogous experiments were performed for the Ca-DOTAM-DUPA—DOTAM-TCB 2+1
complex, with spiking with Ca-DOTAM-DUPA as SM (Figure 7.3.19A). The samples were tested
by to ELISA for binding to plate-coated PSMA (Figure 7.3.19B). As depicted in Figure 7.3.19C,
the empty TCB remained unbound, while the SM spike resulted in dose-dependent binding,
confirming spiking functionality. However, the curve for the SM-spiked empty TCB displayed
weaker binding compared to the non-spiked Ca-DOTAM-DUPA—DOTAM-TCB 2+1 complex,
indicating incomplete occupation of empty DOTAM binders during spiking. The Ca-DOTAM-
DUPA—DOTAM-TCB 2+1 complex showed overlapping binding curves with and without the
SM spike, with the exception of the plateau, which showed a stronger signal from the spiked
sample. This data suggests that the Ca-DOTAM-DUPA—DOTAM-TCB 2+1 complex was
produced with high efficiency, although some uncomplexed or half-complexed TCBs may have
been present in the final sample.

In addition to the ELISA, the SM spiking was tested with a functional assay. The CD3/NFAT
Jurkat reporter assay and Ca-DOTAM-AAZ—DOTAM TCB 2+1 were chosen for this purpose.
For this functional experiment, the sample preparation involved spiking both the complexed
sample and the previously discarded MW filtering flow-through by either the SM or the TCB
(Figure 7.3.20A). The TCB spike was introduced to detect any residual SM after molecular
weight-based purification. As expected, the empty TCB induced Jurkat activation only when
spiked with SM, validating the efficacy of SM spiking in the assay (Figure 7.3.20B). TCB spiking
yielded a negative signal across the tested doses, indicating the absence of free SM in the
spiked solution. The Ca-DOTAM-AAZ—DOTAM-TCB 2+1 complex elicited the same dose-
response curves without spiking, with SM spike, and with TCB spike, indicating the absence of
SM in solution and empty DTOAM binders (Figure 7.3.20B). These results provide additional
evidence that the Ca-DOTAM-AAZ—DOTAM-TCB 2+1 complex preparation primarily results in
fully complexed SM-TCB. These conclusions are supported by the Jurkat results, ELISA, cancer
killing, and T cell activation data, in contrast to conclusions derived from native SEC-MS
results.
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Figure 7.3.18. SM spike ELISA-based assessment of the complexing protocol of Ca-DOTAM-AAZ with DOTAM-
TCB. A) Possible products from the complexing procedure and their SM spike pretreatment prior to ELISA. B)
CAIX ELISA set-up and binding results after Ca-DOTAM-AAZ spiking. Data from one experiment, collected in
technical duplicates. Error bars indicate standard error.
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The experimental details of size-exclusion chromatography-mass
spectrometry determine quality control results of the non-covalent
complex of Ca-DOTAM-Ligand-DOTAM-TCB

Due to a substantial body of evidence showing that the complexing protocol yields mostly fully
complexed SM-TCBs, it was concluded that the results from the past native SEC-MS tests likely
did not produce accurate results. In collaboration with Theresa Kober and Dr. José Bonfiglio
(Roche Innovation Center Munich), the hypothesis was revisited that the sample acquisition
process during native SEC-MS might have disrupted some complexes in the sample. Despite
this, native SEC-MS was assessed to be the most direct and promising method for relative
complex quantification, and decided to attempt to improve the protocol

It was hypothesized that a ‘softer’ sample preparation and acquisition may prevent
dissociation of the SM-TCB complex during measurement, and produce different results with
higher measured amounts of complexed SM-TCB. Additionally, the possibility was considered
that the complexing protocol might need to undergo improvements. Therefore, for the
following native SEC-MS tests, samples were prepared using both the previously performed
pre-purification incubation of SM:TCB ratio 4:1, as well as the new protocol with a SM:TCB
ratio of 100:1. The new ratio was tested to increase SM excess substantially, and therefore
potentially minimizing the occurrence of unoccupied DOTAM binders. These samples were
tested (Theresa Kober and Dr. José Bonfiglio, Roche Innovation Center Munich) using both the
previously used standard method and a new ‘soft’ method involving lowered energy
parameters in the desolvation/fragmentation step, resulting in milder conditions applied to
the sample.. Analysis of the 100:1 SM:TCB sample using the standard method for the Ca-
DOTAM-AAZ—DOTAM-TCB 2+1 complex revealed three peaks representing empty TCB, half-
complexed SM-TCB, and fully complexed SM-TCB (Figure 7.3.21A). In contrast, the same
sample analyzed with the soft method showed no presence of empty TCB, with a smaller peak
for half-complexed SM-TCB and a larger peak for fully complexed SM-TCB. Similar results were
obtained for the analysis of the Ca-DOTAM-DUPA—DOTAM-TCB 2+1 as a SM-TCB complex
prepared in a 100:1 ratio (Figure 7.3.21B). The standard method analysis resulted in three
peaks depicting all possible complexing states, whereas the soft method showed no presence
of empty TCB peaks, with smaller peaks for half-complexed SM-TCB and larger peaks for fully
complexed SM-TCB (Figure 7.3.21B). These results clearly depict the influence of the native
SEC-MS experimental conditions chosen for the SM-TCB complex analysis, where the method
of sample processing and acquisition can disassemble complexes in parts of the sample,
resulting in inaccurate data.

After confirmation of the improved conditions in the soft method, the preincubation protocol
conditions were compared to identify potential points for improved complexing efficiency. A
comparison was done of the SM:TCB preincubation molar ratio of 4:1 (as used in previous
assays) to the 100:1 ratio using the soft method of sample processing in native SEC-MS. As
depicted in Figure 7.3.22, the peaks representing SM-TCB complex 4:1 ratio and SM-TCB
complex 100:1 ratio were comparable in readouts representing total main peaks (Figure
7.3.22A), combined main peaks with mass to charge ratio (Figure 7.3.22B), as well at detailed
view of mass to charge ratio of a single selected charge state (Figure 7.3.22C). Peaks
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Figure 7.3.21. Comparison of the native SEC-MS results of the standard and soft method of sample
processing and acquisition, for the preincubation SM:TCB molar ratio of 100:1. A) Relative abundance of
possible complexing products of DOTAM-TCB 2+1 with Ca-DOTAM-AAZ. B) Relative abundance of possible
complexing products of DOTAM-TCB 2+1 with Ca-DOTAM-DUPA. Data from one experiment.
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representing both half-complexed and fully complexed SM-TCB were observed, and were
comparable across the SM:TCB ratio samples. Therefore, it was concluded that since
increasing the SM:TCB ratio to 100:1 did not improve the complexing efficiency results, the
SM:TCB ratio of 4:1 was likely sufficient to saturate the complexing conditions in out protocol.
Moreover, TCB-saturating conditions still resulted in the presence of partially complexed SM-
TCBs in the native SEC-MS measurements (Figure 7.3.22C), highlighting the potential impact
of the analysis method rather than the complexing dynamics. Therefore, this indicated that
the soft method likely still disrupted the complexes during the sample processing step.

The use of the soft method of sample processing lead to the measured presence of only half-
complexed and fully complexed SM-TCBs, absent of uncomplexed TCBs. This is more in line
with previous ELISA, Jurkat, and killing assay results of the SM-TCB complexes. This data
supports a conclusion that empty TCB is indeed not present in the complex preparation,
regardless of used SM:TCB ratio in the preincubation step. However, the accuracy of the other
peaks cannot be definitively concluded, since the soft method may still disrupt full complexes,
albeit to a lesser extent than the standard method. Nonetheless, the functional data indicated
that the prepared complex exhibited comparable activity to separately added SM + TCB,
leading to the conclusion that the complexing protocol was ready to use in further functional
studies.

Ca-DOTAM-Ligands with DOTAM-TCB display in vitro activity across a
wide range of molarity and concentration ratios, resulting in wide
therapeutic windows.

The in vivo efficacy study was planned to include both the SM-TCB complex and separately
injected SM and TCB, to support the hypothesis of possible in vivo assembly and off-the-shelf
mix-and-match character of the platform. Since molecule concentrations in solid tumors are
not controllable factors, but optimal local levels of both SM and TCB are needed for efficacy,
exploration of the therapeutic window across a range of SM:TCB ratios was initiated. The
results from such a study would allow assessment if a specific tumor infiltration range needs
to be reached by both molecules to show efficacy. To this end, efficacy of a range of SM
adaptors across a range of TCB adaptors in vitro was evaluated. A CD3/NFAT Jurkat assay was
performed, cross-titrating SM and TCBs from saturating concentrations to 0 nM using serial
dilutions. Figure 7.3.23A depicts a resulting heatmap of Jurkat cell activation (as reflected by
emitted luminescence) across a range of Ca-DOTAM-AAZ and DOTAM-TCB 2+1
concentrations, against HT-29 cells. As comparative controls, SM-TCB complex and direct
CAIX-TCB 2+1 were used. Figure 7.3.23B shows a heatmap of Jurkat cell activation across a
range of Ca-DOTAM-DUPA and DOTAM-TCB 2+1 concentrations, against LNCaP cells, and
compared to SM-TB complex and to direct PSMA-TCB 2+1. For both targets, CAIX and PSMA,
the therapeutic window was wide across SM and TCB concentrations. The heatmaps revealed
bell-shaped curve tendencies across both variables, with the extent of the diminished
signal dependent on the molecule concentration (Figure 7.3.23A,B). In general, these data
provided evidence that efficacy can be achieved with a wide range of SM and TCB
concentrations and SM:TCB ratios. With these encouraging results, the decision was
made to proceed with
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planning efficacy tests in vivo, including a group with separate injections of SM and TCB,
alongside pre-assembles SM-TCB complex.
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Figure 7.3.23. Therapeutic window assessment by a cross-titration of Ca-DOTAM-AAZ or Ca-DOTAM-DUPA
with DOTAM-TCB 2+1 in a functional CD3/NFAT Jurkat reporter assay. CD3/NFAT Jurkat T cell activation
upon co-culture with: A) CAIX+ HT-29 cells and Ca-DOTAM-AAZ, and B) PSMA+ LNCaP cells and Ca-DOTAM-
DUPA. Data from one experiment.
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Decision making process for the model for in vivo efficacy study,
informed by public databases, in-house assays and an in-house
database of established TCB models

In order to select the right model for in vivo efficacy studies, a strategy was devised, depicted
in Figure 7.3.24. Firstly, it was decided that a humanized NSG or humanized BNRGD-CD47 mice
with subcutaneously injected human tumor cells model would be suitable model for DOTAM-
TCB activity evaluation, based on in-house data (data not shown). Secondly, since Ca-DOTAM-
AAZ and Ca-DOTAM-DUPA were both selected as lead candidates for DOTAM-TCB project,
publicly available databases were searched for human cancer cell lines with protein expression
or mRNA presence for either CAIX or PSMA (Figure 7.3.24). Data was extracted from three
databases for target-positive cell lines, mentioned below. Target-positive cell lines were
selected using an arbitrary threshold of minimum expression, chosen by evaluating expression
scored of in-house experimentally validated target-positive cell lines (For CAIX: HT-29, COR-
L105 cell lines, for PSMA: LNCaP, 22Rv1, VCaP, MDA-PCa-2b), and expanding the list of cell
lines several scores below their expression level. The first database was Gongalves et al.
proteomic database [379]. For CAIX, the arbitrary threshold was >4.0 of average protein
expression score, which resulted in 57 CAIX+ cell line hits. For PSMA, with the same threshold,
the search resulted in 8 PSMA+ cell line hits. The second database was Broad Institute’s
DepMap Proteomics 23Q2 database [380], resulting in 47 CAIX+ cell lines with >1.0 threshold
of relative protein expression, and 6 PSMA+ cell lines with >1.0 threshold. The third database
was mRNA-based Broad Institute’s DepMap Expression Public 23Q2 database [380], resulting
in 153 CAIX+ cell lines with >4.5 threshold of log2(Transcript per million (TPM)+1), and 9
PSMA+ cell lines with >6.0 threshold.

In terms of cell line selection, the aim was to utilize previously established in-house in vivo
models, in order to expand on preexisting knowledge of T cell infiltration and potential
availability of histological slides to assess tumor expression of CAIX or PSMA. Therefore, after
compiling a list of potentially target-expressing cancer cell lines from these hits, it was
compared with a list of internally established subcutaneous models in humanized mice (data
not shown) which consisted of 58 cell lines or PDX models, and identified an overlap between
these two subsets. This overlap experiment resulted in 5 cell lines having been both evaluated
for target expression in public databases (CAIX or PSMA) and having been established
internally as a model for TCB efficacy (Figure 7.3.24). Additionally, the past TCB in vivo efficacy
data of these cell lines was screened, and evaluated for any potential risks of resistance to TCB
killing, irrespective of the tumor target tested (data not shown). Out of the 5 leading cell lines,
2 have shown TCB resistance in past in vivo TCB efficacy studies, leading to selection of 3 cell
line candidates. These candidate cell lines were all CAIX-positive, and included: HT-29
(colorectal adenocarcinoma), HCC1806 (breast squamous cell carcinoma) and SW620 (Dukes'
type C colorectal adenocarcinoma) (Figure 7.3.24).
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A comparative evaluation of these cell lines and their response to the molecules in vitro was
conducted (Figure 7.3.9). HT-29, SW620 and HCC1806 were all effectively targeted by the T
cell engaging Ca-DOTAM-AAZ with DOTAM-TCB 2+1. HT-29 exhibited the highest plateau of
cytotoxic activity, followed by SW620 with a moderate signal, and HCC1806 with the weakest,
but still present signal (Figure 7.3.9A). Therefore, all three cell lines progressed to the next
evaluation step. As the next step, the aim was to verify if these cell lines, when grown in vivo,
retain their target expression and to which extent. Given that all these cell lines had been
previously tested internally in past studies, the goal was to obtain any available unused
paraffin-embedded tumor samples for CAIX histology staining. SW620 samples were not
available, while HT-29 and HCC1806 tumor samples were successfully obtained and
histologically stained for CAIX expression. The histology results for both tumors are discussed
below.

The results for hematoxylin and eosin (H&E), huCD3 and huCAIX staining for HT-29 tumors
(performed by Marine Richard and Dr. Valeria Nicolini, Roche Innovation Center Zurich) are
shown in Figure 7.3.25. Based on H&E staining (Figure 7.3.25A), well-developed tumors were
observed with some necrotic areas in all the mice. No major differences were observed
between groups. In terms of huCD3 staining, very low to low-moderate CD3+ cell number was
observed, mostly in stroma areas in all tumors analyzed (Figure 7.3.25B). In terms of huCAIX
staining, most of the tumor cells showed positive CAIX expression from very low to very high
with only a few negative tumor cells in all the samples analyzed (Figure 7.3.25C). The histology
results for H&E, and huCAIX staining for HCC1806 tumors (performed by Javier Torres Barajas
and Dr. Valeria Nicolini, Roche Innovation Center Zurich) are depicted in Figure 7.3.26. Based
on H&E staining, well developed tumors were observed, with large necrotic areas throughout
the HCC1806 tumor mass (Figure 7.3.26A). HuUCAIX staining revealed negative to low-
moderate patchy CAIX expression throughout the HCC1806 tumors, mostly at the border
between healthy tumor and necrotic areas (Figure 7.3.26B).In summary, HT-29 gown
subcutaneously in vivo in humanized mice showed high CAIX expression, while HCC1806
tumors had low or patchy expression of CAIX.

Due to these results, HCC1806 was deemed unsuitable for the Ca-DOTAM-AAZ with DOTAM-
TCB in vivo studies. SW620 cell line was similarly removed from a list of potential cell lines due
to unavailable data on in vivo CAIX expression. Therefore, HT-29 remained as the only suitable
model at this stage of verification. Nevertheless, the verification process was continued and
the decision was made to perform an ex vivo testing of the molecules on the mouse-grown
HT-29 tumor cells. One tumor was collected at a termination time point from an in vivo set up
study of HT-29 tumors in BRGS-CD47 mice (courtesy of Ahmet Varol, Roche Innovation Center
Zurich). A co-culture experiment was performed, including a dissociated HT-29 tumor, human
primary PBMCs from healthy donors, and Ca-DOTAM-AAZ with DOTAM-TCB 2+1 or control
molecules. The molecule-driven response was evaluated by flow cytometry and quantification
of the T cell activation markers. The results of the ex vivo assay are shown in Figure 7.3.27.
Figure 7.3.27A shows data from one representative PBMC donor, Figure 7.3.27B shows area
under the curve values from two healthy PBMC donors. For both donors, Ca-DOTAM-AAZ with
DOTAM-TCB 2+1 displayed strong dose dependent T cell activating capacity. Interestingly, in
the case of both donors and all tested activated T cell populations but CD25+ [% of CD8+],,
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Figure 7.3.25. Histology staining of HT-29 tumors grown in humanized BRGS-CD47 mice. A) H&E staining.
B) huCD3 staining. C) huCAIX staining.
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Figure 7.3.27. Ex vivo functional assay results of mouse-grown HT-29 tumors, human healthy donor PBMCs
and Ca-DOTAM-AAZ with DOTAM-TCB 2+1. T cell activation marker expression on CD4+ and CD8+ cell subsets
from assay results performed with A) individual dose response values from a healthy PBMCs donor. B) AUC
values from two healthy donors. Data from a single ex vivo experiment.
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Ca-DOTAM-AAZ with DOTAM-TCB 2+1 showed significantly higher response than two positive
controls —direct CAIX-TCB 21 and direct FOLR1-TCB 2+1. Importantly, empty DOTAM-TCB 2+1
did not elicit any T cell response. These data provided evidence that the level of CAIX
expression in mouse-grown HT-29 tumor was sufficient for a potent efficacy of Ca-DOTAM-
AAZ with DOTAM-TCB 2+1. The results provided additional verification of the molecule
potency and its suitability for the HT-29 model.

As the last step in determining the in vivo model, the findings were verified in the literature.
Special focus was placed on studies utilizing AAZ as a targeting molecule, since the specificity
of CAIX-targeting antibodies and small molecules might differ, and studies utilizing CAIX-
specific antibodies are not directly translatable.

Two studies that were consulted used imaging of AAZ-based molecules in mice. One group
developed their own AAZ-linked fluorophore and evaluated it in BALB/c nu/nu mice bearing
CAIX+ SKRC52 tumors [371]. Their findings indicated preferential accumulation of the
molecule in the tumor 4h post-injection. The group also tested small molecule-drug
conjugates (SMDCs) in the same model, substituting the fluorophore with a therapeutic
payload, and observed antitumoral efficacy without accompanying body weight loss [371].
Similarly, another research group developed AAZ linked to a fluorescent dye (referred to as
AZA) [364]. This exact AZA with its linker, which served as the structural basis for the adaptor,
was used for visualizing CAIX+ regions in human HT-29 and MDA-MB-231 tumor-bearing mice
(athymic nu/nu mice). The group demonstrated that 4h post-injection, there was significant
molecule accumulation in HT-29-derived tissue expressing high levels of CAIX, while minimally
expressing MDA-MB-231 cells remained negative [364]. Subsequently, in another study, the
group generated anti-FITC CAR-T cells for use with haptenated small molecule adaptors,
including AAZ-FITC (also termed FITC-AZA). They tested their constructs in NSG mice bearing
MDA-MB-231 cells engineered to express CAIX and administered increasing doses of adaptor-
loaded CAR-T cells into the mice [240]. The constructs exhibited a robust inhibition of tumor
volume over time, with complete tumor rejection achieved by the end of the study,
approximately 25 days post first injection. Importantly, no adverse events were reported
[240]. Taking all these data, literature and decision steps into consideration, it was concluded
that the CAIX-expressing HT-29 model was suitable for in-house efficacy study for Ca-DOTAM-
AAZ with DOTAM-TCB 2+1.

In vivo study of Ca-DOTAM-AAZ combined with DOTAM-TCB shows rapid
induction of drug-related toxicity

As mentioned above, to test the efficacy, humanized BRGS-CD47 mice and subcutaneous
injection of HT-29 cells were selected. The groups of the study design are shown in Figure
7.3.28A, and the injection schedule is depicted in Figure 7.3.28B. A group with complexed Ca-
DOTAM-AAZ—DOTAM-TCB 2+1 was included, to ensure the presence of a fully loaded
DOTAM-TCB. Additionally, a test group was planned with separate injections of Ca-DOTAM-
AAZ (intraperitoneal) and, 2 hours after, DOTAM-TCB 2+1 (intravenous). This was to evaluate
if the SM adaptor and the DOTAM-TCB can be used separately and assemble in vivo.
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HT-29 cells were injected into the humanized mice subcutaneously. The tumor growth curves
are depicted in Figure 7.3.28C. Upon reaching an average tumor size of ~125 mm3, the mice
were injected with the therapeutic molecules. Three days after the first injections, SM-TCB
treatment groups displayed signs of severe drug toxicity, as seen by a drastic drop in body
weight (Figure 7.3.28D,E). Due to these adverse events and no improvements in mouse
condition, the study was terminated the following day (4 day after therapy injections). The
vehicle group was kept in order to monitor potential effects of HT-29 injections. As seen in the
mean body weight measurement, HT-29 injections or protein buffer injections alone did not
lead to toxicity, as shown by stable weight of the mice of the vehicle group (Figure 7.3.28D)
and 100% survival at 3 weeks (data not shown). Neither Ca-DOTAM-AAZ alone nor DOTAM-
TCB 2+1 alone exhibited strong level of toxicity (Figure 7.3.28E), indicating that sole binding
of either molecule (to CAIX or CD3e respectively) was not sufficient to trigger adverse
reactions. However, both separately injected SM + TCB and SM-TCB complex groups displayed
similar body weight-related and survival-related toxicity, suggesting similar activity. As such,
the toxicity was linked to the formation of a functional TCB by Ca-DOTAM-AAZ + DOTAM-TCB
2+1. The question arose whether T cell mediated killing of the CAIX-expressing cells was the
main culprit of the observed drug reaction. However, the direct CAIX-TCB body weight and
survival, albeit to a much lower extent (Figure 7.3.28D,E). These data suggests that both small
molecule and antibody CAIX-targeted TCBs induced toxicity, with the antibody CAIX-targeted
TCB (CAIX-TCB) displaying smaller effects in terms of body weight loss and survival,
highlighting the differences between the binders and possibly their specificity.

As mentioned before, small molecules offer lower target specificity than small molecules, and
are typically species cross-reactive, binding both mouse and human targets [346], [347], [348].
AAZ has been described to bind to other carbonic anhydrases besides CAIX, and the
aforementioned imaging studies indeed indicated non-tumor organs where AAZ-based
molecules were accumulated [364]. CAIX antibody binder G250, on the other hand, is not
cross-reactive with murine CAIX [381], limiting its activity to injected human tumor cells, and
potential off-target proteins in mouse healthy tissues. Due to this and the observed
differential activity of antibody and small molecule-based TCB, it was hypothesized that the T
cell redirection towards the cells bound by Ca-DOTAM-AAZ was the main aspect leading to the
observed toxicity, depending on assembly of the adaptor and the TCB into a functional T cell
engager. However, dose escalation of AAZ-FITC adaptors used with FITC-specific CAR-T cell
injection were effectively used in an in vivo study by Lee et al. In this work, adverse events
were not reported, but the mice survived more than 30 days on treatment [241]. Therefore,
the fact of T cell-mediated cytotoxicity against AAZ-bound cells does not provide sufficient
explanation for these observations. Further studies to establish the cause of the adverse
events of Ca-DOTAM-AAZ with DOTAM-TCB are ongoing. .

Overall, a small molecule adaptor-based universal DOTAM-TCB for use with interchangeable
tumor-binding adaptors was developed in this work, The universal DOTAM-TCB was able to
effectively target adaptor-bound cells in vitro. The preliminary in vivo study highlighted
potential specificity limitations of the Ca-DOTAM-AAZ combined with DOTAM-TCB. Additional
studies are needed to evaluate if haptenated small molecule binders and universal hapten-
binding TCBs are a suitable modality for safe cancer immunotherapy in human context.
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8. Discussion and Future Outlook

In this thesis, three universal adaptor based antibody platforms for cancer immunotherapy
were presented. Firstly, a P329G-Engager antibody-based platform was developed and
characterized, offering a mix-and-match assembly of a functional immunotherapeutic from
two inactive components, selected based on cancer and immune targets of interest. Secondly,
the platform was expanded and a universal protease-dependent pro-P329G-TCB system was
engineered, with interchangeable cancer-targeted adaptors, for minimizing on-target off-
tumor activity. Thirdly, a DOTAM-TCB platform was developed and explored, utilizing tumor-
binding haptenated small molecules and hapten-binding T cell engaging antibody, exploiting
small molecule and antibody pharmacological properties. Altogether, this work aimed to offer
several target-agnostic universal cancer immunotherapy systems, exploring the recent
innovative strategies in protein engineering, and with potential implications for both
preclinical drug discovery and clinical applications. Below, the results of this work are
discussed in the context of past and current research.

8.1. Tumor heterogeneity in context of cancer immunotherapy

Currently, bispecific antibodies hold immense promise and interest in cancer immunotherapy
[34]. Upon gathering clinical data on these molecules, certain challenges were identified in the
field. Some of the most common obstacle in reaching efficacy is, for instance, intra- and inter-
patient tumor heterogeneity [382], including changing tumor landscape over the course of
treatment or cancer progression, pertaining to both tumor antigens and immune
compartment characteristics [383], [384], [385], [386], [387], [388], [389], [390]. Thus, one-
size-fits-all strategies in immunotherapy treatments are bound to offer limited antitumoral
efficacy. Another limitation is on-target off-tumor activity of the therapeutic molecule, with
immune cell activation being directed against both tumors and healthy tissues, potentially
leading to dose-limiting toxicities, and therefore lowering tumor control potential overall
[177], [391], [392].

The current scientific consensus states that redirecting drug development efforts towards
patient personalization is an inevitable step to improve therapeutic efficacy for cancer
immunotherapy [393]. At present, personalization within the field is applied in a narrow
spectrum of modalities, focusing mostly cancer vaccines, but also on cell therapies like TIL or
CAR-T treatments [393]. These currently require preparation of the treatment for each patient
separately, introducing batch variability, costs and prolonged time before therapy can be
initiated [37]. Here, an off-the-shelf availability of antibodies would seem to offer solutions to
these challenges. However, currently, off-the-shelf solutions and personalization seem to be
mutually exclusive. In terms of antibody-based therapeutics, combining these two aspects
would involve development of an array of molecules targeting various tumor antigens and
different immune cell receptors. While theoretically possible, a substantial consideration
needs to be given to the economic aspects of such an approach. Production and
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characterization of such a plethora of antibodies would inflict high costs of both preclinical
and clinical stages of drug discovery, and ultimately, for patients and healthcare systems.

8.2. Adaptor-based universal immunotherapeutics — CAR-T cells
and beyond

To address this gap, it was hypothesized that a cancer immunotherapy platform which offers
a separate array of tumor-targeting adaptors, and an array of adaptor-binding immune cell
engagers could offer solutions to the aforementioned obstacles. Separating tumor targeting
molecular entities from the ones engaging immune receptors and cells, the resources could
be focused on developing universal, target-agnostic immune engagers —for instance one
universal TCB - as opposed to separate production and characterization of new engagers for
each tumor antigen.

Considering a plethora of P329G-mutated therapeutics which have entered the clinics, with
characterized pharmacological properties, as well as long half-life of hulgG1 antibodies thanks
to intact FcRn binding, an anti-P329G CAR-T cell for use with antitumoral P329G-mutated
tumor-binding hulgG1 adaptors was developed [244]. Due to the versatility of this novel
concept of utilizing the mutation as an in-built adaptor tag, and the specificity of the P329G
binder to its target, the anti-P329G CAR-T cells were utilized in several directions. Firstly, as a
preclinical drug screening tool [244]; secondly, as a clinical CAR-T cell therapy for cancer
patients (NCT05199519, NCT05270928, NCT05266768); and thirdly, for academic CAR-T-
focused research [226], [245]. Such a unique versatility of the P329G platform highlighted the
potential for advantages of carefully designed adaptor platforms beyond initial indications.

In light of this previously undescribed encouragingly wide scope of applications, the question
arose if the P329G platform can be expanded even further. CAR-T cells, despite their promise
in the clinics, entail several disadvantages for drug development and the clinics, such as —
currently — no off-the-shelf availability, delayed initiation of treatment, high costs and more
[41]. On the other hand, antibodies as modalities offer improvements over these aspects, as
well as additional benefits such as predictable pharmacokinetics and engagement of various
different immune cell receptors. Hence, the aim of this work to design, produce and
characterize a P329G-binding antibody platform, to compliment and expand the universal
immunotherapeutic landscape of the P329G-CAR. Consequently, the P329G-Engager platform
was conceptualized and developed.
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8.3. Discussion of Chapter 1 — P329G-Engager: A novel universal
antibody-based adaptor platform for cancer immunotherapy

Due to the rapidly developing knowledge on tumor immunology, an opportunity for the
P329G-Engager platform was identified to include novel immune cell engagers with various
modes of action.

T cells are widely known as crucial helper or cytotoxic cells able to attack target cells [19], [20].
In line with this, T cell bispecific antibodies have been shown to offer potent antitumoral
activity via engaging CD3+ T cells to launch cytotoxicity directed to antigen-expressing cells,
and initiating infiltration and proliferation of T cells [394]. Therefore, a P329G-T cell bispecific
was developed. CD28 costimulation is described as a necessary signal for initiating T cell
response [395], and while its externally introduced agonism is not needed for TCB activity [64],
it improves TCB responses [201]. Another costimulatory signal, via 4-1BB, is also considered
crucial for improved proliferation, toxicity, and resistance to exhaustion (reviewed in [396]).
Therefore, to create the possibility for costimulatory agonism for potential combination with
TCBs and beyond, P329G-CD28 antibody and P329G-4-1BBL antibody-protein fusion were
developed as part of this work. These approaches offer engagement towards an antigen of
interest by activating immune cells regardless of their specificity. While an advantage, an
expansion of this research was sought into another crucial aspect of immunotherapy -
boosting antigen-specific CD8+ tumor-infiltrating T cells against the cancer cells. Generally,
this is achieved by immune checkpoint blockade such as anti-PD-1 or anti-PD-L1 antibodies,
by removing the inhibitory signals from the tumor-specific T cells [397]. To improve response
rates, combination therapies have been explored, such as PD1 blockade with recombinant IL2
[398], [399]. However, treatment with IL2 is associated with toxicities like vascular-leak
syndrome [145], [400]. Recently, novel research by Codarri Deak et al. showed that eciskafusp
alfa, a clinical stage anti-PD1 antibody fused with IL2RBy-biased IL2v (termed PD1-IL2v), not
only delivered IL2R signaling to PD1-expressing antigen-specific cells in cis, but also
differentiated stem-like CD8+ T cells into better effector cells while inhibiting exhaustion
potential [157]. The potential of this novel, and formerly unreported crucial functionality of a
cancer immunotherapeutic was recognized, and the decision was reached to develop P329G-
binding IL2v, incorporating this mode of action into the platform. Aside from T cells, other
immune cells are also of interest for immunotherapy. As one of the earliest modalities, Fc-
active 1gG antibodies have been used to induce antibody-dependent cellular cytotoxicity,
antibody-dependent phagocytosis or complement-dependent cytotoxicity against tumor
antigens [68], [401]. Notable examples include rituximab and obinutuzumab, both anti-CD20
antibodies for hematological malignancies or trastuzumab and pertuzumab, both anti-HER-2
antibodies for breast cancer [68]. Additionally, the mode of action of anti-CTLA-4 checkpoint
blockade has been also highlighted to rely at least in part on Fc functions [130]. Currently,
FcyR-engaging therapeutics, and especially NK cell engagers are undergoing a revival
(reviewed by Vivier et al. in [402]). This is, among other reasons, due to T cell-evading
properties of certain tumors [403] and the risk of cytokine release syndrome of T cell engagers
and CAR-T cells [404], [405], [406], both of which can be potentially overcome by shifting to
or combining with NK cell engagement [407], [408], [409]. Moreover, there exist other Fc-
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mediated functions of IgG antibodies, such as ability to induce phagocytosis of the cell bound
by the antibody’s antigen-binding sites, and activation of the complement system against it
[65]. Therefore, Fc-functional antitumoral IgG1l antibodies can exert multifunctional
antitumoral activity by activating both NK cells and macrophages [24], potentially leading to
potential efficacy in various tumor microenvironments. Due to this potential, P329G-Innate
cell engager (P329G-ICE) was also included in this platform.

In summary, a variety of immune cell engagers were designed, including P329G-TCB, P329G-
CD28, P329G-4-1BBL, P329G-IL2v and P329G-ICE to introduce a wide range of modes of action
to the platform. Importantly, the choice was made to use the P329G-binder from the clinical
anti-P329G CAR-T cells. The other effector binders or protein fusions were selected based on
clinical molecules, such as FDA-approved CD20-TCB (glofitamab), clinical CD19-CD28, CD19-4-
1BBL, PD1-IL2V and FDA-approved CD20-ICE (obinutuzumab). Moreover, both the P329G
mutation has been used in the clinics (e.g. in glofitamab, among others), and the tested tumor
or immune cell-targeted adaptors such as these against CEACAMS5 or PD1.

Altogether, in order to expand on the universal anti-P329G CAR-T system, a commitment was
done to follow the newest research in tumor immunology and immunotherapy to translate it
into a versatile platform for use beyond a single modality. The aim was to provide an antibody
platform which can address not only the heterogeneity in tumor antigen expression — which
can be achieved by CAR-T cell adaptor systems — but also tackle heterogeneity in the immune
part of the tumor microenvironment. By following the recent literature, as well as preclinical
and clinical data, it was possible to identify several immunotherapeutic modalities of interest,
which can be used to address specific immune pathways, whose engagement may lead to
increased antitumoral efficacy. By basing this project’s molecules, binders, and the P329G tag
on clinically tested candidates, it was possible to create cost-effective and clinically
characterized cancer immunotherapy platform. The P329G-Engager platform offers previously
undescribed double universality towards cancer and immune cell targets.

While clinical basis offered access to in-depth characterized structures for use within the
platform, it was nevertheless required to partially modify the original structures when
designing the platform’s engagers. With the exception of CD20-ICE, Fc silencing strategy
utilized in the clinical engagers was the P329G mutation, coupled with LALA mutation. Since
the P29G-Engagers, by definition, contain a binder to the P329G mutation, it was not feasible
to introduce P329G Fc silencing in their Fc, in order to prevent self-binding and aggregation.
Removal of the Fc, such as was done in blinatumomab [46], was not of interest. Due to the
half-life prolongation conferred by FcRn-mediated recycling [410], the Fc-containing
antibodies possess desirable characteristic of prolonged persistence in the body, potentially
enhancing efficacy, and limiting logistical hurdles of multiple hospital visits for patients. Thus,
the goal was to retain the Fc, while abolishing its functions related to ADCC, ADCP and CDC,
to prevent attack on the effector immune cells.

LALA mutations themselves are not recognized by the P329G binder [411]. Despite offering
incomplete abrogation of Fc functions, as shown in a publication by Schlothauer et al., LALA
mutations do partially inhibit Fc binding to FcyRs [367]. Thus, for the initial designs of the
P329G-Engagers which require inactive Fc, LALA-based silencing was opted for. After
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gathering primary evidence of the functionality of the concept in assays lacking FcyR-
expressing cells, P329G-TCB was tested on healthy human PBMCs. As expected, and in line
with the work of Schlothauer and colleagues [367], crosslinking was observed between FcyR+
and CD3e+ immune cells, even in absence of target cells, likely leading to fratricide amongst
different immune cell subsets. For proof of concept experiments, this level of Fc silencing
might be considered satisfactory. However, it was considered that the numerous applications
of the previously developed anti-P329G CAR-T cells — spanning preclinical, clinical, and
academic research endeavors, were enabled because of complete and diligent pharmaceutical
development. Therefore, the goal was to develop the P329G-Engagers with clinically focused
design.

To this end, the research efforts needed to be directed into developing a novel Fc-silencing
mutation, different from P329G, to be introduced with new P329G-Engagers. Importantly, the
novel mutation should be additionally unbound by the P329G-binder. Basing on structural
knowledge gained while developing P329G silencing, as well as the crystal structure that was
solved previously, detailing the interaction of the P329G-binder with P329G-mutated Fc, four
novel mutations at the position P329 were proposed, aiming to disrupt the proline-sandwich
forming capacity between the Fc and FcyRs. Fc-containing molecules were produced with
either of the mutations: P329L, P329I, P329A, P329R, along with LALA mutations. All new
constructs displayed the two defined requirements: firstly, inhibiting binding of the Fc to the
FcyRs, and consequently abrogating Fc functions, and secondly, remaining unbound by the
P329G-binder. The P329R mutation was selected as the lead candidate due to the most
favorable profile. The new generation of the P329G-TCBs were designed with the P329R LALA
Fc, and confirmed in co-culture assays that the cross-linking events between FcyR+ and CD3e+
cells were prevented. Thus, the P329G-Engagers gained a crucial characteristic needed for
potential use with mouse or human applications. In summary, aside from creating the P329G-
Engager platform, a previously unpublished novel Fc-silencing strategy was developed herein,
P329R, for use with any Fc-containing IgG1-based therapeutic antibodies, with utility well
beyond the described project.

Via the development of the novel P329R LALA Fc silencing strategy for use with any P329G-
Engager (except from Fc-competent ICE), evaluation of P329G-Engagers in in vivo contexts was
enabled. Given the growing recognition of TCBs as potent therapeutics [25], [34], as well as
availability of suitable mouse models in-house, the focus evolved onto the in vivo proof-of-
concept experiments on the P329R LALA-mutated P329G-TCB. Aside from evaluating general
antitumoral activity of this molecule, the importance of testing in vivo assembly of the adaptor
with P329G-TCB was acknowledged. To this end, the efficacy study of MKN-45 tumor-bearing
humanized NSG mice was designed, utilizing a pretargeting approach, with CEACAMS5 P329G-
mutated adaptor IgG being administered 24h prior to P329G-TCB injection. With this
approach, the aim was to ensure partial enrichment of the adaptor in the tumor, compared
to circulation, upon the administration of the T cell engager. Given the findings from in vitro
assays, it was expected for T cell mediated killing to occur only upon binding of the P329G-
TCB to the adaptor (together with binding to the tumor and T cells), enabling formation of a
stable immunological synapse. Hence, any antitumoral T cell cytotoxicity reflected in vivo
assembly at the site of target and T cell localization. Indeed, what was observed was not only
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antitumoral effect of the adaptor with the P329G-TCB, but also inactivity of either compound
administered as single agents. The efficacy of the adaptor with P329G-TCB was present, albeit
to a weaker extent than the positive control, direct CEACAM5-TCB. The ex vivo analysis of the
tumor tissue revealed that infiltration of certain T cell subsets, such as CD8+ GrB+, was
increased for adaptor with P329G-TCB group. However, the positive control group displayed
a higher rise of T cell numbers inside the tumor. This is consistent with the stronger tumor
control for this group. In line with this, weaker infiltration or proliferation in the tumors of
mice treated with adaptor with P329G-TCB may be causally linked with the weaker
antitumoral efficacy. Importantly, the dose selected for this study was suboptimal to ensure
comparison of the study group to the positive control. Higher T cell infiltration increase rate
in the direct TCB group, therefore, indicates that there is potential for enhancement of the
adaptor with P329G-TCB activity, likely via dose optimization. Crucially, despite the lower
impact on tumor-infiltrating T cell numbers, the adaptor with P329G-TCB achieved statistically
significant tumor control. As such, this mouse efficacy data provided the in vivo proof-of-
concept for the first P329G-Engager, P329G-TCB. Additionally, the results from this study
offered learnings for future evaluation of further P329G-Engagers.
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8.4. Discussion of Chapter 2 — Universal protease-activated
cancer immunotherapy using target-agnostic antibodies

Aside from addressing the heterogeneity in tumor antigens and immune cell compositions, a
need to tackle on-target off-tumor toxicities present in clinical antibody therapeutics was
identified. While offering high target specificity, immunotherapeutic antibodies, such as TCBs,
can lead to T cell-mediated cytotoxicity in healthy tissues. This is due to the scarcity of
currently identified antigens specific only to the tumor site (tumor-specific antigens) that are
also express across patients. Within commonly targeted cancer proteins (tumor associated
antigens), low expression is observed also in non-cancerous tissues [412], [413]. These clinical
observations prompted the drug discovery research to shift focus towards development of
conditionally active TCBs. Such antibodies are designed to remain inactive, with masked
binders, in healthy tissues even in presence of the target antigen. In contrast, upon entering
the protease-rich tumor microenvironment, the masks are released, activating the antibody
to exert its activity upon binding the target antigen in the tumor [181], [414], [415]. It was
hypothesized that addition of protease-dependency to the P323G-Engager platform could
further widen its applicability, and increase its safety.

In previously published reports, the protease-cleavable linkers, connecting binder masks were
added to the antibody tumor antigen binding sites [414] or immune cell binding sites, such as
CD3e binders [181] or FcyR binders [415]. With aforementioned double universality of the
antibody system, an obstacle was encountered that is not applicable to direct antibody
approaches. Introducing masks to the tumor binders of the adaptors, or to the immune
effector binders of P329G-Engagers, would involve extensive investments for designing
separate masks, thereby being contrary to the objectives of resourcefulness and universality.
Thus, it was concluded that the optimal site for protease-conditionality in the platform is the
P329G-binder. Considering that thus far, the need to conduct new binder generation
campaigns was successfully circumvented, it was questioned whether this can be the case for
the protease-cleavable masks. Such a goal would entail utilizing a universal, binder-
independent type of mask. Generally, currently developed protease-activated therapeutics
utilize two main types of masks. First type are affinity based anti-idiotypic [181], [416] or anti-
Fc masks [415] which necessitate new development for each binder [417]. Second type is
based on steric hindrance of the idiotype [310], [416], [418], conferring advantageous
universality in terms of the masked paratope. For the project’s purposes, universality was a
priority. However, affinity-based masks offer high tunability of binder blockade via Kp control,
and retained structural integrity of the original tumor binder [300]. Thus, the aim was to find
a mask that allows utilization affinity-based masking, while avoiding the necessity for new
mask development.

The sole affinity-based interaction described for the P329G-binder was the P329G mutation
in the CH2 domain of the Fc portion of the hulgG1 adaptors. A question occurred if the P329G-
mutated CH2 domain, which itself is a part of clinically used molecules such as glofitamab [64],
may act as both a mask and a target of the P329G binder. Thus, the affinity of the P329G-
binder would be equal to the mask and to the adaptor. Generally, a hypothesis could be made
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that unmasking may not be possible even after protease cleavage of the linker, and the
adaptor might not outcompete the mask to achieve adaptor-engager binding. However, it is
widely known that binding interactions exist in an equilibrium, consisting of a dynamic process
of association and dissociation events between the binding partners [419]. Therefore, it was
hypothesized that the inherent off-rate of the P329G binder with its P329G-mutated CH2 mask
might still allow the P329G-mutated adaptors to access the P329G binder in the P329G-
Engager. Hence, for the proof of concept, a protease-dependent pro-P329G-TCB was
designed, produced and characterized. The molecule consists of the P329G-TCB with P329G-
mutated CH2 domains acting as masks for the P329G binders, connected to the P329G binder
via protease-cleavable linkers. The linker sequences were derived from literature describing
matriptase-cleavage sites [181]. In line with the binding equilibrium hypothesis, and upon
matriptase cleavage, the masks were released and allowed the pro-P329G-TCB to bind the
P329G-mutated adaptors. The P329G-mutated CH2 masks were robustly inactivating the
P329G binder in absence of matriptase. The pro-P329G-TCB was not only matriptase-
dependent and adequately masked, but also enabled targeting of various tumor antigens via
interchangeable P329G-mutated adaptors. Hence, the tumor antigen universality of the pro-
P329G-TCB was confirmed. After successful proof-of-concept data on the TCB format, the aim
was to provide evidence that the P329G-mutated CH2 mask can confer universality to other
P329G-Engager modalities. To this end, pro-P329G-ICE molecules were designed and tested,
and achieved robust masking, protease dependency and activity with various tumor-targeted
adaptors. Hence, the gathered data supports the conclusion that the P329G-mutated CH2
mask can offer conditional protease-dependent activity of the pro-P329G-Engagers, while
retaining the double universal character pertaining to both tumor and immune cell antigens.
Thus, the P329G platform underwent development from antigen-agnostic CAR-T cell focus,
through addition of various immunomodulatory modalities, and finally, with protease
conditional activity, for potential minimization of on-target off-tumor effects. Importantly,
these unique advantages of this platform are addressing current challenges in drug discovery
for cancer immunotherapy, while utilizing solely clinically tested components — adaptors,
P329G-binder, immune engaging structures and binder masks. Thus, the platform exhibited
cost-effectiveness not only during the course of its development, but also offers resource-
saving processes in drug discovery and academic research, via mix-and-match assembly of
desired cancer immunotherapeutic.
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8.5. Discussion of Chapter 3 — DOTAM-TCB: Universal small
molecule-guided hapten- and T cell-bispecific antibodies for
cancer immunotherapy

To further explore adaptor-based possibilities explored in this work, beyond P329G-Engagers,
it was questioned if different adaptor structures and engager-adaptor binding characteristics
can be utilized. A major class of targeted cancer therapeutics, alongside antibodies, are small
molecules [330]. These chemical entities are generally used to target intracellular targets, due
to their capability of penetrating the cell membrane [330], which is not possible with the use
of antibodies that are designed to engage immune cells [420]. Examples of targeted small
molecule therapeutics are gefitinib, a tyrosine kinase inhibitor (TKI), inhibiting
phosphorylation of the EGFR intracellular domains [421], or lapatinib, a TKI targeting both
EGFR and HER2 on the cytoplasmic side [422], [423]. Despite the main focus of small molecules
in oncology remains on targeting intracellular pathways, several research groups explored SM
ligands to proteins located on the cell membrane, often as a delivery modality for imaging
agents or cytotoxic compounds [424], [425], [426], [427], [428]. SM binding generally relies on
the presence of the inherent specific three-dimensional structure of its target, namely the
existence of a so-called binding pocket, a cavity structure within the protein [429]. The
concave shape, as well as the proper size of the binding pocket, enable entry of the SM to the
binding site, followed by the formation of multiple bonds between the SM atoms and the
receptor amino acids, stabilizing the binding interaction. Due to these requirements for small
molecule-protein binding, the range of cell surface targets available for targeting may be
narrower than that of antibodies. However, the fact that the epitope requirements for SM
ligands and antibodies differ, even when found on the same protein, may be of interest for
drug development and its mode of action. For instance, SM occupying the binding pocket of a
receptor may inherently block the endogenous ligand or protein partner from activating its
receptor (an orthosteric or competitive inhibition) [430], which may be beneficial
therapeutically. Moreover, until recently, certain transmembrane receptors, such as GPCRs,
often of interest for drug discovery [431], [432], [433], were proving to be difficult to produce
in a recombinant, soluble form with a native conformation [434]. Since this is a general
requirement for antibody discovery campaigns, like phage display [435], developing many
GPCR-targeted antibodies proved challenging in the recent past [434]. On the other hand,
many endogenous and synthetic GPCR small molecule ligands have been described [436].
Furthermore, computational design and virtual screening of small molecule ligands, including
modified versions of endogenous ligands, exhibits greater reliability than the methods based
on antibody-protein computational simulations [437]. The implication of this fact is that both
synthetic and endogenous small molecule ligands of many cell surface receptors, including
GPCRs, can be repurposed for developing drugs that bind the proteins of interest. Importantly,
epitopes and protein conformations unavailable to or with limited binding by antibodies [438],
[439], [440] may be targeted with SM, while potentially inhibiting receptor activity in a
therapeutically favorable manner [441], [442], [443], [444], [445].
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In light of the above, cell surface-binding SM ligands have been gaining interest across several
fields of drug development. FOLR1 is a transmembrane receptor with a cell surface-located
binding pocket for its endogenous ligand, folate [446], and is overexpressed, among others, in
ovarian [447] or breast [448] cancers. FOLR2 is another receptor with folate as the
endogenous ligand, and it is expressed in tumor-associated macrophages (TAMs) [449] and
other macrophages [450]. Low and colleagues explored targeting FOLR1 or FOLR2 with folate
as the delivery moiety for multiple cargos - imaging agents for positron emission tomography
(PET) [451], intraoperative imaging [365], [452], [453], and radiotherapy [454]. Sasaki et al.
utilized folate as a so-called antibody-recruiting molecule (ARM), consisting of folate
covalently linked to an Fc-binding peptide for recruitment of antibodies [264]. The ARM
modality with other ligands has been explored in-depth by Spiegel group [455], [456], [457],
as well as others [356]. Another interesting concept explores for small molecule-guided
delivery is the concept of small molecule-drug conjugates, a counterpart to antibody-drug
conjugates, which have also been produced with folate as a targeting moiety [458].

Aside from the direct functions of the aforementioned compounds, SM ligands have been also
explored as adaptors for effector molecules or cells. Researchers from the Low laboratory
developed ligand-FITC adaptors, such as folate-FITC and others, for use with FITC-
immunization in mice [459] and humans [357] or anti-FITC CAR-T cells preclinically [240],
[460], [461]. Such concept is being also evaluated clinically for osteosarcoma patients
(NCT05312411) [462]. Neri and colleagues developed an extensive platform based on anti-
FITC CAR-T cells, for use with various FITC-labelled adaptors: antibodies, diabodies, or small
molecule ligands to a CAIX transmembrane protein [238]. Furthermore, Stepanov et al.
expanded the use of such small molecule ligand-FITC conjugates to create adaptors binding
covalently to their universal adaptor-dependent CAR-T cell, termed covCAR [243].

While certainly multiple modalities and modes of action have been researched with the
context of small molecule-guided delivery, the cancer immunotherapy aspects explored to
date have been limited to CAR-T cells. Taking into account the limitations of CAR-T cells
mentioned before in this work, a research gap was identified, with small molecule adaptors
having potential for use as adaptors antibody-based immune cell engagers. Considering this
context, it was decided to explore such SM ligands as adaptors for adaptor-binding universal
TCB. Such a system could facilitate higher control of the TCB activity. Since SM have quicker
distribution into tissues than antibodies [463], as well as a shorter half-life, administration of
an inactive adaptor-binding TCB can be followed by a SM acting as a rapid on-switch.
Moreover, SM often have oral bioavailability [463], which is currently not possible for
antibodies [464], rendering the on-switch a potential orally administered molecule. Aside
from these properties, SM adaptors bound to their universal TCB would create a smaller
functional entity, compared to IgG adaptors with adaptor-binding TCB. This could potentially
lead to a smaller synaptic distance between a T cell and a target cell, which has been linked to
a more efficient synapse formation [465]. Relating to previously discussed properties of SM
ligands, SM-based adaptors may also confer enzymatic inhibition of their receptor, alongside
mediating T cell-based cytotoxicity against a target cell. Additionally, new ligands for use in
the SM-based adaptors can be screened computationally or designed based on endogenous
ligands, limiting the resource investment needed for expanding the universal TCB platform.
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To use a SM ligand as an adaptor for antibody, the need arose to devise a tag for antibody
recognition. In order to retain SM properties of the adaptors, the focus evolved onto
conceptualizing small molecule tags, as opposed to protein or peptide ones, to be bound by a
tag-specific TCB. Since no CD3 or TCR-engaging small molecules have been described, likely
due to the lack of suitable binding pockets in the TCR complex, it was decided to keep and
antibody as an effector, T cell-engaging molecule. Small molecule-antibody interactions are
known to have exceptional binding properties. Small molecules by themselves, in general, do
not produce an immune response [65]. Antibody production against such targets necessitates
preparation of the SM combined with a carrier protein, resulting in a formation of a hapten,
enabling anti-hapten binder discovery [324]. Interestingly, several hapten-binding antibodies
have been developed with highly affine binders [466], [467], [468], [469], [470].

A hypothesis was formed that a hapten would constitute a suitable tag for the adaptors, for
use with hapten-specific antibody binding. In line with the previous goals for the P329G
platform, the aim was to find a suitable hapten-specific binder that can be repurposed for the
hapten-binding TCB. Highly affine hapten-specific antibodies against chelators were
developed previously in our laboratory; more specifically DOTAM, loaded with radionuclides
[363]. Since for T cell engager-based therapy radiation is undesired due to predicted toxicity
towards T cells, the project described here necessitated the use of a non-toxic tag. The
described DOTAM-specific antibody has been also confirmed to bind a Ca%*-loaded DOTAM
with similar affinity profile. Therefore, the Ca?*-loaded DOTAM was opted for utilization as a
tag, covalently linked to the small molecule ligand to the tumor-associated antigen.
Additionally, the aforementioned DOTAM binder was repurposed for use in DOTAM- T cell-
bispecific antibody, DOTAM-TCB. The clinical antibody glofitamab [64] was used as the basis
for the TCB sequence and structure, by swapping the CD20 binders for the DOTAM binders.
For the haptenated adaptors, the structures of published SM ligands were opted for, together
with covalently linking them to the Ca?*-loaded DOTAM, resulting in novel SM adaptors — Ca-
DOTAM-DUPA, Ca-DOTAM-AAZ and Ca-DOTAM-folate.

In this work, it was shown that Ca-DOTAM in the adaptor format was effectively bound with
femto- to picomolar affinity by the DOTAM-TCB. Ca-DOTAM-DUPA binding PSMA and Ca-
DOTAM-AAZ binding CAIX, combined with universal DOTAM-TCB, initiated T cell-mediated
antitumoral cytotoxicity in vitro.

The learnings from the P329G-TCB study in vivo highlighted a necessity for optimization of
both adaptor and the universal TCB dosing in the adaptor systems. Thus, for DOTAM-TCB
project, the goal was to broaden the use of the Ca-DOTAM-X adaptors with DOTAM-TCB to
include both separate and premixed molecule complex as two therapeutic modalities.
Therefore, in addition to enabling separate addition of the haptenated SM adaptor and the
hapten-specific DOTAM-TCB with confirmed assembly in the assays in vitro, a straightforward
protocol was developed for creation of non-covalent complexes of the aforementioned
molecules. Formation of the complexes was evaluated via native SEC-MS, and determined
that non-covalent complexes of a hapten with an antibody likely do not withstand the
standard experimental procedure used in native SEC-MS commonly used for therapeutic
antibody analysis. Here, it was discovered that the processing parameters - specifically in the
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desolvation - fragmentation step, can be modified to improve the recovery of the complex
and more robust results reflecting the efficiency of complex formation.

For the in vivo proof of concept study, CAIX as the tumor target was elected, and Ca-DOTAM-
AAZ with DOTAM-TCB as effector molecules. The Ca-DOTAM-AAZ ligand was based on the
structure of FITC-AZA, a CAIX-targeted adaptor for use with FITC-specific CAR-T cells, published
by Gu Lee et al. from the Low group [240]. In this study, NSG mice bearing subcutaneous MDA-
MB-231 tumor cells engineered to express CAIX, underwent tumor shrinkage upon treatment
with FITC-AZA and anti-FITC CAR-T cells. The administration regimen was based on a single
injection of CAR-T cells, and a dose escalation of the haptenated small molecule adaptor, from
5 nmol/kg to 500 nmol/kg. In this project’s study, the dose of 495 nmol/kg (0.45 mg/kg)
without dose escalation was selected, which would correspond to 20x the DOTAM-TCB molar
concentration. The decision was made based on the plan of injecting the SM adaptor 2h before
the TCB injection, allowing for excretion of the adaptor and decreased concentration.
Moreover, the target cells used were HT-29, not engineered to overexpress the antigen, but
with confirmed intermediate levels of endogenously expressed CAIX. Furthermore, HT-29 cells
were used in AZA-guided imaging study in mice [364], which highlighted specificity of the
ligand to the CAIX+ HT-29 tumors. A residual signal was present also in the stomach, as well
as in the kidneys, which is in line with the renal excretion expected for small molecules and
acetazolamide [471]. Due to the fact that full-size antibodies often display limited renal
excretion [472], the assumption was made that TCB cytotoxicity in kidneys may be minimal.
However, certain toxicity was to be expected from stomach binding of the Ca-DOTAM-AAZ
when combined with DOTAM-TCB.

As described in Chapter 3, in this project’s in vivo study, HT-29 tumor-bearing humanized
BRGS-CD47 mice treated with either complexed or separately injected Ca-DOTAM-AAZ and
DOTAM-TCB (test groups) displayed signs of severe toxicity 3 to 4 days after therapy initiation.
Moreover, CAIX-TCB treated mice (positive control groups) showed adverse events, albeit to
a smaller extent. This led to a decision to terminate the study immediately. Due to the toxicity
observed in both test and positive control groups, but not in DOTAM-TCB group or Ca-DOTAM-
AAZ group, it was hypothesized that the toxicity was driven by T cell-mediated killing. It was
likely related to non-tumor specific CAIX expression, as evident by mild adverse events in CAIX-
TCB group. In mice, CAIX itself has been observed in different levels in healthy tissues such as
stomach, colon, and pancreas [473], [474], and other carbonic anhydrases in the murine heart
[475] or kidney [476], [477].

Additionally, heightened toxicity upon use of Ca-DOTAM-AAZ-guided TCB, compared to the
antibody-based CAIX-TCB, indicated general non-specificity of AAZ, likely binding other targets
beyond CAIX. AAZ has been described to bind other human carbonic anhydrases , including
CAl [478], CAll [479], [480], CAIV [481], CAVA [482], CAVII [482], CAXII [483], CAXIII [484] or
CAXIV [482]. Due to this, acetazolamide is described as a pan-CA inhibitor [482], and cannot
be regarded as CAIX-specific. However, in humans, only CAIV, CAIX, CAXII, CAXIV and CAXV are
expressed on the cellular membranes, while the other isoforms are located in cytosol ,
mitochondria or are soluble proteins [485]. Importantly, membrane-bound localization of the
CA is required for activity of a TCB like Ca-DOTAM-AAZ combined with DOTAM-TCB.
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Additionally, its activity necessitates co-localization of four components: CA expression, T cell
infiltration, presence of SM adaptor and presence of IgG-based TCB.

Nonspecificity issues similar to the ones observed with CAIX targeting by AAZ have been
described recently for PSMA small molecule ligands structurally related to DUPA, despite
being used in the clinics for different modalities [486], [487], [488]. The aforementioned
imaging study performed with AAZ-guided fluorophore indeed highlighted AAZ binding in
certain tissue areas of concern [364], but the technology used was likely not sufficiently
detailed to inform the studies using potent modalities such as TCBs. The study by Gu Lee et al.
which used FITC-AZA and CAR-T cells, did not report adverse event rates [240]. However, an
assumption can be held that the systemic toxicity was likely not strong to the levels of dose-
limiting toxicity, since the study continued for more than 30 days. This led to a hypothesis that
perhaps dose escalation of FITC-AZA, bearing the same CAIX ligand as us, used by Gu Lee et al.
[240] was a necessary step to minimize adverse events, and may assist in evaluating binders
with nonspecificity issues in vivo. Additionally, the results in this work, compared with the
aforementioned published study, highlighted the need for caution for translation of CAR-T
cell protocols to TCB-based protocols. Retrospectively, even in presence of supporting
literature for the specific ligand, the necessity for conducting a smaller toxicity-focused
study before initiating efficacy evaluation is acknowledged herein. Another major conclusion
drawn from this data, especially when put in context of P329G-TCB and other in-house
TCB in vivo experiments, is that small molecule-guided TCBs may not be suitable for
testing in murine models. Importantly, expression of CAIX outside the tumor, as well as off-
target antigens of AAZ may be different between NSG mice and humans. Therefore, human
toxicity prediction based on the model used in this study is not suitable, and the grade
of adverse events observed may not be similar in humans. Nevertheless, one cannot
exclude that haptenated small molecule tumor ligands may generally not be suitable as
adaptors for TCBs, unless explicitly shown to be highly specific to their target.
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8.6. Limitations

The universal immune cell engager platforms presented in this thesis offer several advantages
to the drug discovery and research communities. For instance, simplified mix-and-match
characteristics confer possibility to achieve the desired mode of action against a desired
target, and cost-effectiveness in terms of off-the-shelf availability and the use of clinically
characterized binders. However, the use of universal immunotherapeutic platforms, like the
ones described here, is not without obstacles. It was observed that for P329G-Engagers, pro-
P329G-TCBs and DOTAM-TCBs, adaptor-based modalities often display less potent
antitumoral activity. With notable exceptions of certain targets and adaptors, such as adaptor
CEACAMS5 IgG with P329G-TCB or Ca-DOTAM-AAZ with DOTAM-TCB used in vitro, the use of
adaptor-based systems resulted in a loss of potency against a direct antibody control.
Therefore, during drug discovery use of herein presented adaptor platforms, one needs to
remain cognizant of the fact that the tested efficacy does not accurately reflect the maximal
possible efficacy achievable with direct antibodies. Moreover, the level of observed
antitumoral activity of the adaptor-based engagers depends on the used molar ratio of the
adaptor to the immune cell engager. The optimal ratio, while explored in this work and evident
to provide a wide therapeutic window, may need to be determined for specific application,
based on the level of antigen expression and immune cell infiltration. One cannot exclude that
the mode of action may also influence the optimum of the relative concentrations of the
adaptor and immune cell engagers, especially when comparing trans and cis targeting. In
terms of small molecule-based adaptors, aside from above obstacles, reaching sufficient
target specificity may prove to be difficult, as described above.

Another challenge necessitating careful consideration for the adaptor-based platforms is the
potential use in the clinics. As described before, the adaptor-based anti-P329G CAR-T cell
platform that was developed previously found its use in drug screening [244], academic
research [248], and as clinical therapeutic modality [489], [490] (NCT05199519,
NCT05270928, NCT05266768).

While preclinical and biological research may leverage the available array of P329G-mutated
adaptor IgGs to target various antigens in all assays, clinical regulations at present would
necessitate conducting separate trials or arms for each adaptor of interest. Consequently, the
clinical application of the anti-P329G CAR-T cells was tested in separate trials to assess its
activity with two adaptors (NCT05199519, NCT05270928, NCT05266768). This is expected to
be the case for antibody-based adaptor platforms, such as P329G-Engager one. Therefore,
clinically, mix-and-match principle would not be feasible without the molecules undergoing
separate assessment in all desired combinations. Therefore, clinical use of off-the-shelf use
and personalization would necessitate substantial investments. However, the continued
evaluation of universal anti-P329G CAR-T cells [489], [490] and other adaptor-based cell
therapies in clinical trials [225] brings forth evidence of the value these systems can provide.
The regulatory requirement of separate evaluations for specific adaptor-engager
combinations does not negate value and cost-efficiency of universal immune cell engagers or
CAR-T cells. This is due to the fact that the preclinical resources can be focused on in-depth
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characterization of one specific CAR construct of immune cell engager format, which are both
very complex, while at the same time developing and producing simply-structured adaptors.
In the case of the molecules presented here, especially, the clinical basis of the P329G
mutation and the binders to the tumor, immune cells and the P329G-mutated Fc itself, could
enable resource-effectiveness regardless of the desired application of the universal immune
cell engager platform.

8.7. Future perspectives

Altogether, in this thesis, three major platforms were developed and characterized: the
universal P329G-Engager platform, the protease-dependent pro-P329G-TCB, and the
universal DOTAM-TCB for use with haptenated small molecule adaptors. Future work
involving these universal immune cell engagement platforms should focus on evaluating
personalization feasibility ex vivo. Namely, analysis of patient tumor samples in terms of
antigen profile, immune cell vulnerabilities, and protease activity, followed by selection of
specific adaptors and engagers, would be of extreme value for the future personalization
goals. In CAR-T cell field, it has been shown that combining different tumor-targeting moieties
may provide benefits for tumors where antigen loss occurs. For example, dual targeted CAR-
T cells binding CD19 with CD22 [491], [492], or CD19 with CD70 have been explored in B cell
malignancies [493], where CD19 loss widely occurs upon therapeutic pressure [494]. For
multiple myeloma, BCMA- and GPRC5D- dual targeted CAR-T cells have been proposed to
tackle BCMA antigen escape and antigen-related relapse [495]. Therefore, in term of in vivo
studies, concomitant combination of various adaptors with single engager may be of
value. Alternatively, using one P329G-Engager with sequential administration of two
different adaptors may provide data on the feasibility of tackling the dynamics antigen
escape with universal platforms. On the opposite spectrum of dual targeting, clinical studies
in DLBCL have shown cases of patient populations resistant to an innate cell engager
rituximab, exhibiting high response rates to a TCB glofitamab, targeting the same CD20
antigen [496]. Thus, in context of the universal platforms presented in this work,
evaluating various immune cell engagers with a single antigen-binding adaptor, could
further expand the applications of adaptor-based platforms and tackle more complex
tumor microenvironments. Additionally, solid tumor targeting, coupled with
evaluation of protease activity in the tumor microenvironments, ought to be
tackled by the use of pro-P329G-TCB. In terms of small molecule-guided Ca-DOTAM-X
adaptors, the research should be prioritized on the development of novel, target-
specific small molecules, before expanding the adaptor platforms to include other
engagers beyond DOTAM-TCB, to reach the universality level similar to the P329G-
Engager platform.
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8.8. Discussion summary

In this doctoral dissertation, research work is presented, comprising of design and
characterization of modular, universal adaptor-based antibody platforms for cancer
immunotherapy. Here, the P329G-Engager adaptor platform was developed for use with
interchangeable antibody adaptors and antibody immune cell engagers, to create a double
universality with respect to the choice of the tumor antigen, as well as the specific immune
pathway to be engaged. To the best of available knowledge, this is the first doubly universal
platform for cancer immunotherapy, utilizing clinically evaluated components. Moreover, to
tackle on-target off-tumor activity, conditionally active universal pro-P329G-TCB was created,
containing a universal P329G-based mask. The pro-P329G-TCB remained inactive until
undergoing cleavage by matriptase, which is expected in protease-rich tumor
microenvironment. Moreover, DOTAM-TCB platform was developed, a hapten- and T cell-
bispecific antibody with femto-to-picomolar affinity to exchangeable haptenated small
molecule ligands to cell surface-located tumor antigens. For these platforms, the antibody and
small molecule structures were designed, the platform components were produced and
characterized biochemically. Moreover, various preclinical models were evaluated and
provided in vitro and in vivo preclinical proofs of concept, while uncovering the details of the
molecules’ modes of action, their opportunities for future use and their potential liabilities.
Altogether, the work presented in this thesis provided an in-depth characterization of multiple
approaches to universal cancer immunotherapy, spanning a substantial portion of the drug
discovery process. The developments described here enable ready-to-use universal platforms
for drug discovery or target and biology assessments with omittance of additional costs for
creating new direct modalities. Consequently, this work may contribute not only to scientific
community evaluating various cancer immunotherapeutics biologically, but also to the
research groups involved in designing new cancer drugs and committed to bringing these to
cancer patients.
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11. Appendix

11.1.  Appendix |. Review publication I: Ten years in the making:
application of CrossMab technology for the development of
therapeutic bispecific antibodies and antibody fusion proteins
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ABSTRACT

Bispecific antibodies have recently attracted intense interest. CrossMab technology was described in 2011
as novel approach enabling correct antibody light-chain association with their respective heavy chain in
bispecific antibodies, together with methods enabling correct heavy-chain association using existing pairs
of antibodies. Since the original description, CrossMab technology has evolved in the past decade into
one of the most mature, versatile, and broadly applied technologies in the field, and nearly 20 bispecific
antibodies based on CrossMab technology developed by Roche and others have entered clinical trials. The
most advanced of these are the Ang-2/VEGF bispecific antibody faricimab, currently undergoing regula-
tory review, and the CD20/CD3 T cell bispecific antibody glofitamab, currently in pivotal Phase 3 trials. In
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this review, we introduce the principles of CrossMab technology, including its application for the genera-
tion of bi-/multispecific antibodies with different geometries and mechanisms of action, and provide an

overview of CrossMab-based therapeutics in clinical trials.

Introduction into bispecific antibodies

Antibodies, or so-called immunoglobulins, are Y-shaped pro-
teins of ca. 150 kDa generated by B and plasma cells of the
immune system as response to infection. They consist of two
identical heavy and two identical light chains forming: 1) two
variable antigen-binding sites within the antigen-binding frag-
ments (Fabs) that serve for the specific recognition of (foreign)
antigens; and 2) a constant Fc domain that serves for the
recruitment of the human immune system.

Recombinant antibodies have been used therapeutically for
over 30 years, and today more than 120 therapeutic antibodies
are approved or under regulatory review by health authorities
for use in humans (source: https://www.antibodysociety.org/
resources/approved-antibodies/). Since the advent of recombi-
nant antibody technologies, there has been substantial interest
in the generation of engineered and bispecific antibodies that
are characterized by having two independent specificities in the
Fabs, resulting in novel mechanisms of action that typically
cannot be achieved with conventional monospecific antibodies.
More than 100 bispecific antibodies are currently being tested
in clinical trials."*

While uncountable approaches for the generation of bispecific
antibodies have been described, '® some of the most broadly
applied technologies for the generation of bispecific antibodies
include ART-Ig/™' BEAT,"" BiTE,'*” common light
chains,”'*'*"'® DAF,"” DART," DuoBody,' DutaFab,”® DVD-
Ig®' Fab arm exchange, Fcab,”** FORCE,* half antibody
assembly,”’ Hetero-Ig,”**’ IgG-scFv,”""*i\-bodies,>
Multiclonics,'* orthogonal Fab interface,”> Tandab,>* XmAb,”
VELOCI-Bi," and WuxiBODY.*

As of August 2021, three bispecific antibodies have
been approved, the tandem single-chain variable fragment
(Fv)-based CD19/CD3 Bispecific T-cell Engager (BiTE)
blinatumomab developed by Amgen for the treatment of
acute lymphocytic leukemia (ALL),”” the heterodimeric
ART-Ig-based coagulation factor IX/X bispecific IgG anti-
body emicizumab developed by Chugai and Roche for the
treatment of hemophilia A,”®'® and the heterodimeric
DuoBody-based EGFR/c-Met bispecific IgG antibody ami-
vantamab developed by Janssen for treatment of non-small
cell lung cancer harboring EGFR exon 20 insertion
mutations.*®*°

CrossMab technology for the generation of bispecific
antibodies

We have developed an alternative technology, known as
CrossMab technology, which together with methods enabling
correct heavy-chain association such as the so-called knobs-
into-holes technology (KiH),'® that enables the correct asso-
ciation of the different antibody light chains with their
respective counterparts. This is achieved in different antibody
formats and geometries by the exchange or crossover of
antibody domains.”’"** Here, we give a brief overview of
the basic principles of CrossMab technology and its applica-
tion for the generation of various CrossMabs with different
molecular formats and mechanisms of action.****** In fact,
back in 2011, this approach was the first technology
described allowing the conversion of two pre-existing anti-
bodies into heterodimeric bispecific antibodies of the bivalent
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IgG format without the need to rely on so-called common
light-chain antibodies that have identical light chains in each
Fab.*?

Since in bispecific antibodies the two heavy chains as well as
the two light chains are different and can randomly associate,
expression of these four chains leads to the formation of ten
different antibody variants.*® Correct heavy-chain association
resulting in a heterodimeric Fc can be enforced using KiH
technology by introducing a bulky tryptophan (Trp) residue
in one Fc fragment and forming a corresponding cavity on the
other Fc fragment that can accommodate the Trp
residue.'>*”*® More recently, multiple alternative approaches
to enable correct heavy-chain association have been described,
such as relying on charge interactions.”'"»'*>*

Although KiH technology was developed in the late 1990s,'®
enabling correct light-chain association remained a major pro-
blem, and the only approach to achieve this at the time relied on
the use of common light chains for both specificities.”'*'*'®
However, the use of a common light chain requires the de novo
identification of the corresponding antibody pairs, which can be
challenging and/or time-consuming depending on the desired
target, and restricts the availability and diversity of antibodies
that can be used; thus, methods allowing the generation of bispe-
cific antibodies from pre-existing antibody pairs were highly
desired.

Figure 1 shows the basic principle of the domain crossover
applied in CrossMab technology to enable correct light-chain
association in bispecific antibodies.*’ By incorporating the
original heavy chain VH-CHI domains in the Fab of
the second specificity of the bispecific antibody as the novel
“light chain” and the original light chain VL-CL domains for
the novel “heavy chain” by fusing them to the hinge region of
the Fc fragment, correct light-chain association can be
enforced in the CrossMab"™ format. This format has recently
also been described as Fabs-in-Tandem Ig (FIT-Ig).”*"!

Alternatively, only the VH-VL or only the CH1-CL domains
can be exchanged in the CrossMab"""! and CrossMab“"'~“"
formats (Figure 1). In the case of the CH1-CL crossover, no
theoretical side product due to domain crossover is expected
and crystal structure analysis confirmed the structural integrity
of the crossed Fab domain in the CrossMab“""'~“! format.>
In the case of the Fab crossover in the CrossMab"®, two heavy
and light chain-based monovalent side products can be
observed. However, the correct preferential formation of the
CrossMab"™® can be fostered by relative over-expression of the
respective light chains so that the respective undesired mono-
valent and binding inactive side products do not form in
significant amounts. Similarly, in the case of VH-VL crossover,
a Bence-Jones-like side product based on VL-VL together with
the CH1-CL interaction can be observed. In order to avoid
formation of this side product, natural charge pairs in the Fab
were identified and the respective orthogonal charge interac-
tions were introduced into the non-exchanged antibody CH1-
CL domains.>® As a consequence, the undesired Bence-Jones-
like side product does not form due to repulsive charge inter-
actions, whereas the desired light-chain pairs correctly in the
non-crossed Fab due to attractive charge interactions so that

the corresponding CrossMab""V'* constructs can subse-
quently be obtained in high yields and purity without major
side products.

Notably, these design principles can be applied not only
to heterodimeric antibodies where one arm is directed to the
first antigen, the other arm to the second antigen (1 + 1
format), but the CrossMab technology also allows generation
of so-called MonoMabs, monovalent antibodies with one Fc
portion, and DuoMabs, bivalent antibodies with two Fc
portions (Figure 1).>* Furthermore, it can be applied to
enable the correct light-chain association in hetero-/homo-
dimeric bi-/multispecific antibody appended or tandem-Fab
formats with, for example, 2 + 1,2 +2,3+ 1,4+ lor4 +2
valencies and in antibody fusion proteins (Figure 2).**** In
line with this, Wu and colleagues from Lilly applied Fab
crossover to generate orthogonal Fab-based trispecific anti-
body formats termed “OrthoTsAbs”.>>® Interestingly,
domain crossover has also been described as a means to
prevent mispairing of T-cell receptor (TCR) domains in
adoptive T-cell therapy.”’

Because the CrossMab approach showed advantages in
terms of production, stability, developability, and versatility
over analogous formats based on either single-chain Fv>*"*
or single-chain Fab®'~® building blocks, it was ultimately cho-
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Figure 1. Principles of CrossMab technology: The four major CrossMab formats
as applied to 1 + 1 heterodimeric bispecific antibodies are depicted as well as
potential side products. On the bottom, the structure of mono- and duomabs is
indicated. Heavy-chain domains are depicted in dark colors and respective light-
chain domains are depicted with corresponding bright colors. Created with
BioRender.com.



sen as the antibody engineering approach of choice for the
generation of various clinical development candidates.
Obviously, in order to develop CrossMabs for therapeutic
use, the establishment of various methods covering CMC
(Chemistry, Manufacturing, and Controls) aspects, including
upstream and downstream processing (USP, DSP) and the
establishment of the respective bioassay and (bio-) analytical
methods was and is essential.®*"**®" When considering the
formation of (undesired) side products, it has to be taken
into account that, independent of CrossMab technology,
other unrelated side products can occur, such as half- or %-
antibodies missing two or one light chains, respectively, or
hole-hole/knob-knob heavy-chain homodimers. In order to
avoid the formation of these side products, achieving equal
expression levels for the four heavy and light chains during
transient expression and/or stable cell line generation by select-
ing suitable clones is advantageous. Based on the general
advancement in the field of therapeutic antibody manufactur-
ing, as well as considering these specific learnings, bispecific
antibodies of different formats based on CrossMab technology
can generally be manufactured in a consistent and reproducible
fashion with volumetric yields in the several g/L range and in
quality comparable to conventional therapeutic antibodies
using established USP and DSP platforms.

Consequently, since the original description of this concept,
the technology has evolved in the past decade into one of the
most mature, versatile, and broadly applied technologies in the
field for the generation of various bispecific antibody formats.
As of mid-2021, at least 19 bispecific antibodies and fusion
proteins based on CrossMab technology developed by Roche
and others have entered clinical trials, of which 16 continue to
be evaluated in active clinical trials (Table 1 and Figure 2). In
the following sections, an overview of therapeutic bispecific
antibodies and fusion proteins based on CrossMab technology
is provided, with a focus on those in clinical trials.

Applications in targeted cancer therapy:
Angiogenesis, receptor tyrosine kinases, and death
receptor signaling

For many years, anti-angiogenesis approaches blocking the
vascular endothelial growth factor-A (VEGF-A) have been
a major area of targeted cancer therapy.”> *® One of the first
IgG-based antibodies and the first bispecific CrossMab to enter
clinical trials, in 2012, was the heterodimeric 1 + 1 VEGF/Ang-
2 CrossMab“™~“! vanucizumab (RG7221) (Figure 2a) target-
ing the pro-angiogenic ligands VEGF-A and angiopoietin-2
(Ang-2), which are involved in (tumor) angiogenesis.gs’%’97
Vanucizumab, as well as a mouse-specific surrogate bispecific,
mediated potent anti-tumoral and anti-angiogenic efficacy in
various preclinical models as monotherapy and in combination
with chemotherapy,®**'°! as well as combined with PD-1
checkpoint inhibition'?*'** and CD40 agonism.'*>'*
Vanucizumab was generally well tolerated as a monotherapy
in a Phase 1 clinical trial and demonstrated promising anti-
tumor efficacy, IgG-like pharmacokinetics and low
immunogenicity,'”” as well as the anticipated pharmacody-
namic mechanism of action.'®® Based on the negative outcome
of the randomized McCAVE Phase 2 study, where it was
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compared to bevacizumab in combination with FOLFOX-6
chemotherapy in patients with untreated metastatic colorectal
carcinoma, clinical development was discontinued.'®
Similarly, in spite of promising preclinical data, Phase 1b
studies of vanucizumab in combination with the PD-L1 anti-
body atezolizumab (NCT01688206) and the CD40 antibody
selicrelumab (NCT02665416) were ultimately discontinued.
Recently, preclinical data demonstrated that dual inhibition
of VEGF and Ang-2 by the vanucizumab mouse-specific sur-
rogate bispecific in murine sepsis models improved the out-
comes, making it a potential therapeutic against vascular
barrier breakdown."''’ Similarly, Zhou and colleagues reported
on an alternative anti-angiogenic approach for cancer therapy
using a heterodimeric 1 + 1 VEGF/DLL4 CrossMab“"'~“"
called HB-32 that mediated potent anti-angiogenic activity
in vitro, as well as in vivo anti-tumor activity in breast cancer
xenograft models.'"!

In addition to anti-angiogenesis, targeting receptor tyro-
sine kinases (RTKs) like EGFR, HER2 or c-Met has been
a major area for cancer therapy during the past decades.''”
Accordingly, various preclinical-stage bispecific CrossMabs
targeting RTKs have been developed during the past years,
but none of these have advanced to clinical trials so far.
Zhang and colleagues created a biparatopic HER2/HER2
1 + 1 CrossMab™ based on trastuzumab and an avidity-
improved variant L56TY derived from pertuzumab called
Tras-Permut CrossMab. Tras-Permut CrossMab mediated
improved activity against trastuzumab-resistant breast cancer
and enhanced calreticulin exposure, which may contribute to
the induction of tumor-specific T-cell responses.''” Lu and
colleagues, in turn, generated a bispecific HER2/EGFR 1 + 1
CrossMab“""'"“! based on the trastuzumab and cetuximab.”
Interestingly, Hu and colleagues went a step further and
generated so-called four-in-one antibodies that exhibited
four different specificities against EGFR, HER2, HER3, and
VEGF by generating a 1 + 1 CrossMAb“"'"“" using dual-
acting Fabs (DAF) as building blocks in the FL518 bispecific
or by combining CrossMab and DVD-Ig technology in the
tetraspecific, tetravalent antibody CRTB6 to enable correct
light-chain association in the DVD format."'* Not surpris-
ingly, these tetraspecific antibodies showed superior efficacy
as compared to the respective bispecific antibodies."'* Finally,
different bispecific EGFR/Notch CrossMabs were described to
block EGFR signaling together with Notch signaling. The first
of these antibodies, termed CT16, combined the EGFR anti-
body cetuximab and the Notch 2/3 antibody tarextumab
using the prototypical heterodimeric 1 + 1 CrossMab“™!!
~CL format, which served as a radiosensitizer and prevented
acquisition of resistance to EGFR inhibitors and radiation in
cell line models of non-small cell lung cancer and patient-
derived xenograft tumors.'"” In a second publication from the
same group, three heterodimeric bispecific 1 + 1
CrossMab®™ €L antibodies (PTG12, RTB3, MTJ16) were
generated from panitumumab/tarextumab, RG7116/tarextu-
mab, and MEHD7945A/tarextumab and were shown to
increase the response to PI3K inhibition with GDC-0941 by
inhibiting stem cell-like subpopulation, reducing tumor-
initiating cell frequency, and downregulating mesenchymal
gene expression.''®
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a b

Figure 2. Major CrossMab formats: A) 1 + 1 CrossMab:""'~" vanucizumab, faricimab, 10E8.4/iMab 1 + 1; B) 1 + 1 CrossMab"""'*: PD1-TIM3, PD1-LAG3; C)
CrossMab™'~“"*/"based FAP-4-1BBL, CD19-4-1BBL fusion proteins; D) 2 + 1 CrossMab:“"'~" cibisatamab; E) 2 + 1 CrossMab"""*: glofitamab, CC-93269, TYRP1-TCB,
WT1-TCB, RG6123; F) 2 + 2 CrossMab“"'~-based FIT-Ig EMB-01, EMB-02, EMB-06; G) 2 + 2 CrossMab:"'~ " FAP-DR5; H) 2 + 1 CrossMab """+ BS-GANT, FAP-CD40; I)
1+ 1 CrossMab™'~“-based Nkp46-based NK cell engager (NKCE). Heavy-chain domains are depicted in dark colors and respective light-chain domains are depicted
with corresponding bright colors. Fusion protein depicted in purple. Note: Differences in variable regions and/or isotype and Fc engineering are not depicted. Created

with BioRender.com.

Another major field in targeted cancer therapy has been and
continues to be apoptosis induction through death receptor
(DR) signaling."'”''® As conventional DR5 antibodies have not
been successful in clinical trials, approaches for tumor-targeted
DR5 agonism have been pursued. Expression of the fibroblast
activation protein (FAP) on tumor fibroblasts is found in the
majority of solid tumors, making FAP an attractive antigen for
tumor targeting.''>'*° Based on this rationale, FAP-targeted
bispecific antibodies and fusion proteins have been created
using CrossMab technology that rely on FAP binding with
one moiety to induce, with their second moiety, hyper-
clustering of tumor necrosis factor (TNF) receptor superfamily
members'*' like DRS5 for apoptosis induction,®” 4-1BB/CD137
for T cell activation,®® or CD40 for activation of antigen-
presenting cells,®*'?? as described below. The first of these

conditional FAP-targeted TNFR agonistic antibodies entering
Phase 1 clinical trials was the symmetric tetravalent
C-terminally fused FAP/DRS5 targeted 2 + 2 CrossMab“"' ="
RG7386 (Figure 2g). Preclinical data demonstrated that
RG7386 effectively triggered FAP-dependent, avidity-driven
DR5 hyper-clustering and subsequent tumor cell apoptosis,®
but ultimately, clinical development of RG7383 was not further
continued after the completed Phase 1 study (NCT02558140)
due to portfolio reprioritization.

Finally, Tung and colleagues described novel HER2 or
CD19 tumor-targeted heterodimeric 1 + 1 CrossMab“"'~“"
antibodies that recognize with their second specificity
PEGylated proteins, liposomes, and nanoparticles. Using
these bispecific antibodies, cytotoxic cargo such as PEGylated
liposomal doxorubicin can be delivered to tumor cells.'*?
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Table 1. CrossMabs in clinical trials (status July 2021), FP: Fusion protein, FIT-Ig: Fabs-in-tandem Ig, EIH: Entry into human date.

Name Target A/B Format Indication Stage Company EIH Clinical trial Reference

1 Vanucizumab Ang-2/VEGF-A 1+1 CrossMab“'-¢t Oncology  Terminated Roche 2012 NCT02141295, NCT01688206, 8
(RG7221) Ph 2 NCT02665416

2 Faricimab Ang-2/VEGF-A 1+ 1 CrossMab"1=< DME, Ph 3 Roche 2013 NCT03823287, NCT03823300, 8283
(RG7716) wAMD NCT03622580, NCT03622593

3 Cibisatamab  CEA/CD3¢ 2 + 1 CrossMab“H11=< Oncology  Ph 1b Roche 2014 NCT03866239, NCT04826003 84
(RG7802)

4  FAP-DRS FAP/DR5S 2 + 2 CrossMab“"11=< Oncology  Terminated Roche 2015 NCT02558140 85
(RG7386) Ph 1

5 Glofitamab,  CD20/CD3e 2 + 1 CrossMabHVt* NHL Ph 2/3 Roche 2017 NCT04703686, NCT04914741 86
RG6026) NCT04077723, NCT04408638

6 PD1-TIM3 PD-1/TIM-3 1+ 1 CrossMab"HVt= Oncology ~ Ph 1/2 Roche 2018 NCT03708328, NCT04785820 87
(RG7769)

7 RG6123 CEACAMS5/CD3g 2 + 1 CrossMab'"Vt* Oncology  Terminated Roche 2018 NCT03539484 -

Ph 1

8 BCMA TCE BCMA/CD3e 2 + 1 CrossMab"HV* Multiple ~ Ph1 BMS 2018 NCT03486067 8
(CC-93269) Myeloma

9 FAP-4-1BBL  FAP/4-1BB 1+ 3 CrossMab' =" 4-1BBLFP Oncology ~ Ph 1b Roche 2018 NCT03869190, NCT04826003 89
(RG7827)

10 10E8.4/iMab, HIV-1 Env/CD4 1 + 1 CrossMabH' =< HIV-1 Ph 1 TaiMed 2019 NCT03875209 o0
TMB-370

11 EMB-01 EGFR/c-Met 2 + 2 CrossMab™® /FIT-Ig Oncology  Ph 1 EpimAb 2019 NCT03797391 50151

12 BS-GANT Abeta/TfR 2 + 1 CrossMab"HVt* Alzheimer's Ph 2 Roche 2019 NCT04639050
(RG6102)

13 CD19-4-1BBL  CD19/4-1BB 1+ 3 CrossMab™' == 4-1BBLFP  NHL Ph 1b Roche 2019 NCT04077723 8
(RG6076)

14 PD1-LAG3 PD-1/LAG-3 1+ 1 CrossMab""Vt* Oncology ~ Ph1/2 Roche 2019 NCT04140500, NCT04785820 o
(RG6139)

15 TYRP1-TCB  TYRP1/CD3e 2 + 1 CrossMab"HVt* Melanoma  Ph 1 Roche 2020 NCT04551352 2
(RG6232)

16 WT1-TCB WT1/CD3e 2 + 1 CrossMab"HVt* AML Ph 1 Roche 2020 NCT04580121 93
(RG6007)

17 EMB-02 PD-1/LAG-3 2 + 2 CrossMab™® /FIT-Ig Oncology  Ph1 EpimAb 2020 NCT04618393 -
18 EMB-06 BCMA/CD3¢ 2 + 2 CrossMab"® /FIT-Ig Multiple  Ph1 EpimAb 2021 NCT04735575 -
Myeloma
19 FAP-CD40 FAP/CD40 2 + 1 CrossMabHVt* Oncology  Ph1 Roche 2021 NCT04857138 o4

Applications in cancer immunotherapy: Dual
checkpoint inhibitors, T and innate cell engaging
bispecifics and tumor-targeted co-stimulation

With the advent of cancer immunotherapy and checkpoint
inhibitor antibodies during the past decade, the development
of bispecific antibodies for immunotherapy has attracted sub-
stantial attention in industry and academia, whereas the inter-
est in anti-angiogenic and pro-apoptotic therapies has
declined. In this context, bispecific monovalent dual check-
point inhibitory PD-1 antibodies co-targeting the checkpoint
inhibitory receptors TIM-3 or LAG-3 have been designed
based on a bispecific 1 + 1 CrossMab""™V'* format
(Figure 2b), allowing avidity-mediated selectivity gain and
thus enhanced selectivity for PD-1" and PD-1" TIM-3"/LAG-
3" double-positive T cells. Both of these bispecific dual check-
point inhibitory antibodies, PD1-TIM3 (RG7769) * and PD1-
LAG3 (RG6139),”! are currently in Phase 1 and 2 clinical trials
(NCT03708328, ~ NCT04140500, ~ NCT04785820)."**!*°
Preclinically, a heterodimeric 1 + 1 PD-1/RANKL
CrossMab“™'~“! was shown to demonstrate potent tumor
growth inhibition as a monotherapy and combined with
CTLA-4 antibodies, particularly in models showing checkpoint
inhibitor resistance to PD-1 antibodies.'*®

Many of bispecific antibodies currently being developed are
bispecific T-cell engagers.”>'*”""*! One of the first IgG-based,
and Roche’s first, T-cell bispecific antibody (TCB) to enter

clinical trials was the heterodimeric and trivalent CEA/CD3e
2 + 1 TCB cibisatamab (RG7802). It is a heterodimeric CEA/
CD3e bispecific antibody in the 1 + 1 CrossMab“""'~“" format to
which a single additional Fab targeting CEA is fused to the
N-terminus of the knob-containing heavy chain
(Figure 2d).**'** FcyR and Clq binding are abolished by intro-
duction of P329G LALA mutations."> This so-called 2 + 1 TCB
format provides advantages over conventional heterodimeric
1 + 1 TCB formats through the highly flexible head-to-tail fusion
in the tandem Fab arm and by being bivalent for the tumor
antigen, allowing a better differentiation between tumor and
normal cells due to avidity-mediated affinity tuning.'>?
Cibisatamab demonstrated tumor targeting and in vitro and
in vivo anti-tumor efficacy dependent on CEA over-expression
due to the bivalent binding mode in models of colorectal and
gastric cancer,?*137137 which was further enhanced when com-
bined with PD-L1 inhibition."*® Based on these data and using
a MABEL approach due to the lack of cross-reactive toxicology
species,>”'*" clinical studies were initiated in relapsed/refrac-
tory CEA-positive colorectal cancer patients. Cibisatamab is
currently in Phase 1b clinical trials in combination with the PD-
L1 antibody atezolizumab (NCT03866239) and with FAP-
4-1-BBL (NCT04826003) (see below). Pre-treatment with obi-
nutuzumab is being clinically explored to mitigate the potential
development and impact of anti-drug antibodies that could be
observed in patients treated with cibisatamab.
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The most advanced 2 + 1 T cell bispecific antibody is
glofitamab (RG6026), which, in contrast to cibisatamab, is
based on a 2 + 1 CrossMab"""V" format with charge interac-
tions using variable regions derived from obinutuzumab
(Figure 2e). Glofitamab showed potent tumor cell killing and
antitumor efficacy in preclinical in vitro, ex vivo and in vivo
lymphoma models, as well as superiority over the respective
conventional heterodimeric 1 + 1 TCB formats as a conse-
quence of its head-to-tail orientation and bivalent binding to
CD20, allowing pre-treatment with obinutuzumab, in this case
as a strategy to reduce the incidence of cytokine-release syn-
drome by glofitamab.*>'*"'**> Based on the clinical efficacy and
safety in the Phase 1 clinical trial in relapsed/refractory non-
Hodgkin lymphoma (NHL) patients and particularly the high
rate of durable complete responses,'**'** glofitamab is cur-
rently being evaluated in multiple clinical trials in lymphoma
patients, including trials in patients relapsed after CAR-T cell
therapy (NCT04703686) and in Phase 3 clinical trials in
relapsed/refractory diffuse large B cell lymphoma patients
(NCT04077723, NCT04408638)."*> No anti-drug antibodies
recognizing glofitamab were detected in the Phase 1 clinical
study.'*’

Additional analogous 2 + 1 T cell bispecific antibodies using
this technology have entered early clinical Phase 1 trials,
including the BCMA-TCE CC-93269 for the treatment of
multiple myeloma (NCT03486067)* and the TYRP1-TCB
(RG6232) for the treatment of TYRP1-expressing melanoma
(NCT04551352).”> Recently, the WT1-peptide-MHC-specific
TCR-like WT1-TCB (RG6007) for the treatment of acute mye-
loid leukemia (AML) became the first TCR-like bispecific anti-
body to enter a clinical trial (NCT04580121).>> While
Immunocore pioneered the field of targeting peptide-MHC
complexes with recombinant TCR-based bispecific T-cell enga-
gers, the so-called ImmTACs,'*® WT1-TCB is based on a TCR-
like antibody fragment recognizing the RMF WT1 peptide-
HLA-A*02 complex. WT1-TCB can mediate specific killing
of AML cell lines and primary AML cells, and it has anti-
tumor activity in humanized mice bearing SKM-1 tumors.”>

Additional preclinical stage 2 + 1 TCBs based on this format
have been described, including ones that target HER2'*'*® or
the p95 HER2 fragment.'* The p95 HER2 fragment is only
found on a portion of ~ 30-40% of HER2"™" tumor cells, and
as such can be considered a highly tumor-specific neoantigen.
Thus, 2 + 1 TCBs targeting specifically p95 HER2 are of
particular interest as they do not mediate T cell killing of
normal cells that express HER2, such as cardiomyocytes or
breast epithelial cells, as opposed to conventional HER2-
TCBs.'*” An alternative approach to overcome the on-target
off-tumor killing of normal cells is tumor-specific activation of
TCBs by protease expressed in the tumor. For this purpose,
a protease-activated mesothelin-TCB using CrossMab technol-
ogy has been described that is blocked by an anti-CD3 anti-
idiotypic ~mask that is cleaved in the tumor-
microenvironment.'*® Alternatively, to counteract and manage
any undesired T cell activation, it was shown that the Src/lck
inhibitor dasatinib is able to reversibly switch off cytokine
release and T-cell cytotoxicity following stimulation with dif-
ferent 2 + 1 TCBs targeting CEA, CD19 and WT1."*" Finally,
related to the TCB approach, 2 + 1 bispecific antibodies

designed based on CrossMab technology have been developed
specifically for the recruitment of synthetic agonistic receptor
transduced T-cells (SAR-T) in adoptive T-cell therapy together
with Kobold and colleagues.'>*">*

In order to further boost the potency of T-cell bispecific
antibodies, the tumor (stroma)-targeted FAP-4-1BBL
(RG7827), CD19-4-1BBL (RG6076) and CEA-4-1BBL fusion
proteins have been developed for solid tumors and NHL.
These molecules are used to provide the co-stimulatory TNF
receptor superfamily-mediated signal 2 to T cells in combina-
tion with the T-cell bispecific antibodies cibisatamab or glo-
fitamab, which provide the signal 1.%*'°>'*® These 4-1BBL
fusion proteins contain a split trimeric 4-1BB ligand fused to
the CHI and CL domains, and constant chain mispairing is
abolished by CH1-CL domain crossover in conjunction with
the respective charge pairs (Figure 2c).*” FAP-4-1BBL and
CD19-4-1BBL have been designed to trigger 4-1BB/CD137
hyper-clustering specifically in the tumor microenvironment,
but not in circulation or in the liver, with the goal to over-
come typical 4-1BB antibody-mediated toxicities.** Tumor-
targeted 4-1BBL fusion proteins were shown to mediate
improved T-cell activation, superior tumor control in combi-
nation with TCBs and checkpoint inhibitors, and strong
T-cell infiltration in preclinical models.*”'*>"”  Clinical
Phase 1b studies combining cibisatamab with FAP-4-1-BBL
(NCT04826003) and glofitamab with CD19-4-1BBL
(NCT04077723) are currently ongoing.

A similar rationale was applied to trigger the TNF receptor
superfamily member CD40 on antigen-presenting cells (APCs)
through a trivalent C-terminally fused FAP/CD40 2 + 1 bispecific
antibody in a 2 + 1 CrossMab""™“™* format with charges
(Figure 2h). This design was chosen to make FAP-CD40
(RG6189), a FAP-targeted CD40 agonistic bispecific antibody,
with the goal of abrogating systemic toxicity and enabling admin-
istration of doses sufficiently high to result in highly tumor- and
lymph node-specific activation of APCs with subsequent induc-
tion of antitumor immunity.”*'** Phase 1 clinical trials have been
initiated to validate this approach in the clinic (NCT04857138).

Notably, the domain crossover/CrossMab technology has also
been used by researchers outside of Roche for the development of
bispecific antibodies for cancer immunotherapy. This includes the
so-called Fabs-in-tandem Ig (FIT-Ig) approach developed by
Gong and colleagues from EpimAb, which relies on Fab crossover
to enable correct light-chain association for the generation of
symmetric tetravalent N-terminally fused bispecific antibodies in
the 2 + 2 CrossMab™ format (Figure 2).°>°! Three different
bispecific FIT-Igs have reached clinical Phase 1 trials to date co-
targeting: 1) EGFR/c-Met for receptor tyrosine kinase inhibition
(EMB-01) (NCT03797391), 2) PD-1/LAG-3 for dual checkpoint
inhibition (EMB-02) (NCT04618393), and 3) BCMA/CD3¢ for
T cell engagement in multiple myeloma (EMB-06)
(NCT04735575).

In order to recruit innate immune cells for cancer cell kill-
ing, Gauthier and colleagues from Innate Pharma recently
described an advanced preclinical approach to generate multi-
functional natural killer cell engagers (NKCE) targeting
a tumor antigen and the NK cell ligand NKp46 in a FcyRIII-
binding competent monovalent C-terminally fused 1 + 1 anti-
body format using CH1-CL crossover to ensure correct light-



chain association (Figure 2i)."*® Trifunctional NKCEs targeting
CD19, CD20, or EGFR as tumor antigens triggered tumor
killing by human primary NK cells in vitro and induced NK
cell infiltration and anti-tumor efficacy, as well as protective
tumor immunity in vivo.">®

Zhao and colleagues demonstrated that a bispecific hetero-
dimeric CD20/HLA-DR 1 + 1 CrossMab“"'~“" termed CD20-
243 CrossMab for the treatment of NHL patients co-expressing
CD20 and HLA-DR mediated strong complement-dependent
cytotoxicity, antibody-dependent cell-mediated cytotoxicity
and anti-proliferative activity.'”® Similarly, Rajendran and col-
leagues generated a bispecific heterodimeric CD30/CD137
1 + 1 CrossMab“™"' " to target specifically these two co-
expressed antigens on Hodgkin and Reed-Sternberg cells with-
out inducing CD137 signaling."®

In an alternative approach to activate innate immunity, Du
and colleagues devised a bispecific heterodimeric GPC3/CD47
1 + 1 CrossMab“""'~“" to bind to GPC3 and CD47 on hepato-
cellular cancer cells, and at the same time inhibit the CD47
interaction with SIRPla responsible for the “do-not-eat-me
signal” to recruit myeloid cells for phagocytosis.'®" The
GPC3/CD47 CrossMab induced enhanced Fc-mediated effec-
tor functions by both macrophages and neutrophils toward
dual antigen-expressing hepatocellular carcinoma (HCC) cells
in vitro, and strong in vivo efficacy against xenograft HCC
tumors in a fashion superior to the respective monotherapies
and combination thereof.'®!

In order to further boost antigen presentation and foster the
generation of a secondary anti-tumor immune response, again
Zhao and colleagues created a novel CD20/FIt3 ligand antibody
fusion protein, termed CD20-Flex BiFP using CrossMab
technology.'®> CD20-Flex BiFP not only eliminated lymphoma
temporarily but also potentiated tumor-specific T-cell immu-
nity by expanding and fostering infiltration of antigen-
presenting dendritic cells into the tumor tissue.'®

Most recently, Panina and colleagues described a novel bis-
pecific heterodimeric HER2/IFNa-1 + 1 CrossMab“™'~“" with
the ultimate goal to deliver IFNa into HER2 expressing
tumors.'®’

Applications in therapy of viral infections and
autoimmune diseases

The application of CrossMab technology has become quite
popular for the generation of bispecific and multispecific
antibodies targeting various viruses. During the past years,
multiple highly potent bispecific antibodies targeting HIV-1
have been generated using CrossMab technology for the
prevention and treatment of HIV-1.'"°*'®> Examples of
these approaches are: 1) four different 1 + 1 CrossMab“™"!
~“L_based bispecific antibodies, of which the one based on
VRCO07 and PG9-16 displayed the most favorable neutraliza-
tion profile and IgG-like pharmacokinetic properties in
monkeys;'® 2) 1 + 1 CrossMab“™'"“"-based bispecific anti-
bodies that, however, did not allow intra-spike binding;'®” 3)
unique bispecific antibodies based on the broadly neutraliz-
ing antibodies (bNAbs) 3BNC117 and 10-1074 with
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a modified hinge region of human IgG3 isotype for increased
Fab flexibility and improved neutralization potency based on
a1+ 1 CrossMab“™CL format;'%® 4Hal+1 CrossMab®H!
““Lbased bispecific antibody targeting two non-competing
epitopes on the HIV-1 co-receptor CCR5 based on RoAb13
and PRO 140 to increase avidity;'” 5) the 1 + 1
CrossMab“™'"“"_based bispecific antibody iMab-CAP256
comprising the highly potent CAP256.VRC26.25 bNAb and
the host-directed CD4 antibody, ibalizumab (iMab);'"°
and 6) the 1 + 1 CrossMab“""'"“"-based bispecific antibody
BICM-1A for simultaneous recognition of two critical V2-
and V3-glycan epitopes of the single HIV-1 envelope
glycoprotein.'”" Of all these approaches, the heterodimeric
bispecific 1 + 1 CrossMab“"'"" antibody 10E8.4/iMab
showed exquisite potency and breadth against various HIV-
1 strains, including activity in HIV-1 in vivo treatment and
prevention models,””'”*> and compared very favorably to
conventional antibodies and other bispecific bNAbs.'”
Based on these data, 10E8.4/iMab is currently being evalu-
ated in a Phase 1 clinical trial (NCT03875209).'7*

Wang and colleagues generated a symmetric and tetravalent
FIT-Ig-based bispecific antibody against Zika virus that
showed high in vitro and in vivo potency, and prevented viral
escape, supporting its potential use for the therapy of Zika virus
prevention or infections.'””

Interestingly, and most recently, De Gasparo and collea-
gues described the first bispecific antibody targeting SARS-
CoV-2 based on a 1 + 1 CrossMab®"'~“" format targeting
two non-overlapping sites on the receptor binding domain
of SARS-CoV-2 and blocking binding to angiotensin-
converting enzyme 2 (ACE2).'”® The respective bispecific
antibody CoV-X2 was designed using C121 and C135, two
antibodies derived from donors who had recovered from
COVID-19. Most notably, CoV-X2 neutralized wild-type
SARS-CoV-2 and variants of concern and escape, protected
mice from disease and suppressed viral escape.'’® Along
these lines, Jette and colleagues described a subset of
donor-derived neutralizing bispecific CrossMabs with
broad cross-reactivity to sarbecoviruses.'””

Bispecific CrossMab-based antibodies have also been
generated with the goal of treating autoimmune
diseases.'”®!”® Fischer and colleagues showed that com-
bined inhibition of TNFa and IL-17 was more effective in
inhibiting the development of inflammation and bone and
cartilage destruction in arthritic mice compared to the
respective monotherapies. For this purpose, bispecific
TNFa/IL-17 1 + 1 and 2 + 2 CrossMab“™'~“" antibodies
were prepared that showed superior efficacy in blocking
cytokine and chemokine responses in vitro."®" Similarly,
Xu and colleagues showed that a tetravalent bispecific
TNFa/IL-17 1 + 1 CrossMabY""V" together with electro-
static steering for heavy-chain heterodimerization signifi-
cantly decreased the expression level of neutrophil and
Th17 chemokines, and the secretion of IL-6/IL-8 on fibro-
blast-like synoviocytes. Moreover, combined inhibition of
both cytokines by the bispecific antibody was superior to
inhibition of either cytokine alone.'®! Based on these data,
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dual-targeting bispecific antibodies neutralizing pro-
inflammatory cytokines may provide novel treatment
options for autoimmune diseases. However, as they are
not necessarily differentiated from the combination of the
respective monotherapies, the benefit of using a bispecific
antibody over a combination therapy needs to be assessed
on a case-by-case basis.

Applications in ophthalmology and therapy of central
nervous system diseases

The heterodimeric 1 + 1 VEGF/Ang-2 CrossMab“™'~“" vanu-
cizumab (RG7221) was the first anti-angiogenic bispecific anti-
body to enter clinical trials with the goal of suppressing tumor
angiogenesis via simultaneous blockade of the pro-angiogenic
ligands VEGF-A and Ang-2. VEGF and Ang-2 have also been
shown to play an important role in ocular angiogenesis in
diseases like wet age-related macular degeneration (WAMD)
and diabetic macular edema (DME).96'8271% However, until
now only the VEGF blocking antibody fragments ranibizumab
and brolucizumab and the VEGFR1/2-ECD-Fc fusion protein
aflibercept are approved for use in ophthalmology.'®
Faricimab (RG7716) is a heterodimeric 1 + 1 VEGF/
Ang-2 CrossMab“™!~C specifically optimized for intraocu-
lar use and high concentration formulation in ophthalmol-
ogy indications by use of optimized anti-VEGF and anti-
Ang-2 Fabs, as compared to vanucizumab, and by the
introduction of P329G LALA and Triple A mutations in
the KiH-containing IgGl Fc portion to abolish
FcyR-mediated effector functions and FcRn recycling for
low systemic exposure.*>®>'%"1%% While faricimab neutra-
lizes two soluble ligands, particularly in the field of
ophthalmology the use of such a bispecific antibody pro-
vides advantages in terms of intraocular administration via
a single injection due to the simultaneous inhibition of two
different angiogenic pathways with a single agent.
Importantly, as compared to VEGF inhibition alone, farici-
mab mediated improved anti-angiogenic activity in various
preclinical models to limit pathological angiogenesis in the
eye.8>190191 Baged on these data, faricimab was the first
bispecific antibody worldwide entering Phase 1 clinical
trials in ophthalmology, where it was well tolerated and
exhibited a favorable safety profile with evidence of
improvements in best-corrected visual acuity (BCVA) and
anatomic  parameters  supporting  further  clinical
investigation.'”> Subsequently, faricimab was compared
head-to-head to ranibizumab in the BOULEVARD Phase
2 randomized clinical trial in patients with DME, where it
met the primary end point and demonstrated statistically
superior visual acuity gains versus ranibizumab, suggesting
a benefit of simultaneous inhibition of angiopoietin-2 and
VEGF-A."” In the AVENUE Phase 2 randomized clinical
trial in patients with AMD, it did not meet the primary end
point of superiority over ranibizumab in BCVA at week 36,
but visual and anatomical gains observed with faricimab
supported pursuing Phase 3 trials for an alternative to
monthly anti-VEGF therapy.'** This was taken into account

together with the data from the STAIRWAY Phase 2 ran-
domized clinical trial in AMD where faricimab dosed every
16 weeks or 12 weeks resulted in maintenance of initial
vision and anatomic improvements comparable with
monthly ranibizumab.'*>'"® Recently, positive outcomes
were reported from four independent pivotal Phase 3 trials
in wAMD and DME patients where faricimab was com-
pared to aflibercept and met the primary endpoints
(NCT03823287, NCT03823300, NCT03622580,
NCT03622593). Based on these data, marketing applica-
tions for faricimab have been filed with health authorities
for approval in DME and wAMD, with FDA granting it
a priority review."”’

The treatment of central nervous system (CNS) diseases
with monoclonal antibodies is hampered by the low penetra-
tion of antibodies through the blood-brain barrier, and the
field still is in its infancy.'®® To overcome this limitation,
Niewoehner and colleagues have generated transferrin recep-
tor-targeted bispecific antibodies that allowed delivery of these
antibodies through the blood-brain barrier and showed
improved brain exposure and prevented plaque
formation.®®®” Using this approach, BS-GANT (RG6102) was
generated based on the amyloid-beta  antibody
gantenerumab'”” as a trivalent C-terminally fused amyloid-
beta/TfR 2 + 1 bispecific antibody in a 2 + 1 CrossMab" " V"*
format with charges (Figure 2h). BS-GANT (RG6102) recently
entered Phase 2 clinical trials in patients with prodromal or
mild-to-moderate Alzheimer’s disease (NCT04639050).

Conclusions

During the past 20 years, numerous technologies have been
developed to generate bispecific antibodies, and these mole-
cules represent a rapidly growing class of biopharmaceuticals
in clinical trials and on the market. CrossMab technology was
first described in 2011 as a novel approach enabling correct
antibody light-chain association with their respective heavy
chain in bi-/multispecific antibodies, together with methods
enabling correct heavy-chain association.

As briefly mentioned in the introduction, alternative
technologies to achieve correct heavy-light-chain pairing
are currently being applied for the generation of proto-
typical (heterodimeric) IgG-like bispecific antibodies.
These include in vitro assembly approaches, where the
two bispecific antibodies are produced separately and sub-
sequently assembled in vitro like DuoBody,'” Fab arm
exchange,”> FORCE®® or half antibody assembly,”” as well
as approaches allowing the production of bispecific anti-
bodies in one cell line, for example via the use of common
light chains or orthogonal Fab interfaces. Recently, several
groups have also reported that the specific pairing prefer-
ences of selected heavy and light chain pairs can be used
to drive the assembly of correct bispecific antibodies.”***"!
In the field of common light chains, much progress has
been made in the selection of suitable common light-chain
antibodies from common light-chain-bearing animals or
use of in vitro display technologies.”!*!* 12027205 Baged



on this progress, several bispecific common light-chain-
based IgG antibodies are currently in clinical trials,
including  odronextamab, REGN4018, REGN5678,
REGN7075, MCLA-145, MCLA-158, and
others,”8:10-15:206-213 Alternatively, the correct light-chain-
heavy-chain association can be enforced using orthogonal
Fab interfaces by introduction of (several) mutations in
the Fab interface 28:29:33:55:56.214,215

CrossMab technology continues to represent a simple,
straightforward and clinically validated antibody engineer-
ing solution to achieve correct light-chain association with
minimal engineering using existing pairs of antibodies. In
fact, since its original description, it has evolved into one
of the most mature, versatile, and broadly applied tech-
nologies in industry and academia, in conjunction with
the KiH technology. Until now ~20 bispecific antibodies
and fusion proteins based on CrossMab technology devel-
oped by Roche and others have entered clinical trials.
Based on the available clinical data, CrossMabs show
favorable IgG-like properties in terms of pharmacokinetics
and immunogenicity similar to conventional therapeutic
monoclonal antibodies. The most advanced of these bis-
pecific antibodies are: 1) the 1 + 1 heterodimeric Ang-2/
VEGF bispecific antibody faricimab for the treatment of
DME and wAMD, which is currently undergoing regula-
tory review, and 2) the 2 + 1 heterodimeric CD20/CD3
T-cell bispecific antibody glofitamab for the treatment of
relapsed/refractory DLBCL or follicular NHL, which is
currently in pivotal Phase 3 clinical trials.

Based on the progress in making bi- and multispecific
antibodies, we anticipate that this class of therapeutics with
novel mechanisms of actions as compared to conventional
therapeutic antibodies will have a major impact on the
treatment of various diseases, including oncology, infectious
diseases, autoimmunity, CNS, and metabolic diseases.
Taken together, CrossMab technology has proven to be
very useful for the fast and straightforward generation of
bispecific antibody formats to tackle novel biological chal-
lenges and help to develop novel therapeutic concepts for
patients in need.
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ABSTRACT

Bispecific antibodies (bsAbs) are a class of antibodies that can mediate novel mechanisms of action
compared to monospecific monoclonal antibodies (mAbs). Since the discovery of mAbs and their
adoption as therapeutic agents in the 1980s and 1990s, the development of bsAbs has held substantial
appeal. Nevertheless, only three bsAbs (catumaxomab, blinatumomab, emicizumab) were approved
through the end of 2020. However, since then, 11 bsAbs received regulatory agency approvals, of
which nine (amivantamab, tebentafusp, mosunetuzumab, cadonilimab, teclistamab, glofitamab, epcor-
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itamab, talquetamab, elranatamab) were approved for the treatment of cancer and two (faricimab,
ozoralizumab) in non-oncology indications. Notably, of the 13 currently approved bsAbs, two, emicizu-
mab and faricimab, have achieved blockbuster status, showing the promise of this novel class of
therapeutics. In the 2020s, the approval of additional bsAbs can be expected in hematological malig-
nancies, solid tumors and non-oncology indications, establishing bsAbs as essential part of the thera-

peutic armamentarium.

Introduction

Since the discovery of monoclonal antibodies, bispecific ver-
sions that could be used as therapeutics have been of intense
interest.' > However, development was slowed due to chal-
lenges with the generation and production of bispecific anti-
bodies (bsAbs) for clinical trials and the biological
understanding of the more complicated mechanisms of action
(MOAs). The first bsAb, the EpCAM/CD3e T cell engager
catumaxomab, was finally approved in 2009 as a treatment of
patients with malignant ascites (Figure 1).° This bsAb was
subsequently withdrawn 2013 from the market, likely related
to the fact that it could only be administered intraperitoneally,
as patients had severe infusion reactions when administered
intravenously, and the high immunogenicity due to its rat-
mouse chimeric quadrome design with a fully functional Fc
portion.® From 2009 to 2020, only two additional bsAbs were
approved: (1) in 2014, the Fc-free tandem single-chain variable
fragment (scFv)-based CD19/CD3e bispecific T cell engager
(BiTE) blinatumomab (Amgen) for the treatment of acute
lymphoblastic leukemia (ALL),” and (2) in 2017, the huma-
nized hetero-dimeric coagulation factor IXa/X bispecific ART-
Ig emicizumab (Roche group), which acts as a Factor VIII
mimetic for the treatment of hemophilia A (Figure 1).10:11
Due to the intense interest in these molecules and advances
in the technologies used to develop them during the past two
decades, hundreds of bsAbs have been described, engineered
using various different technologies and developed
preclinically.' ™ Of these, over 100 bsAbs have reached clinical
trials.">> Based on this major effort in developing novel bsAb

formats, novel target combinations and bispecific lead mole-
cules, the landscape has substantially changed recently and
bsAb approvals are becoming frequent since 2021. In the past
three years alone (2021-2023), 11 novel bsAbs were approved
by health authorities in the US, Europe, Japan and/or China
for use in patients (Figure 1, Table 1). Of these 11 bsAbs, nine
were approved for treatment of cancer: (1) the EGFR/c-MET
bsAb amivantamab (Johnson & Johnson (J&J)) for the treat-
ment of non-small cell lung cancer (NSCLC) with EGFR exon
20 insertion mutations,'>" (2) the gp100-pMHC/CD3e bsAb
tebentafusp (Immunocore) for the treatment of unresectable
or metastatic uveal melanoma,'*'> (3) the CD20/CD3¢ T cell
engager (TCE) mosunetuzumab (Roche group) for the treat-
ment of relapsed/refractory (R/R) follicular lymphoma,'®'” (4)
the PD-1/CTLA-4 bsAb cadonilimab (Akeso) for treatment of
patients with relapsed or metastatic cervical cancer,'®'? (5) the
BCMA/CD3e TCE teclistamab (J&J) for the treatment of R/R
multiple myeloma,***' (6) the CD20/CD3e TCE glofitamab
(Roche group) for the treatment of R/R diffuse large B cell
lymphoma (DLBCL),”*>** (7) the CD20/CD3e TCE epcorita-
mab (AbbVie/Genmab) for the treatment of R/R DLBCL,****
(8) the GPRC5D/CD3¢ TCE talquetamab (J&J) for the treat-
ment of R/R multiple myeloma®**” and (9) the BCMA/CD3e
TCE elranatamab (Pfizer) for the treatment of R/R multiple
myeloma.”®* Two additional bsAbs were approved for non-
oncology indications, the VEGF-A/Ang-2 bsAb faricimab
(Roche group) for the treatment of wet age-related macular
degeneration, diabetic macular edema, and macular edema
following retinal vein occlusion,’®=3* which was the first
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Figure 1. Timeline of regulatory approval of bsAbs with their respective MOA. Linvoseltamab, odronextamab and tarlatamab are currently under regulatory review with

a decision anticipated in 2024. Created with Biorender.com.

bsAb approved for use in ophthalmology, and the TNF/human
serum albumin (HSA) bsAb ozoralizumab (Taisho) for the
treatment of inadequately managed rheumatoid arthritis.**>°
The Roche group with Chugai is currently leading the field
with four approved bsAbs, followed by J&J with three
approved bsAbs. Notably, of the 13 currently approved
bsAbs, two, emicizumab and faricimab, have already achieved
blockbuster status with annual sales exceeding four and
two billion dollars, respectively, underlining the commercial
promise of this novel class of therapeutics.

Bispecific antibody formats

The variety of bispecific antibody formats developed reflects
the diversity of technologies applied in these approved bsAbs
(Figure 2). The respective bsAb formats cover non-IgG-like
bsAbs, with 1) Amgen’s short half-life tandem-scFv-based
BiTE format applied in blinatumomab,’”*® 2) Immunocore’s
T cell receptor (TCR)-scFv fusion-based ImmTac format
applied in tebentafusp®>*® and 3) Ablynx’s trivalent bispecific
tandem nanobody format with half-life extension via HSA
binding applied in ozoralizumab.*' Most bsAbs, however, are
IgG-like molecules with pharmacokinetics that are similar to
antibodies due to the presence of an Fc. Five asymmetric 1 + 1
IgG-like bsAbs are derived from either controlled Fab arm
exchange, based on Duobody technology applied in
amivantamab,**  teclistamab,”>  epcoritamab,**  and
talquetamab,*® or related chain exchange technology by
Pfizer*® applied in elranatamab.”” Alternatively, correct chain
association is enforced via Chugai’s ART-Ig technology*®
applied in the asymmetric 1+1 IgG-like bsAb
emicizumab*>*® together with common light chains. Correct
heavy chain association can also be ensured in asymmetric 1 +

1 IgG-like bsAbs using knobs-into-holes technology applied
together with in vitro assembly in mosunetuzumab,’’ or
together with CrossMab technology to enforce correct light
chain association in the 1 + 1 IgG-like bsAb faricimab® or the
trivalent 2 + 1 bsAb glofitamab.> Finally, Akeso’s cadonilimab
comprises a symmetric tetravalent 2 + 2 C-terminal IgG-scFv
fusion.”* Among the approved bsAbs, four apply Genmab’s
Duobody technology,”>® three apply Genentech’s knobs-into-
holes’”*® and two apply Roche pRED’s CrossMab
technology.””™®" The diversity of formats available suggests
that “standardized” bsAbs are unlikely to arise, but recent
approvals underpin a focus on classical heterodimeric IgG-
like bsAb formats. These bsAbs typically show IgG-like phar-
macokinetics and low incidence of anti-drug antibodies.

MOAs for approved bsAbs

TCE:s are bispecific antibodies that bind with one specificity to
a cell surface tumor antigen, and with the second specificity to
a subunit of the TCR complex, so that, upon simultaneous
binding to the tumor antigen and the TCR, the T cell is
subsequently activated to kill the tumor cell, secrete cytokines
and start to proliferate.”> Apparently, T cell engagement
strictly relies on bispecificity and cannot be achieved by the
combination of two conventional mAbs. For the treatment of
cancer, the pre-dominant MOA is T cell engagement, with the
largest number of bsAbs approved and in clinical trials being
TCEs.” Figure 2a shows an overview of the evolution of
approved TCE bsAb formats. This class of molecules includes
TCEs for the treatment of relapsed/refractory hematological
cancers: 1) CD19/CD3¢ blinatumomab for the treatment of
ALL,”™® 2) the CD20/CD3¢ TCEs mosunetuzumab for the
treatment of R/R non-Hodgkin’s lymphoma (NHL),”" and



Table 1. Approved bsAbs and bsAbs under regulatory review.

Trade name INN Targets MOA Format Indications Year 1% Approval Company
Discontinued
1 Removab Catumaxomab  EpCAM/CD3e T cell engager 1+1 Quadroma Ovarian ascites (intraperitonael) 2009 Europe Trion Pharma
Approved
1 Blincyto Blinatumomab ~ CD19/CD3¢ T cell engager 1+1 (scFv)2 BITE Acute lymphocytic leukemia 2014 US Amgen
2 Hemlibra Emicizumab factor [Xa/factor X Factor VIIl mimetic 1+1 ART-Ig Haemophilia A 2017 US Roche group
3 Rybrevant Amivantamab EGFR/c-Met Dual signaling inhibitor + ADCC 1+1 Duobody Non-Small Cell Lung Cancer, EGFR exon 20 2021 US Johnson & Johnson
mutated
4 Kimmtrak Tebentafusp gp100-HLA-A*02 T cell engager 1+1 TCR-scFv Uveal melanoma 2022 US Immunocore
/CD3¢e
5  Vabysmo Faricimab Ang-2/VEGF Dual ligand inhibitor 1+1 CrossMab wAMD, DME, RVO 2022 US Roche group
6  Lunsumio Mosunetuzumab CD20/CD3e T cell engager 1+1 1gG-KiH Relapsed/refractory fNHL 2022 Europe Roche group
7 Kaitanni Cadonilimab PD-1/CTLA-4 Dual checkpoint inhibitor 2+2 lgG-scFv Cervical cancer 2022 China Akeso
Tetrabody
8  Tecvayli Teclistamab BCMA/CD3¢ T cell engager 1+1 Duobody Relapsed/refractory multiple myeloma 2022 Europe Johnson & Johnson
9  Nanozora Ozoralizumab TNFa/HSA Ligand inhibitor 241 Nanobody Rheumatoid arthritis 2022 Japan Taisho Pharmaceutical,
Ablynx
10 Columvi Glofitamab CD20/CD3e T cell engager 241 CrossMab Relapsed/refractory DLBCL 2023 Canada Roche group
11 (T)Epkinly Epcoritamab CD20/CD3e T cell engager 1+1 Duobody Relapsed/refractory DLBCL 2023 US Genmab, AbbVie
12 Talvey Talquetamab GPRC5D/CD3e T cell engager 1+1 Duobody Relapsed/refractory multiple myeloma 2023 US Johnson & Johnson
13 Elrexfio Elranatamab BCMA/CD3¢e T cell engager 1+1 bsAb Relapsed/refractory multiple myeloma 2023 US Pfizer
Under regulatory review
1 na Linvoseltamab ~ BCMA/CD3e T cell engager 1+1 Veloci-Bi Relapsed/refractory multiple myeloma na PendingUS Regeneron
2 na Odronextamab ~ CD20/CD3¢ T cell engager 1+1 Veloci-Bi Relapsed/refractory DLBCL na. Pending US  Regeneron
3 na Tarlatamab DLL3/CD3e T cell engager 141 Fe-(scFv)2 Fe- Relapsed advanced small cell lung cancer na. PendingUS  Amgen
BIiTE
4 na Zanidatamab HER2/HER2 Dual signaling inhibitor + ADCC + 1+1 Azymetric Biliary tract cancer na. PendingUS  Zymeworks/Jazz
CbC Pharmaceuticals
5 na Ivonescimab PD-1/VEGF Dual checkpoint/ligand inhibitor ~ 2+2 IgG-scFv Non-Small Cell Lung Cancer na. Pending Akeso
Tetrabody China

ADCC, antibody-dependent cellular cytotoxicity; ART-lg, bispecific antibody manufacturing technology; BiTE, bispecific T cell engager; CDC, complement-dependent cytotoxicity; DLBCL, diffuse large b cell lymphoma; DME, diabetic
macular edema; fNHL, follicular non-Hodgkin's lymphoma; KIH, knobs-into-holes; n.a., not applicable; RVO, Retinal vein occlusion; scFv, single-chain Fv fragment; TCR, T cell receptor; wAMD, wet age-related macular

degeneration.
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Figure 2. Schematic representation, indication and mechanism of action of approved bsAbs: a) T cell engagers (TCE), b) factor VIII mimetic, dual signaling inhibition: c)
bispecific receptor tyrosine kinase (RTK) inhibitor (BsRtki), d) bispecific checkpoint inhibitor (BsCPI), e) dual ligand inhibitor (DLI), f) half-life extended (HLE) ligand

inhibitor. Created with Biorender.com.

glofitamab®® and epcoritamab** for the treatment of R/R
DLBCL, and 3) the BCMA/CD3e TCEs teclistamab®® and
elranatamab,*” and GPRC5D/CD3¢ talquetamab,45 for the
treatment of R/R multiple myeloma. While generally T cell
engagement for the treatment of solid tumors appears to be
more challenging,®” the soluble gp100-peptideMHC/CD3e -
specific TCR-scFv fusion tebentafusp was the first TCE to be
approved for the treatment of uveal melanoma, providing
evidence for use outside of hematological tumors.

Hemophilia A is a hereditary bleeding disorder character-
ized by the lack of blood coagulation Factor VIII. While
recombinant Factor VIII can be administered to patients, this
is related to challenges such as Factor VIII production, short
half-life with frequent administration and the development of
neutralizing antibodies.** For this purpose, Chugai designed
and optimized the IXa/X bsAb emicizumab so that it mimics
the function of blood coagulation Factor VIII by bringing the
enzyme Factor IXa and the substrate Factor X into close
proximity = while  exhibiting  IgG-like  extended
pharmacokinetics**>° (Figure 2b).

Monospecific receptor tyrosine kinase blocking mAbs, such
as anti-EGFR cetuximab and panitumumab or anti-HER2
trastuzumab and pertuzumab, have revolutionized cancer

therapy.®> While there has been little progress in targeting
additional RTKs, EGFR/c-Met bsAb amivantamab, a first
bsAb targeting two RTKs simultaneously, was recently
approved for a specific subset of NSCLC patients with EGFR
exon 20 insertion mutations.'>"” In addition to its dual signal-
ing inhibitor function, both via blocking the ligand binding
sites and via receptor downregulation, amivantamab also con-
tains an afucosylated Fc portion to mediate enhanced anti-
body-dependent cellular toxicity (ADCC) for NK cell and
macrophage/monocyte engagement* (Figure 2c).

During the past decade, approved immune checkpoint inhi-
bitory antibodies, including those targeting PD-1 (nivolumab,
pembrolizumab, cemiplimab), PD-L1 (atezolizumab, avelumab,
durvalumab), and CTLA-4 (ipilimumab, tremelimumab), have
revolutionized the field of cancer therapy and established can-
cer immunotherapy.®® Based on this experience, the dual PD-1/
CTLA-4 checkpoint inhibitory bsAb cadonilimab was designed
with the goal of specifically, and ideally simultaneously, binding
and inhibiting PD-1 and CTLA-4 on antigen-specific T cells to
overcome checkpoint inhibition>* (Figure 2d).

The pro-angiogenic ligands VEGF-A and Ang-2 contribute
to vision loss by fostering retinal angiogenesis and destabiliz-
ing blood vessels causing leakiness and subsequent edema and



inflammation.®”**® Faricimab was specifically designed to block
VEGF-A and Ang-2 in the eye to interfere with angiogenesis,
stabilize vessels and reduce leakage and inflammation®*®
(Figure 2e). In order to minimize peripheral activity and abol-
ish FcyR engagement, it was designed with an engineered Fc
portion with Triple A FcRn and P329G LALA mutations.>

Notably, bispecificity is a major benefit when considering
intraocular administration. For the TNF ligand inhibitor ozor-
alizumab, it should be noted that functionally, this nanobody
construct functions like a monospecific antibody blocking
TNF, with the second single domain specificity solely required
to enable IgG-like pharmacokinetics by binding to HSA in the
absence of an Fc portion, enabling FcRn recycling®'
(Figure 2f).

Outlook for the future

In this decade, 11 bsAbs have already been approved, and the
approval of additional bsAbs with medical practice-changing
potential can be expected in the coming years. In oncology, the
development of differentiated dual RTK signaling inhibitors
with bsAb co-targeting different cell surface receptors remains
an area of active and advanced clinical research. Selected
examples are: EGFR/LGR5 like petosemtamab,”® HER2/
HER3 like zenocutuzumab”" or bi-paratopic bsAbs targeting
HER? like zanidatamab’? which is currently under regulatory
review in the US.”>”7> Another very important area to watch in
this context is the use of bsAbs for the generation of bispecific
antibody-drug conjugates (bsADCs),with several bsADCs
being investigated in advanced clinical trials,”*””® including bi-
paratopic monospecific bsAbs targeting HER2 like zanidata-
mab zovodotin (ZW49) or c-MET with REGN5093.”

The development of TCEs for the treatment of different
hematological malignancies will remain a major area of
research in the field of synthetic immunity approaches, as
this class of therapeutics already has proven its benefit. To
date, the asymmetric 1+1 TCEs odronextamab (CD20/
CD3¢)®° and linvoseltamab (BCMA/CD3¢) based on
Regeneron’s VelociBi technology are currently under regula-
tory review that may result in approval in 2024, and various
additional TCEs are in advanced clinical development in NHL,
multiple myeloma and AML.”> Importantly, emerging data
support the idea that TCEs may in the future also find broader
application in solid tumors. In fact, recently promising clinical
data have been published for Amgen’s 1+ 1 DLL3/CD3e Fc-
BiTE tarlatamab for the treatment of R/R small cell lung
cancer,"®* which is currently under regulatory review, and
for Xencor/Amgen’s 2+ 1 STEAP1/CD3e XmAb xaluritamig
for the treatment of R/R prostate cancer.®>** These data sup-
port the view that solid tumor targets that are sufficiently
tumor specific to achieve potent anti-tumor efficacy while
limiting on-target off-tumor toxicity are available. In this con-
text, tumor activation mechanisms like protease activation aim
to increase the therapeutic window of solid tumor-directed
TCEs.* Based on the mechanism of action of TCEs that
provide the TCR signal 1 to T cells, rapid clinical adoption of
CD28- or 4-1BB/CD137-targeted costimulatory bsAbs to pro-
vide the signal 2 to T cells, resulting in sustained and more
durable T cell responses,””®" is now occurring.

MABS (&) 5

In the field of boosting endogenous or preexisting immu-
nity, another major area of research remains the development
of dual-targeted checkpoint inhibitory bsAbs targeting, for
example, PD-1 and CTLA-4°>" or LAG-3 (tebotelimab).”*
Several of these dual checkpoint inhibitors are currently in
advanced clinical trials and results will show whether they
are superior in terms of efficacy and/or safety compared to
the respective combinations of PD-1/PD-L1 mAbs with
CTLA-4 or LAG-3 mAbs. Notably, the dual-targeted PD-1/
VEGEF inhibitory bsAb ivonescimab is currently under regula-
tory review by the National Medicinal Product Administration
in China for treatment of NSCLC.”>"

Finally, given the versatility of bsAbs and the potential to
mediate completely novel MOAs, the field of bsAbs is poised to
see novel emerging approaches and candidates enter the clinic,
hopefully providing pivotal data in the years to come, both in
oncology and in non-oncology indications, including applica-
tions in infection/virology, autoimmunity, metabolism, neurol-
ogy and ophthalmology. These novel concepts include different
approaches as described recently,” including the development
of: 1) effector cell engagers different from TCEs, engaging, e.g.,
myeloid, NK or y8-T cells,”**® 2) in situ assembly concepts to
specifically activate bsAbs on dual target-expressing cells”'*
or in the tumor microenvironment,'®’ 3) PROTAC-like
approaches resulting in internalization and degradation of
membrane proteins,'> 4) antibody-based cytokine mimetics
to trigger cytokine receptors,'®>'** and 5) unique solutions for
delivery of bsAbs beyond barriers such as the blood-brain-
barrier,'” which may have applications for the treatment of
neurodegenerative and other diseases.'*
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